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Abstract

With the increase in global pollution and electricity use, a clean energy sources and
energy conversion technologies are needed. An attractive alternative is using a fuel
cell to convert chemical energy into electrical energy. Still, a durability is a critical
concern for fuel cell development. In this thesis, two degradation concerns related to
the materials in the fuel cell are investigated by density functional theory (DFT).

Firstly, the stability of a single metal atom catalyst (M/N/C) is investigated. The
M/N/C catalyst is a promising catalyst at the cathode of the fuel cell. However, under
an acid condition of the fuel cell, it has poor stability. The thermodynamic model of the
dissolution reaction for the M/N/C catalyst with various local carbon structures and
metal atoms is investigated. The results reveal a significant role of both local carbon
structure and the metal atom in the stability. The computational screening considering
both activity and stability suggests the MN4 site on the bulk graphene, and graphene
edge with M = Fe, Co, and Ru as a stable catalyze in the acid condition. The adsorption
of the anion in the electrolyte is then further included in the activity and stability calcu-
lations for the MN4 site on bulk graphene and graphene edge. Under the ORR-related
condition, the electrolyte anions compete with water on the single metal site, in some
cases either poisoning or modifying the catalyst activity and thermodynamic stability.
The catalytic activity and stability descriptor suggest promising electrolyte and metal
atom combinations that result in an active and durable catalyst.

Finally, the alkaline stability of the polybenzimidazole molecule is investigated.
The polybenzimidazole molecule is a promising material for anion exchange mem-
branes in alkaline fuel cells, but the degradation at a higher KOH concentration limits
its practical use. It is found that the polybenzimidazole molecule undergoes deproto-
nation, forming the ionized molecule in an alkaline solution. In highly alkaline condi-
tions, the fully deprotonated molecule is dominant and unlikely to degrade. In contrast,
the non- and partially deprotonated molecules can undergo degradation. The effective
energy barrier depends on the KOH concentration and becomes lower as the concen-
tration increases. Also, it is found that the barrier along the reaction pathway and the
availability of the vulnerable species in the solution both can affect the degradation rate,
suggesting a significant role of pKa value in the degradation.

i



Résumé

Med stigningen i den globale forurening og elektricitetsforbrug er der behov for rene
energikilder samt teknologi til energikonvertering. Et attraktivt alternativ er at bruge
en brændselscelle til at omdanne kemisk energi til elektrisk energi. Durabiliteten er
dog stadig et kritisk problem for udviklingen af brændselsceller. I denne afhandling
undersøges to nedbrydningsproblemer relateret til materialerne i brændselsceller ved
hjælp af tæthedsfunktionalteori (DFT).

Først undersøges stabiliteten af en single-metalatom katalysator (M/N/C).
M/N/C-katalysatoren er en lovende katalysator ved brændselscellens katode. Un-
der sure betingelser i brændselscellen har den dog dårlig stabilitet. Den termody-
namiske model for opløsningsreaktionen for M/N/C-katalysatoren med forskellige
lokale carbonstrukturer og metalatomer undersøges. Resultaterne afslører at både den
lokale carbonstruktur og metalatomet spiller væsentlige roller i forhold til at afgøre
stabiliteten. Den beregningsbaserede screening, der tager både aktivitet og stabilitet
i betragtning, antyder at MN4-sitet på bulk grafen og grafenkanten med M = Fe, Co
og Ru er stabile katalysatorer under sure betingelser. Adsorption af anionen i elek-
trolytten er yderligere inkluderet i aktivitets- og stabilitetsberegningen for MN4-sitet
på bulk grafen og grafenkanten. Under ORR-relevante betingelser konkurrerer elek-
trolytanionerne med vand om single-metalsitet, hvilket i nogle tilfælde kan lede til en-
ten blokering eller modificering af katalysatoraktiviteten og den termodynamiske sta-
bilitet. Den katalytiske aktivitet- og- stabilitetsdeskriptor antyder lovende elektrolyt-
og metalatomkombinationer, der resulterer i en aktiv og holdbar katalysator.

Til sidst undersøges den basiske stabilitet af polybenzimidazolmolekylet.
Polybenzimidazol-molekylet er et lovende materiale til anion exchangemembraner i ba-
siske brændselsceller, men nedbrydningen ved højere KOH-koncentration begrænser
dets praktiske anvendelse. Det findes, at polybenzimidazol-molekylet gennemgår de-
protonering og danner det ioniserede molekyle i basisk opløsning. Under stærkt ba-
siske betingelser er det fuldt deprotonerede molekyle dominerende og vil sandsyn-
ligvis ikke nedbrydes. Derimod kan de ikke- og delvist deprotonerede molekyler un-
dergå nedbrydning. Den effektive energibarriere afhænger af KOH-koncentrationen
og bliver lavere, når koncentrationen stiger. Det findes endvidere, at barrieren langs
reaktionsvejen og tilgængeligheden af de sårbare molekyler i opløsningen begge kan
påvirke nedbrydningshastigheden, hvilket tyder på at pKa-værdien spiller en væsentlig
rolle i nedbrydningen.
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Chapter 1

Introduction

1.1 Fuel Cell Technology

Growing concerns about global pollution and increasing electricity use drive us to find
less polluting energy sources and clean energy conversion technology. An attractive
alternative is a conversion of chemical energy into electrical energy. A fuel cell is an
electrochemical device that can convert the chemical energy of H2 into electricity [1].
Among the different types of fuel cells, a proton exchange membrane fuel cell (PEMFC)
and anion exchange membrane fuel cell (AMFC) are perceived as promising fuel cells,
especially for mobile applications, due to their high energy efficiency and zero emission
[1]. The PEMFC and AMFC are similar in principle. The main difference is that a solid
membrane separates an anode and a cathode. As shown in Figure 1.1, protons conduct
through a proton exchange membrane from the anode to the cathode in the PEMFC.
In the AMFC, hydroxide ions are transported through an anion exchange membrane
from the cathode to the anode. Under an acid condition of the PEMFC, the hydrogen
oxidation reaction (HOR) occurs at the anode, and the oxygen reduction reaction (ORR)
occurs at the cathode, which can be expressed as follows

HOR : H2 Ñ 2H+ + 2e–

ORR :
1
2

O2 + 2e– + 2H+ Ñ H2O
(1.1)

Similarly, the HOR at the anode and the ORR at the cathode under an alkaline
condition in the AMFC can be written as follows

HOR : H2 + 2OH– Ñ 2H2O + 2e–

ORR :
1
2

O2 + H2O + 2e– Ñ 2OH– (1.2)

Both types of fuel cells lead to the same overall reaction, which is

H2 +
1
2

O2 Ñ H2O (1.3)
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However, some differences can be seen in the fuel cell electrode reactions, and
both types have their advantages and disadvantages.

Figure 1.1: Schematic illustration of proton exchange membrane fuel cell (PEMFC) and
anion membrane fuel cells (AMFC). Reproduced from [2], Copyright 2014, with permis-
sion from Springer Nature.

1.2 Degradation of M/N/C Electrocattalyst

The PEMFC has attracted attention due to its favorable power-to-weight ratio, quick
start-up, and low operating temperature [3, 4]. The development of the PEMFC for
commercialization has also made significant progress. Still, its large-scale commercial-
ization is hampered by high cost and low performance. A highly efficient electrocat-
alyst is required to drive the sluggish ORR at the cathode. Carbon-support platinum-
based particles are the most efficient and commercialized ORR catalysts. However, due
to the high Pt-loading required at the cathode and the scarcity of Pt, the catalyst cost
is the largest component of the PEMFC stack [5]. In addition, a lack of durability can
also lead to the limited performance of the PEMFC. Under the acidic condition of the
PEMFC, the corrosion of the carbon-based material, dissolution of catalyst, and poly-
mer decomposition are the degradation that can be observed [6, 7]. Hence, it still has
room to be improved regarding durability. In this thesis, the focus is on the catalyst
component.

In developing advanced Pt-free cathode catalysts, the requirements for inexpen-
sive but more active and durable ORR electrocatalysts are challenging. A single metal
site incorporated in N-doped carbon (M/N/C catalyst) has emerged as a promising
low-cost ORR catalyst. Many experimental and theoretical studies have already demon-
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Figure 1.2: Schematic illustration of the degradation of M/N/C electrocatalysts via the
demetallation and oxidation of the carbon matrix. Reproduced from [8], Copyright
2021, with permission from Elsevier.

strated the impressive utilization and initial ORR activity of the M/N/C catalyst, espe-
cially Fe/N/C catalysts [9–12]. However, a significant challenge of the M/N/C electro-
catalysts is their poor stability, especially in acidic media.

Several possible degradation processes have been proposed to cause the instabil-
ity of the Fe/N/C catalysts, e.g., the leaching of the metal atom from the MNyCx motif
[13, 14], the carbon surface oxidation [15, 16] and the corrosion of the carbon matrix [17].
These mechanisms may occur parallel during the fuel cell operation and may be inter-
related [18, 19]. For example, as shown in Figure 1.2, the demetallation could cause
a direct loss of the active site density, and the leached metal ion could indirectly cat-
alyze the oxidation of carbon materials. In addition, the oxidation of the carbon matrix
could further accelerate the demetallation. Still, the dominating factor contributing to
the M/N/C catalyst degradation is elusive and needs further investigation.

The carbon oxidation can occur by the direct electrochemical carbon oxidation
at a higher potential [16, 20], leading to the destruction of the MNyCx site and the re-
moval of the metal center atom. Its kinetics depend on temperature and defects in the
carbon matrix. The carbon corrosion rate increases with temperature [16, 20], and the
rate becomes faster on the graphene edge than on the basal plane [16]. As a result, the
micropore-hosted MNyCx site could be eliminated faster than the bulk-hosted site [16].
The chemical oxidation of M/N/C catalysts surface by H2O2-derived radicals rather
than by electrochemical carbon oxidation has been proposed as one of the degradation
mechanisms of the Fe/N/C catalyst during the fuel cell operation [15, 21]. H2O2 can
be electrochemically generated by ORR [22–24], and the reactions between H2O2 and
dissolved metal ions or MNy site, especially Fe ions and FeNy site, lead to active oxy-
gen species (ROS). The ROS has higher oxidative strength than H2O2 and can oxidize
carbon matrix [15, 21, 25]. Upon damaging the carbon matrix, the metal atom could
be more prone to detach from the M/N/C structures [15, 26], reducing the active site
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density. The ROS can also modify the carbon surface near the active site, reducing
the turnover frequency (TOF) of the Fe/N/C catalyst [17]. The latter effect is partially
reversible upon reduction of the carbon surface [17].

The demetallation could process by direct leaching of the Fe center [13, 14] or the
loss of FeNx species due to carbon corrosion [15, 16]. The demetallation of the Fe ion
from the Fe/N/C catalyst is dominating at low potential (< 0.7 V) [20]. Using density
functional theory (DFT) calculations to study the dissolution reaction of the FeN4 sited
embedded on a bilayer-graphene, Holby et al. suggested the demetallation of the FeN4
site is thermodynamically favored under the PEMFC-relevant environment [27]. In
contrast to the thermodynamic dissolution of the FeN4 structures toward aqueous Fe2+

studied by Glibin et al. [28] and Chenitz et al. [29], the FeN4 structures are thermody-
namically stable in acidic conditions, but they can be demetallated by the driving force
of water running into the micropores [29]. This specific demetallation has been pro-
posed as the cause of the initial loss of ORR activity, especially for highly microporous
catalysts[29].

The atomic structures and working environments play essential roles in the sta-
bility and catalytic activity of the Fe/N/C catalyzes [18, 29, 30]. While, the structure
of pyrolyzed Fe/N/C materials highly depends on the synthetic path where various
Fe species may form at high temperatures, ranging from metallic, metal-carbide, and
metal-nitride Fe particles to FeNx moieties. Many detail structures of the FeN4 sites
with different local carbon structure have been proposed as the active site for the ORR
by both experimental and theoretical studies (e.g., FeN4C8 [31, 32], FeN4C10 [18, 33],
FeN4C12 [9, 18, 33], edge-hosted FeN4 [34]).

In a previous experiment by Santori el al., two Fe/N/C catalysts comprising only
atomically dispersed FeNy moieties; one is an NH3-pyrolyzed Fe/N/C catalyst, and
the other is the Ar-pyrolyzed Fe/N/C catalyst [14]. The NH3-pyrolyzed Fe/N/C cata-
lyst results in a higher ORR activity in alkaline electrolyte and approximately ten times
higher Fe leaching in the acid electrolyte relative to the Ar-pyrolyzed Fe/N/C catalyst.
Furthermore, the Fe leaching rate is strongly enhanced when the potential is 0.75 to
0.3 VRHE. By using operando X-ray absorption spectroscopy (XAS), Santori el al. has
also suggested that the instability in the acidic medium of the NH3-pyrolyzed catalysts
relates to the lower oxidation state of the Fe atom litigated with highly basic nitrogen
ligands [14].

Recent studies have shown that two FeN4 sites with different local carbon struc-
tures have different stability under the operation in the acid eletrolyte[18]. Combining
operando 57Fe Mössbauer spectroscopy and XAS, Li et al. have identified two initial
types of FeN4 sites in the Fe/N/C catalysts, including a high-spin FeN4C12 moiety (S1)
and a low- or intermediate-spin FeN4C10 moiety (S2), as shown in Figure 1.3. Both sites
initially contribute to the ORR activity in the acid electrolyte. However, the FeN4C12
site, which is more active for the ORR, irreversibly converts to inactive ferric oxides
during the operation, especially at low potentials [18]. In contrast, the FeN4C10 site,
which has relatively low activity, is found to be more stable against demetallation and
insensitive to local carbon surface oxidation [18]. This study has suggested a significant
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role of the local carbon around the FeN4 sites in their stability, bringing up a potential
pathway to achieve a Fe/N/C catalyst with activity and stability by regulating the lo-
cal carbon structure. Nonetheless, the underlying driving force for different stability
of these two FeN4 sites is still unclear, and there is a wide debate about the active and
stable site of the Fe/N/C catalysts [26, 35–37].

Figure 1.3: Schematic illustration of the conversion of two types of FeN4 sites under
acidic fuel cell operation. The highly active FeN4C12 site (S1) is not durable and quickly
converts into inactive ferric oxide. The less-active FeN4C10 site is durable and retain
fuel cell performance. Reproduced from [18], Copyright 2020, with permission from
Springer Nature.

Since the dissolved Fe ions from the Fe/N/C catalyst and the Fe/N/C site itself
can catalyze the formation of radicals from H2O2 [21, 25, 38], further deteriorating the
catalyst surface and proton exchange membrane [17, 39]. The replacement of Fe with
other metals that do not promote the formation of H2O2-derived radicals are also desir-
able. A previous study by Xie et al. [19] has reported a similar catalytic activity toward
ORR of the Co/N/C catalyst to the Fe/N/C catalyst. In contrast, the Co/N/C catalyst
has lower metal reaching and lower activity for promoting radicals from H2O2, result-
ing in significant resistance to demetallation and carbon surface oxidation under acid
conditions, compared to the Fe/N/C catalysts [19]. By using X-ray absorption near-
edge structure (XANES), extended X-ray absorption fine structure (EXAFS), magnetic
susceptibility measurements, and DFT calculations, the structure of the Co/N/C cata-
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lysts has been identified by Zitolo et al. [12]. Like the Fe/N/C catalyst, the CoNyCx
moieties are an active site toward the ORR. Unlike the FeNyCx moieties, the CoNyCx
moieties do not experience structural and electronic-state changes under the ORR oper-
ation. In addition to the Co/N/C catalysts, the excellent structural stability of Ru/N/C
catalyst in acid electrolytes has also been reported. Cao el al. have detected the Ru
dissolution ratio of as low as 5% within 30 hours operation for Ru/N/C catalyst in O2-
saturated 0.5 M H2SO4 electrolyte [40]. Also, using transmission electron microscopy
(TEM), X-ray diffraction (XRD), and EXAFS, they have found that the morphology and
structure of the Ru/N/C catalyst remain nearly unchanged after the operation.

Understanding the degradation mechanism of the Fe/N/C catalyst is beneficial
for the rational design of durable M/N/C catalysts. However, the complexity of the
degradation becomes a big challenge to reveal the underlying dominant one. In this
thesis, we try to understand how the nature of the metal atoms, the local carbon struc-
tures, and chemical environments, i.e., electrolyte anions affect the demetallation of the
single metal atom and its catalytic activity. Although other degradation reactions could
occur and contribute to the degradation, the ambiguous interaction between each pos-
sible degradation reaction makes it hard to explore simultaneously. We believe that the
relation between the atomic structure and chemical environment of the MNy motif with
the demetallation will provide a better understanding of the degradation and helps de-
sign intrinsic stable and active catalysts. Other possible degradation reactions could be
further included.

The development of new materials using the first principle calculations has been
possible thanks to the increased computational power over the decades. As a result, a
computational screen process can rapidly reduce the number of candidates to investi-
gate experimentally. The DFT calculations have been successfully used for describing
the electronic structure, and catalytic activity of the single atom catalyst [41–44]. This
thesis uses the DFT calculations to study the relationship between the demetallation
of the MNyC motifs with their structure and chemical environments, i.e., electrolyte
adsorption. Using the computation screening approach, we also suggest interesting
candidates that can result in active and stable M/N/C catalysts.

1.3 Degradation of Polybenzimidazole Membrane

The AMFC is effectively an alkaline analogy of the PEMFC. Working under alkaline
conditions offers several advantages over the PEMFC, including low dissolution rates
of catalysts, less expensive Pt-free electrocatalysts, and wide selections of materials and
components that are stable at high pH [45]. However, there are still concerns regarding
the performance achieved by the AMFC. The most critical concern is the poor ionic
conductivity and stability of the anion exchange membranes [2].

As shown in Figure 1.4 (a), the electrodes are separated by an aqueous potassium
hydroxide solution confined in a porous diaphragm. The porous diaphragm is a sepa-
rator material made from a stable, inert polymer, solely relying on a liquid electrolyte
to establish percolating pathways throughout the porous structure. The diaphragm
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must have a significant thickness to secure gas separation. However, this, unfortu-
nately, causes the increased ohmic resistance [46]. Replacing the diaphragm with an
ion-conducting membrane reduces inter-electrode thickness, thus reducing the inter-
nal resistance [47]. A typical anion exchange membrane comprises polymer backbones
with pendant fixed organic cations such as ammonium [11, 48], imidazolium cation
[49–52], benzimidazolium [50, 53, 54] to allow hydroxide-ion conduction. However,
both polymer backbones and organic cations could be potentially attacked by hydrox-
ide ions, leading to the loss of mechanical strength and ion conductivity [55–58].

Figure 1.4: Three approaches towards hydroxide conducting separators: (a) a porous
diaphragm, (b) an anion exchange membrane, (c) an ion-solvating membrane [47]

An alternative is an ion-solvating membrane which consists of a water-soluble
polymer and a hydroxide salt (i.e., potassium hydroxide) [47, 59]. These combinations
have the mechanical properties of the polymer and conductive properties of the alkaline
salt. The polymer contains electronegative heteroatoms such as oxygen, nitrogen, or
sulfur, which interact with the cations of the salt. Ionic conduction within the structure
is based on these heteroatom-cation interactions, so it does not need the cation moieties
[59] and can be prepared as thin as other polymeric membranes [47, 60].

Recently, the ion-solvating membrane based on polybenzimidazoles (mPBI) have
been studied for the AMFC, and alkaline water electrolysis [60–63]. As shown in Figure
1.5, when combined with a strong concentrated base, the mPBI undergoes ionization,
forming the polybenzimidazolides that allow the uptake of water and base to facilitate
the hydroxide-ion transport in the membranes [64–66]. Compared to a porous separator
such as Zirfon, the mPBI-based membrane has a lower ohmic polarization and hydro-
gen crossover but a higher ionic conductivity [60, 67]. The composite of the mPBI-based
membrane depends on the KOH concentration. The mPBI-based membrane exhibits
high ionic conductivity and chemical stability at low concentration (5 - 10 wt% KOH
at T = 88˝) [61]. The ionic conductivity can be further increased by two orders of mag-
nitude and peaks at 20 - 25 % KOH [61]. However, a long-term operation at this high
KOH concentration can lead to the degradation of the mPBI-based polymer [60, 61, 68].
Thus, the practical use is still limited.
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A structure optimization has been found as a possible way to improve the alkaline
stability of the mPBI-based membrane. The chemical stability of mPBI has been studied
by Aili et al. [68], and they have found no change in the mPBI structure under 6 M KOH
at 85 ˝C for 116 days. A polybenzimidazole derivative, poly(2,2-(m-mesitylene)-5,5-
bibenzimidazole) (mesPBI), has been synthesized and was stable in 0 - 10 wt% KOH at
T = 88 ˝C for 207 days [69]. Recently, a poly(2,2-(1,4-naphthalene)-5,5-bibenzimidazole)
(NPBI); also a polybenzimidazole derivative, was successfully synthesized and used in
alkaline water electrolysis by Hu et al. [70] and they have found no chemical degrada-
tion at T = 80 ˝C in 6 M KOH for 180 days.

Figure 1.5: Formation of polybenzimidazolides in the alkaline solution. Reproduced
from [71], Copyright 2020, with permission from Royal Society of Chemistry.

The degradation of the mPBI-based membrane could happen via a nucleophilic at-
tack by hydroxide ions at the benzimidazole ring, similar to that of imidazolium cation
[68–70]. However, under an alkaline condition, the mPBI undergoes deprotonation.
The negative charge could be localized at the benzimidazole ring of the mPBI; thus, a
predominant degradation mechanism could differ from the imidazolium cation. In or-
der to develop mitigating degradation, a detailed mapping of the degradation pathway
is needed. This thesis uses the DFT calculations to understand how the mPBI molecules
degrade in an alkaline solution.
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1.4 Outline of the Thesis

This thesis comprises six chapters and is organized as follows

• Chapter 1 - Introduction
The introduction of the fuel cell technology and two degradation issues related
to the materials inside the fuel cell which is the main focus of this thesis. A brief
review of the degradation of the M/N/C catalyst in an acid condition and poly-
benzimidazole membrane in an alkaline solution.

• Chapter 2 - Theoretical Framework
A brief introduction to the electronic structure problem in condensed matter physics,
the DFT calculations, and an overview of exchange-correlation functionals used
in this thesis.

• Chapter 3 - Effect of Local Carbon Structure on the Activity and Stability of
Single-atom Electrocatalyse
An investigation of the stability and ORR activity under acidic conditions of the
M/N/C catalyst with different local carbon surrounding the MNy site and differ-
ent metal atoms.

• Chapter 4 - Effect of Electrolyte Anion Adsorption on the Activity and Stability
of Single Atom Electrocatalysts
A study of the effect of electrolyte anion adsorption on catalytic activity and sta-
bility of the M/N/C catalyst under two electrochemical conditions, which are the
ORR and the CO2 reduction reaction (CO2RR).

• Chapter 5 - Degradation of Polybenzimidazole in Alkaline Solution
The DFT investigation of the minimum degradation pathway of the mPBI molecule
in an alkaline solution. The role of explicit water molecules and the effect of hy-
droxide ion concentration on the free energy barrier

• Chapter 6 - Summary and Outlook
Main findings and an outlook for future work.
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Chapter 2

Theoretical Framework

Density functional Theory (DFT) calculations are widely used as a standard tool for
materials modeling problems in physics, chemistry, and materials science. This chapter
briefly introduces the basic theoretical framework, including the electronic structure
problem in condensed matter physics and DFT, as used in this thesis.

2.1 Electronic Structure Problem

A piece of any material consists of atoms, a set of atomic nuclei, and electrons inter-
acting via electrostatic force. One of the fundamental ground state properties of such a
system is its energy which changes when atomic positions are altered. The ground state
properties can be determined by solving the time-independent Schrödinger equation.

ĤΨ(R, r) = εΨ(R, r) (2.1)

where ε is the energy eigenvalue, andΨ(R, r) is the wavefunction of the system, depend-
ing on both the electron coordinates (r) and the nuclei coordinates (R). The Hamiltonian
can be written as follows

Ĥ = –
P

ÿ

I=1

h̄2

2MI
∇2

I –
N
ÿ

i=1

h̄2

2m
∇2

i

+
e2

2

P
ÿ

I=1

P
ÿ

J‰I

ZIZJ
|RI – RJ|

+
e2

2

N
ÿ

i=1

N
ÿ

i‰j

1
|ri – rj|

– e2
P

ÿ

I=1

N
ÿ

i=1

ZI
|RI – rj|

Ĥ =T̂n + T̂e + Ûnn(R) + Ûee(r) + V̂ne(R, r)

(2.2)

where R = RI; I = 1, ..., P is a set of P nuclei coordinates and r = ri; i = 1, .., N is a set of N
electron coordinates. ZI and MI are the nucleus charge and mass, respectively, while m
is the electron mass. T̂n of the Hamiltonian is the kinetic energy of the nucleus. T̂e is the
kinetic energy of the electrons. Ûnn(R) is the nucleus-nucleus interaction. Ûee(r) is the
electron-electron interaction. V̂ne is the interaction between the nucleus and electron.
The final term makes the nucleus and electron parts inseparable.
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The nucleus is considered to be much heavier and slower than the electrons.
Therefore, the nucleus can be assumed stationary from the point of the electron. Then,
the electrons are considered moving in the potential corresponding to the configuration
of the nuclei and instantaneously adapting to nuclei motions [72]. This approximation
is known as Born-Oppenheimer approximation [72]. For a given set of nuclei with co-
ordinate R, the electronic part related to electron motion can be separated and solved.

Ψ(R, r) = Ψe(r; R)Ψn(R) (2.3)

where Ψe(r; R) is the many-body electronic wave function and Ψn(R) is the nuclear
wave function. The electronic Schrödinger equation can be expressed as follows

ĤeΨe(r; R) = E(R)Ψe(r; R) (2.4)

where E(R) are the electronic eigenvalues corresponding to the given nuclei configura-
tion. The nuclei coordinates are only a parameter in Ĥe, Ψe(r; R) and E(R). The elec-
tronic Hamiltonian (Ĥe) can be written as follows

Ĥe = –
N
ÿ

i=1

h̄2

2m
∇2

i +
e2

2

N
ÿ

i=1

N
ÿ

i‰j

1
|ri – rj|

– e2
P

ÿ

I=1

N
ÿ

i=1

ZI
|RI – rj|

Ĥe = T̂e + Ûee(r) + V̂ext(r)

(2.5)

where T̂e is the kinetic energy of the electron. Ûee(r) is the electron-electron interaction.
V̂ext(r) is the nucleus-electron interaction, which is an interaction between electrons and
the external potential generated by the given configuration of the nuclei. The electronic
Schrödinger equation is still complicated to solve as the electrons interact among them-
selves via electrostatic forces. The presence of electrons in one region can influence the
behavior of electrons in other regions. In other words, the probability of finding two
electrons (two particles with the same charge) is reduced due to Coulomb repulsion,
known as correlation interaction. Furthermore, the probability of finding two electrons
is further depleted if they have the same spin due to Pauli’s exchange principle, known
as an exchange interaction. Thus, the electrons cannot be treated individually. Also, the
electronic wavefunction cannot be written simply as a product of single-electron wave-
functions. As a many-body problem, the exact solution of the electronic Schrödinger
equation consisting of N electrons will solve the equation in 3N degrees of freedom.
Instead of doing so, the many-body wave function in the DFT is solved in terms of
electronic density; n(r). Thus, it solves the equation in only the three spatial degrees of
freedom.

2.2 Density Functional Theory

Hohenberg-Kohn Theorem

DFT is based on the Hohenberg-Kohn theorem [73], proposing the formal theoretical
basis for obtaining electronic energies through electronic density.
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Theorem 1 states that the external potential; vext(r), is a unique functional of the
density; n(r), apart from a trivial additive constant. Hence, the energies and other prop-
erties of the system at the ground state are determined by the ground state electronic
density. Given the external potential; vext(r), the total energy can be represented as a
functional of the electronic density.

E[n(r)] = T[n(r)] + Uee[n(r)] +
ż

vext(r)n(r)dr (2.6)

where T[n(r)] is the kinetic energy of the electron. Uee[n(r)] is the potential energy
due to electron-electron interaction. These two terms depend on the electron density.
The final term is the potential energy due to the interaction between electrons and the
external potential from the nuclei.

Theorem 2 states that the ground state energy can be obtained from the ground
state electronic density, which minimizes the total energy. Thus, the energy functional;
E[n(r)] is minimized for the ground state density; n0(r), whose energy is the ground
state energy; E0.

E0 = minn(r)E[n(r)] (2.7)

However, to get the exact ground state electron density, the exact expression of
the first two terms in Equation 2.6 must be known.

Kohn-Sham Equations

Instead of considering a system of interacting electrons, the exact ground-state electron
density is obtained from the non-interacting electron system subjected to an effective
external potential; veff(r), such that the same ground-state electron density as the inter-
acting electron system is obtained [74]. As a result, the Hamiltonian can be written for
the non-interacting electron system consisting of N electrons as follows

Ĥs =
N
ÿ

i=1

[
–

h̄2

2m
∇2

i + veff(ri)
]

(2.8)

where veff(r) is the effective external potential, which ensures that the electron density
of the non-interacting electron system is the same as the electron density of the interact-
ing electron system. A many-body wavefunction of the non-interacting electron system
can be expressed as a Slater determinant of a single-electron wavefunction; Φi (called
Kohn-Sham orbitals). The Kohn-Sham orbitals, Φi, can be obtained by solving the one-
electron Schrödinger equation, the Kohn-Sham equation.

ĤKSΦi =
[

–
h̄2

2m
∇2

i + veff(ri)
]
Φi = εiΦi (2.9)

The electron density of the non-interacting electron system can be written as

n(r) = 2
N
ÿ

i=1
|Φi|

2 (2.10)
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The total energy of the non-interacting electron system with electron density, n(r),
can be written as

Es = Ts[n(r)] +
ż

veff(r)n(r)dr (2.11)

where Ts[n(r)] is the kinetic energy of the electrons in the non-interacting electron sys-
tem. Applying the variational principle to the total energy of the non-interaction elec-
tron system results in the following equation.

δTs[n(r)]
δn(r)

+ veff(r) = μs (2.12)

For the interacting electron system, the total energy in Equation 2.6 can be rewrit-
ten in terms of the kinetic energy of the non-interacting electron system.

E[n(r)] = Ts[n(r)] +
1
2

ż ż

n(r)n(r1)
|r – r1|

drdr1 +
ż

vext(r)n(r)dr + Exc[n(r)] (2.13)

where the second term is the Hartree energy which is the classical electrostatic energy
from a charge distribution given by n(r). Exc[n(r)] is the exchange and correlation en-
ergy which is a correction term, including the kinetic correlation energy and exchange-
correlation energy. The kinetic correlation energy accounts for the fact that the many-
body electronic wavefunction of the interacting electron system cannot be written as
Slater determinants of the single-electron wavefunction. The exchange-correlation en-
ergy accounts for other missing parts, including exchange energy and correlation en-
ergy of electrons. Furthermore, the Hartree energy also includes the interaction of an
electron with itself. In order to cancel out this nonphysical contribution, Exc[n(r)] is
expected to account for this contribution error. However, the exact mathematical ex-
pression of Exc[n(r)] term is unknown.

Minimizing the total energy of the interaction electron system with respect to the
density, under the constraint that this density integrates into N particles, the following
equation is obtained for the ground state density.

δTs[n(r)]
δn(r)

+
ż

n(r1)
|r – r1|

dr1 + vext(r) +
δExc[n(r)]
δn(r)

= μ (2.14)

Since the interacting and non-interacting electron systems have the same ground
state density and ground state energy, the chemical potentials must be equal. Thus
veff(r) can be expressed as the following equation.

veff(r) =vext(r) +
ż

n(r1)
|r – r1|

dr1 +
δExc[n(r)]
δn(r)

=vext(r) + vH(r) + vxc[n(r)]
(2.15)

As a result, the problem can be solved self-consistently. From a given external poten-
tial of the system, the initial guess of electron density is used to formulate the effective
potential. Then, the Kohn-Sham equation can be solved to give a new electron density.
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The Kohn-Sham equation has to be solved self-consistently to ensure the input electron
density equals the output electron density. The exact ground state electron density can
be obtained only if the exact exchange-correlation functional is known. However, the
exact exchange-correlation functional, including all the exchange and correlation contri-
butions to the energy from the real many-body wave function, is not known. In order to
make the DFT procedure practical, approximations for the exchange-correlation func-
tional are required. Consequently, the accuracy of DFT calculations relies on accurate
approximations of the exchange-correlation functional.

2.3 Exchange-correlation functional

The exchange-correlation functional can be approximated in several ways. Each gives
different results and uses different amounts of resources. The simplest approximation
is a Local Density Approximation (LDA) where the exchange-correlation functional at
each position is the exchange-correlation of the homogeneous electron gas with the
same electron density [74]. In this way, the exchange-correction functional is a local
functional that depends only on the electron density at the considered position. The
functional may be written as follows

ELDA
xc [n(r)] =

ż

n(r)εHEG
xc [n(r)]dr (2.16)

where εHEG
xc is the exchange-correlation energy density of the homogeneous electron

gas with a uniform density n. As its name implies, the electron density is constant at
all points in the space of the homogeneous electron gas. The LDA functional is exact
for the homogeneous electron and is expected to be a good approximation for a system
with a uniform electron density or where the electron density varies slowly in space,
like bulk metals [75]. However, it fails for systems where the electron density changes
rapidly through space, such as molecules and surfaces.

An extension of the LDA functional using information about the local electron
density; n(r), and the local gradient in the electron density; ∇n(r), is a Generalized Gra-
dient Approximation (GGA) [76]. There are many ways in which information from the
electron density gradient can be included. Generally, the exchange-correlation func-
tional in the GGA can be written as

EGGA
xc [n(r)] =

ż

n(r)εHEG
xc [n(r)]Fxc[n(r),∇n(r)]dr (2.17)

where Fxc is the enhancement factor that modifies the local LDA contribution to the
energy. The exchange-correction functional depends on the electron density at the con-
sidered position and the nearest neighbor, containing a semi-local interaction. Two of
the most widely used functionals in calculations involving solids are the Perdew-Wang
functional (PW91) [77] and the Perdew-Burke-Ernzerhof functional (PBE) [76], which
have proven quite successful in calculating many properties, most notably lattice con-
stants [78].
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However, the local and semi-local correction hardly captures the non-local inter-
action in the long-range such as van der Waals (vdW) dispersion interactions which
fundamentally occur due to correlations that exist between temporary fluctuations in
the electron density of one molecule and the energy of the electrons in another molecule
responding to these fluctuations [75]. Including the non-local vdW interactions could
have the advantage of describing the surface chemical reaction where the non-local
vdW interaction plays an important role. A Bayesian Ensemble Error functional with
van der Waals correlations (BEEF-vdW) [79] is another GGA functional with added
vdW interaction. The general expression of the BEEF-vdW functional can be written as

EBEEF–vdw
xc [n(r)] =

M–1
ÿ

m=0
amEGGA–x

m + αcELDA–c + (1 – αc)ELDA–c + Enl–c (2.18)

where Enl–c is the non-local correlation which is the vdW-DF2 functional [80]. The cor-
relation contribution is a linear combination of LDA and PBE correlation functional
with a mixing parameter (αc), determining the LDA and PBE correlation functional ra-
tio. The exchange contribution is an empirically fit functional of the GGA exchange
functional. The enhancement factor (EGGA–x

m ) is expanded based on M Legendre poly-
nomial with the expansion coefficient (am). The parameters of the functional am and αc
are optimized with respect to a collection of experimental data in such a way that the
uncertainty of the calculation can be quantified. Thus, the BEEF-vdw functional can
further provide an uncertainty of DFT calculations.

An extension of the approach is using a mixture of the exchange-correlation den-
sity functional from LDA or GGA with the exact exchange energy calculated as in a
Hartree-Fock method, the hybrid functional. In the Hartree-Fock method, the many-
body wave function is approximated by a single Slater determinant, and the total elec-
tron energy can be written as follows

EHF = Ts + EH + EHF
x + Vext (2.19)

where Ts is kinetic energy calculated in the same way as in Equation 2.11, EH is the
Hartree energy which is the classical electrostatic energy from the charge distribution,
and EHF

x is the exact exchange energy where the self-interaction is canceled out exactly.
The limitation of the Hartree-Fock approximation is that the many-body wave function
is not well-represented by a single Slater determine; the exact correlation term (Ec) is
still missing.

The hybrid functional can generally be expressed as follows

EHF
xc = αEHF

x + (1 – α)ELDA/GGA
x + ELDA/GGA

c (2.20)

where the coefficient α is either chosen to assume a specific value or is fitted to some
properties of the molecule database. An example of this approximation is the B3LYP
functional [81] which successfully predicts small molecule properties [75]. While the
hybrid functional aim at reducing the self-interaction error by including the exact ex-
change, computing the exact exchange can be very computationally demanding.
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Chapter 3

Effect of Local Carbon Structure on
the Activity and Stability of
Single-atom Electrocatalyse

This chapter is based on the work presented in Paper I as given in Appendix D, covering
the main points and results.

3.1 Introduction

A single metal atom supported on nitrogen-doped carbon (M/N/C) has gained much
attention as a low-cost ORR catalyst due to its high initial activity, especially Fe/N/C
catalysts [82–84]. The FeN4 site has been proposed as the active site for the Fe/N/C
catalysts [9, 31, 85]. Depending on the synthesis approach, which involves pyrolysis
at a high temperature of iron, nitrogen, and carbon precursor [14, 86], various local
carbon structures around the FeN4 site. For instance, FeN4C8 [31, 32], FeN4C10 [18, 33],
FeN4C12 [9, 18, 33], edge-hosted FeN4 sites [34] have been proposed as the active site
for the ORR. The local carbon structures are also important in the ORR activity [18, 30,
33, 42, 87].

On top of the ORR activity, one issue facing the Fe/N/C catalysts is insufficient
stability. The Fe/N/C catalysts tend to degrade quickly under acidic environments
[88]. While the degradation mechanism remains elusive. Many possible degradation
processes have been proposed, such as carbon surface oxidation [17, 39], demetallation
[13, 89], and carbon corrosion [16, 20]. The stability is also affected by the synthesis
process [14]. A previous study has shown a higher ORR activity in alkaline media of
the Fe/N/C catalysts prepared via the pyrolysis in NH3 atmosphere than those pre-
pared in inert gas [14]. At the same time, the Fe leaching rate in acid media has also
been enhanced for the NH3 pyrolyzed Fe/N/C catalysts [14]. It has been suggested
that the pyrolysis in the flowing of NH3 promotes basicity and porosity in the Fe/N/C
catalysts [14, 29], resulting in enhanced ORR activity [18, 90]. While the demetalla-
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tion of the FeN4 motifs near the micropores could cause the initial activity to lose [29].
Using operando x-ray absorption spectroscopy to study the Fe/N/C catalysts, Li et
al. [18] have reported two FeN4 motifs in the Fe/N/C catalysts which are a low spin
site; FeN4C10 site and a high spin site; FeN4C12 site. They have found that both sites
initially contribute to the ORR activity, but only the FeN4C10 site is durable in acid con-
ditions [18], suggesting a significant role of the local carbon structure on the stability.
Besides the Fe/N/C catalyst, the pyrolyzed M/N/C catalysts with M = Mn, Co, and
Ru have resulted in a substantial active site for the ORR under acid conditions [12, 19,
91, 92]. Understanding how the local carbon structures and the nature of metal center
atoms affect the catalytic activity and stability are thus beneficial for designing active
and durable M/N/C catalysts.

While the materials screening for the ORR catalyst have focused on the catalytic
activity [93–95], stability under working conditions is also an important criterion [96–
99]. The demetallation of the metal atom due to protons attack has been used to deter-
mine the stability of the M/N/C catalyst under acid conditions [100–102]. The embed-
ding energy, indicating the bonding strength between the embedded metal atom with
the N-doped carbon structure against the cohesion energy of the bulk metal, is often
used to represent thermodynamic stability for the M/N/C catalysts [94, 102, 103]. Pre-
vious work on the thermodynamic dissolution of the FeN4 structures on two different
local carbon structures toward aqueous Fe2+ has been studied by Glibin et al. [104],
suggesting acid stability of the FeN4 sites. In contrast, Holby et al. [27] have indicated
the acid instability and likelihood of the dissolution of the FeN4 site. Also, they have
suggested that the FeN4 site is stable only when OH is adsorbed on the FeN4 motif. The
absolute thermodynamic stability of FeN4 sites remains controversial [27, 104].

This chapter studies the stability under acid ORR conditions of the MNy motif
with different local carbon surroundings and metal atoms. The stability is considered
based on the tendency of the metal atom to dissolve from the carbon structure. The acid
stability descriptor is then determined and used along with the ORR activity descriptor
to suggest promising acid-stable and active M/N/C catalysts.

3.2 Structural Models

The model structures of the M/N/C catalyst considered in this chapter are shown in
Figure 3.1. The MN4C10 structure is the MN4 motif embedded on the bulk graphene.
Ten carbon atoms in this structure surround the MN4 site. The MN4CZ and MN4CA
structure are the MN4 motifs at the zigzag and armchair edge, respectively. The MN4C12
structure is the MN4 motif near the micropores with a porphyrin-like structure where
twelve carbon atoms surround the MN4 site. The MN4C8 structure is the MN4 motif
bridging between two armchair edges, and eight carbon atoms surround the MN4 site.

The FeN4C12 structure has been identified by X-ray absorption spectroscopy and
proposed as the active site toward the ORR by Zitolo et al. [9]. The FeN4C8 site has been
proposed as the ORR active site in the Fe/N/C catalyst by several experimental studies
[31, 34, 85]. Li et al. [18] and Mineva et al. [33] have identified both of the FeN4C10 and
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FeN4C12 structure in the Fe/N/C catalysts.
Furthermore, defining a single metal atom coordinated with four neighbor atoms

is saturated; two unsaturated sites, which are the MN3CZ and MN3CA site, are in-
cluded. According to Cheng et al. [105], these unsaturated motifs at the graphene edge
are thermodynamically favorable under the synthesis environments. The MN3C10 mo-
tifs where the single metal atom coordinated with three nitrogen atoms and one carbon
atom embedded on the bulk graphene are also included. The metal atom considered in
this chapter is Cr, Mn, Fe, Co, Ni, and Ru. These transition metal elements were con-
sidered because of either relatively cheap and abundant 3d transition metals or already
being synthesized and showing promising ORR activity in the experiments [12, 19, 91,
92]. For all considered structural models, the unit cell dimensions in the structure plane
are 16.9 x 9.8 Å, with variations due to different metal atoms. The vacuum layer added
perpendicular to the structure plane is about 15 Å.

Figure 3.1: Structural models of the M/N/C catalysts: (a) MN4C10, (b) MN4C12, (c)
MN4C8, (d) MN4CZ, (e) MN4CA, (f) MN3C10, (g) MN3CZ, (h) MN3CA. (C = gray, N =
blue, H = white, M = orange).

3.3 Computational Details

The calculations in this chapter were performed using spin-polarized density functional
theory (DFT) calculations as implemented in the Vienna ab initio simulation package
(VASP) [106]. The projector augmented wave (PAW) [107] is used to describe the core
electron. A plane-wave basis function with a kinetic energy cutoff of 600 eV defines
the valence electron. A Fermi smearing is used with a width of 0.1 eV. The exchange
and correlation energy are described using the BEEF-vdW functional [79]. The self-
consistent electron density loop is converged to 10-5 eV. The structures are prepared
using the atomic simulation environments (ASE) package [108]. The lattice relaxation
of the single metal atom embedded on the carbon surface is relaxed in a vacuum until
all forces are below 0.025 eV/Å. For binding energy calculations, the solvent effect is
included during the relaxation. The implicit solvation implemented in VASPsol [109,
110] with a dielectric constant of 80 representing the water medium is used. A dipole
correction is used perpendicular to the catalyst surface to decouple the electrostatic
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potentials on the two sides of the catalyst. The Brillouin zone is sampled with a 3 ˆ

3 ˆ 1 Monkhorst Pack k-point mesh [111] for all structural models in Figure 3.1. The
calculations are submitted, managed, and received using the MyQueue [112] workflow
tool, a python front-end to the job scheduler, in combination with ASE.

It is assumed that the adsorbate on a catalyst surface has only a vibration degree
of freedom and only this vibration contributes to its free energy. The free energies (G)
of the adsorbate on the catalyst surface are the calculated DFT energy (EDFT), including
zero point energy (ZPE), vibrational internal energy (Uvib), and vibrational entropy
(Svib) of the adsorbate.

G = EDFT + ZPE + Uvib – TSvib

ZPE =
ÿ

i

hvi
2

Uvib =
ÿ

i

hvi

exp( hvi
kBT ) – 1

Svib = kB
ÿ

i

(
hvi

kBT(exp( hvi
kBT ) – 1)

– ln
(

1 – exp(–
hvi
kBT

)
))

where vi is the vibration frequencies of the adsorbate approximated as a quantum har-
monic oscillation and calculated using a thermochemistry class in the ASE package
[108]. kB is the Boltzmann constant and T is temperature (K). The calculations are con-
sidered at T = 298.15 K.

For the gas molecule, the free energy is also considered at T = 298.15 K and pres-
sure = 1 bar. The free energies of the gas molecule is the calculated DFT energy (EDFT)
corrected by including ZPE, enthalpy (H), and entropy (S): G = EDFT + ZPE + H – TS.
These values (ZPE, H, S) for the gas molecules are taken from the thermochemical
database [113]. For O2 gas molecule, the DFT calculations poorly describe its energy
in the gas phase (in the GGA levels) [79]. Thus, the free energy of O2 gas molecule
is calculated in the way to reproduce the experimental free formation energy of liquid
water: 2H2 + O2 Ñ 2H2O where ΔGH2O = –4.92 eV at T = 298.15 K and pH2

= pO2
= 1

bar [114].
According to Christensen’s scheme, the energies of H2, H2O gas molecule, and

binding energy of ˚OOH are corrected by 0.09 eV, -0.03 eV, and 0.20 eV, respectively,
due to the error in the energy levels of the ORR intermediates specific to the BEEF-vdW
functional [115, 116].

The change in free reaction energy with potential (USHE) and pH was calculated
using the computational hydrogen electrode (CHE) [117]. By definition of the stan-
dard hydrogen electrode (SHE) at 0 VSHE, there is an equilibrium between hydrogen
molecules in the gas phase with solvated protons and electrons.

H+ + e– é
1
2

H2

The free reaction energy of hydrogen adsorption on the catalyst surface at any
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considered potential (USHE) and pH can, for example, be written as

H+ + e–+˚ Ñ˚ H

ΔG˚H(USHE, pH) =G(˚H) – G(˚) –
1
2

G(H2) + eUSHE + kBTpH ln(10) (3.1)

=G(˚H) – G(˚) –
1
2

G(H2) –ΔGe –ΔGH (3.2)

=ΔG˚H –ΔGe –ΔGH (3.3)

where ˚ denotes the adsorbed site on the catalyst surface. G(˚) and G(˚H) are the total
free energy of the catalyst surface and the catalyst surface with ˚H, respectively. ΔGH =
–kBTpH ln(10) andΔGe = –eUSHE where e is the numerical charge of an electron. ΔG˚H
is the free adsorption energy of hydrogen at pH = 0 and U = 0 VSHE which can be
expressed as follows

ΔG˚H = G(˚H) – G(˚) –
1
2

G(H2) (3.4)

3.4 Stability Diagram and Relative Stability

The stability under electrochemical environments is evaluated by considering the like-
lihood of the metal center atom dissolving from the M/N/C structures. It should be
noted that other degradation reactions have also been suggested to cause the instabil-
ity of the Fe/N/C catalysts, especially in acidic conditions. For instance, the carbon
surface oxidation by H2O2-derived radicals. The carbon surface oxidation could lead
to an inactive FeN4 site toward the ORR [17] or the dissolution of the Fe atom [18, 26].
The carbon corrosion has been observed at high potential and can lead to the destruc-
tion of the FeN4 motif [16, 20]. The demetallation has also been proposed to cause a
fast activity decay of the Fe/N/C catalyst under acid conditions [29]. These possible
degradation reactions could coincide and be interrelated [18]. The ambiguous inter-
action between each possible degradation reaction makes it difficult to explore them
simultaneously. We believe that the relation between the local carbon structure and the
metal center atom with the demetallation could provide a better understanding of the
degradation of the M/N/C catalysts.

According to a theoretical study on the dissolution reaction of the FeN4C10 site on
a bilayer-graphene structure by Holby et al. [27], the metal atom (M) leaves the MNyC
structure, resulting in an aqueous metal ion with a charge x (Mx+), and the dissolved-
metal carbon cavity (NyC). Different degrees of protonation at the N-dangle bonds of
the dissolved-metal carbon cavity is possible under acid conditions, resulting in the
NyCHn structure.

MNyC + nH+ Ñ Mx+ + NyCHn + (x – n)e– (3.5)

The reaction free energy for dissolving the metal atom from the graphene host
structure at the potential USHE and pH can be expressed as follows [27].

ΔGdiss = G(Mx+) + G(NyCHn) + (x – n)ΔGe – G(MNyC) – nΔGH –
n
2

G(H2) (3.6)
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where G(Mx+) is the free energy of the dissolved metal ion, and it is approximated as

G(Mx+) = EM(bulk) +ΔGx (3.7)

where EDFT(bulk) is the total energy per atom of the metal in the bulk structure ob-
tained from the DFT calculations. ΔGx is reaction free energy for the dissolution of the
bulk metal, taken from the literature [114, 118, 119] and given in Table A.1. The ΔGx
depends on the dissolved metal concentration, and so does theΔGdiss(USHE, pH). This
chapter considers the dissolved metal ion concentration of 10-6 M. The dissolved metal
ions considered in this chapter are Cr2+, Cr3+, CrOH2+ for Cr; Mn2+, Mn3+ for Mn;
Fe2+, Fe3+, FeOH2+ for Fe; Co2+, Co3+ for Co; Ni2+, Ni3+ for Ni; and Ru2+, Ru3+ for Ru.
The dissolution of the M/N/C catalyst is considered at T = 298.15 K. The NyCHn struc-
ture is the dissolved-metal carbon cavity with n H atoms bonded at the carbon cavity
where n = 0 - 4 is considered for the structural model (a)-(f) in Figure 3.1 and n = 0 - 3
is considered for the structural model (g)-(h) in Figure 3.1. The minimum energy struc-
tures of the dissolved-metal NyC10Hn carbon cavity structure can be found in Figure
3.2 and for other local carbon structures are given in Figure A.1 of Appendix A.

Furthermore, it is assumed that the catalyst surface is in equilibrium with protons,
electrons, and liquid water, so oxygen and hydroxyl may be exchanged between the
catalyst surface and a reference electrolyte [96].

˚ + H2O é˚ OH + H+ + e– (3.8)

˚ + H2O é˚ O + 2H+ + 2e– (3.9)

The change in free energy for the forward reactions in Equation 3.8 and 3.9 at the
potential USHE and pH can be expressed as follows

ΔG˚OH(USHE, pH) =G(˚OH) +
1
2

G(H2) +ΔGH +ΔGe – G(˚) – G(H2O) (3.10)

ΔG˚O(USHE, pH) =G(˚O) + G(H2) + 2ΔGH + 2ΔGe – G(˚) – G(H2O) (3.11)

After all, the dissolution reaction of the M/N/C catalyst in an aqueous environ-
ment can generally be expressed as follows

˚OaHbMNyC + (2a – b + n)H+ Ñ aH2O + Mx+ + NyCHn + (x – n – 2a + b)e– (3.12)

where a, b, n, and x are an integer. Additionally, the relative stability denoted as ΔGR
is calculated to represent a thermodynamic driving force toward the dissolution of the
catalyst surface [120]. The ΔGR is defined as the free energy difference between the
catalyst surface (either with or without the adsorbate) and the most stable dissolved
species at each condition. The more positive the relative stability, the less stable the
catalyze surface is against the dissolution.
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Figure 3.2: The minimum energy structures of the dissolved-metal NyC10Hn carbon
cavity with n = 0 - 4 (a - e): top view (top) and side view (bottom). (C = gray, N = blue,
H = white, M = orange).

3.4.1 Stability of the Fe/N/C catalyst

The stability of the Fe/N/C catalysts under electrochemical environments is firstly dis-
cussed. Figure 3.3 shows the stability diagram of considered Fe/N/C structures. Only
the most stable phase at each condition is shown in the stability diagrams. The stability
diagram is divided into different areas with different colors based on the most stable
dissolved metal ion and the most stable adsorbate on the metal site. For instance, all
Fe2+ + N4C10Hn phases (where n = 0 - 4) are represented with the same color in the
stability diagram. Under the acidic ORR-related condition (U « 0.6 - 0.8 VSHE and
pH = 0), the most stable phase is the dissolved Fe ion, suggesting that all considered
Fe/N/C structures are prone to leach under the acidic ORR-related condition. At the
same potential range in alkaline conditions (pH = 14), either ˚OH or ˚O adsorbats on
the Fe atom. Then, the adsorbate stabilizing the Fe atom becomes the most stable phase
for the FeN4C10, FeN4C12, FeN4CA, FeN4CZ, and FeN3C10 structure. However, the
FeN4C8, FeN3CZ, and FeN3CA structures are still prone to the dissolution under the
alkaline conditions.

In Figure 3.3, the ΔGR at pH = 0 of the Fe/N/C structure is plotted as a function
of potential. The most stable dissolved species used as the reference for ΔGR are su-
perimposed as horizontal bars at the bottom. For the bare Fe/N/C structure at U = 0.8
VSHE and pH = 0, the following order of ΔGR is found: FeN4CA < FeN4CZ < FeN4C10
< FeN3C10 < FeN4C12 < FeN3CZ < FeN4C8 < FeN3CA, suggesting that the stability
against the dissolution decreases from the FeN4CA to FeN3CA. The formation of ˚OH
and ˚O on the Fe/N/C structure reduces the thermodynamic driving force toward the
dissolution. Considering the most stable surface at U = 0.8 VSHE and pH = 0, the follow-
ing order of ΔGR is found: ˚O-FeN4CA < ˚O-FeN4CZ < ˚O-FeN4C10 < ˚OH-FeN3C10
< ˚O-FeN4C12 < ˚O-FeN3CZ < ˚O-FeN3CA < ˚OH-FeN4C8.

At 0.2 - 0.9 VSHE and pH = 0; the thermodynamic driving force toward the disso-
lution of the FeN4C12 site is about 0.70 eV greater than that of the FeN4C10 site, sug-
gesting that the FeN4C10 site is more stable than FeN4C12 site under acid condition, in
line with the experiments by Li et al. [18]. The horizontal bars in Figure 3.3 indicate

22



the most stable dissolved species at each condition. The dissolution reactions change
with the working condition (USHE and pH) and the local carbon structures. For the
FeN4C8, FeN3CA, and FeN3CZ structure, the dissolution reaction results in 0-1 proton
transferred to the carbon cavity, while 1 - 3 protons are transferred to the carbon cavity
of the other structures. The protonation reaction at the carbon cavity is thermodynami-
cally favorable for the N4C12, N3C10, N4CZ, N4CA, N4C10, and N3CZ dissolved-metal
carbon cavity, but it is thermodynamically unfavorable for the N3CA and N4C8 struc-
ture, see Figure A.2 in Appendix A.

Figure 3.3: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Fe/N/C structures without and with the adsorbate (Fe, ˚OH-Fe, and ˚O-Fe): (a)
FeN4C10, (b) FeN4C12, (c) FeN4C8, (d) FeN4CZ, (e) FeN4CA, (f) FeN3C10, (g) FeN3CZ,
and (h) FeN3CA.
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Figure 3.4: (a) Scheme illustration of a possible dissolution mechanism of FeN4C10
structure. (C = gray, N = blue, H = white, M = orange), (b) Free energy diagram corre-
sponding to the possible dissolution mechanisms of FeN4C10 structure with up to 3H+

at U = 0.8 VSHE and pH = 0, (c) ΔGprotonate at the atoms surrounding the Fe atom in
considered Fe/N/C structures as a function of number of H+ at pH = 0 and U = 0.8
VSHE, (d) ΔGdem for the Fe atom from the considered Fe/N/C structures to dissolved
Fe3+ ion as a function of number of H+ at pH = 0 and U = 0.8 VSHE. Figure (c-d) uses
the same markers and colors.

From a thermodynamic perspective, whether the protonation occurs before or
after the demetallation leads to the same overall dissolution reaction and relative sta-
bility as shown in Figure 3.4 (a-b). However, the proton transfers might not necessarily
affect the kinetic dissolution rate if they occur late in the exothermic process. Therefore,
the protonation reaction occurring at the atoms surrounding the Fe atom, followed by
the demetallation, is considered. The reaction free energies for the protonation at the
atoms coordinated with the Fe atom (ΔGprotonate) and the followed demetallation of
the Fe atom to dissolved Fe ion (Gdem) are calculated as the following equations and
shown in Figure 3.4 (c-d).

FeNyC + n(H+ + e–) Ñ FeNyCHn

FeNyCHn Ñ Fex+ + NyCHn + xe–
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ΔGprotonate(USHE, pH) =G(FeNyCHn) – G(FeNyC) – nΔGH – nΔGe (3.13)

ΔGdem(USHE) =G(NyCHn) + G(Fe+x) + xΔGe – G(FeNyCHn) (3.14)

where G(FeNyCHn) is the total free energy of the FeNyC with n H atoms at the atoms
coordinated with the Fe atom. The protonation at the atoms coordinated with the Fe
atom is an endothermic process and becomes more thermodynamically unfavorable as
the potential increases or more protons are added. On the other hand, the demetallation
becomes more favorable after the atoms coordinated with the Fe atom are protonated
and become more thermodynamically favorable as the potential increases or more pro-
tons are added. At the potential U = 0.8 VSHE and pH = 0, the reaction free energy
for the protonation at the atoms surrounding the Fe atom is likely to increase from the
FeN4CZ < FeN4C12 « FeN3C10 « FeN3CA < FeN3CZ « FeN4CA < FeN4C10 < FeN4C8.
After the protonation, the reaction free energy for the demetallation is likely to increase
from the FeN4C8 « FeN3CA < FeN3CZ < FeN4C10 < FeN4CA « FeN3C10 « FeN4C12 <
FeN4CZ.

It is found that the Fe atom in the FeN4C8, FeN3CZ, and FeN3CA structure bond
weakly with the carbon structure, compared to the others. As a result, the Fe atom in
these structures can easily leave the carbon structure, even without the protonation at
the atoms around the Fe atom. A previous DFT study by Tan et al. [26] also reported
the weak bonding between the single Fe atom with the carbon structure in the FeN4C8
structure and suggested the thermodynamic instability of FeN4C8 structure.

The protonation at the atoms surrounding the Fe atom in the considered Fe/N/C
structures weakens the bond between the Fe atom and the carbon host structure, mak-
ing the followed demetallation more facile. Thus, the basicity of neighboring atoms
and the bonding strength between the single Fe atom and the carbon host structure con-
tribute to the stability of the Fe/N/C catalyst under acidic conditions. The FeN4C12 has
a strong bonding between the Fe atom and the carbon host structure, but the nitrogen
atoms around the Fe metal site are vulnerable to proton. While the nitrogen ligand in
the FeN4C8 structure can resist the action of protons in an acid solution but the bonding
between the Fe atom and the carbon host structure is too weak. Therefore, both struc-
tures are predicted to be less stable than the FeN4C10 structure under the same acid
conditions. It should be noted that the stability calculation is here analyzed from ther-
modynamic trends, whereas the kinetic activation energy determines the rate of metal
leaching. Therefore, a complete stability descriptor would require kinetic analysis of
the dissolution mechanism.

According to the previous study on the dissolution of the FeN4C10 motif on the
bilayer-graphene by Holby et al. [27], the unit cell size and the graphene underlayer can
influence the calculated stability. In order to assess the sensitivity to these choices, the
FeN4C structures with a bigger unit cell are given in Figure A.3 of Appendix A. It can be
seen that there is an influence of the size of the unit cell on the calculated stability. The
change in the unit cell size leads to the variation in the dissolution potential toward
the dissolved Fe2+ ion (n = a = b = 0 and x = 2 in Equation 3.12) about 0.08 VSHE.
However, the same trend in the dissolution potential order is obtained from both of the
unit cell size which is FeN4C8 (-1.09, -0.98) < FeN4C10 (0.35, 0.27) < FeN4CA (0.65, 0.52)
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< FeN4C12 (0.79, 0.73) < FeN4CZ (0.94, 0.97). The numbers in the parentheses are the
dissolution potential to Fe+2 in VRHE unit obtained from the unite cells in Figure 3.1 and
bigger unit cells, respectively. The dissolution potential order here agrees with the trend
reported by Tan et al. [26]. The variation in adsorption free energy of ˚O and ˚OH on the
Fe atom due to the change in the unit cell size is about 0.08 and 0.07 eV, respectively. The
ΔGR trend at U = 0.8 VSHE and pH = 0 obtained from the bigger unit cell is ˚O – FeN4CA
< ˚O – FeN4C10 < ˚O – FeN4CZ < ˚O – FeN4C12 < ˚OH – FeN4C8, largely agree with
results obtained from the unit cells in Figure 3.1. The effect of graphene underlayer
on the dissolution potential has been reported by Holby et al. [27], causing a higher
dissolution potential (about 0.08 VRHE) compared to that on the graphene monolayer.
The difference in local atomic structures around the FeN4 motif; however, cause the
variation in the dissolution potential to about 0.30 - 1.43 VRHE, greater than the effect of
the graphene underlayer. Thus, the FeN4 motif embedded on the graphene monolayer
is expected to be able to capture the effect of the local carbon structure on the stability.

Up to this point, the calculations use the implicit solvent. The explicit solvent ef-
fects on the catalyst surface and adsorbates are investigated in the following section. A
single water layer containing 16 H2O molecules is applied for the catalyst surface with-
out any adsorbate, and a single water layer containing 15 H2O molecules surrounding
the intermediate ˚O, ˚OH, or ˚OOH) is applied for the catalyst surface with the adsor-
bate. The explicit water layer is applied on only one side of the catalyst surface, the
same side as the adsorbate. According to a previous DFT study by Svane et al. [121],
there is no further stabilization effect when adding explicit water layers on both sides
of the CoN4C12 structure compared to the explicit water layer on only one side [121].

In order to find the minimum energy structure of the explicit water layer, the min-
ima hopping algorithm implemented in the ASE package [122–124] is used. The explicit
water layer, either with or without adsorbate, is placed on the FeN4C10 structure. The
minima hopping algorithm is performed to find at least 30 local minima with the maxi-
mum force on each atom less than 0.05 eV/Å. Then, the lowest energy structure and the
structures within 0.1 eV of the lowest structure are relaxed further until the maximum
force on each atom less than 0.025 eV/Å. The minimum energy structure is then used
for the binding energy and stability calculations. The minimum energy structures of the
explicit water layer on the FeN4C10 structure without and with intermediate obtained
from the minima hopping algorithm are shown in Figure 3.5.

The adsorption energy of the ORR intermediates in the explicit solvation is calcu-
lated by replacing one water molecule from the explicit water layer with the adsorbate
[125]. This way, the total number of adsorbate and water molecules is kept constant
for all situations. The energy of one water molecule in the explicit water layer is as-
sumed to be the average energy of water molecules in the explicit water layer and can
be calculated as follows

EWL(H2O) =
1
16

(
E(˚16H2O) – E(˚)

)
(3.15)

where E(˚16H2O) and E(˚) are the total energy of the catalyst surface with and without
the explicit water layer, respectively. The adsorption energy of ˚O on the metal site
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with the explicit water layer (at USHE = 0 and pH = 0) can, for the example given by

˚16H2O + H2O Ñ˚ O|˚15H2O + H2

ΔGWL
˚O = G(˚O|˚15H2O) + G(H2) – G(˚15H2O) – G(H2O) (3.16)

where G(˚O|˚15H2O) is the total free energy of the catalyst surface with the ˚O adsor-
bate on the metal site and 15 explicit water molecules around the ˚O adsorbate. One
water molecule in the single water layer is removed to be placed by the ˚O adsorbate,
so G(˚15H2O) is calculated as

E(˚15H2O) = E(˚16H2O) – EWL(H2O) (3.17)

It should be noted that only the vibration of the reaction intermediate X is consid-
ered and contributes to the G(˚X|˚15H2O), where X = O, OH, and OOH.

Figure 3.5: The minimum energy structures of the explicit water layer on the FeN4C10
structure obtained from the minimahopping algorithm: (a) ˚16H2O, (b) ˚O|˚15H2O,
(c) ˚OH|˚15H2O, (d) ˚OOH|˚15H2O. (C = gray, N = blue, H = white, O = red, M =
orange).

For simplicity, the same single water layer obtained with the FeN4C10 structure
is also used for other considered Fe/N/C structures. The explicit solvation effect is
investigated on the FeN4C10, FeN4C12, FeN4C8 and FeN4CZ structure as shown in
Figure A.4 of Appendix A. The water-to-adsorbate ratios are the same for all consid-
ered Fe/N/C structures. However, it should be noted that the explicit water molecules
configuration on other considered Fe/N/C structures can be different from that of the
FeN4C10 structure, especially for the edged hosted FeN4 structures. In order to get a
more accurate explicit solvation model, the minimahopping algorithm or the ab initio
molecular dynamics simulation might be needed for each specific Fe/N/C structure.
The trend in the dissolution potential order is likely to be FeN4C8 (-1.09, -1.02, -0.93) <
FeN4C10 (0.35, 0.47, 0.46) < FeN4C12 (0.79, 1.08, 0.95) < FeN4CZ (0.94, 1.04, 0.84). The
numbers in the parentheses are the dissolution potential to Fe+2 in VRHE unit obtained
from each structure with implicit, vacuum, and explicit solvation, respectively. The dis-
solution potentials toward Fe2+ with the implicit solvation are about 0.14 VRHE, lower
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than those in a vacuum. With explicit solvation, the dissolution potential is close to
those in a vacuum, with a variation of about 0.06 VRHE. The except is for the FeN4CZ
structure. There is about 0.20 VRHE difference in the dissolution potential obtained in
a vacuum and explicit solvation. The difference here could be due to the distortion of
the structure. With the explicit water layer, the nitrogen atoms of the N4CZH0 structure
are distorted out of the plane, see Figure A.4 (d) in Appendix A. While these nitrogen
atoms are still on the plane for the other solvations.

With the explicit solvation, ΔG(˚O) and ΔG(˚OH) on the Fe atom is stabilized
(relative to vacuum) about 0.41 eV and 0.22 eV, respectively. With the implicit solvation,
a similar magnitude of the stabilization energy (relative to vacuum) is found, which
is 0.30 eV and 0.22 eV for ΔG(˚O) and ΔG(˚OH), respectively. For the the considered
FeN4C structures with the explicit solvation, the trend of ΔGR at U = 0.8 VSHE and
pH = 0 is found to be ˚O – FeN4CZ < ˚O – FeN4C10 < ˚O – FeN4C12 < ˚O – FeN4C8.
Meanwhile, it is found to be ˚OH – FeN4CZ < ˚OH – FeN4C10 < ˚OH – FeN4C12 < ˚OH –
FeN4C8 in vacuum. The difference in ΔGR is mainly due to the different stabilization
on the adsorbate via the different solvations. It is seen that there is an influence of
solvation on the stability calculations. The implicit solvation, which stabilizes about
the same as the explicit solvation, is used in the further calculations to avoid structural
distortion.

3.4.2 Stability of the M/N/C catalyst

The thermodynamic stability analysis is extended to other transition metal elements (M
= Cr, Mn, Co, Ni, and Ru). The stability diagrams of these M/N/C structures are given
in Figure A.5 - A.9. Under the ORR-related condition (U « 0.6 - 0.8 VSHE and pH =
0), all considered M/N/C structures are likely to dissolve, so the considered M/N/C
structures are unstable under the acidic ORR condition. Figure 3.6 (a) showsΔGR of the
bare M/N/C structures at U = 0.8 VSHE and pH = 0. Regardless of the metal atom, the
MN4C8, MN3CZ, and MN3CA structures are less stable than the others. On the other
hand, the MN4CA structure is likely to be the most stable structure against dissolution.
The general trend in the thermodynamic driving force toward the dissolution of the
bare M/N/C structure at U = 0.8 VSHE and pH = 0 is Cr > Mn > Ru > Fe > Co > Ni. In
order to understand the stability trend among different metal elements, the dissolution
reaction of the bare M/N/C surfaces without the protonation at the carbon cavity is
considered.

The energy of the metal atom in the M/N/C structure against forming a bulk
metal is investigated as follows

ΔEbulk = EDFT(bulk) + E(NyCH0) – E(FeNyC) (3.18)

Figure 3.6 (c) shows ΔEbulk for considered metal atom on different considered
local carbon structures. Among considered structures, the metal atom in the MN4C8,
MN3CZ, and MN3CA structure is unstable, preferring the bulk metal over the M/N/C
structure. Furthermore, the following equation considers the energy for oxidizing the
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metal atom at a working potential (U = 0.8 VSHE).

ΔEoxidize = G(Mx+) – xΔGe – EDFT(bulk) (3.19)

where G(Mx+) is considered to be the free energy of the most stable dissolved metal ion
at U = 0.8 VSHE for each metal elements, thus x = 2 for Co, Ni; x = 3 for Cr, Mn, Fe,
and Ru. Figure 3.6 (d) shows ΔEoxidize for considered metal elements. The oxidization
energy increases from Cr < Mn < Fe < Co < Ni. For the 3d metals, the metal oxida-
tion energy plays an important role in the dissolution reaction, causing a significant
difference in the acid stability among the 3d elements. The stability of the bare M/N/C
structures toward the dissolution increases from Cr < Mn < Fe < Co < Ni, following the
oxidation trend. For Ru (4d element), the bond strength between the single Ru atom
and the carbon structure is weaker than other metal elements in the same carbon struc-
ture. However, the Ru atom is more difficult to oxidize. Overall, the stability of the bare
Ru/N/C structure is likely to be between the Mn/N/C and Fe/N/C structures.

Figure 3.6: ΔGR at U = 0.8 VSHE and pH = 0 of (a) the bare M/N/C structures and
(b) the most stable phase (at U = 0.8 VSHE and pH = 0) of the M/N/C structures. The
marker for the surface: M = circle, ˚OH-M = square, ˚O-M = triangle. (c) ΔEbulk of
M/N/C structures. (d) ΔEoxidized for metal elements at U = 0.8 VSHE
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The formation of ˚O and ˚OH is thermodynamically favorable on the Cr, Mn, Ru,
and Fe atoms on most considered structures at U = 0.8 VSHE and pH = 0 and results in
increased stability against the dissolution. Under the same conditions, the bare metal
site is the most stable phase of the considered Co/N/C and Ni/N/C structures. Figure
3.6 (b) shows ΔGR for the most stable phase of considered M/N/C structures at pH =
0 and U = 0.8 VSHE. In general, the MN4C10 or MN3C10 sites, embedding on the bulk
graphene, and the MN4 site on the graphene edge (MN4CZ, MN4CA) are more stable
than the MN4 site hosted near micropores (MN4C12, MN4C8) and the unsaturated MN3
site at the graphene edge (MN3CZ, MN3CA). Still, the stability of the most stable phase
of the M/N/C structure toward the dissolution is likely to increase from Cr < Mn < Fe
< Ru < Co < Ni.

A previous study by Singh et al. [120] has suggested that the materials with rel-
ative stability up to 0.5 eV/atom can persist in electrochemical environments due to
insufficient energy gained via dissociation to the Pourbaix stable domains to overcome
the energy barrier for the dissociation reaction. Thus, according to our study, the Fe, Co,
Ru, and Ni atom in the MN4C10, MN4CZ and MN4CA structure can well be kinetically
stable under acid conditions. The Ru atom in the MN4CZ and MN4CA structure, and
the Ni atom in the MN4CA structure are the most promising stable structure under the
acid conditions as the thermodynamic driving force toward the dissolution is less than
about 0.2 eV. These results align with the experiment by Cao et al., which found that
the dissolution rate of the Ru atom was less than 5% when the Ru/N/C catalyst was
operated in the acid solution for 30 hours at the applied potential of 1.5 VRHE [40].

Meanwhile, the Cr and Mn atoms in most considered M/N/C structures have a
considerable driving force toward dissolution (> 0.5 eV), so these catalysts are likely to
be unstable in the acid condition. According to the experimental study by Sahraie et
al. [126], the Mn/N/C catalysts lose the ORR activity more than the Fe/N/C catalyst
during the stability test (0.5 - 1.3 VRHE) in both acid and alkaline electrolyte.

Additionally, the previous experimental study by Xie et al. [19] has reported that
in the acid conditions where the potential is cycled between 0.5 - 1.0 VRHE, the Co/N/C
catalyst has significantly lower metal leaching compared to the Fe/N/C catalyst, espe-
cially when purged with O2. According to our calculations, the thermodynamic driv-
ing force toward the dissolution of the bare Fe/N/C structures is about 0.56 eV higher
than that of the Co/N/C structures under acid conditions. When either the ˚OH or ˚O
adsorbs on the metal site, the relative stability of the most stable phase of both metal
atoms is comparable. The experimental study by Xie et al. has also reported lower car-
bon oxidation on the Co/N/C catalyze surface than on the Fe/N/C catalyst surface
[19]. While the carbon surface oxidation has been proposed to be able to inactivate the
M/N/C catalyst toward the ORR [17] and trigger the demetallation [26]. Thus, Xie et al.
have suggested the reasons for the enhanced durability of the Co/N/C catalyst under
the acid conditions compared to the Fe/N/C catalyst are because the degradation via
the chemical oxidation on the catalyst surface and the active site demetallation is allevi-
ated [19]. The effect of carbon surface oxidation on the stability of the M/N/C catalysts
would undoubtedly be interesting to study.
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The formation of ˚O and ˚OH on carbon atoms adjacent to the FeN4 center in
the FeN4C10, FeN4C12 and FeN4CZ structure is investigated. The catalyst surface is
assumed to be in equilibrium with protons, electrons, and liquid water. As given in
Figure A.10 of Appendix A, the formation of ˚O or ˚OH on the adjacent carbons is
not thermodynamically favored at pH = 0 in the potential range of 0 - 1.2 VSHE. In
previous studies by Zhang et al. [91] and Jung et al. [127], the formation energies of
˚O from water on various carbon atoms near the CoN4C10 structure is higher than 2.8
eV, also suggesting thermodynamically unfavorable to form ˚O on the adjacent carbon
atoms. However, the carbon surface oxidation could occur via other reactions such as
the dissociation of H2O2 [17] or ˚OOH [26].

Furthermore, the effect of the nearby ˚O and ˚OH on the dissolution reaction of
the FeN4C10 structure is investigated as given in Figure A.11 (a-c). The Fe-N bonding
in the FeN4C10 structure and the H-N bonding in the N4C10 structure is strengthened
(about 0.49 eV, and 0.86 eV, respectively) by a nearby ˚OH. Thus, breaking the Fe-N
bonds requires more energy. However, the H binding with the carbon cavity is also
more energetically favorable. The dissolution reaction of the bare FeN4C10 structure
with nearby ˚OH at U = 0.8 VSHE and pH = 0 occurs via the n = 1 reaction and ΔGR is
about 0.37 eV higher than that of the clean surface. With the nearby ˚O on the FeN4C10
structure, the Fe-N and H-N bindings become weaker compared to the clean surface
(about 0.78 eV and 0.39 eV, respectively). The dissolution reaction of the bare FeN4C10
structure with nearby ˚O at U = 0.8 VSHE, pH = 0 occurs occur via the n = 0 reaction
and ΔGR is about 0.66 eV higher than that of the clean surface. It can be seen that the
oxygen functional groups near the Fe site can affect the stability. While, the formation
of these oxygen functional groups (˚O, ˚OH) could depend on the carbon structures [18,
26]. Also, the nature of the metal atom is important to be considered in the formation
of oxygen functional groups via the dissociation of H2O2 [17] or ˚OOH[19, 92]. Such
an investigation would certainly be interesting but it is beyond the scope of the present
study.

In addition to the oxygen functional groups on the carbon surface, the carbon
surface could contain additional N heteroatoms. The graphitic N atoms surrounding
the FeN4 site have been reported to improve ORR activity in alkaline, and acidic elec-
trolytes [128]. The stability diagrams of the FeN4C10 with two graphitic N atoms are
given in Figure A.11 (d-e). It can be seen that the graphitic N atoms near the FeN4
center also affect the stability. The thermodynamic driving force toward the dissolution
of the bare Fe site in both considered Fe/N/C structures with additional graphitic N
atoms at pH = 0, U = 0.8 VSHE is increased compared to the clean surfaces. However,
only some specific configurations of the graphitic N atoms are considered here. Differ-
ent configurations could affect stability so does the activity [128]. The effect of N atoms
or other hetero atoms on the carbon surface on the stability and activity of the Fe/N/C
catalyst would certainly be interesting but is out of the scope of this present study.

Additionally, the anion-selective adsorption on the active site on the M/N/C cat-
alyst can occur. It has been reported that various anions from the electrolytes are com-
petitive with the adsorption of water on the MN4C12 structure (M = Fe, Cr, Mn, and
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Co) and can promote the ORR activity [93, 129, 130]. The effect of the electrolyte anion
adsorption on the stability of the single atom catalyst will be discussed in Chapter 4.

3.5 ORR Activity

The ORR is considered to proceed through a four-electron associative pathway, and the
metal site is considered the active site. A previous theoretical study by Liu et al. [30] has
reported that the activation energy for the direct O2 dissociation reaction is higher for
the OOH dissociation reaction on the FeN4C10, FeN4C12, and FeN4C8 structure; thus,
the OOH dissociation path is kinetically more feasible than the O2 dissociation pathway.
It is assumed that the ORR will proceed without hindrance if the reaction free energy
of all elementary steps is negative, assuming no kinetic barrier for each step. The four
elementary steps can be expressed as

O2 + H+ + e–+˚ Ñ˚ OOH
˚OOH + H+ + e– Ñ˚ O + H2O

˚O + H+ + e– Ñ˚ OH
˚OH + H+ + e– Ñ˚ +H2O

At pH = 0 and U = 0 VSHE, the reaction free energy of the consecutive step along
the ORR can be expressed as follows

ΔG1 =ΔG˚OOH +ΔGH2O (3.20)

ΔG2 =ΔG˚O –ΔG˚OOH (3.21)
ΔG3 =ΔG˚OH –ΔG˚O (3.22)
ΔG4 = –ΔG˚OH (3.23)

where ΔG˚OOH, ΔG˚O and ΔG˚OH are the adsorption free energy of ˚OOH, ˚O and
˚OH on the metal site at pH = 0 and U = 0 VSHE, which are defined relative to water.

ΔG˚OOH =G(˚OOH) +
3
2

G(H2) – G(˚) – 2G(H2O) (3.24)

ΔG˚O =G(˚O) + G(H2) – G(˚) – G(H2O) (3.25)

ΔG˚OH =G(˚OH) +
1
2

G(H2) – G(˚) – G(H2O) (3.26)

At any considered pH and USHE, the reaction free energy of the consecutive step
along the ORR can be expressed as follows

ΔGi(USHE, pH) = ΔGi –ΔGH –ΔGe (3.27)

where ΔGi (i = 1 - 4) is the reaction free energy of the consecutive step along the ORR
at pH = 0 and U = 0 VSHE. An initial chemical step of O2 adsorption is not explicitly
considered. A previous theoretical study by Svane et al. [93] has reported that the
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O2 adsorption on the bare metal sites in the MN4C12 structure is exothermic (ΔH < 0
eV), ranging from -0.57 eV on the CrN4C12 to 0.03 eV on the FeN4C12. Furthermore, a
previous theoretical study by Liu et al. [30] has predicted that the adsorption energy for
O2 is -0.63 eV on the FeN4C12 structure, -0.95 eV on the FeN4C10 structure and -1.67
eV on the FeN4C8 structure. These suggest that the O2 adsorption has surmountable
barriers at room temperature.

The thermodynamic limiting potential (UL) is defined as the highest potential at
which all elementary steps are downhill in free energy. The elementary step with the
most positive free energy at U = 0 VSHE is the potential determining step which firstly
becomes uphill in free energy when the potential increases. The UL and overpotential
can be calculated as follows

UL = – max{ΔG1,ΔG2,ΔG3,ΔG4}/e (3.28)

overpotential = Ueq – UL (3.29)

The equilibrium potential of the ORR is Ueq = 1.23 V, corresponding to the sit-
uation where the reaction has the maximum potential allowed by thermodynamics.
Therefore, UL = Ueq for the ideal catalyst. However, the UL is generally lower than
Ueq, and the overpotential represents the additional potential needed to proceed with
the ORR. The larger the overpotential, the lower activity of the catalyst.

Depending on the local carbon structures and the metal atom, the formation of
˚OH and ˚O on the metal site can be thermodynamically favorable. The ˚OH or ˚O
binds strongly on the metal site in the MN4C8, MN3CZ, and MN3CA structures com-
pared to the others. The metal site in these structures is likely to be occupied by ˚OH
or ˚O under the ORR-related condition. Due to the metal site embedded on the two-
dimensional nitrogen-doped carbon surface, two sides of the metal atom can expose
to the electrolyte. The metal site already occupied by one ˚OH or ˚O would still have
the other side available for the ORR to proceed. The adsorbate ligand can modify the
electronic states of the metal site, affecting the binding of the second adsorbate on the
other side [10, 93, 121, 131, 132]. The ORR activity of the M/N/C structures, including
the adsorbate ligand (OH or O), is considered in the following section. The adsorbate
ligand is the most stable adsorbate on the metal site at U = 0.8 VSHE and pH = 0, a
representative condition at which the PEMFC would be operated.

There is a scaling relation betweenΔG(˚OH) andΔG(˚OOH) on considered struc-
tures including ligand on the back side of the metal atom (with the mean absolute erre
(MEA) of 0.11 eV). This scaling relation is known for metal and oxide surfaces [133].

ΔG(˚OOH) = ΔG(˚OH) + 3.23 (3.30)

A similar scaling relation obtained from the MN4C12 structures has been previ-
ously reported by Svane et al. [93]. This scaling relationship implies that the best lim-
ing potential is 0.83 VSHE, resulting in the minimum overpotential of 0.4 VSHE. The
limiting potential as a function ofΔG(˚OH) for each metal atom in considered M/N/C
structures is shown in Figure 3.7.

33



The ORR activity of the Fe/N/C structures is firstly discussed. The adsorption
of the ˚OH on the bare Fe site is strong. Thus the ORR is limited by the reduction of
˚OH to H2O. The order of the overpotential on the bare Fe site is found to be: FeN4C12
(0.60 VSHE) < FeN4CA (0.77 VSHE) < FeN4C10 (0.83 VSHE) < FeN4CZ (0.95 VSHE) <
FeN3C10 (1.18 VSHE) < FeN4C8 (1.65 VSHE) < FeN3CZ (1.79 VSHE) < FeN3CA (2.13),
agreeing with a previous theoretical study by Yang et al. [134]. At U = 0.8 VSHE and
pH = 0, the either ˚OH or ˚O can be formed on the metal site, depending of the local
carbon structures. The presence of OH and O ligands weakens the binding strengths
of the ORR intermediates on the Fe site compared to the bare Fe site. Considering
the ORR activity on the Fe/N/C structures with the most stable adsorbate at U = 0.8
VSHE and pH = 0 as a ligand on the back side, the following order of the overpotential
is found: ˚OH-FeN4C8 (0.43 VSHE) < ˚O-FeN3CZ (0.54 VSHE) « ˚OH-FeN3C10 (0.54
VSHE) < ˚O-FeN3CA (0.56 VSHE) < ˚O-FeN4C10 (0.63 VSHE) < ˚O-FeN4C12 (0.80 VSHE)
< ˚O-FeN4CA (0.81 VSHE) < ˚O-FeN4CZ (1.06 VSHE).

For other considered metal elements, the ORR intermediates bind strongly on the
bare Cr, Mn, and Ru sits, especially in the MN4C8, MN3CZ, and MN3CA structures.
The ORR activity is located on the left leg of the volcano plot, restricted by the reduc-
tion of ˚OH to H2O. The OH and O ligands, which are also expected on these metal
atoms under the ORR-related condition, can weaken the binding strengths of the ORR
intermediates on the metal site. Thus, the OH and O ligand can enhance the ORR ac-
tivity. Especially on the unsaturated MN3CZ, and MN3CA structures, it is found that
the OH and O ligand results in higher ORR activity than the bare metal site in the same
local carbon structure.

The binding strengths of the ORR intermediates on the bare Co site are weaker
than the previously discussed metal elements. Still, the ORR intermediates are found
to strongly bind on the bare Co site, especially on the MN4C8, MN3CZ, and MN3CA
structures. The ORR activities of the considered Co/N/C structures are also on the left
leg of the volcano but located nearer to the top than previously discussed metal ele-
ments. Except for the bare CoN4C12 site, the ORR is limited by the reduction of ˚OH to
H2O. The OH and O ligands weaken the ORR intermediates’ binding strengths on the
Co site. Unlike previously discussed metal atoms, the ligand negatively affects the ORR
activity on the CoN4C12, CoN4CZ, and CoN4CA structure. This is becuase the activity
of these structures without the ligand is already near the top of the volcano. However,
under the ORR-related condition (U = -0.8 VSHE, pH = 0), the ligand is expected only
on the CoN3C10, CoN3CZ, and CoN3CA structure which can substantially enhance the
ORR activity, compared to the bare Co site with the same local carbon structures.

For the Ni/N/C structures, the ORR intermediates bond weakly with the bare Ni
site, and the adsorption of O and OH ligands are not thermodynamically favorable un-
der the considered condition, except on the NiN3CA and NiN3CZ structure. The ORR
activity on considered Ni/N/C structures under the ORR-related condition is limited
by the formation of ˚OOH, and is lower than other metal elements.
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Figure 3.7: UL as a function of ΔG(˚OH): (a) Cr/N/C, (b) Mn/N/C, (c) Fe/N/C, (d)
Co/N/C, (e) Ni/N/C, (f) Ru/N/C structure. The UL of the most stable phase (at pH =
0 and U = 0.8 VSHE) are marked with filled color. The marker for the surface: M = circle,
˚O-M = square, ˚OH-M = triangle.

In general, the adsorption free energy of the ORR intermediate on the bare metal
site embedded in the same local carbon structures is likely to increase from: Cr < Mn
< Ru < Fe < Co < Ni. Under the ORR-related condition, the ligand atom is likely to
occur on the Cr, Mn, Fe, and Ru atoms. The presence of O or OH ligand weakens the
binding strength of the ORR intermediate, leading to a modified ORR activity. Among
the different local carbon structures, the binding strength of the ORR intermediate on
the bare metal site in the MN4C8, MN3CZ, MN3CA structure is stronger than the others.
Under the ORR-related condition, the ORR on these structures always proceeds with
the ligand on the back side, also leading to a substantial change in the ORR activity
compared to the bare metal site with these local carbon structures.

With the presence of one adsorbate on MN4C8 structure, it is found that the metal
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atom is likely to lay above the basal plane, forming a distorted square-pyramidal ge-
ometry instead of a square-pyramidal geometry. The metal site then prefers a higher
magnetization state (the number of spin up - the number of spin down) and stronger
binding with the adsorbate compared to the square-pyramidal geometry.

Considering the FeN4C12, FeN4C10, and FeN4C8 structures as an example in Fig-
ure 3.8. The pristine structures of the FeN4C12, FeN4C10, and FeN4C8 structure are
in a square planar geometry. The d-orbitals splitting of the metal center is based on
the crystal field theory. The oxidation station on the metal center in the pristine FeN4
structure is considered to be 2+, and the electronic configuration in the d-orbitals of
the metal center is considered based on the converged magnetization projected on the
metal atom. In this way, the Fe+2 in the square planar geometry has two unpaired
electrons in the d-orbitals. When ˚OH bonds with the Fe center, one d-electron is trans-
ferred to the ˚OH. The ˚OH-FeN4C12 and ˚OH-FeN4C10 structure are in the square
pyramidal geometry where the Fe3+ has only one unpaired electron in their d-orbitals.
For the ˚OH-FeN4C8 structure, the ˚OH adsorption causes the elevation of the Fe atom
about 0.80 Åabove the catalyst plane. The distortion could lead to a different orbital
configuration, as suggested by Jurca et al. [135]. The possible electron configuration in
the d-orbital splitting associated with the distortion is shown in Figure 3.8 (b). Three un-
paired electrons remain in the d-orbital, resulting in a higher magnetization state. This
electron configuration could have lower energy than those in the square-pyramidal ge-
ometry or allow the d-electron donated from the metal atom to be more facile. As a
results, the ˚OH adsorption on the FeN4C8 structure is more energetically favorable
than on the FeN4C12 and FeN4C10 structure.

It should be noted that the pristine structure of the edge-hosted MN4CZ and
MN4CA site is also in a square planar geometry and have a similar converged mag-
netic moment on the metal atom as the bulk-hosted MN4C10 structure either with and
without one ˚OH. Thus, we expect a similar d-electronic configuration for both edge-
hosted and bulk-hosted MN4 sites. Additionally, the d-band center change due to the
structure change from the bulk-hosted MN4 site to the edge-hosted MN4 site varies
with the metal center atom, and there is no correlation between the d-band center and
the adsorption energy strength of the reaction intermediate.

According to Figure A.12, the distorted square-pyramidal geometry upon the in-
termediate adsorption resulting in a high magnetization is seen in the ˚OH-MN4C8
structure with M = Mn, Ru and Co, compared to those on ˚OH-MN4Cx=10,12 structure.
Although the magnetization of the metal atom in the ˚OH-MN4C8 structure with M
= Cr and Ni are not different from other ˚OH-MN4Cx=10,12 structures, the elevation
of the metal atom and the adsorption strength is relatively higher than the other ˚OH-
MN4Cx=10,12 structure.
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Figure 3.8: The d-orbital splitting and electronic configuration in d-orbitals for Fe atom
in (a) FeN4C12, FeN4C10, and FeN4C8 structure in a square-planar geometry. (b) ˚OH-
FeN4C12, ˚OH-FeN4C10 structure in a square pyramidal geometry and ˚OH-FeN4C8
structure in a distorted square pyramidal geometry. The electron donated to the adsor-
bate is red, and the remaining electrons in the d-orbitals are black. The relative position
of the energy level is qualitative only. Magmom is the converged magnetization (num-
ber of spin-up + spin-down) projected on the Fe atom. The insets show the structures
with the height of the Fe atom above the N4 plane. (C = grey, N = blue, H = white, Fe
= orange, O = red). The oxidation of the Fe atom in the pristine FeN4C structure is 2+,
and it is 3+ with ˚OH.

Furthermore, the MN3CZ and MN3CA structures also bond with the adsorbate
strongly, regardless of the metal atom. The possible explanation is that the metal atom
in these two unsaturated structures has an oxidation state of 1+. Therefore, the metal
atom prefers at least one bonding with the adsorbate to change the oxidation from 1+
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to 2+ (or 3+), which is generally favorable for transition metal elements.
Let us consider the Ni/N/C system as an example. It is found that the Ni atom

in the NiN3CA and NiN3CZ structure has the magnetization of 0.96, 0.80, respectively.
If the oxidation state is 2+ (Ni2+), there are eight d-electrons arranged in five d-orbitals.
Then, a possible magnetization is 0 or 2. If the oxidation state is 1+ (Ni1+), there are
nine d-electrons arranged in five d-orbitals. Thus, a possible magnetization is 1, which
is found in our calculation results. Furthermore, with the ˚O or ˚OH adsorption, the
magnetization projected on the Ni atom in these two unsaturated structures is found
to be 0. This magnetization value is the same as the Ni atom in the pristine NiN4C
structures with the oxidation state of 2+. Also, the bonding strength with the second
adsorbate becomes comparable to that of other pristine NiN4C structures.

3.6 Stability vs Activity

Combining the stability and activity descriptors, ΔGR of the most stable surface at U
= 0.8 VSHE, pH = 0 is plotted against the overpotential (see Figure 3.9). It can be seen
that the FeN4, CoN4, and RuN4 sites mainly on the bulk graphene (MN4C10, MN3C10)
and the graphene edges (MN4CA, MN4CZ) are a promising candidates with ΔGR <
1.0 eV and the overpotential < 1.0 VSHE. These promising candidates are already well-
known M/N/C catalysts and have been experimentally tested as ORR catalysts in acid
conditions [12, 19, 90, 91, 95, 128, 136]. The MNyC structures with M = Cr, Mn are
predicted to be unstable under the considered condition as the thermodynamic driving
force toward the dissolution is greater than 1 eV. Also, the unsaturated MN3CA, and
MN3CZ structures that exhibit high catalytic activity are not in Figure 3.9 as they are
also not stable under the acidic ORR conditions.

It can be seen that Ru/N/C structures are active and stable under the ORR-related
condition. Furthermore, the Ru atom has either OH or O ligand on the back side at the
considered condition. These results are in line with the experiments by Xiao et al. [137],
which have reported a higher activity and stability of the Ru/N/C catalyst than the
Fe/N/C catalyst in 0.1 M HClO4. Also, they have suggested that the ˚OH-RuN4 site is
the active and durable site for the Ru/N/C catalyst under acid conditions. In addition,
a previous experimental study by Cao et al. [40], and Zhang et al. [90] have suggested
the RuN4 site with O or OH ligand as the active and durable site of the Ru/N/C catalyst
in acid solution.

The experimental study by Zitolo et al. [12] has found that the Fe-based moieties
experience a structural change and an electronic-state change, implying the formation
of O and OH ligand on the Fe site under the operating condition. At the same time, they
have found no structural and electronic change for the Co-based moieties. In our study,
most considered Fe/N/C structures can have either O or OH ligand on the Fe atom at
pH = 0 and U = 0.8 VSHE. While at the same condition, only some of the considered
Co/N/C structures have the OH ligand.

It is seen that the stable Co/N/C structures in Figure 3.9 are more active than the
stable Fe/N/C structures. The experimental study by Martinez et al. [10] reported the

38



Figure 3.9: ΔGR of the most stable phase at U = 0.8 VSHE and pH = 0 vs ORR overpo-
tential with nonadsorbing electrolyte ions. The catalysts close to the bottom left corner
are expected to be active toward ORR and stable in acid conditions

ORR activity in 0.5 H2SO4 in the order of Fe > Co > Mn, suggesting that the Fe/N/C
catalyst is more active than the Co/N/C catalyst. Their DFT calculations have sug-
gested the OH ligand on the zigzag-edge host MN4 as the active site [10]. A previous
computational study by Svane et al. [93] has identified the ligand on the FeN4C12 and
MnN4C12 site in 0.5 M H2SO4 solution is HSO4 and H2O for CoN4C12 structure, giving
the ORR limiting potential order (Fe > Co > Mn) in agreement with the experiments by
Martinez et al. [10]. The interaction between the M/N/C catalysts with relevant species
present in the electrolyte would be interesting to consider and may give a better model
that can accurately describe the catalytic activity under experimental conditions. An-
other possible explanation could be highly selective for the two-electron ORR pathway,
potentially lowering catalytic activity for the four-electron ORR pathway. According
to the experimental study by Martinez et al. [10], the Fe/N/C catalyst has a half-wave
potential of 0.80 VRHE and selectivity for the four-electron pathway is more than 95%
while the Co/N/C catalyst has a lower half-wave potential of 0.77 VRHE and a lower se-
lectivity for the four-electron path of 90%. Gao et al. [138] have also reported high onset
potential at around 0.7 VRHE for the Co/N/C and Fe/N/C catalyst, but the Co/N/C
catalyst is more selective for the two-electron pathway than the Fe/N/C catalyst.

Additionally, some of the promising stable and active structures in acid conditions
are the FeN3C10, CoN3C10, and NiN3C10 structures, suggesting that the nearest neigh-
bor interaction can tune the catalytic activity of the M/N/C catalyst on the graphene
plane. Therefore, carefully manipulating the heteroatoms around the active site can
further improve the catalytic activity while maintaining acid stability. Additionally,
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for the design strategies to achieve both an active site and stable M/N/C catalyst, the
synthesis should aim to increase the site density of MN4 bulk-hosted structures or the
MN4 on the edge-hosted graphene structure. Avoiding the formation of unsaturated
MN3CZ or MN3CA structure as well as the MN4C8 site will increase the stability of
the M/N/C catalyst under acid conditions. Further stability improvement for the ac-
tive M/N/C structures like MN4C12, MN4C8 and the unsaturated structure (MN3CZ,
MN3CA) might be achieved by forming these active structures over another graphitic
layer [27]. The metal choice also significantly affects stability and activity, so it should
be considered when designing the catalyst. Integrating Fe, Co, and Ru metal elements
into graphitic carbon supports like the MN4C10, MN4CZ and MN4CA structure would
be a promising catalyst for the ORR in acid conditions.

3.7 Conclusions

The systematic investigation of the stability and the ORR catalytic activity of the M/N/C
structure with different local carbon structures around the MNy motif under acid con-
ditions was carried out in this chapter. The stability was considered from the tendency
of the metal atom to dissolve into the electrolyte. The results revealed that the local
carbon structures play a crucial role in the stability and ORR catalytic activity. All con-
sidered M/N/C structures with M = Cr, Mn, Fe, Co, Ni, and Ru are thermodynamically
unstable in acidic ORR conditions. The thermodynamic driving forces toward the dis-
solution suggest that the MN4 site on the bulk graphene and graphene edge (MN4C10,
MN4CA, MN4CZ) are more stable against the dissolution than that hosted by the mi-
croporous (MN4C12, MN4C8) or in the unsaturated structure (MN3CZ, MN3CA). The
stability also depends on the choice of a metal atom. The M/N/C structures with Fe,
Co, Ni, and Ru are more stable under acid conditions than those with Mn and Cr metal
atoms. Under the ORR-related conditions, we predicted the most stable phase of the ac-
tive site in which O or OH ligands can occur on the back side and become a part of the
active center. The ORR activity also depends on the choice of the metal atom and the
local atomic structure. Combining both stability and activity descriptors, we suggested
that the Fe, Co, and Ru atom mostly on the MN4C10, MN4CZ, MN4CA, and MN3C10
structure are the promising acid-stable and active ORR catalyst. Rational modification
of the carbon matrix and appropriate selection of metal atoms could be carefully used
to optimize the activity and stability of the M/N/C catalysts.
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Chapter 4

Effect of Electrolyte Anion
Adsorption on the Activity and
Stability of Single Atom
Electrocatalysts

This chapter is based on the work presented in Paper II as given in Appendix D. The
stability and activity of the M/N/C catalysts are further studied, including the effect of
the electrolyte anion adsorption. This chapter covers the main points and results.

4.1 Introduction

The single metal atom coordinated N-doped carbon (M/N/C) has been recognized as
an efficient electrocatalyst. In many experimental and theoretical studies, the Fe/N/C
and Co/N/C materials have been identified as active ORR catalysts in acid electrolytes
[9, 12, 31, 90, 136]. More recent studies have evidence that the M/N/C catalyst can also
be an efficient catalyst for the CO2RR [139–141]. In the previous Chapter 3, we found
that the local coordination plays an important role in catalytic activity and stability of
the M/N/C catalyst [18, 30, 35].

Furthermore, since the M/N/C catalysts possess two-dimensional properties, it
is distinct from bulk materials, where only one exposed side is responsible for their cat-
alytic activity. Ideally, both sides of the M/N/C catalyst are exposed to electrolytes so
they can interact with an adsorbate. It is, therefore, possible that an electrolyte anion
or a gas molecule from the environment adsorbs on one side of the M/N/C structure
while the other side is still available for the reaction to proceed [129, 130]. The presence
of the adsorbate on one side of the single metal atom will modify its electronic states,
affecting the binding of the second adsorbate on the other side [93, 142, 143]. Experi-
mental and theoretical studies have considered the effect of anions from the electrolyte
or a gas molecule impurity on ORR activity. For instance, Holst-Olesen et al. have found
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that the anions from H3PO4- and CH3COOH-containing electrolytes are beneficial for
the ORR activity on the Fe/N/C catalysts [129, 130]. Various combinations of the elec-
trolyte anion ligand and the single metal center in the MN4C12 structures (M = Cr, Mn,
Fe, and Co) for improving the ORR activity have studied in a previous theoretical study
by Svane et al. [93]. Recently, many studies have also reported that the introduction of
axial oxygen [13, 144] and halogen atom [90] on the MN4 site can achieve an efficient
catalyst for the CO2RR.

The stability of the MN4 site with the presence of a fifth ligand was recently dis-
cussed. Glibin et al. have previously studied the dissolution reaction of two different
FeN4 sites with the ˚F ligand. Based on a thermodynamic model, the fluorination on
the FeN4 site can increase the resistance of the single metal site against acid dissolution
[104]. The DFT calculations have been used to study the dissolution reaction of the
FeN4 site embedded on a bilayer-graphene by Holby et al. [27]. The presence of ˚OH
ligand on the FeN4C10 site has been found to prevent the single Fe site from dissolu-
tion [27]. By using in situ Raman spectroscopy to study the Fe phthalocyanine (FePc)
molecules and pyrolyzed Fe/N/C catalysts, Wei et al. have reported the structural dy-
namics of the FeN4 active site in 0.1 M HClO4 solution [145]. At a high potential of
about 1.0 VRHE, a non-planar structure is induced by the presence of an adsorbate on
the FeN4 site, preventing FeN4 site from the dissolution. At a lower potential of about
0.05 VRHE, they have found the irreversible attenuation of the planar Fe-N vibration,
which is the evidence for dissolution of the bare Fe center [145]. Using DFT simula-
tions with 57Fe Mössbaur spectroscopy data, Nematollahi et al. have compared the
DFT calculated and experimental quadrupole splitting energy of doublets (ΔEQS) for
different FeN4 structures (FeN4C10, FeN4C12, FeN4C8) both with and without ligands
[36]. They have suggested that the FeN4C8 structure with a fifth ligand such as OH–

and NH2– could be an active and durable site under the acidic ORR conditions [36].
In this chapter, the systematic exploration of the electrolyte anion adsorption ef-

fect on the stability and activity of a single metal atom incorporated with N atoms
doped into a bulk graphene terrace (MN4C10) and a graphene edge (MN4CA) with M
= 3d, 4d, 5d, or p-block (Sn, Sb, and Bi) metal atoms. The interaction between the single
metal site and the electrolyte anion is evaluated to understand how the electrolyte anion
adsorption thermodynamically influences the dissolution of the single metal site under
electrochemical conditions relevant to the ORR and the CO2RR. In addition, the cat-
alytic activity with the presence of an electrolyte anion ligand for the ORR and CO2RR
is also studied. Finally, the results are used to suggest combinations of metal atom cen-
ter, local carbon structure, and electrolyte for active and stable catalysts under working
conditions.
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4.2 Computational Details

The structural models based on the MN4C10 and MN4CA sites, as shown in Figure
3.1(a) and (e) are used to investigate the effect of electrolyte anion adsorption in this
chapter. These graphene sites are selected because they are among the most stable type
of sites, as previously found in Chapter 3. The DFT calculation details are the same as
described in Section 3.3. Except that the thermal corrections for the adsorbates (ZPE
+ Uvib - TSvib) at T = 298.15 K are calculated from the adsorbates on the FeN4C10 and
FeN4CA sites and applied to other metal sites with the same local carbon structure. The
thermal corrections for the adsorbates are given in Table B.1 of Appendix B.

4.3 Formation Energy

The formation free energy of the single metal atom doped into the bulk graphene and
the graphene edge is calculated as follows

ΔGf = E(MN4C) – E(C) + 6μC – μM – 4μN (4.1)

where E(MN4C) is the total energy of the single metal atom doped into graphene. E(C)
is the total energy of a pristine graphene sheet or pristine graphene nanoribbon. μC is
the total energy of the pristine graphene sheet per carbon atom. μM is the total energy
of metal in its bulk structure per metal atom. The nitrogen chemical potential (μN) is
treated as a parameter for using different nitrogen precursors in experiments [14, 33,
140, 141, 146, 147]. μN is referenced to NH3, N2, and H2 gas molecule at 1 bar.

μN(n) = n[G(NH3) –
3
2

G(H2)] +
1
2

(1 – n)G(N2) (4.2)

where G(NH3), G(H2), and G(N2) are the free energy of NH3, H2, and N2 gas molecule
at 1 bar, respectively and n is an integer. When n = 0, the nitrogen reference source is the
N2 gas molecule, and when n = 1, the nitrogen reference source is the NH3 gas molecule.
It is assumed that the nitrogen chemical potential can vary as a function of NH3, H2,
and N2 content during the synthesis. The n < 0 situation corresponds to the synthesis
under the high content of (N2 + H2) condition and the n > 1 situation corresponds to
the synthesis under the high content of NH3 condition.

Figure 4.1 (a) shows theΔGf for MN4C10 and MN4CA sites at two different μN(n)
with n = 1, 3. When n is more than 1, this can correspond to increasing NH3 partial
pressure during the synthesis. The temperature is considered at T = 1100 ˝C, a typi-
cal temperature in the M/N/C synthesis [12, 14, 139]. Regardless of the metal atom
and μN(n), the single atom site is thermodynamically preferred to form at the graphene
edge over the bulk graphene. A pyridine vacancy (PorN4) is slightly more stable on
the graphene edge than the bulk graphene, and it is likely to be further stabilized if the
bulk metal atom is supplied, forming the MN4 site. Most 3d elements are thermody-
namically more favorable to dope into the pyridine vacancy than the 4d-5d elements
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and p-elements. The formation at T = 1100 ˝C, becomes thermodynamic favourable
when n increases from 1 to 3 (e.g., under the elevated NH3 partial pressure).

As shown in Figure 4.1 (b), the nitrogen chemical potential changes with the tem-
perature. Thus, the formation free energy depends on the temperature and the nitrogen
chemical potential. Considering the formation energy of the CoN4C10 site in Figure 4.1
(c) as an example, with increasing temperature, the formation energy becomes more fa-
vorable when n > 1. In other words, the synthesis under the high NH3 partial pressure
and high temperature (T > 500 ˝C) is favorable for the single atom formation. At low
temperatures (T < 100 ˝C), the formation energy become thermodynamic favourable
when n < 0 (e.g., under high (N2 + H2) content). The formation energies of other struc-
tures as a function of the nitrogen chemical potential at T = 25 and 1100 ˝C are given
in Figure B.2 of Appendix B, where similar results are found. The results suggest that
considered single metal sites doped into graphene can be synthesized in a controlled
experiment.

Figure 4.1: (a)ΔGf for MN4C10 and MN4CA sites at T = 1100 ˝C. (b) μN(n) and (c)ΔGf
of the CoN4C10 site as a function of n at different temperatures.
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4.4 Stability Diagram and Relative Stability

Under an electrochemical environment, the single metal atom in the M/N/C structures
can interact with anions from the electrolyte. We consider the anions from commonly
used electrolytes for the ORR [148, 149] and the CO2RR [150], e.g., H2PO–

4, HPO2–
4 , PO3–

4
in H3PO4 solution; HSO–

4, SO2–
4 in H2SO4 solution; Cl– in HCl solution; ClO–

4 in HClO4
solution; NO–

3 in HNO3 solution; HCO–
3 and CO2–

3 in H2CO3 solution. Additionally,
NO and CO gas molecules and CN– in HCN solution are included as they have been
found to affect the catalytic activity [65, 151, 152]. The complete list of electrolyte anions
and poisoning gas molecules considered here is given in Table B.2 and Table B.3 of
the Appendix B. It should be noted that the adsorption of CO and NO on the metal
site considered in this study does not depend on the pH and applied potential. The
adsorption of the anion from the electrolyte on the single metal atom can compete with
the water molecule. Thus, in each solution, the adsorption of anion or gas molecules on
the metal site competes with the formation of ˚H2O, ˚OH, ˚O from the water oxidation
or reduction. Also, it is assumed that the catalyst surface is in equilibrium with protons,
electrons, and liquid water [96]. Thus, the hydrogen adsorption on the metal site (˚H)
is also included.

Figure 4.2: Thermodynamic cycle for the calculation of the free adsorption energy of
the electrolyte anion in added 0.1 M electrolyte: ΔG(˚An–) [93, 129].

The adsorption free energy of electrolyte anions is calculated using the thermo-
dynamic cycle [93, 129] as shown in Figure 4.2. The adsorption free energy of the elec-
trolyte anion in added 0.1 M electrolyte at T = 298.15 K can be expressed as follows

ΔG(˚An–) = ΔCHEG(˚A) –ΔGsol(HnA) –ΔGdilute(An–) (4.3)

ΔCHEG(˚A) is calculated according to the computational hydrogen electrode (CHE)
[117] and can be written as follows

ΔCHEG(˚A) = G(˚A) +
n
2

G(H2) + nΔGe + nΔGH – G(˚) – G(HnA(gas)) (4.4)
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ΔGsol(HnA) is the free energy for dissolving gaseous HnA (at 1 bar) in water to
form anion and proton at the standard state where [An–

(aq)] = [H+
(aq)] = 1 M.

ΔGsol(HnA) = G(An–
(aq,1M)) +

n
2

G(H2) – G(HA(gas))

= ΔGf(A
n–
(aq,1M)) –ΔGf(HA(gas))

(4.5)

where ΔGf(A
n–
(aq,1M)) and ΔGf(HA(gas)) are the formation energy of An– in solution

phase (1 M) and HnA in gas phase (1 bar), respectively.
ΔGdilute(An–) in Figure 4.2 is the free energy accounting for the concentration

difference from the standard state and can be expressed as follows

ΔGdilute(An–) = RT ln
(
(aH+)nγ[An–]

)
(4.6)

where aH+ and aAn– are the activity of H+ and An–, respectively. γ is an activity coef-
ficient of An–, and [An–] is the concentration of the electrolyte anion. The electrolyte
concentration is 0.1 M, and the pressure of the poisoning gas molecule is 1 bar. At dif-
ferent pH, it is assumed that pH is adjusted by adding non-adsorbing acid and aH+ is
calculated from: pH = – log(aH+). The concentration of electrolyte anion species ([An–])
in the 0.1 M solutions at each pH is calculated based on its pKa value. The value of γ,
ΔGf and pKa are taken from literature [93, 113, 114, 153, 154] and listed in Table B.3 of
Appendix B.

Along with the adsorption of the adsorbate, the dissolution of the single metal
atom from the graphene host into the electrolyte can occur and result in the dissolved
metal ion with charge +x (Mx+) and the graphene host cavity (N4CHn) as described in
Section 3.4. A completed list of EM(bulk) and ΔGx for all metal elements considered
in this chapter are given in Table B.4 of Appendix B. ΔGx is taken from literature [113,
118, 119]. The concentration of the dissolved metal ion in the calculations is 10–6 M.
Furthermore, the stability calculations are considered at T = 298.15 K.

As an example, Figure 4.3 (a) and Figure B.3 (a) show the stability diagram of
the CoN4C10 and CoN4CA sites in 0.1 M solutions, respectively. Only the most stable
phase at each condition is shown in the stability diagram. The stability diagram is di-
vided into different areas with different colors based on the most stable dissolved metal
ion and the most stable adsorbate on the metal site, the same way as in the previous
chapter. It is seen that the electrolyte anion can compete with water adsorption and be-
come the most favorable adsorbate on a single Co atom. Like the previous chapter, we
also consider the relative stability (ΔGR), which is the free energy difference between
the M/N/C catalyst surface (either with or without the adsorbate) and the most stable
dissolved species (the dissolved metal ion and carbon host cavity). The ΔGR indicates
the thermodynamic driving force for the dissolution of the metal atom. The more posi-
tive the relative stability, the less stable the single metal atom is against the dissolution.
As shown in Figure 4.3 (b) and Figure B.3 (b), ΔGR of the CoN4 sites is plotted as a
function of applied potential at a specific pH (pH = 1 for H3PO4, H2SO4, and HClO4
solution and pH = 7 for H2CO3 + CO solution). The most stable dissolved species for
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each potential used as a reference for ΔGR are superimposed as horizontal bars at the
bottom in Figure 4.3 (b) and Figure B.3 (b). At potentials above 0.6 VSHE and pH = 1,
in 0.1 M H3PO4, H2SO4, and HClO4 solution, it is seen that ˚H2PO4, ˚SO4, and ˚ClO4
are thermodynamically preferred on the single Co atom and further reduce the thermo-
dynamic driving force toward dissolution compared to ˚OH on the single Co atom in
H2O.

Figure 4.3: (a) Stability diagrams for the CoN4C10 site in 0.1 M solutions. (b) ΔGR for
the sites at specific pH, and (c) stability diagrams for the CoN4C10 site showing the
most stable surface, and the background color corresponds to the value of ΔGR.

The stability and relative stability plots of the FeN4 site on both bulk graphene
and the graphene edge are given in Figure B.4 and B.5 of Appendix B. We find a similar
trend where the electrolyte anion is thermodynamically stable on the single metal site
at high potential, and the corresponding thermodynamic driving force is lower than the
same single metal site in H2O. Furthermore, the thermodynamic driving force toward
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the dissolution decreases as the potential increases, suggesting that the demetallation
could be dominant at the low potential in the acid condition. These results are in line
with the experiments by Choi et al. where the Fe demetallation from the Fe/N/C cata-
lyst in 0.1 M HClO4 was observed at potentials below 0.7 VRHE [20].

Under a neutral condition (pH = 7) in 0.1 M H2CO3 solution with CO, at U < -0.4
VSHE, it is seen that ˚H is thermodynamically favorable on the single Co atom over
the electrolyte anions. When the potential increases, the anions become the most stable
adsorbate on the Co atom. ˚HCO3 is at potential around -0.6 to 0.4 VSHE and ˚CO3 is
at potential above 0.4 VSHE. The thermodynamic driving force toward dissolution is
lowered by about 0.46 and 2.18 eV when the ˚HCO3 and ˚CO3 are stabilized on the Co
atom, compared to the ˚CO-CoN4C10 site in H2O + CO solution, respectively.

4.5 Stability under the ORR-related Condition

The ΔGR of the most stable surface in 0.1 M electrolytes at pH = 1, and U = 0.80 VSHE
for other MN4 sites is shown in Figure 4.4. Except for PtN4Cx=10,A, PdN4Cx=10,A, and
AuN4Cx=10,A sites, the other MN4 sites are likely to be stabilized by the adsorbate.
Therefore the thermodynamic driving force toward dissolution is reduced compared
to the bare metal site. The PtN4Cx=10,A, PdN4Cx=10,A, and AuN4Cx=10,A sites weakly
interact with both electrolyte anions and water molecules, but they are stable against
the dissolutions in a wide range of pH and potentials, even without any adsorbate. For
the PtN4 site, our calculation results are in line with a previous experimental study by
Li et al. [92]. They have found a minor change in the current density of a Pt/N/C
catalyst under the accelerated durability tests in 0.5 M H2SO4. The relative stability
of IrN4Cx=10,A is below zero in the considered electrolytes, so it is stable under the
considered ORR-related condition, in agreement with the experiment by Liu et al. [155].
During the durability test of the Ir/N/C catalyst in 0.1 M HClO4, they found about 97%
current density retention of the Ir/N/C catalyst [155].

For CrN4Cx=10,A, MoN4Cx=10,A, RuN4Cx=10,A, ReN4Cx=10,A, and OsN4Cx=10,A
sites, the binding strength of the electrolyte anion is weaker than ˚O in most considered
electrolytes. Thus, these metal sites are covered by ˚O. For the Ru/N/C catalyst, the
experimental studies by Zhang et al. [91] and Xiao et al. [137] have tested its ORR
performance in 0.1 M HClO4 and suggested that the active center is the RuN4 site bonds
with axial ˚O or ˚OH, agreeing with our calculations.

A previous experimental study has shown a higher activity loss of the Mn/N/C
catalyst than the Fe/N/C catalyst in 0.1 M HClO4 under an accelerated stress test where
the potential was cycled between 0.5 and 1.3 VRHE [126]. In agreement with this exper-
iment, in 0.1 M HClO4 at U = 0.5 - 1.3 VRHE, the thermodynamic driving force toward
the dissolution of the MnN4C10 site is about 0.78 eV higher than that of the FeN4C10
site. For the MnN4CA site, it is about 0.57 eV higher than that of the FeN4CA site.
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Figure 4.4: ΔGR of the most stable adsorbate on MN4 site in 0.1 M electrolytes at pH =
1, U = 0.80 VSHE: (a) MN4C10, (b) MN4CA. The inserted text indicates the most stable
adsorbate on the metal site and its corresponding ΔGR in eV. The background color
corresponds to the ΔGR value. The brighter the background color, the more stable it is
against the dissolution.

In 0.1 M HClO4 at U = 0.5 - 1.0 VRHE, both the MnN4 and FeN4 sites are stabilized
by ˚ClO4. Comparing these metal sites in H2O where the metal sites are covered by ˚O,
ΔGR for FeN4 site in 0.1 M HClO4 is about 0.18 eV lower than in H2O and it is about
0.13 eV lower than in H2O for MnN4 site in 0.1 M HClO4. However, in both H2O and
0.1 M HClO4, the MnN4 sites are found to be less stable than the FeN4 sites.

Another experimental study by Xie et al. [19] has determined the amount of metal
leaching out from the Fe/N/C and Co/N/C catalyst when the potential was cycled
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between 0.6 - 1.0 VRHE in 0.5 M H2SO4. They have found a lower metal leaching from
the Co/N/C catalyst than the Fe/N/C catalyst [19]. At this potential range, we find
that the FeN4 and CoN4 sites on both bulk graphene and the graphene edge in 0.1 M
H2SO4 are occupied by ˚SO4. The thermodynamic driving force toward the dissolution
of the ˚SO4-CoN4 sites are about 0.14 eV lower than the ˚SO4-FeN4 sites, agreeing with
the experiment. In the previous chapter, where the electrolyte anion adsorption has
not been included, we find that the thermodynamic driving force of the most stable
phase of the FeN4Cx=10,A sites in H2O is about 0.02 eV higher than those of the CoN4
sites. It is seen that the stability calculations, including the electrolyte anion adsorption,
compare well with the experimental results for M/N/C catalysts.

For CO adsorption, the CO chemisorption experiment on the M/N/C catalyst (M
= Fe and Mn) has suggested a stronger CO binding on the Fe-containing site over the
Mn-containing site [126]. In agreement with the experiment, we find a stronger CO ad-
sorption on the FeN4 sites than on the MnN4 sites on both bulk graphene and graphene
edge. Similar results have been reported by Svane et al. [93] where the M/N/C catalysts
are modeled based on the MN4C12 structures.

Besides the nature of the metal atom center, the stability against dissolution de-
pends on the local carbon structure around the MN4 motif. The MN4 site on the
graphene edge is more stable than that on the bulk graphene. The thermodynamic driv-
ing force toward the dissolution at U = 0.80 VSHE and pH = 1 of the most stable phase
of the MN4CA structures is about 0.52 eV lower than those of MN4C10 structures.

4.6 ORR Activity

Considering the MN4 site embedded in a two-dimensional carbon sheet, the adsor-
bates could interact with the metal atom from both sides. The electrolyte anion can
strongly adsorb on both sides, blocking the metal site from the reaction intermediates.
Alternatively, the electrolyte anion adsorbs only on one side, allowing the intermediate
adsorbates to interact from the other side. In this chapter, the ORR is also considered to
proceed through the four-electron associative pathway, and the metal site is considered
as the active site. If the electrolyte anion is found to interact with MN4 site under the
ORR-related condition, the ORR activity of the MN4 site is considered as the following
mechanism [129].

˚A/˚A + ne– Ñ˚ /˚A + An–

O2 + H+ + e– +˚ /˚A Ñ˚ OOH/˚A
˚OOH/˚A + H+ + e– Ñ˚ O/˚A + H2O

˚O/˚A + H+ + e– Ñ˚ OH/˚A
˚OH/˚A + H+ + e– Ñ˚ /˚A + H2O

where ˚A/˚A stands for the electrolyte anions on both sides of the metal site. ˚X/˚A
stands for the electrolyte anion on one side and the reaction intermediate on the other
side (X = O, OH, and OOH). At any considered pH and USHE, the reaction free energy
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of the consecutive step along the ORR can be expressed as follows

ΔG0(USHE, pH) =ΔG(˚An–/˚A) (4.7)
ΔG1(USHE, pH) =ΔG˚OOH/˚A +ΔGH2O –ΔGe –ΔGH (4.8)

ΔG2(USHE, pH) =ΔG˚O/˚A –ΔG˚OOH/˚A –ΔGe –ΔGH (4.9)
ΔG3(USHE, pH) =ΔG˚OH/˚A –ΔG˚O/˚A –ΔGe –ΔGH (4.10)
ΔG4(USHE, pH) = –ΔG˚OH/˚A –ΔGe –ΔGH (4.11)

whereΔG˚X/˚A is the adsorption free energy of reaction intermediate X (X = O, OH and
OOH) on the metal site with the electrolyte anion on the back side of the metal atom at
pH = 0 and U = 0 VSHE. ΔG˚OOH/˚A andΔG˚O/˚A are obtained from a scaling relation
established between ΔG˚O vs. ΔG˚OH and ΔG˚OOH vs. ΔG˚OH on the bare metal
site, given in Equation 4.12 - 4.15 (Figure B.1 in Appendix B). Note that MEA is a mean
absolute error. Only ΔG˚OH/˚A is explicitly calculated in this chapter. A previous
study by Svan et al. [93] has also reported a similar scaling relation betweenΔG˚OH and
ΔG˚OOH (ΔG˚OOH = ΔG˚OH + 3.24) obtained from the MN4C12 structures, including
the adsorption free energy with the electrolyte anion on the back side of the metal atom.

For MN4C10: ΔG˚OOH/˚A = ΔG˚OH/˚A + 3.22 ; MAE = 0.15 eV (4.12)
ΔG˚O/˚A = 2ΔG˚OH/˚A + 0.65 ; MAE = 0.59 eV (4.13)

For MN4CA: ΔG˚OOH/˚A = ΔG˚OH/˚A + 3.16 ; MAE = 0.14 eV (4.14)
ΔG˚O/˚A = 2ΔG˚OH/˚A + 0.44 ; MAE = 0.39 eV (4.15)

where ΔG˚OH/˚A = G(˚OH/˚A) +
1
2

G(H2) – G(˚/˚A) – G(H2O) (4.16)

ΔG(˚An–/˚A) in Equation 4.7 is the free adsorption energy of the second elec-
trolyte anion on the metal atom. It can be calculated using the thermodynamic cycle in
Figure 4.2 and can be written as follows

ΔG(˚An–/˚A) = ΔCHEG(˚A/˚A) –ΔGsol(HnA) –ΔGdilute(An–) (4.17)

where ΔCHEG(˚A/˚A) is calculated according to the computational hydrogen elec-
trode (CHE) [117] and can be written as follows

ΔCHEG(˚A) = G(˚A/˚A) +
n
2

G(H2) + nΔGe + nΔGH – G(˚A) – G(HnA(gas)) (4.18)

The possible electrolyte anion participating in the ORR is the most stable adsor-
bate at pH = 1, U = 0.80 VSHE. The corresponding ORR activity is also considered at
this condition by calculating the thermodynamic barrier of the limiting step (ΔGmax).
The thermodynamic barrier of the limiting step at specific USHE and pH indicates the
minimum energy required to run the reaction at that specific condition, assuming no
kinetic barrier between each elementary step. The limiting potential (UL) is also cal-
culated if all of the elementary steps along the ORR path are electrochemical reactions.
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This situation includes when two NO and CO gas molecules are not thermodynami-
cally stable on both sides of the metal atom. The UL is the highest potential where all
of the elementary steps are still downhill in free energy. The UL and overpotential are
considered at pH = 1 and can be calculated as follows

UL = – max{
ΔG0

n
,ΔG1,ΔG2,ΔG3,ΔG4}/e (4.19)

overpotential = Ueq – UL (4.20)

where ΔGi (i = 0 - 4) is the reaction free energy of the consecutive step along the ORR
path in Equation 4.7 - 4.11, at pH = 1 and U = 0 VSHE. n is the number of electrons
transferred during the adsorption/desorption of the second electrolyte anion on the
metal site (n = 0 for the neutral gas molecule, such as CO and NO).

The ORR activity of the FeN4C10 and FeN4CA sites in 0.1 M H3PO4, H2SO4,
HClO4, and HCl is firstly discussed. At U = 0.8 VSHE and pH = 1, the electrolyte anion
(˚HPO4, ˚SO4, ˚ClO4, and ˚Cl) bonds to the FeN4 sites stronger than the water. Thus,
these electrolyte anions can affect the ORR. Free energy diagrams of the ORR on the
FeN4C10 and FeN4CA site in these solutions at U = 0.80 VSHE and pH = 1 are given in
Figure 4.5.

The ORR on the FeN4C10 site in 0.1 M HClO4, and HCl is thermodynamically
limited by the anion removal step, which is the change from the reaction state 0 to 1 in
Figure 4.5 (a). In 0.1 M H3PO4, the thermodynamic barrier of the limiting step is the
energy to remove one anion plus the energy to form ˚OOH, which is the relative energy
between the reaction state 0 and 2 in Figure 4.5 (a). While in 0.1 M H2SO4, the limiting
step is the reduction of ˚OH to H2O, which is the change from the reaction state 4 to
5 in Figure 4.5 (a). The ΔGmax at U = 0.80 VSHE, pH = 1 for the FeN4C10 site in these
considered electrolytes is H2SO4 (0.02 eV) < HClO4 (0.13 eV) < H3PO4 (0.26 eV) < HCl
(0.56 eV). The UL at pH = 1 with the most stable adsorbate at U = 0.80 VSHE and pH =
1 as the ligand on the back side of the metal atom is H2SO4 (0.78 VSHE) > HClO4 (0.67
VSHE) > H3PO4 (0.60 VSHE) > HCl (0.24 VSHE). These results suggest that the ORR
activity of the FeN4C10 site in theses considered solutions is H2SO4 > HClO4 > H3PO4
> HCl.

For the FeN4CA site in 0.1 M H3PO4 and HCl, the ORR is thermodynamically
limited by the anion removal step. In 0.1 M H2SO4, the thermodynamic barrier of the
limiting step is the energy to remove one anion plus the energy to form ˚OOH. The ORR
is limited by the reduction of ˚OH to H2O for the FeN4CA site in 0.1 M HClO4. The
ΔGmax at U = 0.80 VSHE and pH = 1 for the FeN4CA site in these electrolytes is H3PO4
(0.01 eV) < H2SO4 (0.08 eV) < HClO4 (0.13 eV) < HCl (0.54 eV). The UL (at pH = 1) is
in the following order: H3PO4 (0.79 VSHE) > H2SO4 (0.76 VSHE) > HClO4 (0.67 VSHE) >
HCl (0.26 VSHE). These results suggest that the ORR activity of the FeN4CA site in these
considered solutions is H3PO4 > H2SO4 > HClO4 > HCl. It is seen that the ORR activity
obtained from FeN4C10 and FeN4CA site is different, implying a significant role of the
local carbon structure around the FeN4 site in the catalytic activity.

Previous experimental results by Holst-Olesen et al. [129], and Hu et al. [156]
have reported that the ORR activity of the Fe/N/C catalyst in H3PO4 are higher than
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Figure 4.5: Free energy diagram of the ORR at pH = 1, U = 0.80 VSHE on: (a) FeN4C10,
(b) FeN4CA in H2O, 0.1 M H3PO4, 0.1 M HClO4, 0.1 M H2SO4 and 0.1 M HCl. In each
solution, the ligand on the back side of the Fe atom is the most stable adsorb at pH = 1,
U = 0.80 VSHE. The insets show the side view of the ˚OH/˚ClO4 and ˚ClO4/˚ClO4 on
the FeN4 site. (C = gray, N = blue, H = white, O = red, Fe = orange, Cl = lime green).

in the other electrolytes. Holst-Olesen et al. [129] have reported the ORR activity in
the following order for the Fe/N/C catalysts in 0.5 M electrolyte: H3PO4 > HClO4
« H2SO4 > HCl. At 0.8 VRHE, Hu et al. [156] have reported the ORR activity of the
Fe/N/C catalyst as the following order: H3PO4 > H2SO4 > HClO4 > HCl. Modeling
the Fe/N/C catalyst by the FeN4C12 structure, Holst-Olesen et al. [129] have reported
a good agreement between the theoretical and experimental ORR activity trends. Our
calculation results obtained from the FeN4CA structure agree with the experiments by
Hu et al. and Holst-Olesen et al.. While the results obtained from FeN4C10 sites disagree
with the experiments. Both experimental studies by Holst-Olesen et al. [129] and Hu et
al. [156] have suggested a strong poison effect on the Fe/N/C catalyst by Cl– in HCl.
In our calculations, the thermodynamic barrier of the limiting step in 0.1 M HCl is also
higher than in other solutions. Additionally, Hu et al. have suggested that the catalytic
activity of the Fe/N/C catalyst can be poisoned by ClO–

4 in HClO4 solution, implying
the interaction between the FeN4 sites and ClO–

4 in HClO4 solution [156]. In our cal-
culation results, the ˚ClO4 can be adsorbed on the FeN4C10 and FeN4CA sites at U =
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0.80 VSHE and pH = 1. Furthermore, we find that the ˚ClO4/˚ClO4 can thermodynam-
ically block the FeN4C10 site at this condition. These results disagree with a previous
study by Holst-Olesen et al. [129] where the ˚ClO4 has been found not to adsorb on the
FeN4C12 site at U = 0.75 VRHE in 0.5 M HClO4. The discrepancy could be due to the
different local carbon structures around the FeN4 site, which could also be different in
each experiment, depending on the synthesis process.

The ΔGmax at pH = 1 and U = 0.80 VSHE is considered as the ORR activity de-
scriptor and is given in Figure B.6. The UL at pH = 1 is also given in Figure B.7 of
Appendix B. Evaluating the ORR catalytic activity in 0.5 M H2SO4, Martinez et al. [10]
have reported the following order of the onset potential for the M/N/C catalysts: Mn <
Co < Fe. Their theoretical study using the MN4 at the zigzag edge of the graphene has
suggested the ˚OH ligand as a part of the active site. The theoretical study by Svane
et al. [93] has reported the same order of UL calculated from the MN4C12 structure in
0.5 M H2SO4. According to our calculation results, the UL at pH = 1 on these metal
atoms in the MN4C10 structure in 0.1 M H2SO4 differs by 0.01 VSHE and the order
is Mn (0.77 VSHE) < Fe (0.78 VSHE) < Co (0.79 VSHE). While, the UL calculated from
the MN4CA structure is in the following order: Mn (0.70 VSHE) < Co (0.71 VSHE) <
Fe (0.76 VSHE), agreeing with the onset potential order from the experiments by Mar-
tinez et al. Another experimental study testing the ORR performance of the Co/N/C
and Mn/N/C catalyst in 0.1 M HClO4 solution has reported the onset potential of the
Co/N/C and Mn/N/C catalyst in the order of Mn < Co [157]. For both MN4C10 and
MN4CA structures in 0.1 M HClO4, we find the ˚ClO4-MN4 site as the active center for
MnN4 and CoN4 structures on bulk graphene and graphene edge. The order of UL is
found to be Co < Mn. Based on the MN4C12 structure, Svane et al. [93] have found the
˚OH-MnN4C12 and ˚H2O-CoN4C12 sites as the active center in 0.5 M HClO4. Their cal-
culated UL is in the order of Mn < Co [93], which is in agreement with the experiment
[157]. Previous experimental results have shown that the Fe/N/C catalysts can be poi-
soned by CN– under the acid condition[158]. In our calculation results, we also find
that at U > 0 VSHE and pH = 1, the FeN4C10 and FeN4CA sites are thermodynamically
blocked by two ˚CN. As a result, the ORR proceeds by at least a thermodynamic barrier
for removing one ˚CN from FeN4 sites. Previous theoretical study by Svane et al. [93]
have also reported a similar results for the FeN4C12 structure. Furthermore, we find
that other MN4 sites with M = Mn, Co, Ru, Rh, Os, and Ir can be blocked by two ˚CN
at pH = 1 and U > 0 VSHE. Additionally, it is found that two NO gas molecules can be
adsorbed on both sides of IrN4C10 and IrN4CA structures. At U = 0 - 0.8 VSHE and pH
= 1, the ORR proceeds with at least the thermodynamic hindrance to remove one ˚NO
from the IrN4 site. Furthermore, two ˚CO or ˚NO adsorbates are thermodynamically
stable on the RuN4CA and OsN4CA structure at U = 0.80 VSHE, pH = 1. However, as
a second adsorbate, the binding of ˚OH on the metal site is stronger than the ˚CO and
˚NO. Thus, the ORR on these metal sites is limited by the reduction of ˚OH to H2O.

Comparing our calculation results with previous studies [93, 129], it is seen that
the nature of the metal atom and the local carbon structure play a crucial role in deter-
mining the electrolyte adsorption and its corresponding catalytic activity.
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4.7 Stability under the CO2RR-related condition

Figure 4.6 showsΔGR of the most stable adsorbate on the MN4C10 and MN4CA site in
0.1 M electrolytes at pH = 7, and U = -0.8 VSHE. The 0.1 M H2CO3 solution is included as
the electrolyte used in the experiments [139, 141, 150]. In contrast to the ORR conditions,
the anion from most of the considered electrolytes does not bind with the single metal
site, except from the 0.1 M H2CO3. Thus, most considered electrolytes possibly have
little impact on catalytic activity and stability of the MN4 site under the CO2RR-related
condition. Except for the 0.1 M H2CO3, we refer to the stability and catalytic activity
under the CO2RR-related condition in the considered electrolytes as same as in H2O.

In H2O, we find that ˚H can occupy on the CoN4, RuN4, RhN4, OsN4, and IrN4
sites on both bulk graphene and graphene edge. While the MoN4Cx=10,A, WN4Cx=10,A,
and ReN4C10 sites are occupied by ˚O, same as in the ORR-related condition, but with a
lower thermodynamic driving force toward the dissolution. It is also seen that ˚CO (in
H2O + CO solution) and ˚NO (in H2O + CO + NO solution) can be thermodynamically
stable on many metal sites both on bulk graphene and the graphene edge. It is found
that ˚NO is likely to bind stronger than ˚CO to the metal site. Thus, it is possible that
the ˚NO can block the metal site or participate in the reaction. Although ˚CN can
adsorb on the metal atom at pH = 7 and U = -0.8 VSHE, the binding strength of ˚CN
with the metal atom is weaker than that of ˚CO. Thus, ˚CN does not block the metal
site or participate in the reaction.

In 0.1 M H2CO3, the MoN4Cx=10,A, WN4Cx=10,A, and ReN4C10 sites bind with
˚CO3 via two oxygen atoms. we find that ˚HCO3 is stable on CrN4Cx=10,A, MnN4Cx=10,A,
FeN4C10, ZnN4C10, SbN4Cx=10,A, and BiN4Cx=10,A sites. In 0.1 M H2CO3 + CO solu-
tion, CO gas molecule can compete with electrolyte anions (HCO–

3, CO2–
3 ) and bind to

the metal sites. The most stable adsorbate on both MN4C10 and MN4CA sites in H2O
+ CO solution and 0.1 M H2CO3 + CO solution is slightly different. Similar to what is
under the ORR condition, the NiN4, CuN4, PdN4, PtN4, AuN4, and SnN4 sites on both
bulk graphene and the graphene edge are likely to be unoccupied.

Recently, a kinetic model fitted by the experimental data by Zeng et al. [159]
has demonstrated the role of the bicarbonate buffer on the CO2RR catalyzed by cobalt
phthalocyanine (CoPC). They have suggested that the active site can be poisoned by
HCO–

3 via the electrosorption at low overpotential, and the bicarbonate acts as a pro-
ton donor at a higher overpotential. Defining the onset potential for CO production to
be the applied electrode potential at which the TOF of the CO formation exceeds 0.2
mmol/(h m2

active), the experiments have found that the Co/N/C catalyst starts pro-
ducing CO at U = -0.36 VRHE [139]. Around this potential (U = -0.77 VSHE at pH = 7),
it is seen from our calculations in Figure 4.3 and Figure B.3 that ˚H, ˚CO, and ˚HCO3
could thermodynamically be absorbed on the CoN4 site on both bulk graphene and the
graphene edge. At more positive potential, the ˚HCO3 becomes the most stable adsor-
bate on the CoN4 site. while the ˚H becomes more stable than ˚CO and ˚HCO3 at more
negative potential (higher overpotential).
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Figure 4.6: ΔGR of the most stable adsorbate on MN4 site in 0.1 M electrolytes at pH =
7, U = -0.80 VSHE: (a) MN4C10, (b) MN4CA. The inserted text indicates the most stable
adsorbate on the metal site and its corresponding ΔGR in eV. The background color
corresponds to the ΔGR value. The brighter the background color, the more stable it is
against the dissolution.
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Furthermore, a series of M/N/C catalysts (M = Mn3+, Fe3+, Co2+, Ni2+, Cu2+,
Zn2+, and Sn2+) has been synthesized and evaluated for the CO2 reduction in 0.5 M
KHCO3 + 0.5 M K2SO4 [141]. The Cu/N/C catalyst has been found to produce hydro-
carbon products with significant amounts, which correlates with a partial reduction of
Cu2+ to Cu0 and a partial demetallation of the CuN4 site. According to our calculation
at CO2RR condition in 0.1 M H2CO3 + CO, both the CuN4 and the MnN4 sites on both
bulk graphene and the graphene edge have a relatively higher thermodynamic driving
force toward the dissolution than other metal elements considered in the experiment.
Our calculation results for the CuN4 site agree with the experiment [141].

4.8 CO2RR Activity

Similar to the ORR mechanism with the electrolyte anion ligand on the back side of the
metal atom, the following mechanism for CO2 to CO formation is considered.

˚A/˚A + ne– Ñ˚ /˚A + An–

CO2 + H+ + e– +˚ /˚A Ñ˚ COOH/˚A
˚COOH/˚A + H+ + e– Ñ˚ CO/˚A + H2O

˚CO/˚A Ñ˚ /˚A + CO

At any considered pH and USHE, the reaction free energy of the consecutive step along
the CO2 to CO can be expressed as

ΔG0(USHE, pH) =ΔG(˚An–/˚A) (4.21)

ΔG1(USHE, pH) =G(˚COOH/˚A) – G(˚/˚A) – G(CO2)

–
1
2

G(H2) –ΔGe –ΔGH
(4.22)

ΔG2(USHE, pH) =G(˚CO/˚A) + G(H2O) – G(˚COOH/˚A)

–
1
2

G(H2) –ΔGe –ΔGH
(4.23)

ΔG3(USHE, pH) =G(˚/˚A) + G(CO) – G(˚CO/˚A) (4.24)

It should be noted that G(CO) and G(CO2), which are the free energy of CO and
CO2 gas molecule, are corrected by 0.15 eV and 0.30 eV, respectively, considering for
the systematic DFT errors originated from an inaccurate description of C=O double
bond [115]. The possible electrolyte anion participating in the CO2RR is the most stable
adsorbate at pH = 7 and U = -0.8 VSHE. The catalytic activity is also considered at this
condition by calculating the thermodynamic barrier of the limiting step.

As an example, the free energy diagrams of the CO2RR to CO for some MN4C10
structures (M = Mn, Fe, Co, Ni, Cu, Zn and Sn) in 0.1 M H2CO3 + CO solution are
given in Figure 4.7 (a). At pH = 7, U = -0.80 VSHE, the ˚CO is more stable than wa-
ter on the MnN4C10, FeN4C10, CoN4C10 structure. At the same time, the ˚HCO3 is
the most stable adsorbate on the ZnN4C10 structure but there is no adsorbate on the
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NiN4C10, CuN4C10 and SnN4C10 structures. It is found that the ligands are not ther-
modynamically favorable on both sides of the metal atom. Thus the other side of the
metal atom is available for the reaction intermediate. The CO2RR on the considered
MN4C10 structure in 0.1 M H2CO3 + CO solution at pH = 7 and U = -0.8 VSHE is lim-
ited by the reduction of CO2 to ˚COOH which is the change from the reaction state 1 to
2 in Figure 4.7 (a). Thus, the thermodynamic barrier of the limiting step is the energy
barrier for reducing CO2 to ˚COOH. Under the same condition, the ligand atom on
the considered MN4CA structures is slightly different. However, the thermodynamic
barrier of the limiting step is still the energy barrier for the reduction of CO2 to ˚COOH,
as shown in Figure 4.7 (b).

Figure 4.7: Free energy diagram of the CO2RR to CO at pH = 7, U = -0.80 VSHE on: (a)
MN4C10, (b) MN4CA in 0.1 M H2CO3 + CO solution, where M = Mn, Fe, Co, Ni, Zn,
Cu and Sn. The ligand on the back side of the metal atom is the most adsorbate at pH
= 7, U = -0.80 VSHE. The insets show the side view of the ˚COOH/˚CO and ˚CO/˚CO
on the FeN4 site. (C = gray, N = blue, H = white, O = red, Fe = orange).

Further comparison between the calculation results and the experiments [139,
141] is shown in Figure 4.8 (a). An experimental study by Ju et al. [139] has evalu-
ated the electrochemical performance of the M/N/C catalyst (M = Mn, Fe, Co, Ni, and
Cu) for CO2 to CO formation and reported the order of the onset potential in 0.1 M
KHCO3 as follows: Co (-0.36 VRHE ) > Fe (-0.37 VRHE ) > Mn (-0.41 VRHE ) > Cu (-0.52
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VRHE ) > Ni (-0.36 VRHE ). Their theoretical results have suggested that the potential-
determining step on these M/N/C catalysts is the first proton-coupled electron transfer
reduction of CO2 to ˚COOH [139]. The experimental onset potentials reported by Ju et
al. [139] are marked with red stars in Figure 4.8 and use the y-axis on the right.

Based on the MN4C10 structure in 0.1 M H2CO3 with CO, we find the thermody-
namic barrier of the limiting step at U = -0.80 VSHE and pH = 7 in the following order:
Co (0.46 eV) < Fe (0.59 eV) < Mn (0.70 eV) < Cu (0.79 eV) < Ni (1.16 eV), agreeing with
the onset potential order reported by Ju et al. [139]. For the MN4CA structure in 0.1 M
H2CO3 with CO, the thermodynamic barrier of the limiting step at the same condition
is in the following order: Fe (0.67 eV) < Mn (0.70 eV) < Cu (0.94 eV) < Co (0.95 eV) < Ni
(1.21 eV), deviating from the experimental trend.

Figure 4.8: Comparison the onset potentials from the experiments [139, 141] and calcu-
lated ΔGmax for the CO2RR to CO on MN4C10 (circle) and MN4CA (square) with M =
Mn, Fe, Co, Ni, Cu, Zn, and Sn at pH = 7: (a) U = -0.8 VSHE and (b) U = -1.0 VSHE. The
ligand on the back side of the metal atom is the most stable adsorbate at pH = 7: (a) U
= -0.8 VSHE and (b) U = -1.0 VSHE.

59



Recently, Li et al. [140] have synthesized and evaluated the activity toward CO
formation in 0.1 M KHCO3 for the M/N/C catalysts with M = Mn, Fe, Co, Ni, and Cu.
They have reported the following order of CO partial current density at U = -0.6 VRHE :
Co > Fe > Ni > Cu > Mn. The thermodynamic barrier order obtained from the MN4C10
structure agrees with this experimental results only for the relative order between Co,
Fe, and Mn.

In another experimental study by Paul et al. [141], the M/N/C catalyst with M
= Mn, Fe, Co, Ni, Cu, Zn, and Sn was synthesized and evaluated the performance of
the CO2RR in gas diffusion electrodes. The experimental onset potential for the CO for-
mation in 0.5 M KHCO3 + 0.5 M K2SO4 at pH = 7.5 has been reported in the following
order: Fe (-0.27 VRHE ) > Co (-0.35 VRHE ) > Mn (-0.36 VRHE ) > Cu (-0.46 VRHE ) > Ni
(-0.56 VRHE ) > Zn (-0.83 VRHE ) > Sn (-0.92 VRHE ). The onset potentials reported by
Paul et al. [141] are marked with blue stars in Figure 4.8. Our thermodynamic barriers
calculated from the MN4C10 and MN4CA structures in 0.1 M H2CO3 with CO do not
give the same order as this experiment.

It should be noted that other possible sites with different coordination environ-
ments [160–162] could be involved in the catalytic process and that the distribution of
active sites could be different in each experiment, depending on the synthesis process.
Also, the onset potential in each experiment is defined differently. Furthermore, it is
assumed that the CO2RR to CO in the experiments is limited by the reduction of CO2
to ˚COOH step, same as in our calculation results.

On top of that, the ligand is defined as the most stable adsorbate at U = -0.8 VSHE
and pH = 7. The most stable ligand could be different when the potential slightly devi-
ates from U = -0.8 VSHE on some metal sites, i.e., the CoN4C10 site. The thermodynamic
barrier of the limiting step on the metal site in 0.1 M H2CO3 + CO at U = -1.0 VSHE and
pH = 7 is shown in Figure 4.8 (b). The most stable adsorbate at U = -1.0 VSHE and pH
= 7 is considered to be a ligand on the back side of the metal site. At this condition,
most of the considered MN4C10 sites still have the same ligand, except on the CoN4C10
site where the ligand is now ˚H. For the MN4C10 structure, the limiting step is still the
reduction of CO2 to ˚COOH as shown in Figure B.8 (a) of Appendix B. The thermo-
dynamic barrier is in the following order: Fe < Mn < Co < Cu < Ni < Sn < Zn. The
most active site is shifted from the CoN4C10 to FeN4C10 site. Still, this order is slightly
different from the experimental trend reported by Paul et al. [141]. For the MN4CA
structures at U = -1.0 VSHE, pH = 7, we find the same order of thermodynamic barrier
as the MN4C10 structures.

It should be noted that the oxidation state on the single metal atom in the pristine
MN4 structure is considered to be 2+. Our calculations give a relatively high thermody-
namic barrier for the NiN4 site on both bulk graphene and graphene edge, compared
to the FeN4 site. While the Fe/N/C and particularly Ni/N/C catalyst have been sug-
gested as a highly promising catalyst for selective CO production [139–141]. One pos-
sible explanation is that the Ni2+N4 site is not active for the CO2RR. According to a
previous study by Li et al. [140], the Ni1+N4C10 site binds CO2 more strongly than the
Ni2+N4C10 site, resulting in a higher activity toward CO formation for Ni1+N4C10 than
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the Ni2+N4C10 site. In fact, by the DFT calculations, they have found that the Ni1+N4
site has the highest activity among considered MN4 sites in their study where M =
Mn2+(˚O), Fe2+ (˚H2O), Co2+ (˚H2O), Ni1+, and Cu2+. The letter in parentheses is the
ligand considered in their study [140].

The local environment could also influence the catalytic activity. According to a
previous study by Yang et al., the NiN3 site has been found to be more active for the
CO2RR than the NiN4 site [161]. Furthermore, it has been suggested that the NiN4
site has a weaker binding to ˚H than the CoN4 site, making the hydrogen evolution
reaction (HER) unfavorable for the Ni/N/C catalyst compared to the Co/N/C catalyst.
Also, the CO selectivity is higher for the Ni/N/C catalyst than the Co/N/C catalyst
[139]. According to Figure B.8 in Appendix B, the binding energy of ˚H on the NiN4
site is weaker than that on the CoN4 site. Thus the NiN4 sites in this study are also
expected to have higher selectivity toward CO formation than the CoN4 sites.

The ΔGmax along the CO2RR to CO path at pH = 7, U = -0.80 VSHE is shown in
Figure B.9. It is seen that the two NO gas molecules can be adsorbed on both sides of
IrN4Cx=10,A and ReN4CA structure. In 0.1 M H2CO3 + CO + NO solution at pH = 7 and
U = -0.8 VSHE, the thermodynamic barrier of the limiting step is the energy to remove
one ˚NO plus the energy to form ˚COOH on theses metal site. Similarly, the two CO
gas molecules can be adsorbed on both sites of ReN4Cx=10,A, OsN4Cx=10,A, RuN4CA,
and WN4CA structure. In 0.1 M H2CO3 + CO solution at pH = 7 and U = -0.8 VSHE,
the thermodynamic barrier of the limiting step on these metal sites is also the energy to
remove one ˚CO plus the energy to form ˚COOH.

4.9 Stability vs Activity

In order to identify the promising catalysts which are both electrochemically stable and
active from our calculation results, the ΔGR of the most stable surface of the MN4 site
is plotted against its corresponding thermodynamic barrier of the limiting step under
the same condition.

For the ORR catalyst, it is considered at U = 0.80 VSHE and pH = 1 as shown in
Figure 4.9 (a-b). It is seen that the FeN4, CoN4, MnN4, and RuN4 sites on both bulk
graphene and graphene in many electrolytes emerge as promising candidates, as many
previous experimental studies have reported [9, 12, 19, 91, 92, 136, 146]. In the previous
chapter, where the electrolyte adsorption was not included, the MnN4C10 and MnN4CA
structures were not promising candidates for the ORR in the acid condition. However,
the MnN4 site becomes more stable against the dissolution through electrolyte adsorp-
tion in this study. Other promising combinations between metal elements and acid elec-
trolytes are shown in Table 4.1. It is seen that p-block metals, mainly on the graphene
edge, have comparable stability and activity to the transition metal site. The Sn/N/C
catalysts have been synthesized and exhibited similar activity, and selectivity toward
the four-electron ORR to the Fe/N/C catalyst in 0.1 M HClO4 [163]. The Sb/N/C
catalyst has also been synthesized and exhibited promising activity toward the ORR,
although in 0.1 M KOH [144].
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In the case of the catalyst for CO2RR to CO, it is considered at U = -0.80 VSHE and
pH = 7 as shown in Figure 4.9 (b-c). Besides the FeN4, CoN4, NiN4 and MnN4 sites
which have been experimentally suggested for CO production [139–141, 164], other
promising combinations between metal elements and electrolytes or gas molecules are
identified as shown in Table 4.2.

Figure 4.9: ΔGR vsΔGmax for the ORR: (a) MN4C10 (b) MN4CA. ΔGR vsΔGmax for the
CO2RR to CO: (c) MN4C10 (d) MN4CA. Classification plot for possible CO2RR products
of promising candidates based upon the binding energies of H and CO criterion by
Bagger et al. [165, 166]: (e) MN4C10 and (f) MN4CA
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Table 4.1: Promising combinations between metal and electrolytes for ORR

structure electrolyte

CrN4Cx=10,A H3PO4
CrN4CA H2O+NO, H2SO4, a non adsorbing electrolyte (e.g. HClO4, HCl, HCOOH)
CuN4Cx=10,A a non-adsorbing electrolyte (e.g. HClO4, HNO3)
CuN4C10 H2SO4, H3PO4
ZnN4Cx=10,A HClO4, HNO3
ZnN4CA HCOOH, HCl
RhN4Cx=10,A H2SO4, H2O+NO, H3PO4
RhN4C10 H2O+CO, HClO4
RhN4CA a non-adsorbing electrolyte (e.g. HClO4, HF, HCOOH)
AgN4CA H3PO4
OsN4C10 H3PO4, H2O+CO, H2O+NO
IrN4Cx=10,A H2O+NO, H3PO4
IrN4C10 HClO4, a non-adsorbing electrolyte (e.g. HF)
IrN4CA a non-adsorbing electrolyte (e.g. HClO4, HF, HCOOH)
AuN4Cx=10,A a non-adsorbing electrolyte (e.g. all considered electrolytes)
SnN4CA H2SO4, H3PO4
SbN4CA HCOOH, HCl, H3PO4
BiN4CA H3PO4, HClO4, H2SO4,HCOOH

Table 4.2: Promising combinations between metal and electrolytes for CO2RR to CO

structure electrolyte

OsN4Cx=10,A H2CO3+CO
OsN4C10 H2CO3+CO+NO
IrN4Cx=10,A H2CO3+CO, H2CO3+CO+NO
RuN4Cx=10,A H2CO3+CO
RuN4C10 H2CO3+CO+NO
RhN4C10 H2CO3+CO, H2CO3+CO+NO
FeN4Cx=10,A H2CO3+CO+NO
ReN4Cx=10,A H2CO3+CO+NO
CrN4Cx=10,A H2O+CO, H2CO3+CO
SbN4C10 H2O+CO
ZnN4C10 H2O+CO
ZnN4CA H2CO3+CO
CuN4C10 H2CO3+CO
WN4CA H2CO3+CO, H2CO3+CO+NO
BiN4CA a non-adsorbing electrolyte (e.g. H2O)
MoN4C10 H2CO3+CO, H2CO3+CO+NO, H2O+CO.
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Additionally, the competing HER is crucial in determining the catalytic efficiency.
It has been shown that the binding strengths of ˚CO and ˚H play the role of a descriptor
for CO2RR selectivity on transition metal surfaces [166] and single site porphyrin-like
structures [165]. Figure 4.9 (e) and (f) show the classification of possible products from
CO2RR on the single metal sites. It is seen that the promising candidates are selective
toward CO over H2 production. As shown in Figure B.10 in Appendix B, the effect of
the ligand is clearly observed on the MoN4, RuN4, WN4, ReN4, and OsN4 sites where
the bare metal sites strongly bond with ˚H. Thus these sites are highly selective for the
HER. However, the binding of ˚H becomes weaker with the presence of the ligand. As
a result, the competing HER can be suppressed. In addition to the CO formation, it
is found that IrN4Cx=10,A in H2CO3+CO; OsN4CA in H2CO3+CO solution potentially
reduce CO2 to the products beyond CO. Other promising candidates that can produce
the products beyond CO are RuN4Cx=10,A, RhN4C10, OsN4C10 in H2CO3+CO solution;
ReN4CA, WN4CA in H2CO3+CO or H2CO3+CO+NO solution; and CrN4CA, MoN4C10
in H2O + CO solution.

For the transition metal single atom considered in this study, it is found that the re-
action intermediate binding on the MN4 site on the graphene edge is generally weaker
than that on the MN4 site on the bulk graphene. Figure 4.10 illustrates the projected
density of states (PDOS) for the CoN4C10 and CoN4CA sites without and with adsor-
bate (either one ˚OH or ˚COOH adsorbate). In the pristine structure of the CoN4C10
site, we find the 3dxy hybridization with the 2p orbitals of the surrounding N atoms
forms the Co-N bonds. While the other 3d orbitals are non-binding orbitals. For the
pristine structure of the CoN4CA site, both 3dxy and 3dx2–y2 orbitals overlap with the
2p orbitals for the surrounding N atoms. When either ˚OH or ˚COOH adsorbs on the
Co center atom, the 2p orbitals of ˚OH or ˚COOH overlap with 3dz2 and 3dyz orbitals
of the Co atom on both the CoN4C10 and CoN4CA sites. However, it is found that in
the CoN4C10 site, the Co 3dx2–y2 orbital locates below, while the Co 3dxy orbital locates
above the Fermi energy. The opposite trend is found for the CoN4CA site. It appears
that the difference in d-orbitals located near the Fermi level, possibly caused by differ-
ent local carbon structures, could affect the binding strength of the adsorbates [30].

Furthermore, with the ligand on the other side of the single metal atom, the ad-
sorption of the reaction intermediate is likely to become weaker. The change in adsorp-
tion behavior of the ORR intermediate with the ligand on the back side in the CrN4C12
and the CoN4C12 structure has been previously explained by Svane et al. [93, 121] using
the crystal field theory. Figure 4.11 shows the possible electronic configuration in the
d-orbitals of the metal center in the MN4C10 (M = Cr, Mn, Fe, and Co) structure with
one and two adsorbates, based on the converged magnetization projected on the metal
atom and the crystal field theory. The MN4 site with two adsorbates adopts an octahe-
dral structure. According to the crystal field theory, the d-orbitals of the metal center
are split into two different energy levels, t2g and eg. For Co2+ with a low spin config-
uration in the octahedral geometry, transferring more than one electron to the adsor-
bates may not be thermodynamically favorable. Since after the first unpaired electron
is transferred from the eg d-orbitals, the remaining electrons are paired and placed in
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the lower t2g d-orbitals. Similarly, for Fe2+ in the octahedral geometry with a low spin
configuration, all d-electrons are placed in the lower t2g d-orbitals. Removing electrons
from these fully occupied orbitals may not be thermodynamically favorable. After all,
this could destabilize ˚COOH and ˚OH when they bind as the second adsorbate. A
similar value of the converged magnetization projected on the metal center in the MN4
site is found on both bulk graphene and graphene edge. Thus, the metal center in both
structures should have a similar electronic configuration in their d-orbitals.

Figure 4.10: Spin-polarized density of states for: (a-b) the pristine CoN4C10 and
CoN4CA site projected onto Co 3d, N 2p orbital. (c-d) The CoN4C10 and CoN4CA
site with ˚OH projected onto Co 3d, N 2p and O 2p (˚OH) orbital. (e-f) The CoN4C10
and CoN4CA with ˚COOH projected onto Co 3d, N 2p and C 2p (˚COOH) orbital.
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Figure 4.11: Illustration of d-orbital splitting and possible electron configurations for a
single metal atom on bulk graphene (MN4C10) in square pyramidal geometry (with one
adsorbate), octahedral geometry (two adsorbates): (a) Cr, (b) Mn, (c) Fe and (d) Co. The
possible electron configuration is based on the converged magnetization projected on
the metal center (number of spin-up - number of spin-down), and it is assumed that the
oxidation of the metal center atom of the pristine structure (without adsorbates) is 2+.
Only electrons in the black arrows remain on the metal center atom, while the electrons
in the grey arrows are donated to the adsorbates. The relative position of energy level
is qualitative only.
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4.10 Conclusions

The effect of electrolyte anion adsorption on the stability and activity of single metal
atom catalysts was studied. We considered two structural models of the M/N/C cat-
alysts: the MN4 motif on the bulk graphene terrace and the graphene edge with 3d,
4d, 5d, or p-block (Sn, Sb, and Bi) metal atoms. It was found that the armchair edge
is thermodynamically favored to form the MN4 site compared to the bulk graphene,
especially for 3d transition metals. Under ORR conditions, various electrolyte anions
can compete with water and adsorb on the single metal site. The electrolyte anion ad-
sorption depends on the nature of the metal atom and local carbon structure around the
MN4 site. The ORR activity is either poisoned or altered by the electrolyte anion. If the
electrolyte anion adsorbs on the single metal site, the single metal site can be further sta-
bilized against dissolution in acid environments, compared to the stability in the pure
water environment. It would be interesting to include the electrolyte stabilization effect
on other MN4 sites with different local carbon structures, although the sites considered
here are expected to be among the most stable sites. Considering both stability in acid
conditions and ORR activity, a single metal site based on Ir, Cu, Rh, Zn, Au, Os, Cr,
and p-block elements (Sb, Sn, and Bi), especially on the graphene edge, has comparable
ORR activity and stability to a single metal atom based on Fe and Co. Under the CO2RR
condition, most considered electrolyte anions, except in 0.1 M H2CO3 solution, do not
interact with the single metal site. Still, water and gas molecules may form ligands on
various single metal sites under the CO2RR condition. It was found that the activity
trend for the reduction of CO2 to CO on the single metal site with the ligand from the
solution compares well with the experimental trends. Besides the single-atom catalysts
based on Fe, Co, Mn and Ni, we suggested promising single metal sites (Cr, Ru, W,
Re, Os, Rh, Bi, Sb, Mo, Zn, and Ir) by including the adsorbate ligand from the solu-
tion. These promising candidates have comparable stability and activity to the Fe and
Co-based catalysts. This study illustrated that the nature of the metal atom, the local
carbon structure, and the chemical environment (i.e., electrolyte anions) play a critical
role in the activity and stability of a single-atom electrocatalyst. A careful combination
of electrolyte or gas ligand and a single metal atom with various local carbon structures
could be a possible way to achieve an active and durable electrocatalyst.

67



Chapter 5

Degradation of Polybenzimidazole
in Alkaline Solution

This chapter is based on the work presented in Paper III as given in Appendix D. The
alkaline stability of the polybenzimidazole molecule is investigated as the polybenzimi-
dazole molecule is a promising material for anion exchange membranes in alkaline fuel
cells. This chapter covers the main points and results.

5.1 Introduction

Alkaline anion exchange membranes have gained increased attention due to their po-
tential integration with a wide range of electrochemical energy storage and conversion
devices, such as fuel cells and electrolyzers. Generally, in order to allow hydroxide
ion conduction in an anion exchange membrane, cations, such as ammonium [11, 48],
imidazolium cation [49–52] and benzimidazolium [50, 53, 54] are commonly attached
to the polymer backbone. However, the hydroxide ion can react irreversibly with the
polymer backbone and cations, causing the loss of ionic conductivity [55–57]. As a re-
sult, a chemical stability remains a significant challenge for anion exchange membranes.
An alternative is an ion-solvating membrane where an aqueous electrolyte is dissolved
in a polymer matrix, utilizing the uptake of the aqueous electrolyte to achieve ionic
conductivity. Thus, there is no need for cation moieties [47, 60].

The poly(2,2-(m-phenylene)-5,5-bibenzimidazole) (mPBI) equilibrated in potas-
sium hydroxide (KOH) solution can result in the ion-solvating membrane, consisting of
KOH and water dissolved in the polymer matrix [66]. This alkaline doped mPBI system
has high ionic conductivity, and excellent chemical stability in an alkaline condition [60,
66]. Also, it has been tested as an anion exchange membrane in direct alkaline alcohol
fuel cells [167], alkaline fuel cells [159, 168], alkaline water electrolyzers [60, 62, 169],
and vanadium redox flow batteries [170] with remarkable performance.

The composition of the alkaline doped mPBI system strongly depends on the
KOH concentration, which significantly determines the ionic conductivity of the mem-
brane. The mPBI undergoes deprotonation when it is immersed in an alkaline solution.
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The acid-base equilibrium of mPBI in KOH solution is shown as reaction (0) in Figure
5.1. The system exhibits high ionic conductivity and chemical stability at low concen-
tration (5 - 10 wt% KOH at T = 88˝C) [60, 61]. Further increasing KOH concentration
enhances the ionic conductivity [60, 61] but causes the degradation of the polymer as
the gradually reduced molecular weight, mechanical strength, ionic conductivity, and
structural change have also been reported [60, 61]. Thus, the actual use is still limited.

The mPBI-based membrane in an alkaline solution may degrade via a hydrolysis
reaction [60, 61, 69]. Figure 5.1 shows the postulated degradation pathway. Reaction (1)
is the nucleophilic addition of hydroxide ions at the benzimidazole ring. The following
reactions are (2) ring-opening and (3) chain scissions [46, 61, 68]. The postulated degra-
dation pathway is similar to the degradation of imidazolium and benzimidazolium
cations [56, 57, 171, 172]. As shown in Figure 5.1, the negative charge may be delo-
calized over the benzimidazole ring after the deprotonation. The interaction between
the deprotonated mPBI molecule and hydroxide ion in reaction (1) could differ from
that of cations. Also, the following degradation reaction could be different. However,
the degradation mechanism of the mPBI molecule in an alkaline solution has not been
presented in detail. On top of that, it is still unclear which form of mPBI molecule un-
dergoes the degradation in an alkaline solution since the equilibrium of the reaction (0)
in Figure 5.1 strongly depends on the KOH concentration [64, 66].

In this chapter, we use the DFT calculations to evaluate the predominant species
and the degradation mechanism of mPBI molecule in an alkaline solution. The pos-
tulated degradation pathway of the mPBI molecule, as shown in Figure 5.1, is investi-
gated. The effect of explicit water molecules and hydroxide ion concentration on the
degradation is considered. A comparison between experiment and theory is achieved
by computing the effective energy barrier for the degradation against those estimated
from experimental results.

Figure 5.1: Schematic illustration: Reaction (0) is an acid-base equilibrium of mPBI
molecule in KOH solution, and reaction (1)-(3) is a postulated degradation pathway of
mPBI in alkaline solution
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5.2 Computational Details

In this chapter, the DFT calculations were performed using the B3LYP functional [81]
and 6-311++G(d, p) basis sets as implemented in Q-Chem 5.2 [173] for both optimized
geometries and calculated energies. The threshold for the maximum gradient and the
self-consistent field (SCF) energy change between consecutive optimization cycles was
3.0ˆ10–3 Hartree/Bohr and 1.0ˆ10–8 Hartree, respectively. The geometry optimiza-
tions for intermediate and transition states were carried out in gas phase. A freezing
string method (FSM) [174, 175] was used to approximate the path connecting each in-
termediate state pair. The highest energy point on the path was taken as the first ap-
proximation for a transition state. The refined transition state was found using Baker’s
partitioned rational-function optimization (P-RFO) algorithm [176] also implemented
in Q-chem 5.2. Each transition state was verified to connect the designated reactant
and product by performing intrinsic reaction coordinate (IRC) [177] calculations. The
vibrational frequencies were calculated to confirm the local minima on the potential
energy surface with no imaginary frequencies for the reaction intermediates and one
single imaginary frequency for the transition states. Single point energies were com-
puted with the conductor-like polarization continuum model (C-PCM) [178–180] based
on the optimized gas-phase geometries, and a dielectric constant of 78.39 correspond-
ing to the bulk water was used to include the effect of the surrounding water medium.

Reaction free energy and free energy barrier are calculated at T = 88˝C and pres-
sure = 1 atm, which is the same as the experimental condition [61]. The free energy (G)
of the model compound is the calculated DFT energy (EDFT) included zero-point en-
ergy (ZPE), enthalpy contribution (H = Hvibration + Hrotation + Htranslation), and entropy
contribution (S = Svibration + Srotation + Stranslation) calculated in the gas phase. The vi-
bration calculations assume harmonic approximation. The reaction free energy in the
solution phase is, for the example, given by

A + B Ñ C

ΔG(sol) =G(C(sol)) – G(A(sol)) – G(B(sol)) (5.1)

=ΔE(sol) +ΔZPE(gas) +ΔH(gas) – TΔS(gas) (5.2)

where ΔE(sol) = E(C(sol)) – E(A(sol)) – E(B(sol)) (5.3)

ΔZPE(gas) = ZPE(C(gas)) – ZPE(A(gas)) – ZPE(B(gas)) (5.4)

ΔH(gas) = H(C(gas)) – H(A(gas)) – H(B(gas)) (5.5)

ΔS(gas) = S(C(gas)) – S(A(gas)) – S(B(gas)) (5.6)

where E(X(sol)) is the single point energy of species X (where X = A, B) computed with
the presents of the implicit solvation based on the optimized gas-phase geometry. ZPE,
H, and S are calculated in the gas phase.
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5.3 Deprotonation Reaction

The mPBI-based membrane has been found to undergo deprotonation when it was
soaked in KOH solution, and the ionized form has been found as a major species at
high concentration [66]. At the same time the degradation has also been observed at
high KOH concentration. Thus, it has been suggested that the degradation of the mPBI
starts from the ionized species [66]. The pKa of the mPBI molecule is firstly considered
here to identify a predominant species at the high pH range, where degradation occurs.

Figure 5.2: Thermodynamic cycle for calculation of the first deprotonation reaction. Ab-
breviation in brackets: (gas) = gas phase and (sol) = solution phase (implicit solvation)

Two possible protons are deprotonated in mPBI molecule. The stepwise dissocia-
tion constant is defined for losing a single proton as illustrated in the reaction (0a) and
(0b) in Figure 5.1. The dissociation constant for the first proton is denoted as pK1

a, and
the successive proton is pK2

a. The acid deprotonation reaction of the mPBI molecule can
be expressed as follows

mPBI(0) é mPBI(–1) + H+ é mPBI(–2) + 2H+

The number in parenthesis indicates the total charge on the molecule. Thus, mPBI(0)
is the non-deprotonated form, mPBI(-1) is the partially deprotonated form after losing
one proton, and mPBI(-2) is the fully deprotonated form after losing two protons. The
pKa is calculated from the deprotonation free energy in the solution phase.

pKa =
1

2.303RT
ΔGDeprotonation

(sol) (5.7)

where ΔGDeprotonation
(sol) is calculated from the thermodynamic cycle in Figure 5.2 and

can be expressed as follows

ΔGDeprotonation
(sol) = ΔGDeprotonation

(gas) +ΔmPBI(–1)sol +ΔH+
sol –ΔmPBI(0)sol (5.8)

where ΔGDeprotonation
(gas) is the deprotonation free energy in gas phase.

ΔGDeprotonation
(gas) = G(mPBI(–1)(gas)) + G(H+

(gas)) – G(mPBI(0)(gas)) (5.9)
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where G(mPBI(–1)(gas)) and G(mPBI(0)(gas)) are the free energy of the mPBI(-1) and
mPBI(0) molecule in gas phase. ΔmPBI(0)sol andΔmPBI(–1)sol are the solvation energy
of mPBI(0) and mPBI(-1) molecule, respectively, and can be calculated as

ΔmPBI(0)sol =E(mPBI(0)(sol)) – E(mPBI(0)(gas)) (5.10)

ΔmPBI(–1)sol =E(mPBI(–1)(sol)) – E(mPBI(–1)(gas)) (5.11)

where E(mPBI(0)(gas)) and E(mPBI(–1)(gas)) are the calculated DFT energy of mPBI(0),
mPBI(-1) molecule in gas phase. E(mPBI(0)(sol)) and E(mPBI(–1)(sol)) are the single
point energy of mPBI(0), mPBI(-1) molecule computed with the presence of the implicit
solvation based on the optimized gas-phase geometry. G(H+

(gas)) is the free energy of
the proton in the gas phase, which is calculated as

G(H+
(gas)) = E(H+

(gas)) + H(H+
(gas)) – TS(H+

(gas)) (5.12)

where E(H+
(gas)) = 0.00 eV, H(H+

(gas)) = 5
2RT = 0.08 eV and S(H+

(gas)) = 0.41 eV taken from
the literature [181]. ΔH+

sol is a solvation correction for a proton in solution phase, which
is calculated as

ΔH+
sol = ΔG1atmÑ1M +ΔG(H+)solvation (5.13)

where ΔG1atmÑ1M (= 0.08 eV) is the correction corresponding to the change in state
from 1 atm to 1 M taken from the literature [181]. ΔG(H+)solvation (= -11.53 eV) is
solvation free energy for proton taken from the literature [181].

For the mPBI molecule, we find that pK1
a = 12.46 and pK2

a = 12.85, suggesting
that the mPBI(-2) molecule is the major species at high pH (high KOH concentration).
Since there is a slight difference between successive pKa values, there can be an overlap
between the pH range and the existence of these three species. The mole fraction of
the mPBI molecule in each deprotonation state is approximated using the relationship
between pH and pKa as described by the Henderson-Hasselbalch equation [182].

pH = pK1
a + log(

[mPBI(–1)]
[mPBI(0)]

) (5.14)

pH = pK2
a + log(

[mPBI(–2)]
[mPBI(–1)]

) (5.15)

f0 = 1/
(
1 + 10(pH–pKa1) + 10(pH–pKa1)10(pH–pKa2)) (5.16)

f1 = f010(pH–pKa1) (5.17)

f2 = f110(pH–pKa2) (5.18)

The square brackets indicate the concentration of mPBI molecule in each deprotonation
state. f0, f1 and f2 is the mole fraction of mPBI(0), mPBI(-1) and mPBI(-2), respectively,
and f0 + f1 + f2 = 1 at any pH. The conversion between pH and KOH concentration is
calculated as follows

pH = pKw + log[OH–] where [OH–] =
0.01XwtDKOH

mKOH
(5.19)
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where Xwt is KOH concentration (in %wt KOH). DKOH is the density of the KOH solu-
tion (in g/L). The density of KOH solution at each KOH concentration is taken from the
literature (at T = 70˝C [183]). mKOH is the molar mass of KOH (= 56.11 g/mol). pKw is
the acid dissociation constant of water taken from literature (pKw = 12.46 at T = 80˝C
[184])

Figure 5.3 shows the calculated mole fraction of mPBI molecule in each deprotona-
tion state as a function of KOH concentration (and pH) at T = 88˝C. The mole fraction
of the mPBI(-1) and mPBI(-2) molecule increases as the KOH concentration increase
from 0 to 10 %wt KOH, while the mole fraction of the mPBI(0) molecule decreases. At a
higher concentration than 15 %wt KOH, mPBI(-2) becomes the predominant species. At
the same time, the number of mPBI(0) and mPBI(-1) molecules keeps decreasing when
the KOH concentration is higher than 15 %wt KOH. All three mPBI species can also be
found at 5 - 15 wt% KOH. At 15 wt% KOH, there are approximately 10% of mPBI(0),
40% of mPBI(-1) and 50% of mPBI(-2) in the solution. At 50 wt % KOH, there are still
approximately 10% of mPBI(-1) mixed with 90% of mPBI(-2) in the solution.

Figure 5.3: Calculated mole fraction of mPBI molecule in each deprotonated state as a
function of KOH concentration (and pH) at T = 88˝C.

It can be seen that the concentration of the ionized molecules increases with pH.
Therefore, the ion conductivity can become higher by increasing KOH concentration.
These calculation results are in line with a previous experiment by Kraglund et al.,
which has reported an increase in the ionic conductivity of the mPBI-based membrane
at T = 80˝C of about two orders of magnitude from 0.7 to 72 mS/cm when the KOH con-
centration has been changed from 5 to 15 wt% KOH [60]. The ionic conductivity was
further increased and peaked at the concentration around 20 - 25 wt% KOH; however,
there were signs of structural change [60].

It should be noted that the bulk KOH concentration might not be directly applica-
ble to the alkaline doped mPBI system. A previous study by Hou et al. has suggested
that protons from the mPBI molecule can combine with hydroxide ions in the environ-
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ment and form a more stable water molecule while the K+ ion can integrate into the
membrane [64, 185]. Therefore, due to water and K+ uptake, the internal KOH con-
centration of the alkaline-doped mPBI system could be slightly different from the bulk
KOH concentration.

5.4 Nucleophilic Addition

The degradation of mPBI-based membranes in alkaline solutions has been suggested to
take place via hydrolysis reaction [46]. The first reaction involves nucleophilic addition
at the carbon atom of the five-membered ring [46, 171]. Since all three forms of the
mPBI molecule can be present in the alkaline solution at a high KOH concentration
(> 15 %wt KOH), where the degradation is expected [46, 60, 61, 171], the reaction free
energy of the first nucleophilic addition (ΔG1) for all three forms of the mPBI molecule
is investigated as follows

ΔG1 = G(OHmPBI(n))(sol) – G(mPBI(n)(sol)) – G(OH–
(sol)) (5.20)

where OHmPBI(n) is the mPBI(n) molecule with a hydroxide ion bound with one of
the carbon atoms of the five-membered ring and n = 0, -1, -2 for the non-, partially,
and fully deprotonated mPBI molecule, respectively. There are three possible distinct
carbon atoms of the five-membered ring of the mPBI(0) molecule, marked as C2, C4,
and C5 in Figure 5.4, where hydroxide ions can attack. There are five possible positions
in the mPBI(-1) molecule at C2, C4, C5, C2˚, and C4˚. The ˚ denotes atoms located at
the deprotonated part of the molecule. For the mPBI(-2) molecule, hydroxide attack on
the carbon atom at the C2˚ or C5˚ position is possible. While the carbon atoms at C4˚

and C5˚ are symmetry equivalent.
As shown in Table 5.1, the hydroxide ion attack at the C2 position in the mPBI(0)

and mPBI(-1) is more accessible than in other positions. Since these carbon atoms are
located between two nitrogen atoms with higher negativity, these carbon atoms are
more positively charged than the others. The more positive charge, the more favorably
hydroxide ions attack. The deprotonated part is less vulnerable to hydroxide ions. The
hydroxide ion attack at the C2˚ position in the mPBI(-1) molecule is more difficult than
those at the C2 position. The lowest unoccupied molecular orbital (LUMO) energy
of the molecule increases after deprotonation, and the atomic charge of atoms near the
deprotonated part becomes slightly more negative. Figure 5.4 shows LUMO isosurfaces
for mPBI molecules in different protonation states. The LUMO isosurface distributes all
over the structure, including the C2 position on both sides in the mPBI(0) molecule. In
comparison, the LUMO isosurface localizes in the C2 position in mPBI(-1) molecule.
For the mPBI(-2) molecule, the LUMO energy is the highest among considered species,
and the attack by hydroxide ion is also the most difficult. These results suggest that
the susceptibility to hydroxide anion attack of the mPBI molecule can be related to the
LUMO energy and isosurface [49, 186] and the formation of the deprotonated molecule
can suppress the hydroxide ion attack.
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Figure 5.4: NBO atomic charge [187]: (a) mPBI(0), (b) mPBI(-1), (c) mPBI(-2). LUMO
isosurface: (d) mPBI(0), (e) mPBI(-1), (f) mPBI(-2). (H = white, C = gray, N = blue)

Table 5.1: ΔG1 (in eV) at the five-membered ring in mPBI molecule in each deproto-
nated state at T = 88 ˝C and atomic charge on the atom (in electron)

molecule position atomic charge ΔG1

mPBI(0)
C2 0.20 1.31
C4 0.06 1.99
C5 0.06 2.26

mPBI(-1)

C2* 0.17 2.43
C4* 0.04 2.88
C2 0.20 1.38
C4 0.06 2.02
C5 0.06 2.25

mPBI(-2)
C2* 0.17 2.66
C4* 0.05 2.99

For the nucleophilic addition reaction at the C2 position, the free energy barrier is
1.42 eV for the mPBI(-1) and 1.35 eV for the mPBI(0) molecule. The free energy barrier
for other positions in the mPBI(0) and mPBI(-1) molecule and in the mPBI(-2) molecule
is 2.0 eV or greater, making the degradation unlikely. As there are more percentages
of mPBI(-1) in solution than mPBI(0) at a high pH (pH > 13), the degradation could
significantly be due to the mPBI(-1) species. Further investigation is continued from
the hydroxide ion bond with the C2 position in the mPBI(-1) molecule.
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5.5 Ring-opening Reaction

A ring-opening reaction follows the hydroxide ion attack. The possible mechanism for
the mPBI(-1) molecule is that a hydroxyl proton at the C2 position is transferred to the
nitrogen atom either at the N1 or N3 position, followed by a C-N bond breaking. The
free energy barriers and rate constant along these two possible paths are calculated to
identify the minimum reaction pathway.

For the calculated free energy barrier, an estimate of the reaction rate constant (k)
is obtained from transition state theory [188].

k =
kBT

h
exp(

–ΔGTS

RT
) (5.21)

where kB is Boltzmann’s constant, h is Planck’s constant,ΔGTS is the free energy barrier,
R is the gas constant, and T is the temperature (K).

Due to its small mass, a hydrogen atom can be considered a wave packet, and
it can penetrate regions forbidden for classical particles. During a hydrogen atom or
proton transfer, the tunneling effects can increase the rate constant [189]. Thus, we also
consider the tunneling effect for the reaction involving the hydrogen atom or proton
transfer. Assuming the reaction path and the tunneling path coincide, the tunneling
effect is included in the rate constant to obtain a tunneling corrected rate constants
[190] as follows

ktunnelling = κ
kBT

h
exp(

–ΔGTS

RT
) (5.22)

where κ is a tunneling correction adjusted the rate constant to include the tunneling
effect along the reaction coordinate. Furthermore, assuming the shape of the potential
energy barrier of the reaction is an inverted parabola. The probability of a particle with
mass m and energy E penetrating the energy barrier with height V is approximated
using the Wentzel-Kramers-Brillouin (WKB) approximation, leading to the following
expression [191, 192].

P(E) =exp(–
π2ω

h

a

2m(V – E)); 0 < E < V

P(E) =1; E > V
(5.23)

where P(E) is the probability to find a particle on the other side of the barrier. ω is the en-
ergy barrier width estimated from the reaction path obtained from the IRC calculations.
κ is the ratio between the quantum-mechanical rate to the classical rate [191].

Considering the particle with mass m and energy E moving toward the energy
barrier with height V, if J0 is the total flux of the inward particle to the barrier, the rate
J at which particle appears on the other side of the barrier is given by

J =
J0

kBT

ż 8

0
P(E)exp(

–E
kBT

)dE (5.24)
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For classical mechanism, P(E) = 0 for E < V and P(E) = 1 for E > V. Thus, JC which is the
classical flux of particle on the other side of the barrier is given by

JC =
J0

kBT

ż 8

V
exp(

–E
kBT

)dE = J0exp(
–V
kBT

) (5.25)

Therefore, κ can be expressed as follows

κ =
J
Jc

= exp(
V

kBT
)
ż 8

0

1
kBT

exp(
–E

kBT
)P(E) dE (5.26)

If κ = 1, there is no tunneling effect, and if κ > 1, the tunneling effect contributes to the
rate constant.

Let us consider the hydroxyl proton at the C2 position transfer to the nitrogen
atom at the N3 position (see Figure 5.5). The ring-opening reaction occurs as a single
step in path 1.1. The reaction goes through TS2-1.1 with a free energy barrier of 0.83
eV. The hydrogen tunneling effect in this step is negligible as κ = 1.00. Alternatively, as
the degradation occurs in an alkaline solution, water molecules and hydroxide ions are
available in the environment, and both can participate in the reaction [171, 172]. The
ring-opening with the presence of a hydroxide ion and a water molecule is shown as
paths 1.2 and 1.3 in Figure 5.5, respectively.

For path 1.2, one hydroxide ion is explicitly added. This additional hydroxide
ion spontaneously reacts with the hydroxyl proton at the C2 position, resulting in BX1-
1.2, where one water molecule is formed. A transition state between intermediate B and
BX1-1.2 could not be found. It is seen that the BX1-1.2 state is 0.31 eV less stable than the
B state. The resulting water molecule further participates in the C2-N3 bond breaking,
resulting in the ring-opening product C and one hydroxide ion. Compared to path 1.1,
the additional hydroxide ion acts as a catalyst, lowering the energy barrier in path 1.2.
The last reaction involves proton transfer from the water molecule to the nitrogen atom
at the N3 position, where the tunneling correction is 1.07. Thus, the proton transfer rate
constant increase from 1.33ˆ109 s-1 to 1.43ˆ109 s-1.

For path 1.3, the reaction goes through TSY1-1.3, leading to the breaking of the C2-
N3 bond. The free energy barrier for this step is 1.18 eV, including 0.25 eV for hydrogen-
bond formation between structure B and the water molecule. After that, the hydroxyl
proton at the C2 position is transferred to the nitrogen atom at the N3 position via the
water molecule. The reaction gives the ring-opening product C and a water molecule.
The free energy barrier for the hydroxyl proton transfer is only 0.02 eV, and the hydro-
gen tunneling correction for this step is 1.73. Thus, hydrogen tunneling significantly
contributes to the rate constant which is increased from 3.67ˆ1012 s-1 to 6.36ˆ1012 s-1.
However, the highest transition state in path 1.3 is even higher than in the previous
paths.
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Figure 5.5: (a) Reaction energy profile for the ring-opening reaction of mPBI(-1) via
path 1.1, 1.2 and 1.3 at T = 88 ˝C. The reference zero energy state for energies reported
is A+OH-, and the relative energies are in eV. The insets show the intermediate and
transition state structure in (a) path 1.1, (b) path 1.2 and (c) path 1.3 (H = white, C =
grey, N = blue, O = red).

Figure 5.6 shows an alternative path for the ring-opening reaction. First, the hy-
droxyl proton at the C2 position is transferred to a nitrogen atom at the N1 position.
Then the C2-N1 (or C2-N3) bond is broken. It should be noted that after the hydroxyl
proton transfer to the N2 position, the C2-N1 bond is equivalent to the C2-N3 bond.

We first consider the intramolecular proton transfer process (path 2.1). The hy-
droxyl proton at the C2 position is directly transferred to the nitrogen atom at the N1
position. A free energy barrier is found to be 0.91 eV. Due to the hydrogen tunneling
effect (κ = 1.04), the rate constant of 1.43 s-1 is increased to 1.48 s-1

The hydroxyl proton transfer to the nitrogen atom at the N1 position via a hydrox-
ide ion or water molecule is considered in paths 2.2 and 2.3, respectively. In path 2.2,
the reaction goes through TS2-2.2. The water molecule donates one of its protons to the
nitrogen atom at the N1 position, and then the hydroxide ion is obtained. The resulting
hydroxide ion reacts with the hydroxyl proton at the C2 position, resulting in the inter-
mediate C and water molecule. The free energy barrier for the hydroxyl proton transfer
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is 0.37 eV, including 0.25 eV for the hydrogen-bond formation between structure B and
the water molecule. The TS2-2.2 state is about 0.54 eV lower than the TS2-2.1 state. In-
cluding the hydrogen tunneling correction of 1.26, the rate constant for the hydroxyl
proton transfer is 5.55ˆ107 s-1, faster than the previous intramolecular proton transfer.

Figure 5.6: (a) Reaction energy profile for the ring-opening reaction of mPBI(-1) via
path 2.1, 2.2 and 2.3 at T = 88 ˝C. The reference zero energy state for energies reported
is A+OH-, and the relative energies are in eV. The insets show the intermediate and
transition state structure related to the hydroxyl proton transfer: (b) path 2.1, (c) path
2.2 and (d) path 2.3 (H = white, C = grey, N = blue, O = red)

In path 2.3, the additional hydroxide ion reacts with the hydroxyl proton at the
C2 position, producing one water molecule. This water molecule later donates one of
its protons to the nitrogen atom at the N1 position, resulting in the intermediate C and
hydroxide ion. The reaction goes through TS2-2.3, and the free energy barrier is 0.25
eV, 0.66 eV lower than TS2-2.1, and 0.13 eV lower than TS2-2.2. Including the hydrogen

79



tunneling correction, the rate constant for the hydroxyl proton transfer is 3.57x109 s-1,
faster than previous considerations.

The next step involves breaking the C-N bond (either C2-N1 or C2-N3 bond), re-
sulting in an unstable N dangling bond in the structure D. This unstable N dangling
bond can be stabilized by receiving a proton from a water molecule in its environment.
The reaction gives the ring-opening product E and the hydroxide ion. The free energy
barrier for the C-N bond breaking is 0.68 eV, including 0.23 eV for hydrogen-bond for-
mation between the structure C and the water molecule. The free energy barrier for the
proton transfer from the water molecule to the unstable N dangling atom is only 0.02
eV. With the hydrogen tunnelling correction of 1.33, the rate constant of the last step is
4.65x1012 s-1.

It can be seen that path 2.2 and 2.3 has lower energy barrier than path 2.1. The
highest transition state in path 2.2 and 2.3 is TS3 which is also lower than TSX1-1.2
in path 1. Thus, the ring-opening reaction of the mPBI(-1) molecules possibly occurs
through path 2.2 or 2.3 with the assistance of water or hydroxide ions.

It should be noted that the hydroxide ion is unstable as it spontaneously reacts
with the hydroxyl proton at the C2 position. It is also possible to spontaneously com-
bine with the potassium ion instead of catalyzing the reaction if the explicit potassium
ion is added. Still, the ring opening can occur via the water-assisted path.

5.6 Chain scission

The C2-N1 bond (amide linkage) in the structure E can be further hydrolyzed, leading
to complete chain scission. As the degradation occurs in an alkaline solution, the hy-
droxide ion involves in the reaction. For path 3.1 in Figure 5.7 (b), the reaction begins
with the nucleophilic addition at the C2 carbon atom in the structure E as it is the most
positively charged position. The reaction goes through TS5 with a free energy barrier
of 1.03 eV. The next step involves the C2-N1 bond cleavage, where the reaction goes
through TS6-3.1 with a free energy barrier of 0.40 eV. The transition state mainly relates
to the C2-N1 bond breaking. Then, the hydroxyl proton at the C2 position is transferred
to the nitrogen atom at the N1 position without a transition state. The final product G
is at -1.25 eV in the reaction energy profile and it is more stable than the E+OH- state.

The effect of explicit water on the energy profile is shown as path 3.2 in Figure
5.7 (b). One explicit water molecule is placed near the C2-N1 bond in structure E. The
reaction goes through TS6-3.2 which relates to the C2-N1 bond breaking. The hydroxyl
proton at the C2 position is spontaneously transferred to the nitrogen atom at the N1
position. The hydroxyl proton transfer can occur by passing the proton through the
explicit water molecule but it is also barrierless. Thus, the tunneling correction is not
taken into account in this step. The free energy barrier for the C2-N1 bond cleavage
along path 3.2 is 0.70 eV, including 0.31 eV for hydrogen-bond formation between the
structure F and water molecule. The free energy barrier is lowered by about 0.01 eV
with the presence of explicit water molecules.
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Figure 5.7: (a) NBO atomic charges on the structure E. (b) Reaction energy profile for
the chain scission reaction of mPBI(-1) at T = 88 ˝C. The reference zero energy state
for energies reported is E+OH–, and the relative energies are in eV. The insets show
structures for the intermediate and transition states in path 3.1. Structures for the inter-
mediate and transition state related to the C-N bond cleavage: (c) path 3.2 (d) path 3.3
(H = white, C = grey, N = blue, O = red).

With an additional hydroxide ion (path 3.3), the additional hydroxide ion spon-
taneously reacts with a hydroxyl proton at the C2 position, forming a water molecule.
The hydroxyl proton abstraction leads to the cleavage of the C2-N1 bond. The hydrogen
atom (H4) is transferred back and forth between the nitrogen atom at the N3 position
and the oxygen atom at the O2 position. The reaction goes through TS6-3.3 with a free
energy barrier of 0.98 eV. The hydrogen tunneling correction for this step is only 1.02.
The C2-N1 bond breaking creates an unstable N-dangling bond at the N2 position in
structure FX2-3.3. A hydrogen atom can be transferred from the water molecule to sta-
bilize this N-dangling bond. The free energy barrier for this step is only 0.01 eV and
it results in the rate constant of 5.58ˆ1012 s-1. The hydrogen tunneling correction of
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1.51 results in 8.45ˆ1012 s-1, implying that hydrogen transfer occurs very fast. The final
products G and one hydroxide ion are obtained at the end. The free energy barrier in
path 3.3 is higher than the previous paths.

Figure 5.8: Reaction energy profile for the degradation path at T = 88 ˝C with a different
number of explicit water molecules: (a) mPBI(-1) and (b) mPBI(0). The reference zero
energy state for energies reported is A+OH–, and the relative energies are in eV.

In summary, the degradation path for the mPBI(-1) is shown as the black line
in Figure 5.8 (a). A water molecule catalyzes the pathway during the ring-opening
reaction. The highest transition state along the degradation path is the TS6-3.1, located
at 2.04 eV in the reaction profile. This state is the rate-limiting state. Therefore, the
effective barrier for the degradation reaction which is calculated from the free energy
of the TS6-3.1 relative to the initial state (A+OH–), is found to be 2.04 eV. The final
products from the chain scission contain free amino groups and a carbonyl group which
are in line with the experimental study by Aili et al. [66] and Kraglund et al. [60]. For
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the mPBI(0) molecule, the degradation path is the same as the mPBI(-1) molecule and
is given in Figure 5.8 (b) in the black line. The highest transition state is TS6-3.1 and the
effective energy barrier is found to be 2.02 eV for the mPBI(0) molecule.

5.7 Reaction Path with Implicit-explicit Solvation

The implicit solvation model with the PCM is used in previous calculations to consider
the effect of the surrounding water medium. However, it does not incorporate a short-
range interaction between solutes and solvents, i.e., hydrogen bonding which can be
important in the reaction path [181, 193]. In the following section, the combination
between the explicit water molecules and the PCM implicit solvation is considered.

One Explicit Water Molecule

The first hydroxide ion attack at the C2 carbon atom in the mPBI(-1) molecule with
one explicit water molecule at different hydrogen-bonding sites is considered. Among
the considered positions in Figure C.1 of Appendix C. the explicit water molecule near
the N1 position gives the lowest energy of ΔG1. Thus, when we consider the reaction
path with one explicit water molecule, the explicit water molecule is placed near the N1
position of the mPBI(-1) molecule. This position is also close to where the degradation
occurs, and the explicit water molecule participates in the reaction as a reactant.

The free energy profile for the mPBI(-1) with one explicit water molecule is shown
as the red line in Figure 5.8 (a). In this cases,ΔG1 is 0.11 eV lower than that without the
explicit water molecule. The free energy barrier for the water-assisted hydroxyl proton
transfer (ΔGTS2-2.2) and the C-N bound breaking (ΔGTS3) during the ring-opening step
is 0.25 and 0.23 eV lower than that without the explicit water molecule. The ΔGTS4

and other reaction free energies during the chain scission are still the same as the path
without the explicit water molecule. The highest transition state with one explicit water
molecule is TS6-3.1, and the effective energy barrier is 1.69 eV, 0.35 eV lower than the
path without the explicit water molecule.

Two and Three Explicit Water Molecules

When we consider more explicit water molecules in the reaction path, one explicit wa-
ter molecule is placed near the N1 position and thus participates as a reactant. Then,
additional explicit water molecules are placed near the N3˚ or N1˚ position, forming a
hydrogen bond with the deprotonated site. The additional explicit water molecules are
placed in the way to keep forming the hydrogen bond at the same site throughout the
degradation path. With two explicit water molecules, it is found that the configuration
with at least one explicit water molecule near the N1 position results in lower energy
forΔG1 (see Table C.1). An increasing number of explicit water molecules from zero to
three with at least one water molecule near the N1 position reduced ΔG1 from 1.38 to
1.24 eV.
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The reaction profile of the mPBI(-1) molecule with two and three explicit water
molecules is given in the blue and green line in Figure 5.8 (a), and it is similar to the
energy profile with one explicit water molecule. However, the reaction free energy
for the proton transfer between structures D and E with two and three explicit water
molecules is about 0.14 eV less negative than that with one explicit water molecule. The
free energy barrier and reaction free energy for the second nucleophilic addition step
(from E+OH- to F) with two and three explicit water molecules are about 0.15 and 0.14
eV lower than those with one explicit water molecule. The free energy difference in
each step along the reaction path, with two and three explicit water molecules, is less
than 0.1 eV. These results suggest that a further increase in explicit water molecules
may have no practical effect on the reaction profile. The highest transition state along
the degradation pathway with two and three explicit water molecules is the TS6-3.1
state, which is only 0.1 eV lower than the degradation pathway with one explicit water
molecule.

Additionally, the degradation pathway for the mPBI(0) with up to two explicit
water molecules using the PCM implicit solvation is given in Figure 5.8 (b). The highest
transition state is TS6-3.1, regardless of the number of explicit water molecules. The
effective energy barrier in the reaction with zero, one, and two explicit water molecules
is 2.02 eV, 1.63 eV, and 1.60 eV, respectively.

We employed the SMD implicit solvation model to test the sensitivity to the choice
of implicit solvation model [194]. We use the same optimized structures in the gas phase
and keep water as a solvent for the SMD implicit solvation. As shown in Figure C.2 (a)
of Appendix C, the paths obtained from both implicit solvation models are similar, but
the SMD implicit solvation results in higher reaction energy and energy barrier. As
shown in Figure C.2 (b) of Appendix C, the effective barrier with the SMD implicit
solvation also becomes smaller when including the explicit water molecules.

It is important to note that the effective energy barrier was approximated with
specific static configurations and a limited amount of explicit water molecules around
the mPBI molecule. A more elaborate model would require more number of explicit wa-
ter molecules. A computational study of hydrolysis of imidazole-ylidenes by Hollóczki
et al. has suggested that by increasing the number of water molecules, the calculated
energy barriers trend agrees with the experimental results [195]. Also, it has been sug-
gested that the alkaline stability of the imidazolium-based cation is determined by the
hydration level, which is the number of water molecules per cation molecule [196–198].
Furthermore, a recent study by Wu et al. [198] investigating the distribution of water
molecules and hydroxide ions around imidazolium-based molecules by molecular dy-
namic (MD) simulations with about 100 - 400 explicit water molecules has found that
the alkaline stability of the imidazolium-based molecules significantly depends on the
distribution of water molecules and hydroxide ions around the imidazolium structures.
In our study, further increasing the number of explicit water molecules to complete the
hydration shell for the mPBI molecule along the degradation by performing MD sim-
ulations would be required to achieve higher accuracy. However, such a simulation
requires significantly more computational cost and time.
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5.8 Effect of Hydroxide Ion Concentration

Previous experimental studies by Aili et al.[66] and Kraglund et al. [60] have reported
that the mPBI-based membrane was stable at low KOH concentration (up to 5 wt%
KOH at T = 80 - 88 ˝C) but it degraded when the KOH concentration was increased. In
this following section, we consider the hydroxide ion concentration in the reaction free
energy and free barrier calculations. The reaction free energy is, for example, calculated
as follows

A + OH– Ñ C

ΔG(pH) = ΔG(sol) – RT ln[OH–] = ΔG(sol) – 2.303RT(pH – pKw) (5.27)

ΔG(sol) = G(C(sol)) – G(A(sol)) – G(OH–
(sol)) (5.28)

whereΔG(sol) is the reaction free energy at standard condition in solution phase where
[A] = [OH–] = [C] = 1 M, and it is calculated in the same way as described in Section 5.2.
pKw is the acid dissociation constant of water taken from the literature (pKw = 12.46 at
T = 80˝C [184]). It should be noted that the previous calculations apply for pH = 12.46.

Figure 5.9 (a) shows the reaction profile for the mPBI(-1) degradation with two
explicit water molecules at different pH. For all considered pH values, the degradation
rate is still determined by the TS6-3.1 state but the effective energy barrier becomes
lower as pH increases, suggesting that the degradation becomes easier as the KOH
concentrations is higher.

It should be noted that even though at a high pH range (pH > 13), the dominant
species is mPBI(-2) which is unlikely to degrade, the degradation still can occur through
the mPBI(-1) species which accounts for 10 - 20% of the mPBI molecules. The number
of mPBI(-1) in the solution can be quickly reduced as the degradation reaction is also
facile at this high pH. The mPBI(-2) species can then change to mPBI(-1) to maintain
the equilibrium between all three mPBI species. The degradation can proceed further.
Due to the degradation, the number of ionized species and mobile hydroxide ions in
the solution is reduced. Thus, the reduction in the ionic conductivity and the changes
in membrane structure are unavoidable. Working at a lower pH range to minimize
degradation can be possible. However, this comes with a lower ionic conductivity as
the percentage of the ionized form in the solution becomes lower at a lower pH [60].

5.9 Comparison with Experiment

An apparent free energy barrier can be approximated from a given experimental reac-
tion rate. The apparent degradation rate is derived from the molecular weight loss of
the mPBI membrane after being soaked in 5, 10, 25, 50 wt% KOH at T = 88 ˝C for 200
days reported by Aili et al. [66]. Therefore, the molecular weight loss rate of the mPBI
at a specific KOH concentration (in s-1) is approximated as follows

rate =
1
Δt

(1 –
m200
m1

) = k(f0 + f1) = k0f0 + k1f1 (5.29)

85



Figure 5.9: (a) Reaction energy profile for the mPBI(-1) degradation at T = 88 ˝C with
two explicit water molecules and the PCM implicit solvation model at different pH. The
reference zero energy state for energies reported is A+OH–, and the relative energies
are in eV. (b) The effective free energy barrier and the apparent energy barrier from the
experiments at different KOH concentrations and T = 88 ˝C

where k is the apparent reaction rate constant (in s-1). k0, k1 is the reaction rate constant
(in s-1) for the degradation of mPBI(0), and mPBI(-1), respectively. f0, f1 are the mole
fraction of mPBI(0), and mPBI(-1), respectively. Δt is the duration for storing the mPBI
in KOH solution (= 200 days); m1 and m200 are the molecular weight of mPBI (in g/mol)
before storing in KOH solution (day1) and after storing in KOH solution for 200 days,
respectively. The apparent free energy barrier is calculated using Equation 5.21 with
the approximated k from Equation 5.29.

The (total) effective barrier (ΔGTST) from the theoretical model is a weighted aver-
age value, taking the mole fraction of mPBI(0) and mPBI(-1) at each KOH concentration
into account, and can be expressed as follows

ΔGTST = –RT ln(
hkavg

kBT
) and kavg =

k0f0
f0 + f1

+
k1f1

f0 + f1
(5.30)

where k0 , k1 are calculated from the effective energy barrier for the degradation of the
mPBI(-1) and mPBI(0) molecule using Equation 5.21.

Figure 5.9 (b) shows the apparent energy barrier derived from the experimental
results and the effective free energy barrier from different implicit-explicit solvation
models. Without the explicit water molecules, the PCM implicit solvation model pre-
dicts a much larger effective free energy barrier than the experiments, resulting in a
mean absolute value (MAE) of 0.43 eV. However, the MAE is reduced to below 0.1 eV
when including explicit water molecules in the simulation. On top of that, it is seen that
both the apparent and effective free energy barriers decrease as the KOH concentration
increases.

86



It should be noted that the contribution from the mPBI(-2) molecule to the total
degradation rate is considered insignificant and is not included in the previous approxi-
mation. We find that the reaction free energy for the first nucleophilic addition reaction
at the C2 position in the mPBI(-2) molecule is more than 2 eV, higher than those of the
mPBI(-1) and mPBI(0) molecule. Thus, we consdiered that the mPBI(-2) molecule is
unlikely to degrade. The approximated degradation rate includes the mPBI(-2) contri-
bution as given in Figure C.3 (a) of Appendix C, demonstrating that there is no further
improvement in the approximated rate.

Figure C.3 (b) in Appendix C show the approximated degradation (rate = k1f1 +
k0f0) from the calculation model with different number of explicit water molecule. Like
the effective energy barrier, the approximated degradation rate approaches the experi-
mental results when explicit water molecules are included. The results show that the
combined implicit and explicit solvation makes the predicted degradation rate and ef-
fective barrier move toward the experimental results, and at least two explicit water
molecules should be considered along the degradation pathway.

The degradation rate becomes higher with KOH concentration, especially from
0 to 15 %wt KOH. After that, the degradation rate is slightly lower, mainly due to the
reduced number of mPBI(0) molecules as the KOH concentration increase. Simultane-
ously, the degradation rate contribution from the mPBI(-1) molecule keeps increasing
with the KOH concentration, see Figure C.3 (a) in Appendix C. These results suggest
that both effective barriers and pKa value play a significant role in the stability of the
mPBI molecule in an alkaline solution.

5.10 Conclusions

This chapter investigated the degradation mechanism of the mPBI molecule in an al-
kaline solution. The mPBI molecule deprotonates when submerged in an alkaline so-
lution. The fully deprotonated molecule (mPBI(-2)) is the predominant species at the
high KOH concentration where degradation is expected. However, the formation of
the fully deprotonated molecule suppresses the hydroxide ion attack. Still, the degra-
dation possibly proceeds from the small fraction of non- and partially deprotonated
molecules (mPBI(0) and mPBI(-1)). The hydroxide ion can attack the carbon atom at
the C2 position in the non- and partially deprotonated molecule, initiating the degra-
dation. The following reaction is the ring-opening reaction, where the hydroxyl proton
transfer occurs via an ancillary hydroxide ion or water molecule. The product from the
ring-opening reaction undergoes alkaline hydrolysis, leading to complete chain scis-
sion. The rate-determining state is associated with the amide cleavage during the chain
scission reaction. An implicit solvation model predicts a relatively largest deviation
of the degradation rate and effective barrier compared to the experiment. Combin-
ing explicit water molecules and implicit solvation lowers the effective barrier for the
degradation, giving more agreement between the experiment and the calculations. The
model additionally captures the experimental trend in which the degradation rate in-
creases with KOH concentration.
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Chapter 6

Summary and Outlook

In this thesis, the stabilities of carbon-based materials used in the fuel cell were studied
by DFT calculations. These included the degradation of the M/N/C electrocatalyst in
an acid solution and the degradation of the mPBI molecule in an alkaline solution.

We considered the stability of the M/N/C catalyst from the propensity of the
metal center to dissolve from the carbon substrate. It was found that the local carbon
structures around the metal center play a crucial role in its stability under the acid con-
dition. Depending on the local carbon structures, the basicity of the atoms incorporated
with the metal center and the bonding strength between the metal center and the carbon
substrate influence the stability of the M/N/C structure under the acid condition. The
choice of a metal center is also crucial to determining stability. We found that metal ox-
idation causes a significant difference in the acid stability among the 3d metal element.
Using the computational screening approach, we suggested that the MN4 sites on the
bulk graphene and graphene edge with M = Fe, Co, and Ru are stable electrocatalysts
in the acid condition.

Furthermore, the adsorption of the relevant species in the electrolytes was in-
cluded in the stability and activity calculations for the MN4 site on the bulk graphene
and graphene edge. It was found that the electrolyte anions can compete with water
and adsorb on the single metal site under the ORR-related condition. Then the single
metal site can be further thermodynamically stabilized against dissolution, compared
to the stability in the pure water environment. Unlike the ORR-related condition, most
electrolyte anions do not adsorb on the single metal site at the lower potentials for
the CO2RR. Still, the adsorption of water and gas molecules can occur under CO2RR-
related conditions, resulting in modified catalytic activity. Through the catalytic activity
and stability descriptor, we suggested promising combinations of the electrolyte and
the metal center that result in an active and durable catalyst for the ORR and CO2RR.

The stability calculations of the M/N/C catalyst in this thesis were based on the
thermodynamic model. A kinetic analysis would be required for a better understand-
ing and a complete stability descriptor. Also, the metal center can dynamically interact
with the water and solvent molecules at the electrode-liquid interface. These interac-
tions could affect the dissolution mechanism and the kinetic barrier. Thus the proper
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configurations of water and solvent molecules at the catalyst interface should be explic-
itly considered. The other reactions leading to the degradation of the M/N/C catalyst
may occur in parallel during durability testing of the fuel cell, while only the demetalla-
tion was considered in this thesis. Therefore, the calculation models should be extended
to consider other possible reactions, such as carbon surface oxidation and carbon cor-
rosion. Also, it is interesting to study the stability of the M/N/C materials in other
geometries, such as the dual metal site embedded in the graphene.

Apart from the stability of the M/N/C catalyst, we considered the stability of
the mPBI molecule in an alkaline solution. The mPBI-based membrane is a promising
material for anion exchange membranes in the alkaline fuel cell, but the degradation at
high KOH concentrations limits its practical use. Under the alkaline condition, it was
found that the mPBI molecule is deprotonated and thus forms the ionized molecule.
The fully deprotonated molecule is the dominant species under the highly alkaline
condition and is unlikely to be degraded. At the same time, the non- and partially-
deprotonated molecules are vulnerable to hydroxide ion attack. Thus, the degradation
possibly proceeds from the small fraction of non- and partially-deprotonated molecules.
Furthermore, we found that the effective energy barrier depends on the KOH concen-
tration and becomes lower as the KOH concentration increases, suggesting that degra-
dation can become easier when the KOH concentration is higher. It was also found
that the availability of vulnerable species in the solution can affect the degradation rate.
These results suggested that the pKa value is a crucial factor affecting the stability of
the mPBI molecule. Finally, it was found that the calculation with the implicit-explicit
solvation model agrees with the experiment more than the calculation with only the
implicit solvation, and at least two explicit water molecules should be included along
the degradation pathway.

Further investigating the distribution of explicit water molecules and hydrox-
ide ions around the mPBI structures along the degradation would give a more accu-
rate model and a better understanding of the degradation. Additionally, recent ex-
periments have been carried out with derivatives of mPBI that are linked with steric
trimethylphenyl units [69] or bulky naphthalene groups [70] and suggested improved
stability in an alkaline solution. Further exploration of the degradation pathway of
the derivatives will provide helpful information for designing new derivatives with
improved long-term stability in alkaline solutions.
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Appendix A

Supplementary material I

Table A.1: Reaction free energy for the dissolution of the bulk metal (G(Mx+)) and
calculated DFT energy per atom of the metal in their bulk structure (EM(bulk)). E0 is
in VSHE and EM(bulk) is in eV/atom. The square brackets indicate the concentration of
the dissolved metal ions.

ion G(Mx+) E0 EM(bulk)
Cr2+ ECr(bulk) + 2(E0 + (0.059/2) log[Cr2+]) E0 = -0.91

-7.17Cr3+ ECr(bulk) + 3(E0 + (0.059/3) log[Cr3+]) E0 = -0.74
CrOH2+ G(Cr3+) + G(H2O) - (1/2)G(H2) + 2.303 kBTpH0 pH0 = 3.81
Mn2+ EMn(bulk) + 2(E0 + (0.059/2) log[Mn2+]) E0 = -1.19

-6.45
Mn3+ G(Mn2+) + E0 + (0.059) log([Mn3+]/[Mn2+]) E0 = 1.54
Fe2+ EFe(bulk) + 2(E0 + (0.059/2) log[Fe2+]) E0 = -0.45

-5.65Fe3+ EFe(bulk) + 3(E0 + (0.059/3) log[Fe3+]) E0 = -0.04
FeOH2+ G(Fe3+) + G(H2O) - (1/2)G(H2) + 2.303 kBTpH0 pH0 = 2.43
Co2+ ECo(bulk) + 2(E0 + (0.059/2) log[Co2+]) E0 = -0.28

-4.29
Co3+ G(Co2+) + E0 + (0.059) log([Co3+]/[Co2+]) E0 = 1.92
Ni2+ ENi(bulk) + 2(E0 + (0.059/2) log[Ni2+]) E0 = -0.26

-2.53
Ni3+ G(Ni2+) + E0 + (0.059) log([Ni3+]/[Ni2+]) E0 = 2.30
Ru2+ ERu(bulk) + 2(E0 + (0.059/2) log[Ru2+]) E0 = 0.46

-6.26
Ru3+ G(Ru2+) + E0 + (0.059) log([Ru3+]/[Ru2+]) E0 = 0.25
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Figure A.1: The minimum energy structures of the dissolved-metal NyCHn carbon cav-
ity with n = 0 - 4: (a) N4C10Hn, (b) N4C12Hn, (c) N4C8Hn, (d) N4CZHn, (e) N4CAHn,
(f) N3C10Hn, (g) N3CZHn, (h) N3CAHn. (C = gray, N = blue, H = white, M = orange).
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Figure A.2: Reaction free energy for protonation at the metal-dissolved carbon cavity
(ΔGprotonate–cavity) as a function of numer of H+ at pH = 0 and U = 0.8 VSHE.

101



Figure A.3: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Fe/N/C structures without and with the adsorbate (Fe, ˚OH-Fe, and ˚O-Fe) obtained
from two sizes of unit cell (b = bigger unit cell): (a) FeN4C10, (b) FeN4C12, (c) FeN4C8,
(d) FeN4CZ, and (e) FeN4CA. The insets show the structural models used in the calcu-
lations (C = gray, N = blue, H = white, Fe = orange).
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Figure A.4: Stability diagram and ΔGR at pH = 0 of the considered Fe/N/C structures
without and with the adsorbate (Fe, ˚OH-Fe, and ˚O-Fe) obtained from different solva-
tion (v = vacuum, w = explicit solvation): (a) FeN4C10, (b) FeN4C12, (c) FeN4C8, and
(d) FeN4CZ. The insets show the structural models used in the calculations (C = gray,
N = blue, H = white, Fe = orange).
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Figure A.5: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Cr/N/C structures without and with the adsorbate (Cr, ˚OH-Cr, and ˚O-Cr): (a)
CrN4C10, (b) CrN4C12, (c) CrN4C8, (d) CrN4CZ, (e) CrN4CA, (f) CrN3C10, (g) CrN3CZ,
and (h) CrN3CA
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Figure A.6: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Mn/N/C structures without and with the adsorbate (Mn, ˚OH-Mn, and ˚O-Mn): (a)
MnN4C10, (b) MnN4C12, (c) MnN4C8, (d) MnN4CZ, (e) MnN4CA, (f) MnN3C10, (g)
MnN3CZ, and (h) MnN3CA
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Figure A.7: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Co/N/C structures without and with the adsorbate (Co, ˚OH-Co, and ˚O-Co): (a)
CoN4C10, (b) CoN4C12, (c) CoN4C8, (d) CoN4CZ, (e) CoN4CA, (f) CoN3C10, (g)
CoN3CZ,and (h) CoN3CA
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Figure A.8: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Ni/N/C structures without and with the adsorbate (Ni, ˚OH-Ni, and ˚O-Ni): (a)
NiN4C10, (b) NiN4C12, (c) NiN4C8, (d) NiN4CZ, (e) NiN4CA, (f) NiN3C10, (g) NiN3CZ,
and (h) NiN3CA
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Figure A.9: (top) Stability diagram and (bottom) ΔGR at pH = 0 of the considered
Ru/N/C structures without and with the adsorbate (Ru, ˚OH-Ru, and ˚O-Ru): (a)
RuN4C10, (b) RuN4C12, (c) RuN4C8, (d) RuN4CZ, (e) RuN4CA, (f) RuN3C10, (g)
RuN3CZ, and (h) RuN3CA
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Figure A.10: Reaction free energy for the formation of ˚OH and ˚O on the FeN4 center
(in dashed lines) and carbon atoms adjacent to the FeN4 center (in solid lines) at pH =
0; ΔG(˚X) where X = O, OH: (a) FeN4C10b, (b) FeN4C12b and (c) FeN4CZb. The insets
show the minimum energy positions for ˚OH and ˚O on the carbon atoms (C = gray, N
= blue, H = white, Fe = orange).
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Figure A.11: Stability diagram andΔGR at pH = 0 of the considered FeN4C10 structures
without and with the adsorbate (Fe, ˚OH-Fe, and ˚O-Fe): (a) FeN4C10b, (b) FeN4C10b
with near by ˚OH, (c) FeN4C10b with near by ˚O, (d) FeN4C10, (e) FeN4C10 with nearby
graphitic N atoms (configuration 1) and (f) FeN4C10 with nearby graphitic N atoms
(configuration 2). The insets show the structural models used in the calculations (C =
gray, N = blue, H = white, Fe = orange).
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Figure A.12: The d-orbital splitting and electronic configuration for the metal atom in
˚OH-MN4C10 and ˚OH-MN4C8 structure: (a) M = Cr, (b) M = Mn, (c) M = Ru, (d) M
= Co, and (e) M = Co. The electron donated to the adsorbate is red, and the remaining
electrons in the d-orbitals are black.
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Appendix B

Supplementary material II

Table B.1: Thermal correction (ZPE + Uvib – TSvib) for the adsorbates at T = 298.15 K

Adsorbate I Adsorbate II
ZPE + Uvib – TSvib (eV)

MN4C10 MN4CA
˚H2O - 0.60 0.65
˚OOH - 0.36 0.30
˚OH - 0.29 0.30
˚O - 0.03 0.04
˚H - 0.19 0.18
˚HSO4 - 0.55 0.55
˚SO4 - 0.28 0.26
˚H2PO4 - 0.81 1.12
˚HPO4 - 0.48 0.53
˚PO4 - 0.22 0.19
˚Cl - -0.03 -0.03
˚ClO4 - 0.19 0.24
˚HCOO - 0.49 0.69
˚F - -0.02 -0.01
˚NO3 - 0.23 0.18
˚CN - 0.14 0.10
˚CO - 0.11 0.12
˚NO - 0.10 0.09
˚HCO3 - 0.64 0.77
˚CO3 - 0.21 0.21
˚COOH - 0.51 0.53
˚H2O ˚H2O 1.13 1.62
˚O ˚O 0.67 0.62
˚O ˚O 0.07 0.07
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Table B.1: Thermal correction (ZPE + Uvib – TSvib) for the adsorbates at T = 298.15 K

Adsorbate I Adsorbate II
ZPE + Uvib – TSvib (eV)

MN4C10 MN4CA
˚HSO4

˚HSO4 1.28 1.57
˚SO4

˚SO4 0.59 0.57
˚H2PO4

˚H2PO4 1.85 2.49
˚HPO4

˚HPO4 1.24 1.42
˚PO4

˚PO4 0.43 0.43
˚Cl ˚Cl -0.03 -0.05
˚ClO4

˚ClO4 0.48 0.54
˚HCOO ˚HCOO 1.08 1.04
˚F ˚F 0.03 0.03
˚NO3

˚NO3 0.47 0.50
˚CN ˚CN 0.27 0.20
˚CO ˚CO 0.21 0.17
˚OH ˚O 0.36 0.35
˚OH ˚HSO4 0.81 0.94
˚OH ˚SO4 0.61 0.67
˚OH ˚H2PO4 1.27 1.24
˚OH ˚HPO4 0.92 0.85
˚OH ˚PO4 0.53 0.62
˚OH ˚Cl 0.30 0.32
˚OH ˚F 0.34 0.39
˚OH ˚NO3 0.63 0.54
˚OH ˚ClO4 0.63 0.60
˚OH ˚HCOO 0.85 0.87
˚OH ˚CN 0.56 0.52
˚OH ˚CO 0.51 0.05
˚OH ˚NO 0.46 0.45
˚COOH ˚CO 0.68 0.68
˚COOH ˚HCO3 1.13 1.08
˚CO ˚HCO3 0.66 0.70
˚H ˚HCO3 0.89 1.07
˚COOH ˚H 0.88 0.92
˚CO ˚H 0.43 0.38
˚COOH ˚CO3 0.75 0.82
˚CO ˚CO3 0.26 0.42
˚H ˚CO3 0.47 0.20
˚CO ˚H2O 0.60 -
˚COOH ˚H2O 1.04 -
˚H ˚H2O 0.64 -
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Table B.1: Thermal correction (ZPE + Uvib – TSvib) for the adsorbates at T = 298.15 K

Adsorbate I Adsorbate II
ZPE + Uvib – TSvib (eV)

MN4C10 MN4CA
˚CO ˚O 0.04 -0.03
˚COOH ˚O 0.39 0.50
˚H ˚O 0.21 0.22
˚CO ˚NO 0.18 0.76
˚COOH ˚NO 0.66 0.18
˚H ˚NO 0.42 0.53
˚CO ˚CN 0.21 0.50
˚COOH ˚CN 0.60 0.18
˚H ˚CN 0.41 0.40
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Table B.2: List of gas molecules at T = 298.15 K and 1 bar. All energies are in eV.

EDFT ZPE H(T=0KÑ298K) TS BEEF-vdW
H2O -12.83 0.56 0.10 0.67 -0.03
H2 -7.18 0.27 0.09 0.40 0.09
H3PO4 -38.54 1.27 0.21 1.02 -
H2SO4 -29.87 1.04 0.17 0.93 -
HNO3 -22.14 0.70 0.12 0.77 -
HCl -4.54 0.18 0.09 0.58 -
HF -6.20 0.25 0.09 0.54 -
HCOOH -25.54 0.89 0.11 0.77 -
HClO4 -16.85 0.73 0.16 0.92 -
HCN -3.71 0.43 0.10 0.63 -
H2CO3 -31.00 1.05 0.13 0.82 -
NO -9.33 0.12 0.10 0.65 -
CO -12.10 0.13 0.09 0.61 0.15
CO2 -18.43 0.31 0.10 0.66 0.30
NH3 -18.46 0.89 0.11 0.60 -
N2 -13.94 0.14 0.09 0.59 -
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Table B.3: List of electrolyte anions: pKa, formation energy in gas phase (ΔGf(gas)) and
solution phase (ΔGf(aq, 1M)), solvation free energy (ΔGsol), and activity coefficient for
0.1 M HnA (γ). All energies are in eV.

Electrolyte Anion pKa ΔGf(gas) ΔGf(aq, 1M) ΔGsol γ

H3PO4

H3PO4 2.16 -11.36 - - -
H2PO–

4 7.21 - -11.75 -0.39 0.78
HPO–2

4 12.32 - -11.33 0.03 0.51
PO–3

4 - - -10.59 0.77 0.34

H2SO4

H2SO4 -2.00 -6.75 - - -
HSO–

4 1.99 - -7.86 -1.11 0.28
SO–2

4 - - -7.74 -0.99 0.14

HNO3
HNO3 -1.30 -0.57 - - -
NO–

3 - - -1.16 -0.59 0.79

HCl
HCl -7.00 -0.99 - -
Cl– - - -1.36 -0.37 0.80

HF
HF 3.20 -2.84 - - -
F– - - -2.90 -0.06 0.08

HCOOH
HCOOH 3.75 -3.64 - - -
HCOO– - - -3.65 -0.01 0.78

HClO4
HClO4 -1.60 0.87 - - -
ClO–

4 - - -0.09 -0.96 0.80

HCN
HCN 9.21 1.30 - -
CN– - - 1.79 0.50 0.78

H2CO3

H2CO3 6.35 -6.87 - - -
HCO–

3 10.33 - -6.10 0.77 0.78
CO–2

3 - - -5.49 1.38 0.51
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Table B.4: Free reaction energy of the dissolution reaction of the bulk metal and calcu-
lated DFT energy per atom of the metal in their bulk structure. E0 is in V and EM(bulk)
is in eV/atom.

ion G(Mx+) E0 (V) EM(bulk)
Cr2+ ECr(bulk) + 2(E0 + (0.059/2) log[Cr2+]) E0 = -0.91

-7.17
Cr3+ ECr(bulk) + 3(E0 + (0.059/3) log[Cr3+]) E0 = -0.74
CrOH2+ G(Cr3+) + G(H2O) - (1/2)G(H2) + 2.303 kBTpH0 pH0 = 3.81
HCrO–

4 G(Cr3+) + 4G(H2O) - (7/2)G(H2) + 3(E0 + (0.059/3) log([HCrO–
4]/[Cr3+])) E0 = 1.35

CrO2–
4 G(Cr3+) + 3G(H2O) - 4*G(H2) + 3(E0 + (0.059/3) log([CrO2–

4 ]/[Cr3+])) E0 = 1.48
Mn2+ EMn(bulk) + 2(E0 + (0.059/2) log[Mn2+]) E0 = -1.19

-6.45
Mn3+ G(Mn2+) + E0 + (0.059) log([Mn3+]/[Mn2+]) E0 = 1.54
MnO2–

4 G(Mn2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.059/4) log([MnO2–
4 ]/[Mn2+])) E0 = 1.74

MnO–
4 G(Mn2+) + 4G(H2O) - 4G(H2) + 5(E0 + (0.059/5) log([MnO–

4]/[Mn2+])) E0 = 1.51
MnO3–

4 G(MnO2–
4 ) + E0 + (0.059) log([MnO3–

4 ]/[MnO2–
4 ]) E0 = -0.27

Fe2+ EFe(bulk) + 2(E0 + (0.059/2) log[Fe2+]) E0 = -0.45

-5.65

Fe3+ EFe(bulk) + 3(E0 + (0.059/3) log[Fe3+]) E0 = -0.04
HFeO–

4 G(Fe3+) + 4G(H2O) - (3/2)G(H2) + 3(E0 + (0.059/3) log([HFeO–
4]/[Fe3+])) E0 = 2.07

FeO2–
4 G(Fe3+) + 4G(H2O) - 4G(H2) + 3(E0 + (0.059/3) log([FeO2–

4 ]/[Fe3+])) E0 = 2.20
FeOH2+ G(Fe3+) + G(H2O) - (1/2)G(H2) + 2.303 kBTpH0 pH0 = 2.43
HFeO–

2 G(Fe2+) + 2G(H2O) - (3/2)G(H2) + 2.303 kBTpH0 pH0 = 31.58
FeO–

2 G(HFeO–
2) - (1/2)G(H2) + E0 + (0.059) log([FeO–

2]/[HFeO–
2]) E0 = -0.69

Co2+ ECo(bulk) + 2(E0 + (0.059/2) log[Co2+]) E0 = -0.28
-4.29Co3+ G(Co2+) + E0 + (0.059) log([Co3+]/[Co2+]) E0 = 1.92

HCoO–
2 G(Co2+) + 2G(H2O) - (3/2)*G(H2) + 2.303 kBTpH0 pH0 = 31.70

Ni2+ ENi(bulk) + 2(E0 + (0.059/2) log[Ni2+]) E0 = -0.26
-2.53Ni3+ G(Ni2+) + E0 + (0.059) log([Ni3+]/[Ni2+]) E0 = 2.30

HNiO–
2 G(Ni2+) + 2G(H2O) - (3/2)G(H2) + 2.303 kBTpH0 pH0 = 30.40

Cu2+ ECu(bulk) + 2(E0 + (0.059/2) log[Cu2+]) E0 = 0.34

-0.64
Cu+ ECu(bulk) + E0 + (0.059) log[Cu+] E0 = 0.34
Cu3+ G(Cu2+) + E0 + (0.059) log([Cu3+]/[Cu2+]) E0 = 2.40
CuO–

2 G(Cu2+) + 2G(H2O) - 2G(H2) + 2.303 kBTpH0 pH0 = 39.88
HCuO–

2 G(Cu2+) + 2G(H2O) - (3/2)G(H2) + 2.303 kBTpH0 pH0 = 26.72
Zn2+ EZn(bulk) + 2(E0 + (0.059/2) log[Zn2+]) E0 = -0.76

2.06ZnOH+ G(Zn2+) - (1/2)G(H2) + G(H2O) + 2.303 kBTpH0 pH0 = 9.67
HZnO–

2 G(Zn2+) + 2G(H2O) - (3/2)*G(H2) + 2.303 kBTpH0 pH0 = 27.63
ZnO2–

2 G(HZnO–
2) - (1/2)G(H2) + 2.303 kBTpH0 pH0 = 13.17

Mo3+ EMo(bulk) + 3(E0 + (0.059/3) log[Mo3+]) E0 = -0.20
-8.17HMoO–

4 G(Mo3+) + 4G(H2O) + 3(E0 + (0.059/3) log([HMoO–
4]/[Mo3+])) - (7/2)G(H2) E0 = 0.39

MoO2–
4 G(Mo3+) + 4G(H2O) + 3(E0 + (0.059/3) log([MoO2–

4 ]/[Mo3+])) - 4G(H2) E0 = 0.51
Ru2+ ERu(bulk) + 2(E0 + (0.059/2) log[Ru2+]) E0 = 0.46

-6.26Ru3+ G(Ru2+) + E0 + (0.059) log([Ru3+]/[Ru2+]) E0 = 0.25
RuO2–

4 G(Ru2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.059/4) log([RuO2–
4 ]/[Ru2+])) E0 = 1.56

RuO–
4 G(Ru2+) + 4G(H2O) - 4G(H2) + 5(E0 + (0.059/5) log([RuO–

4]/[Ru2+])) E0 = 1.37
Rh+ ERh(bulk) + E0 + (0.059) log[Rh+] E0 = 0.60

-4.24
Rh2+ G(Rh+) + E0 + (0.059) log([Rh2+]/[Rh+]) E0 = 0.60
Rh3+ ERh(bulk) + 3(E0 + (0.059/3) log[Rh3+]) E0 = 0.76
RhO2–

4 G(Rh2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.059/4) log([RhO2–
4 ]/[Rh2+])) E0 = 2.00

RhOH2+ G(Rh+) + G(H2O) - (1/2)G(H2) + 5(E0 + (0.059/5) log([RuOH2+]/[Ru+])) E0 = 0.23
Pd2+ EPd(bulk) + 2(E0 + (0.059/2) log[Pd2+]) E0 = 0.95 -1.96
Ag+ EAg(bulk) + E0 + (0.059) log[Ag+] E0 = 0.80

0.55
Ag2+ G(Ag+) + E0 + (0.059) log([Ag2+]/[Ag+]) E0 = 1.98
Ag3+ G(Ag2+) + E0 + (0.059) log([Ag3+]/[Ag+]) E0 = 1.80
AgO– G(Ag+) - G(H2) + G(H2O) + 2.303 kBTpH0 pH0 = 24.04
AgO+ G(Ag+) - G(H2) + G(H2O) + 2(E0 + (0.059/2) log([AgO+]/[Ag+])) E0 = 2.00
W3+ EW(bulk) + 3(E0 + (0.059/3) log[W3+]) E0 = 0.10 -0.43
WO2–

4 G(W3+) + 4G(H2O) - 4G(H2) + 3(E0 + (0.059/3) log([WO2–
4 ]/[W3+])) E0 = 0.15
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Table B.4: Free reaction energy of the dissolution reaction of the bulk metal and calcu-
lated DFT energy per atom of the metal in their bulk structure. E0 is in V and EM(bulk)
is in eV/atom.

ion G(Mx+) E0 (V) EM(bulk)
Re3+ ERe(bulk) + 3(E0 + (0.059/3) log[Re3+]) E0 = 0.30

-9.59Re– G(Re3+) + 4(E0 + (0.059/4) log([Re–]/[Re3+])) E0 = 0.13
ReO–

4 G(Re–) + 4G(H2O) - 4G(H2) + 8(E0 + (0.059/8) log([ReO–
4]/[Re–])) E0 = 0.27

ReO2–
4 G(Re–) + 4G(H2O) - 4G(H2) + 7(E0 + (0.059/7) log([ReO2–

4 ]/[Re–])) E0 = 0.41
OsO2–

4 EOs(bulk) + 4G(H2O) - 4G(H2) + 6(E0 + (0.059/6) log[OsO2–
4 ]) E0 = 0.99

-8.28OsO2–
5 G(OsO2–

4 ) + G(H2O) - G(H2) + 2(E0 + (0.059/2) log([OsO2–
5 ]/[OsO2–

4 ])) E0 = 1.14
HOsO–

4 G(OsO2–
4 ) + G(H2O) - (1/2)G(H2) + 2(E0 + (0.059/2) log([HOsO–

4]/[OsO2–
4 ])) E0 = 0.71

Ir3+ EIr(bulk) + 3(E0 + (0.059/3) log[Ir3+]) E0 = 1.16 -5.82
IrO–2

4 G(Ir3+) - 4G(H2) + 4G(H2O) + 3(E0 + (0.059/3) log([IrO42-]/[Ir3+])) E0 = 1.45
Pt2+ EPt(bulk) + 2(E0 + (0.059/2) log[Pt2+]) E0 = 1.18 -3.13
Au+ EAu(bulk) + E0 + (0.059) log[Au+] E0 = 1.70

-0.25

Au2+ G(Au+) + E0 + (0.059) log([Au2+]/ [Au+]) E0 = 1.80
Au3+ EAu(bulk) + 3(E0 + (0.059/3) log[Au3+]) E0 = 1.50
AuOH2+ G(Au+) + G(H2O) - (1/2)G(H2) + 2(E0 + (0.059/2) log([AuOH2+]/[Au+])) E0 = 1.32
H2AuO–

3 G(Au+) + 3G(H2O) - 2G(H2) + 2(E0 + (0.059/2) log([H2AuO–
3]/[Au+])) E0 = 1.85

HAuO2–
3 G(Au+) + 3G(H2O) - (5/2)G(H2) + 2(E0 + (0.059/2) log([HAuO2–

3 ]/[Au+])) E0 = 2.24
AuO3–

3 G(HAuO2–
3 ) - (1/2)G(H2) + 2.303 kBT pH0 pH0 = 15.99

Sn2+ ESn(bulk) + 2(E0 + (0.059/2) log[Sn2+]) E0 = -0.14

-1.18
Sn4+ G(Sn2+) + 2(E0 + (0.059/2) log([Sn4+]/[Sn2+])) E0 = 0.15
SnO–2

3 G(Sn2+) + 3G(H2O) - 3G(H2) + 2(E0 + (0.059/2) log([SnO32-]/[Sn2+])) E0 = 0.84
HSnO–

2 G(SnO–2
3 ) - G(H2O) + (3/2)G(H2) - 2(E0 + (0.059/2) log([HSnO–

2]/[SnO–2
3 ])) E0 = 0.37

SnOH+ G(Sn2+) + G(H2O) - (1/2)G(H2) + 2.303 kBT E0 E0 = 0.56
SbO+ ESb(bulk) + 2G(H2O) - G(H2) + 3(E0 + (0.059/3) log[SbO+]) E0 = 0.21

-2.09
HSbO2 G(SbO+) - (1/2)G(H2) + G(H2O) + 2.303 kBTE0 E0 = 0.87
SbO–

2 G(HSbO2) - (1/2)G(H2) + 2.303 kBT E0 E0 = 11.00
SbO+

2 G(SbO–) + G(H2O) - G(H2) + 2(E0 + (0.059/2) log([SbO+
2 ]/[SbO–

2])) E0 = 0.72
SbO–

3 G(SbO–) + 2G(H2O) - 2G(H2) + 2(E0 + (0.059/2) log([SbO–
3]/[SbO–

2])) E0 = 0.70
Bi+ EBi(bulk) + E0 + (0.059) log[Bi+] E0 = 0.50

-1.19Bi3+ EBi(bulk) + 3(E0 + (0.059/3) log[Bi3+]) E0 = 0.38
BiOH2+ G(Bi3+) - (1/2)G(H2) + G(H2O) + 2.303 kBT E0 E0 = 2.00
BiO+ G(Bi3+) - (1/2)G(H2) + 2.303 kBT E0 E0 = 3.37
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Figure B.1: Scaling relation between ΔG(˚O) vs. ΔG(˚OH) and ΔG(˚OOH) vs.
ΔG(˚OH) on the bare metal site: (a) MN4C10, (b) MN4CA. Activity volcano plot as
a function of ΔG(˚O) for the bare metal site: (c) MN4C10 and (d) MN4CA.
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Figure B.2: ΔGf (in eV) as a function of μN(n): (a) MN4C10 at T = 1100 ˝C, (b) MN4C10
at T = 25 ˝C, (c) MN4CA at T = 1100 ˝C, (d) MN4CA at T = 25 ˝C. At n = 0, μN(n = 0)
is that of the N2 molecule at 1 bar and at considered temperature in each subplot (T =
1100 ˝C for (a) and (c); T = 25 ˝C for (b) and (d)). Lower formation energy (brighter
colour background) indicates more thermodynamically favourable to form.
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Figure B.3: (a) Stability diagrams for the CoN4CA site in 0.1 M solutions. (b) ΔGR for
the sites at specific pH, and (c) Stability diagrams for the CoN4CA site showing the
most stable surface, and the background color corresponds to the value of ΔGR
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Figure B.4: (a) Stability diagrams for the FeN4C10 site in 0.1 M solutions. (b) ΔGR for
the sites at specific pH, and (c) Stability diagrams for the FeN4C10 site showing the
most stable surface, and the background color corresponds to the value of ΔGR
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Figure B.5: (a) Stability diagrams for the FeN4CA site in 0.1 M solutions. (b) ΔGR for
the sites at specific pH, and (c) Stability diagrams for the FeN4CA site showing the most
stable surface, and the background color corresponds to the value of ΔGR
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Figure B.6: ΔGmax along the ORR pathway at U = 0.80 VSHE and pH = 1 in 0.1 M
electrolytes on: (a) MN4C10, (b) MN4CA. In each cell, the inserted text in the 1st row
shows the adsorbate ligand on the back side of the metal atom participating in the
reaction. The adsorbate ligand is considered to be the most stable adsorbate on the MN4
site at pH = 1, U = 0.80 VSHE. The inserted text in the 2nd row shows the determining
reaction states for ΔGmax at pH = 1, U = 0.80 VSHE. The number 0-6 is referred to the
reaction state in Figure 4.5. The inserted number in the 3rd row isΔGmax value at pH =
1, U = 0.80 VSHE in eV. The insert X in the 3rd row means the second adsorbate moves
away from the metal site with a distance > 3.0 Å; thus, the metal site is considered to
be inactive for the ORR. The background color corresponds to the ΔGmax value. The
brighter the background color, the lower the thermodynamic barrier.
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Figure B.7: UL of the ORR in 0.1 M electrolyte at pH = 1 on: (a) MN4C10, (b) MN4CA.
In each cell, the inserted text in the 1st row shows the adsorbate ligand on the back side
of the metal atom participating in the reaction. The adsorbate ligand is considered to be
the most stable adsorbate on the MN4 site at pH = 1, U = 0.80 VSHE. The inserted text in
the 2nd row shows the potential determining states for UL at pH = 1. The number 0-6
is referred to the reaction state in Figure 4.5. The inserted number in the 3rd row is UL
value at pH = 1 in VSHE. The insert X in the 3rd row means the second adsorbate moves
away from the metal site with a distance > 3.0 Å; thus, the metal site is considered to
be inactive for the ORR or the neutral gas molecules are thermodynamically favorable
on both sides of the metal atom. The background color corresponds to the value of UL.
The brighter the background color, the higher the limiting potential.
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Figure B.8: Free energy diagram of the CO2RR to CO at pH = 7, U = -1.0 VSHE on: (a)
MN4C10, (b) MN4CA structure in 0.1 M H2CO3 + CO solution, where M = Mn, Fe, Co,
Ni, Zn, Cu and Sn. The ligand on the back side of the metal atom is the most adsorbate
at pH = 7, U = -1.0 VSHE. The insets show the side view of the ˚COOH/˚H and ˚CO/˚H
on the CoN4 site. (C = gray, N = blue, H = white, O = red, Co = pink)
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Figure B.9: ΔGmax along the CO2RR to CO pathway at U = -0.80 VSHE and pH = 7
in 0.1 M electrolytes on: (a) MN4C10, (b) MN4CA. In each cell, the inserted text in the
1st row shows the adsorbate ligand on the back side of the metal atom participating
in the reaction. The adsorbate ligand is considered to be the most stable adsorbate on
the MN4 site at pH = 7, U = -0.80 VSHE. For other considered electrolytes, except 0.1
M H2CO3, their catalytic activity under the CO2RR-related condition is the same as in
H2O. The inserted text in the 2nd row shows the determining reaction states forΔGmax
at pH = 7, U = -0.80 VSHE. The number 0-5 is referred to the reaction state in Figure
4.7. The inserted number in the 3rd row is ΔGmax value at pH = 7, U = -0.80 VSHE in
eV. The insert X in the 3rd row means the second adsorbate moves away from the metal
site with a distance > 3.0 Angstrom. Thus, the metal site is considered to be inactive for
the CO2RR. The background color corresponds to the ΔGmax value. The brighter the
background color, the lower the thermodynamic barrier of the limiting step.
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Figure B.10: Classification plot for possible CO2RR products based on ΔE(˚H) and
ΔE(˚CO) of considered M/N/C catalyst with ΔGR < 1.0 eV in different solution: (a)
MN4C10 (b) MN4CA. The binding energies of the bare metal sites are included and are
marked with filled color dots.
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Appendix C

Supplementary material III

Table C.1: ΔG1 (in eV) for the nucleophilic addition at the C2 position in the mPBI(-
1) molecule with the different number of an explicit water molecules at different
hydrogen-bonding sites (see Figure C.1) at T = 88 ˝C

#water molecule H-bonding site ΔG1

(1) 0 - 1.38
(2) 1 N1 1.27
(3) 1 N1˚ 1.42
(4) 1 N3˚ 1.34
(5) 2 N1, N3˚ 1.26
(6) 2 N1, N1˚ 1.26
(7) 2 N1˚, N3˚ 1.31
(8) 3 N1, N1˚, N3˚ 1.24
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Figure C.1: Different explicit water molecules at different hydrogen-bonding sites
around the mPBI(-1) molecule for calculation of ΔG1 at the C2 position. (H = white,
C = grey, N = blue, O = red)
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Figure C.2: Reaction energy profile for the degradation path of mPBI(-1) at T = 88 ˝C:
(a) with two explicit water molecules using PCM and SMD implicit solvation model.
(b) with different explicit water molecules using SMD implicit solvation model. The
reference zero energy state for energies reported is A+OH–, and the relative energies
are in eV.
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Figure C.3: (a) Calculated degradation rate including the contribution from the mPBI(-
2) with the effective barrier 0.3, 0.5, and 1.0 eV higher than that of the mPBI(-1) with
two explicit water molecules (ΔG71). (b) Calculated degradation rate (k1f1 + k0f0) at
different KOH concentrations and T = 88 ˝C.
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Reaction: The Role of Local Structure
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ABSTRACT: Metal−nitrogen carbon (M−N−C) catalysts, atomically dispersed and
nitrogen-coordinated MNx sites embedded in carbon planes, have exhibited encouraging
oxygen reduction reaction activity in an acidic environment. However, one challenge for
these materials is their insufficient long-term stability in the acid environment. Herein, we
systematically investigate both catalytic activity toward ORR and stability under acid
conditions using density functional theory (DFT). Various local atomic structures around
the MNx site and different metal atoms (M = Cr, Mn, Fe, Co, Ni, and Ru) are considered
in this study to understand the relation between atomic structures, stability, and catalytic
activity. The stability of the M−N−C catalyst is considered from the propensity of the
metal atom center to dissolve from the carbon host structure. The calculations reveal that
the considered MNx sites are thermodynamically unstable in acid ORR conditions.
However, based on the calculated thermodynamic driving force toward the metal
dissolution, the MN4 sites with Fe, Co, Ni, and Ru metal atoms embedded on the
graphene plane and at the graphene edge are more stable in the acid ORR condition than the other considered MNx structures.
Combining the stability and catalytic activity descriptor, we propose some acid-stable and active MNx structures toward ORR. This
computational study provides helpful guidance for the rational modification of the carbon matrix hosting MNx moieties and the
appropriate selection of a metal atom for optimizing the activity and stability toward the ORR reaction.
KEYWORDS: density functional theory, carbon, oxygen reduction reaction, single-atom catalyst, stability, dissolution

1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) is a highly
efficient clean energy conversion device that requires a highly
active catalyst for the oxygen reduction reaction (ORR) at the
cathode. Platinum-based catalysts now reach high activity and
durability.1 However, considering the high cost and lack of
platinum-based catalysts, the catalyst-free platinum group
remains an alternative catalyst for cost and sustainability
reasons.
Among the catalysts free of platinum group metals, metal−

nitrogen carbon (M−N−C) catalysts, where atomically
dispersed and nitrogen-coordinate MNx sites are embedded
in carbon planes, have gained much attention because of their
high initial activity toward the ORR in acid media, especially
Fe−N−C catalysts.2−4 However, the issue facing the Fe−N−C
catalyst is an insufficiency of long-term stability. The Fe−N−C
catalyst tends to degrade quickly in the acidic PEMFC
environment,5 but the degradation mechanism remains elusive;
therefore, further investigations and improvements for the M−
N−C catalysts are still needed. However, various degradation
mechanisms have been proposed to degrade M−N−C
catalysts, such as carbon oxidation by hydroxyl or hydroperoxyl
radicals,6,7 demetalation of metal sites,8,9 and carbon
corrosion.10

On top of that, the synthetic approaches that involve
pyrolysis of the mixture of metal, nitrogen, and carbon
precursor often result in the various local environment for the
MNx site,

11,12 and thus, the ORR catalytic activity and stability
of the M−N−C materials is highly dependent on the synthesis
path. Different configurations of the MNx sites have been
proposed as an active site for the ORR by experimental and
theoretical studies,13−15 but the specific MNx sites, which are
active and durable under working conditions, should be
preferred targets for synthesis. The Fe−N−C catalyst prepared
via pyrolysis in flowing NH3 has been reported to have higher
initial ORR activity in acid and alkaline conditions than
similarly prepared Fe−N−C pyrolyzed in an inert atmos-
phere.12,13 However, the NH3 pyrolyzed Fe−N−C catalyst
results in about 10 times enhanced Fe leaching rate than the
inert gas pyrolyzed catalyst in acid.12,13 It has been reported
that the NH3 pyrolysis promotes high basicity and porosity in
the Fe−N−C catalyst surface.12,13,16 The introduction of
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micropores has been suggested to enhance the catalytic activity
for ORR.17,18 In contrast, the initial ORR performance loss has
also been proposed due to the demetalation of the FeN4 site
located in the micropore.16 In addition, a recent experimental
study by Li et al.19 using operando X-ray absorption
spectroscopy has reported that there are two types of FeN4
sites identified in the Fe−N−C catalyst. These are FeN4C10,
and FeN4C12 sites, surrounded by a different local carbon
structure. Both sites initially contribute to the ORR activity of
the Fe−N−C in an acidic medium. However, the FeN4C12 site
is not durable under operation, rapidly converting into inactive
ferric oxide particles as there is a decreasing ORR activity,
decreasing numbers of this site, and increasing ferric oxide
formation. The FeN4C10 site is stable under the acid condition
with no measurable decrease in the numbers of this active site
after 50 h of operating at 0.5 V.19 Therefore, the local atomic
structures of the MNx have been suggested to play a significant
role in ORR catalytic activity and demetalation of the active
site.10,17,19,20

Besides the Fe−N−C catalyst, the Co−N−C catalyst has
been the most investigated as a replacement for Fe since the
dissolved Fe ions from the Fe−N−C catalysts can further
deteriorate the membrane durability by catalyzing the
formation of radicals from H2O2, which degrade the
membrane.6,21 Thus, metal atom sites which do not promote
the formation of H2O2 radicals are also needed. A previous
study by Xie et al. has reported that the Co−N−C catalyst has
inferior catalytic activity toward ORR and lower activity for
promoting radicals from H2O2 but has significant resistance to
demetalation in acid condition.22 Since various CoNx sites can
be simultaneously formed during the synthesis,23 specific
knowledge of the detailed structures of the active and durable
CoNx site would be valuable. Furthermore, other M−N−C
catalysts have also been reported to have structural stability
under acid conditions, such as the Ru−N−C system.24

Therefore, the insightful understanding of how catalytic
activity and degradation of the MNx site related to its
electronic structures and local atomic configuration is critical
for designing M−N−C catalyst.
Advancements in computing capability have helped to

expand predictions from first-principles simulations of
materials. While the materials screening for ORR to date
have focused on the electrocatalytic activity,25−27 stability
under working conditions is also an essential criterion.28−31

The demetalation of the metal atom center due to proton
attack has been calculated and used to determine the acid

stability of the M−N−C catalyst, identifying a specific
potential or pH when the dissolution of the metal center is
thermodynamically favorable.32−34 Also, the embedding
energy, indicating the bonding strength between the embedded
isolated metal atom with N-doped carbon structure against the
cohesion energy of the bulk metal, is often calculated and used
to represent thermodynamic stability for the M−N−C
cattalyts.27,33,35 Previous work on the thermodynamic dis-
solution of the FeN4 structures on two different local carbon
structures toward aqueous Fe2+ has been studied by Glibin et
al.,36 suggesting acid stability of the FeN4 site.

36 In contrast,
Holby et al. found FeN4 sites to be stable only when OH is
adsorbed on the FeN4 site, and the absolute thermodynamic
stability of FeN4 sites remains controversial.37,38

Various degradation mechanisms of the M−N−C catalyst
have been suggested. The carbon oxidation is most probably
from H2O2-derived radicals during the oxygen reduction,
which leads to various oxygen functional groups on the carbon
surface that can deactivate the metal site7 and trigger
irreversible leaching of the metal site.19,39 This might depend
on the morphology of the carbon surface.19,39 However, the
carbon surface oxidation is reversible, and the ORR activity can
be recovered by electrochemical cycling or chemical treat-
ment.7,22 Additionally, carbon corrosion can occur and leads to
carbon loss surrounding the FeNx site, eventually resulting in
metal site leaching.10 The demetalation itself has also been
proposed to cause fast activity decay of the Fe−N−C
catalyst.16 Thus, the degradation of M−N−C catalysts may
have more than one cause. Nonetheless, how the M−N−C
structure affects the stability against demetalation can be the
first step to understand the M−N−C degradation, and it is a
focus in this work. The relation between the structure and
demetalation will be addressed before introducing other
possible degradation pathways.
The thermodynamic understanding of dissolution in

aqueous media can be obtained from the so-called Pourbaix
diagrams, which indicates the potential and pH ranges where
the different component oxidation state of materials
exist.29,30,40 A recent study by Holby et al. has proposed a
dissolution reaction to determine the stability of FeN4
embedded on a graphene layer as a function of pH and
applied potential,38 indicating the acid instability and like-
lihood to dissolve of the FeN4 site. Here, we employ this
proposed dissolution to further study the stability of MNx with
various local atomic structures and various metal atoms to
understand how local atomic structures and different metal

Figure 1. M−N−C model structures: (a) MN4C10, (b) MN4C12, (c) MN4C8, (d) MN4CZ, (e) MN4CA, (f) MN3C10, (g) FeN3CZ, (h) FeN3CA.
Color codes for atom: C-gray, N-blue, H-white, M (= metal atom)-orange.
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atoms affect the stability of M−N−C catalysts. Furthermore,
the acid stability descriptor of the MNx site under PEMFC
conditions is determined by computing the relative stability
with respect to the most stable species in the stability diagram,
and it is used as a comparative stability descriptor. Thus, the
stability descriptor can offer insight into how the M−N−C
structure affects stability. The stability descriptor is then used
along with the catalytic activity descriptor to identify promising
acid-stable and active MNx sites toward ORR.

2. METHODS
2.1. Computation Details. Spin-polarized density func-

tional theory calculations are performed using the Vienna ab
initio simulation package (VASP)41 and project augmented
wave (PAW)42 pseudopotential. Structures are set up and
analyzed using the atomic simulation environment (ASE).43

The exchange and correlation energy are described using the
BEEF-vdW functional to include the effects of dispersive
interactions.44 A plane-wave cutoff of 600 eV is used. The self-
consistent electron density loop is converged to 10−5 eV, and
the structures are relaxed until all forces are below 0.025 eV
Å−1. The calculations are submitted, managed, and received
using the MyQueue45 workflow tool, a python front-end to the
job scheduler.
Eight different M−N−C model structures with different

local atomic structure surrounding the metal site are
investigated in this study and shown in Figure 1. The
MN4C10 structure is an MN4 site embedded in an intact
graphitic layer where the MN4 site is surrounded by 10 carbon
atoms, where M is a single metal atom. The MN4CZ and
MN4CA structure represent the MN4 site near the zigzag and
armchair graphitic edge, respectively. For the active sites
hosted in a micropore, we consider a MN4C12 site near the
micropore with a porphyrin-like structure and a MN4C8 site
where the MN4 moiety is bridging two adjacent armchair
edges. The FeN4C12 site has been identified by X-ray
absorption spectroscopy and has been proposed as the active
site toward the ORR reaction by Zitolo et al.13 The FeN4C8
site has been proposed as the most active site in such Fe−N−
C catalyst.14,15,18,46 Li et al. have reported that the Fe−N−C
catalyst initially comprises two distinct FeN4 sites identified as
the FeN4C10 and FeN4C12 strcuture.19 Also, we further
consider two defective sites derived from the MN4CZ and
MN4CA structure, namely, MN3CZ and MN3CA. These edge-
anchored unsaturated MN3 structures are possible to form
under a synthesis environment, as reported by Cheng et al.47

The unit cell dimensions in the catalyst plane are 16.9 × 9.8 Å
on average, with minor variations for the different metal atoms
M (where M = Cr, Mn, Fe, Co, Ni, and Ru) and different local
atomic structures. The vacuum layer in a perpendicular
direction to the catalyst plane is about 15 Å, and a dipole
correction is used in the perpendicular direction to the catalyst
plane to decouple the electrostatic potentials on the two sides
of the catalyst plane. The Brillouin zone is sampled with a (3 ×
3 × 1) MonkhorstPack k-point mesh.48

Solvent effects on the surface and adsorbates are included
using the implicit solvent model implemented in VASPsol with
a dielectric constant of 8049,50 representing water medium.
Additional calculations with an explicit solvation effect are
performed with one explicit water layer. First, the explicit water
layer structure (16 H2O molecules) and the explicit water layer
with ORR intermediate structure (15 H2O molecules
surrounding an intermediate) on the FeN4C10 structure are

determined by the minima hopping algorithm implemented in
ASE.51−53 The minima hopping algorithm is performed to find
at least about 30 local minima with the convergence criterion
of maximum force on each atom less than 0.05 eV Å−1. Next,
the lowest energy local minima structure and the local minima
structure within 0.1 eV of the lowest structure are relaxed
further with maximum force on each atom less than 0.025 eV
Å−1. Then, the water layer structure with the lowest energy is
used in the calculations for the FeN4C10 and other Fe−N−C
structures.
The change in reaction free energy with an applied potential,

U, and pH was calculated using the computational hydrogen
electrode (CHE),1,54 the free energy of the reaction at a
potential of U versus the reversible hydrogen electrode (SHE),
and pH is given by

Δ = Δ = = −

+

G U G U neU

nk T

( , pH) ( 0, pH 0)

pHln(10)B (1)

where n is the number of electrons involved in the reaction, e is
the numerical charge of an electron, and kB is the Boltzmann
constant.

Δ = = = Δ + Δ + Δ

− Δ

G U E E U T

T S T

( 0, pH 0) ( )

( )
DFT ZPE vib

vib (2)

where ΔG(U = 0, pH = 0) is calculated from DFT and
includes the change in electronic energy (ΔEDFT), zero-point
energy (ΔEZPE), vibration energy (ΔUvib(T)), and entropy
(ΔSvib(T)) at T = 298.15K. In the case of adsorbates on the
catalyst surface, only the vibration frequencies of adsorbate are
considered, and the free energy is calculated following the
quantum mechanical harmonic approximation.
The energy of O2 in the gas phase is poorly described by

DFT calculations;44 thus, it is corrected to reproduce
experimental free energy of liquid water formation (2H2 +
O2 → 2H2O; ΔGH2O = −4.92 eV). Furthermore, according to
the Christensen scheme,55,56 the error in the energy levels of
the ORR intermediates specific to the BEEF-vdW functional
are corrected as follows

Δ − =E(O O) 0.20 eV (3)

Δ = −E(H O) 0.03 eV2 (4)

Δ =E(H ) 0.09 eV2 (5)

2.2. Stability Calculations. Our current investigation
follows previous work on a dissolution reaction for the FeN4
site on the bilayer graphene-host structure (which is similar to
the FeN4C10 structure defined in this study) by Holby et al.38

During the dissolution, the Fe metal atom can leave the FeN4
site on the carbon host structure (FeN4C) and becomes an
aqueous Fe ion, Fex+(aq) with a charge x, given the resulting
metal-dissolved carbon host cavity with various possible
degrees of protonation under the acid environment of the
dangling bond, N4CHn as a product where n is the number of
protons bonded with the carbon host cavity. It has been
reported that the FeN4 site embedded in graphene without
ligands or ORR intermediates is unstable in acid conditions,
whereas the adsorption of OH on FeN4 makes the FeN4 site
thermodynamically stable.38

In this work, we employ the above dissolution mechanism to
further investigate the stability trend of the M−N−C systems
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with different local atomic structures surrounding the metal
site, as shown in Figure 1 and different metal atoms. The free
energy of MNyC, *OH-MNyC, and *O-MNyC phase relative
to dissolved species as a function of potential U and pH are
defined by using H2O in a liquid phase and H2 in a gas phase
as a reference to avoid O2 calculation and can be written as eqs
7−9. Note that y is the number of N atoms ligating the metal
atom. The MNyC denotes the bare metal site structure, while
the *OH-MNyC and *O-MNyC denote one *OH and *O

adsorbate bond with the metal site, respectively. It is assumed
that the catalyst surface is in equilibrium with protons,
electrons, and liquid water at T = 298.15 K, such that oxygen
and hydroxyl may be exchanged between the surface and a
reference electrolyte through Equation 6.29

+ * ‐ + +

* ‐ + +

+ −

+ −

MN C H O(l) OH MN C (H e )

O MN C 2(H e )

y y

y

2 (aq)

(aq)

V

V (6)

Figure 2. (a−c) Stability diagram of FeN4C10, FeN4C12, and FeN4C8 structure as a function of applied potential (U) and pH. (d−f) The relative
stability (ΔGR) for Fe, *OH-Fe, and *O-Fe phase as a function of potential U at pH = 0 for FeN4C10, FeN4C12, and FeN4C8 structure, the most
energetically favorable dissolved species are superimposed as horizontal bars at the bottom of each relative stability plot. (g) Relative stability for
Fe, *OH-Fe, and *O-Fe phase of different considered FeNyC structures in Figure 1 at U = 0.8 VSHE and pH = 0.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02941
ACS Catal. 2021, 11, 13102−13118

13105



+ → + + −

Δ = + −
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where ΔG(MNyC), ΔG(*OH-MNyC), ΔG(*O-MNyC) are
the free energy of the catalyst surface without and with one
*OH, and one *O at the metal site, respectively. ΔG(NyCHn)
is the free energy of the metal-dissolved carbon cavity with n H
atoms bonded at the cavity. We consider from n = 0 up to n =
4 for the dissolution reaction in eqs 7−9. The optimized
structures of nH-bond carbon cavity are shown in Figure S1.
G(M+x) is the free energy of the dissolved metal ion, is
estimated as follows:

= + Δ+G E G(M )x
DFT(bulk) x (10)

where EDFT(bulk) is the total energy per metal atom in the bulk
structure obtained from DFT calculations. ΔGx is the free
reaction energy of the dissolution reaction of the bulk metal,
which is taken from the literature.57−59 Table S1 shows the free
energy of the dissolved metal ion and the dissolution potential
used in each approximation ΔGx. The free energy of the
dissolved ion depends on the metal ion concentration, which is
assumed to be 10−6 M for all dissolved metal ions in this work
and all calculations are at T = 298.15 K.
2.3. ORR Catalyst Activity. We employ purely thermody-

namic models when considering the ORR activity by assuming
that all element steps have to be exergonic for the ORR to run
and neglect the kinetic barrier for each elementary step. The
ORR catalytic activity of the different surface structures is
estimated by determining the theoretical overpotential and the
potential-determining step in the four-electron associative
mechanism with *O, *OH, and *OOH intermediates60 as
shown in eqs 11−14. The metal site is considered as the active
site, so all ORR intermediates bond with the metal site. The
potential and pH dependence of each reaction step is
calculated by employing the CHE as shown in eq 1.

+ + + * → * Δ+ − GO (g) H e OOH ;2 1 (11)

* + + → * + Δ+ − GOOH H e O H O(l) ;2 2 (12)

* + + + * → * Δ+ − GO H e OH ; 3 (13)

* + + → * + Δ+ −OH H e H O(l) ; G2 4 (14)

where * denotes the active metal site. The limiting potential
(UL) is defined as the highest potential at which all four
reaction steps are downhill in free energy.

= −

= − {Δ Δ Δ Δ }

U

G G G G e

overpotential 1.23 V

1.23 V max , , , /
L

1 2 3 4
(15)

Adsorption energies of *O, *OH, and *OOH intermediate
are defined relative to a water molecule from the following
reactions.

* + → * + Δ *GH O O H ; ( O)2 2 (16)

* + → * + Δ *GH O OH
1
2

H ; ( OH)2 2 (17)

* + → * + Δ *G2H O OOH
3
2

H ; ( OOH)2 2 (18)

3. RESULTS AND DISCUSSION
3.1. Stability Diagram and Thermodynamic Driving

Force toward Metal Dissolution. We first consider the Fe−
N−C system. Figure 2 shows the stability diagram of the
FeN4C10, FeN4C12, and FeN4C8 structures as a function of
applied potential, U, and pH. The stability diagrams for other
FeNyC structures are shown in Figure S2. At acidic ORR
relevant conditions (U ∼ 0.6−0.8 VSHE and pH = 0), the most
stable phase is the dissolved Fe ions for all considered
structures, so the single Fe metal atom is prone to leach. At the
same potential range in alkaline conditions, *OH or *O can be
formed from water on the Fe metal site on the FeN4C10,
FeN4C12, FeN4CA, FeN4CZ, and FeN3C10 structure and results
in stabilization of the Fe metal site against the dissolution.
However, the FeN4C8, FeN3CZ, and FeN3CA structures are still
prone to dissolution even in alkaline conditions, as the most
stable phase is still a dissolved Fe compound ion. In general,
the calculation reveals that the dissolution is a greater problem
in acidic than alkaline conditions, as reported by previous
experiments.12,61

To further extend the stability diagram, we consider a
thermodynamic driving force toward the dissolution. A
previous study by Singh et al. suggests that materials with
predicted free energy up to 0.5 eV/atom greater than the most
stable species in the Pourbaix diagram can be stable against the
corrosion in experiments due to a large kinetic barrier for
structural reorganization.40 We define the relative dissolution
free energy (ΔGR), which is the free energy difference between
the most stable Fe, *OH-Fe, or *O-Fe phase and the most
stable dissolved species at pH = 0. The ΔGR represents a
thermodynamic driving force for each phase toward the
dissolution and is shown in Figure 2d−f, where the most stable
dissolved species are superimposed as horizontal bars at the
bottom. The phase with a higher driving force is likely to
dissolve into the electrolyte, as reported by the previously
combined experimental and theoretical study.30

For the considered FeNyC structures, the relative dissolution
free energy (ΔGR) value of the bare Fe metal phase order at U
= 0.8 VSHE and pH = 0 is FeN4CA < FeN4CZ < FeN4C10 <
FeN3C10 < FeN4C12 < FeN3CZ < FeN4C8 < FeN3CA, see
Figure 2g, suggesting that the stability against the dissolution
decreases from FeN4CA to FeN3CA. The formation of one
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*OH and *O on the bare Fe metal site at higher potential
thermodynamically stabilizes the Fe metal atom against the
dissolution. At U = 0.8 VSHE and pH = 0, the relative free
energy (ΔGR) order of the most stable phase is found to be
*O-FeN4CA < *O-FeN4CZ < *O-FeN4C10 < *OH-FeN3C10 <
*O-FeN4C12 < *O-FeN3CZ < *O-FeN3CA < *OH-FeN4C8,
see Figure 2g.
At potentials in the range of 0.2−0.9 VSHE and pH = 0, we

find that the FeN4C10 structure is more stable than the
FeN4C12 site as the thermodynamic driving force for the most
stable phase of the FeN4C12 structure is about 0.70 eV greater
than that of the FeN4C10 structure, on average. These results
agree with the experimental results reported by Li et al.19

The horizontal bars at the bottom of each relative stability
plot indicate the most energetically favorable dissolved species,
suggesting that the dissolution reactions depend not only on
the working condition (U and pH) but also on the local atomic
structure around the metal site. For example, for the FeN4C8,

FeN4CA, and FeN4CZ structures, the dissolution reaction
results in 0 or one proton transferred to the cavity site, while
1−3 protons are transferred to the cavity site of the other
structures.
Considering the dissolution reaction in more detail, we find

that the protonation at the metal-dissolved host carbon
structure is thermodynamically favorable for the N4C12,
N3C10, N4CZ, N4CA, N4C10, and N3CZ structure, but it is
endothermic for the N3CA and N4C8 structure (Figure S3).
However, these proton transfers might not necessarily affect
the kinetic dissolution rate if they occur late in the exothermic
process. During the dissolution, we therefore also consider that
the protonation reaction occurs at the atoms surrounding the
Fe metal atom and is followed by the demetalation reaction, as
eqs 19 and 20. Figure 3a,b illustrates the possible dissolution
mechanism and corresponding free energy diagram of the
dissolution process. From a thermodynamic perspective,
whether the protonation reaction occurs before or after the

Figure 3. (a) Schematic illustration of possible dissolution mechanism of FeN4C10 structure. Color codes for atoms are the same as Figure 1. (b)
Free energy diagram related to possible dissolution mechanisms of FeN4C10 structure with up to 3H+ at U = 0.8 VSHE and pH = 0. (c) Protonation
free reaction energy (ΔGprotonate) at the atoms surrounding the Fe metal site and (d) demetalation free reaction energy (ΔGdem) for Fe metal atom
from the considered host carbon structures to dissolved Fe3+ ion as a function of H+ number at pH = 0 and U = 0.8 VSHE. (e) The relative stability
(ΔGR) of the bare metal phase and (f) the most stable phase MNyC structures at U = 0.8 VSHE and pH = 0. The symbols for the surface: *M =
circle, *OH-M = square, *O-M = triangle.
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demetalation leads to the same overall dissolution reaction as
eq 7 and the same relative stability.

+ + →+ −n eFeN C (H ) FeN CHy y n (19)

→ + ++ −meFeN CH Fe N CHy n
m

y n (20)

We find that the protonation at the atoms surrounding the
Fe metal atom is endothermic and becomes more difficult as
the potential increases or more protons are added (Figure 3c).
At the potential U = 0.8 VSHE and pH = 0, the order of the
protonation (from easy to difficult) is FeN4CZ > FeN4C12 ∼
FeN3C10 ∼ FeN3CA > FeN3CZ ∼ FeN4CA > FeN4C10 >
FeN4C8. On the other hand, the demetalation reaction
becomes more favorable after the atoms surrounding the Fe
metal atoms are protonated and become more favorable as
potential increases or more protons are added (Figure 3d).
The order of the demetalation at U = 0.8 VSHE and pH = 0
(from easy to difficult), regardless of the number of additional
protons before the demetalation is FeN4C8 ∼ FeN3CA >
FeN3CZ > FeN4C10 > FeN4CA ∼ FeN3C10 ∼ FeN4C12 >
FeN4CZ. Additionally, we find that the Fe metal atom in the
FeN4C8, FeN3CZ, and FeN3CA structure bond quite weakly
with the host carbon structure compared with the others, as
reported by Tan et al.39 Therefore, the Fe metal atom in these
structures can more easily leave the host carbon structure.
The demetalation reaction relates to the bond strength

between the Fe metal atom and the host carbon structure. The
protonation at the ligand atoms surrounding the Fe metal atom
can weaken the bond between the Fe and the surrounding
ligand atoms, resulting in the following demetalation step
being facile. Consequently, the basicity of ligand atoms
contributes to the stability of the Fe−N−C catalyst in the
acidic condtion12,20 as same as the bonding strength between
the metal atom with the carbon host structure. The different
trade-offs between the demetalation reaction and the
protonation reaction due to the different local atomic
structures surrounding the Fe metal site enable different n
values for the dissolution reaction.
It is important to note that the real degradation mechanism

is still unknown, and other possible mechanisms such as
carbon corrosion,10,18 hydroxyl radical attraction,6,62 and
carbon oxidation7 have been proposed as a degradation
mechanism of the Fe−N−C catalyst can simultaneously
occur and might be coupled. Also, the stability is here analyzed
from thermodynamic trends, whereas the rate of metal leaching
is determined by the kinetic activation energy. Thus, a kinetic
analysis of the dissolution mechanism would be required for a
complete theoretical description.
Furthermore, Holby et al. suggest the computational unit

cell size and a graphene underlayer to host the FeN4 actives
site influence the calculated stability.38 To assess the sensitivity
to these choices, we performed additional stability calculations
for some Fe−N−C structures with a bigger unit cell (Figure
S5). Table S4 shows the dissolution potential to Fe2+ ion
obtained from two sizes of a unit cell. The size of the unit cell
can lead to variation in the dissolution potential of about 0.08
VSHE. However, we find the same trend in the dissolution
potential obtained from both sizes of unit cells which is
FeN4C8 (−1.09 VSHE) < FeN4C10 (0.35 VSHE) < FeN4CA (0.65
VSHE) < FeN4C12 (0.79 VSHE) < FeN4CZ (0.94 VSHE) for the
unit cell in Figure 1 and FeN4C8b (−0.98 VSHE) < FeN4C10b
(0.27 VSHE) < FeN4CAb (0.52 VSHE) < FeN4C12b (0.73 VSHE) <

FeN4CZb (0.97 VSHE) for the bigger unit cell in Figure S5. This
dissolution trend agrees with the trend reported by Tan et al.39

However, we find the dissolution to Fe2+ ion of 0.35 VSHE and
0.27 VSHE for the FeN4C10 and FeN4C10b structure,
respectively, which are quite different from the value reported
by Holby et al. using the FeN4C10 structure on a 6 × 6
graphene monolayer structure in a vacuum, in which the
dissolution potential is 0.57 VSHE. We find that the dissolution
potential of 0.47 VSHE for the FeN4C10 structure (Table S5) in
a vacuum. Thus, there may be some influence of solvation on
the calculated stability as well as the strain associated with the
smaller cell.38 The variation in *O and *OH free adsorption
energy due to the size of the unit cell is 0.08 and 0.07 eV on
average for both *O and *OH, respectively. The trend in the
relative dissolution free energy (ΔGR) value of the most stable
phase at U = 0.8 VSHE and pH = 0 obtained from the bigger
unit cell is *O-FeN4CAb < *O-FeN4C10b < *O-FeN4CZb < *O-
FeN4C12b < *OH-FeN4C8b, largely in agreement with results
on the unit cell in Figure 1. Therefore, the unit cells in Figure 1
are used in our further calculations.
Besides the stabilization by the graphene underlayer

reported by Holby et al., the dissolution potential of 0.65
VSHE has been reported for the FeN4C10 configuration on a 6 ×
6 graphene bilayer structure (0.08 higher than the monolayer
structure).38 Thus, it has been recommended to use a larger
and bilayer graphene structure for the stability calculation.38

However, we find that different local atomic structures around
the Fe metal site cause the change in the dissolution potential
in the range of 0.30−1.43 VSHE, which is greater than the effect
of a graphene underlayer. Thus, only a monolayer structure is
considered here.
So far, the solvent effect is considered implicitly in this work.

We further investigate the effect of the explicit water layer on
the stability calculation. We consider the explicit water layer
only on the same side of the catalyst as the *O and *OH
adsorbates (Figure S6). A previous study by Svane et al.63

studied the explicit solvation effect on a CoN4C12 structure
suggests that the explicit water on the same side of the
adsorbate can result in stabilization about 0.27 eV for *OH
relative to a solvent-free model. However, there is no further
stabilization effect when adding explicit water layers on both
sides of the catalyst surface, as the stabilization is only about
0.1 eV for *O, *OH, and *OOH relative to the one explicit
water on the same side with the adsorbates. Table S5 shows
the dissolution potential to Fe2+ obtained from different
solvation models. The dissolution potentials obtained from
implicit solvation are 0.14 VSHE lower, on average, than those
obtained in a vacuum. The dissolution potential with the
explicit solvation is close to those in a vacuum with a variation
of 0.06 VSHE, on average. However, there is a big difference in
dissolution potential between FeN4CZ in a vacuum and explicit
solvation. We find that, in the optimized structure of the
N4CZwH0 structure with one explicit water layer, the nitrogen
atoms are out of a carbon plane while the nitrogen atoms in a
vacuum and implicit solvation model remain in the carbon
plane. The distortion with the explicit solvation leads to 0.20
VSHE lower dissolution potential for the FeN4CZw compared
with the solvation-free model. The explicit water layer
surrounding *O and *OH adsorbates leads to stabilization
relative to the vacuum of 0.41 and 0.22 eV, respectively. The
stabilization relative to the vacuum due to the implicit
solvation is 0.30 and 0.22 eV for *O and *OH, respectively.
Thus, the stabilization is similar in magnitude for implicit and
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explicit solvation. For the most stable phase at U = 0.8 VSHE
and pH = 0, the relative dissolution free energy (ΔGR) value
with explicit solvation is *O-FeN4C10Zw < *O-FeN4C10w <
*O-FeN4C12w < *O-FeN4C8w. Meanwhile, we find the relative
dissolution free energy (ΔGR) value in a vacuum to be *OH-
FeN4C10Zv < *OH-FeN4C10v < *OH-FeN4C12v < *OH-
FeN4C8v. The difference in the relative stability of the most
stable phase is mainly due to the different stabilization effects
on *O and *OH via different solvation models. There is an
obvious influence of solvation on the stability calculation; to
avoid the structural distortion in the calculations, we use the
implicit solvation, which leads to a similar solvation
stabilization as the explicit solvation in our further calculations.
We further extend the thermodynamic stability analysis with

different metal atoms, changing the metal atom to Cr, Mn, Co,
Ni, and Ru. The stability diagrams are shown in Figures S10−
S15, indicating that all considered MNx sites on the considered
structures prefer to dissolve under the acid condition as the
most stable species at pH = 0 are an aqueous metal ion. Figure
3e shows the relative stability for the bare metal site at U = 0.8
VSHE and pH = 0; the MN4C8, MN3CZ, and MN3CA structures,
regardless of the metal atom, are less stable than other
structures. On the other hand, the MN4CA structure is the
most stable structure against the dissolution under the same
acid conditions, regardless of the metal atoms. The general
trend in the thermodynamic driving force toward the
dissolution of the bare metal site at U = 0.8 VSHE and pH =
0 is Cr > Mn > Ru > Fe > Co > Ni. To understand this trend,
we have considered the dissolution of the bare MNx site
without the protonation at the cavity. We first consider the
energy of the metal atom being in the MNx site on the carbon
host structure against the formation of metal atom in the bulk
structure by the following equation:

Δ = + −G E E E(N C ) (MN C )x y x ybulk M (21)

where EM is the total energy per atom of the metal in bulk
structure, E(MNxCy) is the total energy of the MN4 structure
and E(NxCy) is the total energy of the metal-dissolved cavity
structure (NxCy). The calculated ΔEmetal for different metal
centers on different carbon host structures are shown in Figure
S16a and Table S6. The ΔEmetal values indicate that the metal
atom in the MN4C8, MN3CZ, and MN3CA structure is unstable
and prefers to form the bulk metal rather than be embedded in
the carbon host structure compared with other structures.
Second, we consider the energy for oxidizing the metal atom at
a working potential (U = 0.8 VSHE) by the following equation:

Δ = − −+E G xU E(M )x
oxidize M (22)

where G(M+x) is free energy of the most stable dissoved metal
ion at the considered condition (x = 2 for M = Co and Ni; x =
3 for M = Cr, Mn, Ru and Fe). The calculated ΔEoxidize is
shown in Figure S16b and Table S6. The oxidization trend of
the metal (from easy to difficult) is Cr < Mn < Fe < Co < Ni.
For these 3d metals, the metal oxidation energy (ΔEoxidize)
plays an important role in the dissolution reaction, causing a
significant difference in the acid stability among 3d elements.
The stability of the bare MNx site toward a dissolved metal
cation is Cr < Mn < Fe < Co < Ni, following the oxidation
trend.
For Ru, the bond strength between the Ru atom and the

carbon hosts is weaker than other metal elements within the
same carbon host structure. However, Ru is also more difficult

to oxidize, and overall, the stability of the RuNx site is between
Mn and Fe.
The formation of one *O and *OH from water mostly on

Cr, Mn, Ru, and Fe metal sites at pH = 0 and U = 0.8 VSHE is
thermodynamically favorable on most of the considered
structures, resulting in increased stability under acid con-
ditions. However, under the same conditions, the most stable
phase of the considered CoNyC and NiNyC structures is
mostly the bare metal site (Figure 3f).
We consider the M−N−C catalyst by choosing M = Cr, Mn,

Fe, Ru, Co, and Ni because these elements are either relatively
cheap and abundant 3d metals or have shown promising ORR
activity and stability. The thermodynamic stability analysis of
the Pt−N−C structures is also considered and shown in Figure
S17. Most of the considered Pt−N−C structures, except
PtN4C8, are thermodynamically stable against dissolution at
pH = 0, U = 0.8 VRHE, and even more stable than other
considered metal elements. However, all considered Pt−N−C
structures are inactive toward the ORR as the overpotential of
all considered Pt−N−C structures is more than 1.00 eV (Table
S18).
In general, we find that the metal atom on the graphene

plane (MN4C10 or MN3C10) and the MN4 site on the graphene
edge (MN4CZ and MN4CA) are more stable than the MN4 site
hosted near micropores (MN4C12) or bridging between two
zigzag edges (MN4C8) and the MN3 structures at the graphene
edge (MN3CZ and MN3CA).
The Fe, Co, Ru, and Ni metal atoms on the MN4C10,

MN4CZ, and MN4CA can well be kinetically stable under acid
conditions as the thermodynamic driving force is less than 0.70
eV at U = 0.8 VSHE and pH = 0. On top of that, the Ru metal
atom on the MN4CZ, MN4CA structure, and Ni metal atom on
the MN4CA structure are the most promising stable structure
under the acid condition as the thermodynamic driving force
toward the dissolution is less than 0.2 eV. Previous
experimental results have found that the Ru−N−C catalyst is
rather stable in the acid environment with a dissolution rate of
less than 5% over 30 h of operation at 1.5 VSHE.

24 Meanwhile,
the Cr and Mn metal atoms on considered structures have a
considerable driving force toward dissolution (>0.7 eV), so
these catalysts are unstable during the PEMFC operation. A
previous experimental study has reported that the Mn−N−C
catalyst is likely to lose its ORR catalytic activity more than the
Fe−N−C catalyst in acid and alkaline conditions during the
stability test cycling the potential between 0.5 and 1.3 VSHE.

61

Furthermore, the previous experiments have suggested that the
Co−N−C catalyst has significantly enhanced resistance to
demetalation compared to the Fe−N−C catalyst in acid
conditions, especially under O2 purged testing.22 For the
FeNyC and CoNyC structure without any adsorbate, the
thermodynamic driving force of the bare Fe metal atom toward
the dissolution is about 0.56 eV bigger than for the bare Co
metal site, on average. With the formation of one *OH or *O
on the metal site, the relative stabilities of the most stable
phase under acid conditions for both metal atoms are
comparable. This suggests that other mechanisms such as
carbon surface oxidation7 as well as the H2O2 derived radicals
attack stabilized *OH or *O ligand22,62 possibly occur along
with the demetalation reaction or deactivate the active site.
These possible processes should be included in the calculation
model to get a complete theoretical description.
Different metal atoms on the same carbon structure dissolve

with the same dissolution reaction; the same n value in eqs
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7−9). With the n = 0 dissolution reaction, the primary
contribution to acid instability is the bond strength between
the single metal atom and the host carbon structure. However,
with increasing n, more contributions from the protonation
reaction at the atom surrounding the metal site are included.
Thus, the thermodynamic acid stability of the M−N−C
catalyst is determined by both the bonding strength of the
metal atom with the host carbon structure and the basicity of
the ligand atom around the metal atoms. In the Fe−N−C
system, the FeN4C12 has strong bonding between the Fe metal
atom and the host carbon structure, but the nitrogen atoms
around the Fe metal site are vulnerable to proton attack. The
nitrogen ligand in the FeN4C8 structure can resist the action of
protons in acid solution, but the bonding between the Fe metal
atom and the carbon host structure is too weak. Consequently,
both structures are predicted to be less stable than the
FeN4C10 structure under the same acid conditions.
Additionally, previous studies by Zhang et al.64 and Jung et

al.65 have suggested that the oxygen functional groups near the
CoN4 site can be formed via electrochemical or chemical
treatment. The formation energies of *O from water on
various carbon sites near the CoN4C10 structure reported by
Zhang et al.64 and Jung et al.65 are more than 2.8 eV,
suggesting weak adsorption of *O on the adjacent carbons.
The oxidation of the surface carbon adjacent to the FeN4 sites
has also been reported, decreasing the four-electron ORR
activity. However, the deactivation is reversible, and the ORR
activity can be recovered upon electrochemical reduction of
the carbon surface.7 We consider *O or *OH formation on
carbon adjacent to the Fe center on the FeN4C10b, FeN4C12b,
and FeN4CZb structures, assuming that the catalyst surface is in
equilibrium with protons, electrons, and liquid water at T =
298.15 K (Figure S19). The *O or *OH on adjacent carbon is
not thermodynamically favored in the potential range of 0−1.2
VSHE. Thus, we exclude the formation of *O and *OH next to
the MNx site from our further considerations.
However, the surface carbon oxidation can possibly occur

via other such as the dissociation of H2O2
7 or *OOH.39 The

surface carbon oxidation may directly or indirectly affect the
dissolution of the MNx site.

19 Tan et al.39 has suggested that
the stable oxygen functional group site next to the FeN4 site
can be different, depending on the local carbon structure.
We consider the effect of nearby *O and *OH on the

dissolution reaction for some specific Fe−N−C structures. The
carbon surface oxidation potentially affects the stability of the
MNx site and the dissolution reaction. As shown in Table S8,
the bond strength between Fe and carbon host in the FeN4C10
structure and bond strength between one H with the carbon
cavity in the N4C10 structure is strengthened by the nearby
*OH functional but weakened by the nearby *O functional.
Breaking the Fe−N bonds require more energy with nearby
*OH; however, the H binding with the cavity is also more
energetically favorable in the final product. Overall, at pH = 0
and U = 0.8 VSHE, the pristine FeN4C10 with the nearby *OH
has the same dissolution (n = 1) reaction product as the
pristine FeN4C10 structure but the dissolution reaction is more
thermodynamically favorable than the pristine FeN4C10
structure (Figure S20). The thermodynamic driving force
toward the dissolution of the pristine FeN4C10bOH is found to
be 1.58 eV, 0.37 eV higher than that of the pristine FeN4C10.
For the FeN4C10 with nearby *O functional, the Fe−N and
H−N bonding become weak. At pH = 0 and U = 0.8 VSHE, the
overall dissolution reaction is more thermodynamically

favorable to occur via the n = 0 reaction for the pristine
FeN4C10bO, and it is more thermodynamically favorable than
the pristine FeN4C10 structure. The thermodynamic driving
force toward the dissolution for the pristine FeN4C10bO is 1.87
eV, 0.66 eV higher than the pristine FeN4C10 structure.
In the cases of the pristine FeN4C12, the Fe−N and H−N

bond strength are weakened by both the nearby *O and *OH
functional groups. The same dissolution (n = 2) reaction as the
pristine FeN4C12 structure becomes more energetically
favorable with nearby *O and *OH. The thermodynamic
driving force toward the dissolution is 2.01, 1.98 eV for the
pristine FeN4C12bOH and FeN4C12bO structure (0.36, 0.33 eV
higher than that of the pristine FeN4C12).
At the same time, the formation site of these stable oxygen

functional groups can depend on the carbon structure around
the active site (Table S7). Therefore, the effect of the carbon
surface oxidation on the stability of the MNx site can vary for
different local carbon structures.39 How carbon surface
oxidation forms on various carbon structures and its
corresponding effect on the dissolution reaction of the MNx
active site would certainly be interesting to study. However,
such an investigation is beyond the scope of the current study.
In addition to the carbon surface oxidation resulting in *O

or *OH on the adjacent carbon atoms to the FeNx site, the
carbon surface could possibly contain additional N heter-
oatoms. The graphitic N atoms surrounding the FeNx site have
been reported to improve ORR activity in both alkaline and
acidic electrolyte. It has been reported that the neighboring
graphitic nitrogen induces a higher filling degree of d-orbit and
decreases on-site magnetic, which can optimize the binding
energy of the ORR intermediates.66 The stability diagrams of
some structures with one and two graphitic N atoms are shown
in Figure S22. The structures show no distortion because of
the added graphitic N atoms (Figure S23). However, the Fe−
N bond strength and the first H−N bonding strength on the
cavity are weakened due to the added graphic N (Table S9).
Consequently, the additional graphitic N atoms are likely to
destabilize the surface and increase the thermodynamic driving
force toward the dissolution. At pH = 0, U = 0.8 VSHE, the
thermodynamic driving force toward dissolution increases 0.09
and 0.26 eV on average for the FeN4C12 structures with one
and two graphitic N atoms, respectively. For the FeN4C10
structure, the thermodynamic driving force toward the
dissolution at pH = 0 and U = 0.8 VSHE increase from 1.25
eV to 1.56 and 1.83 eV on average with one and two graphitic
N atoms, respectively. Note that only some specific
configurations of the graphitic N on the carbon plane are
considered here; different configurations could affect the
measured activity66 and stability. However, the exploration of
all such configurations is beyond the scope of this work.
The anion-selective adsorption on the active site of the M−

N−C catalyst can occur, and it has been previously
reported25,67 that the effect of anions on the Pt and the Fe−
N−C catalyst is different. For Pt, the anion in the electrolyte
solution can block the active site, decreasing ORR activity.
While the M−N−C catalyst is a two-dimensional material,
both sides of the catalyst can be exposed to the electrolyte with
anions adsorbing on one or both sides of the catalyst. The
adsorption of various anions has been reported to be
competitive with formation of *O, *OH on the MN4C12
structure (where M = Fe, Cr, Mn, and Co) and can even
promote the ORR activity, depending on the metal center as
previously reported Svane et al.25
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3.2. ORR Catalytic Activity. As previously seen from the
thermodynamic stability results, the formation of one *OH
and *O adsorbate from water on the metal site is
thermodynamic favorable and stabilizes the metal site against
the dissolution. Due to the two-dimensional structure of the

MNy motif, when the formation of one *OH or *O adsorbate
from water occurs on the metal site, it can become a part of the
active metal site where the other side of the metal atom is still
available for the ORR intermediates to react. Thus, in this
work, we consider that both metal sides can bond with the

Figure 4. Limiting potential as a function of ΔG(*OH) (left) and ORR overpotential of the corresponding M−N−C systems (right): (a) Cr, (b)
Co, (c) Mn, (d) Ni (e) Fe, and (f) Ru. The most stable phase at pH = 0 and U = 0.8 VSHE are filled color and symbol for the surface: *M = circle,
*O-M = square, *OH-M = triangle in the volcano plot. The most stable phases are marks with a yellow star in the overpotential plot.
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adsorbate. At a relevant PEMFC condition, we can identify the
most stable adsorbate, which is likely to occupy one of the
metal atom sides and become a part of the active metal site, as
shown in Figure 3f.
In general, we find that one *O or *OH adsorbate is

absorbed strongly on the metal site in the MN4C8, MN3CZ,
and MN3CA structures compared with other MNyC structures,
even in the case of inactive Ni metal atoms. Thus, one *O or
*OH mostly becomes a part of the active metal site in these
structures, regardless of the metal atom.
Having identified the most stable phase of the considered

MNyC structures, we investigate how the ORR activity was
affected by the local atomic structure around the metal atom as
well as the presence of *O and *OH adsorbate as a part of the
active metal site. The adsorption free energy of the reaction
intermediate *OOH, *O, and *OH and the limiting potential
for the associative ORR pathway is calculated as defined in the
Methods section. An initial chemical step of O2 adsorption is
not explicitly considered. Liu et al.17 reported that the
activation energy for the direct O2 dissociation reaction is
always higher for the OOH dissociation reaction on the
FeN4C10, FeN4C12, and FeN4C8 structure; thus, the OOH
dissociation path is kinetically more feasible than the O2
dissociation pathway.
The MNyC catalyst follows the scaling relation between the

adsorption energies of the *OH and *OOH intermediates,
which is known for metal and oxide surface.68

Δ * = Δ * + =G G( OOH) ( OH) 3.23, MEA 0.11 eV
(23)

A similar scaling relation obtained from the MN4 catalyst has
been previously reported by Svane et al.25 This scaling
relationship implies that the best liming potential is 0.83 VSHE,
resulting in the minimum overpotential of 0.4 VSHE. The
limiting potential plotted as a function of ΔG(*OH) for each
metal atom, and the corresponding ORR overpotential is
shown in Figure 4.
We first consider the Fe−N−C system, the bare Fe metal

site bond with *OH intermediate quite strongly, so the
reaction is limited by the reduction of *OH (Equation 14) for
the considered carbon host structures. The trend in ORR
overpotential for the bare Fe metal site is found to be FeN4C12
< FeN4CA < FeN4C10 < FeN4CZ < FeN3C10 < FeN4C8 <
FeN3CZ < FeN3CA. This trend agrees with a previous
theoretical prediction by Yang et al.69 At U = 0.8 VSHE and
pH = 0, we find that one side of the Fe atom is likely to be
ligated by either *OH or *O adsorbate. The active site with
the *O or *OH ligand is denoted as *OH-Fe and *O-Fe in
Figure 4. The ORR intermediate binds with the Fe metal site
more weakly with the presence of *OH ligand, compared with
those on the bare Fe metal site. The ORR intermediate
binding becomes even weaker with the presence of the *O
ligand. The *OH ligand is found to improve ORR activity on
the FeN4C10, FeN4C12, FeN4C8, FeN4CZ, and FeN3C10
structure as reported by previous studies.69−72 However, the
*O ligand promotes the ORR activity on the FeN3CZ and
FeN3CA structures. Considering the ORR activity on the most
stable phase under the PEMFC relevant condition in Figure 3f,
we find the ORR overpotential trend to be *OH-FeN4C8
(0.43) < *O-FeN3CZ (0.54) ∼ *OH-FeN3C10 (0.54) < *O-
FeN3CA (0.56) < *O-FeN4C10 (0.63) < *O-FeN4C12 (0.80) <
*O-FeN4CA (0.81) < *O-FeN4CZ (1.06).

We find that the ORR intermediates bind strongly on the
bare metal site for Cr, Mn, and Ru metal atoms, especially on
the MN4C8, MN3CZ, and MN3CA structures. Thus, the ORR
activity of the bare metal site locates on the left leg of the
volcano plot, and the desorption of the *OH step restricts the
reaction (ΔG4). The *OH and *O ligands are found to
decrease the ORR adsorption strength on the metal site, as
previously found in the FeNyC system. We find that the
formation of OH ligand at the metal site enhance the ORR
activity for the MN4C10, MN4CZ, MN4CA, and MN3C10
structure with the Mn and Cr metal atom, while the *O
ligand positively affects the ORR activity on the MN4C8,
MN3CZ, and the MN3CA structure with the Mn and Cr metal
atom.
For the RuNyC structures, we find that the formation of one

*OH and *O ligand, which is expected under the working
condition, is also beneficial for the ORR activity, especially *O.
It turns out that the *O-Ru site has higher ORR activity than
the bare metal site or the *OH-Ru site for the RuN4C10,
RuN4C8, RuN4CZ, RuN4CA, RuN3CZ, and RuN3CA structure.
The ORR intermediate adsorption on the bare Co metal site

is weaker than the previous metal atoms. Still, the ORR
intermediate strongly binds on the bare metal site in the
MN4C8, MN3CZ, and MN3CA structures. For the Co bare
metal site, the ORR activity is still on the left leg of the volcano
plot but locates near the peak of the volcano plot. The strong
bonding of the *OH has restricted the reaction, except for the
CoN4C12 structure where ΔG1 limits the reaction. The *OH
and *O ligands are found to decrease the ORR adsorption
strength on the Co metal site. Unlike previously considered
metal atoms, the effect of *OH and *O ligands on the Co
metal site negatively affects the ORR activity on the CoN4C12,
CoN4CZ, and CoN4CA structure because the activity of the Co
bare metal site is already near the top of the activity volcano.
With *OH and *O ligands on these structures, the *OH
adsorption strength is decreased, moving the active sites to the
right leg of the volcano plot. However, under working
conditions, the *OH ligand is expected to spontaneously
evolve only on the Co metal site in the CoN3C10, CoN3CZ, and
CoN3CA structure which can substantially enhance the ORR
activity.
In the NiNyC structures, the ORR intermediate bond is too

weak with the bare Ni metal site in most considered host
carbon structures, and no *O and *OH ligands are expected
on most NiNyC sites. Thus, the first reaction step restricts the
reaction (O2 → *OOH; ΔG1), and most NiNyC structures are
less active toward the ORR than other metal atoms, except for
the NiN4C8 structure. The NiN4C8 structure turns out to have
high ORR activity with the overpotential of 0.45 VSHE. This is
due to the stronger bonding between the Ni metal and the
ORR intermediate on the NiN4C8 compared with other host
structures.
For the bare metal site, the binding energy of the ORR

intermediate in the same carbon host structure is likely to
follow the ordering (from strong to weak): Cr > Mn > Ru > Fe
> Co > Ni. Among the different carbon host structures, the
bare metal atom on the MN4C8, MN3CZ, MN3CA structure is
likely to bond with the adsorbate too strongly. We find that in
the optimized structure of the MN4C8 with an adsorbate, the
metal atom is likely to lay above the basal plane, forming a
distorted square-pyramidal geometry instead of a square-
pyramidal geometry. Also, we find that the metal atom (with
adsorbate) in this distorted square-pyramidal geometry prefers
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a higher spin state than in other structures with a square-
pyramidal geometry.
Consider the FeN4C12, FeN4C10, and FeN4C8 structures as

an example in Figure S24. The optimized structures of the
FeN4C12, FeN4C10, and FeN4C8 are in a square planar
geometry. The Fe2+ have a spin configuration with two (or
almost two) unpaired d electrons in these structures. Due to
the *OH adsorption, the d electron in the highest level is
transferred to the *OH adsorbate. The *OH-FeN4C12 and
*OH-FeN4C10 structures are in the square pyramidal geometry
where the Fe3+ has only one unpaired electron in their orbital
configuration. For the *OH-FeN4C8 structure, the *OH
adsorption causes the elevation of the Fe metal about 0.80 Å
above the N4 plane. The distortion could lead to a different
orbital configuration, as suggested by Jurca et al.73 The
possible d electron configuration in an orbital configuration
associated with the distortion has three unpaired d electrons,
resulting in a higher spin state configuration. The electron
configuration in the *OH-FeN4C8 structure has lower energy
than those in the *OH-FeN4C12 and *OH-FeN4C10 structure.
Therefore, the *OH adsorption on the FeN4C8 is more
energetically favorable than the FeN4C12 and FeN4C10
structure. The degree of distortion depends on the choice of
the metal center. The distorted square-pyramidal geometry
upon the intermediate adsorption also causes the high spin
configuration on the Mn3+ and Co3+, which also has strong
binding energy with the adsorbate (Figure S25). There is no
significant difference in the spin state of Cr3+ in the *OH-
CrN4C8, *OH-CrN4C12, and *OH-CrN4C10 structure since
both geometries have the same three unpaired d-electrons;
however, the elevation of the Cr metal atom in the *OH-
CrN4C8 is relatively higher and the *OH adsorption is stronger
compared with that of the CrN4C10 and CrN4C12 structure
(Figure S26). The distorted square-pyramidal geometry may
be the energetically favored structure. Like the Cr−N−C
system, the Ni3+ has the same d electron configuration for both
distorted and undistorted square-pyramidal geometry; thus,
there is no different spin state among considered structures as
observed in the previous Fe−N−C system, but the Ni site in
the NiN4C8 structure still bonds with the adsorbate stronger
than other structures. However, the Ni metal atom is unlikely
to react with the ORR intermediate, so the evaluation of the Ni
atom out of the N4 plane upon the intermediate adsorption is
relatively small compared to other MN4C8 structures. For the
*OH-RuN4C8, the Ru metal atom with *OH adsorbate is
about 0.97 Å above the N4 plane (Figure S27). The Ru

3+ in the
RuN4C8 structure also has a higher spin state and stronger
*OH bonding than in the *OH-RuN4C12 and *OH-RuN4C10
structure.
Note that the pristine structure of the bulk-host (MN4C10)

and edge-hosted MN4 site (MN4CZ and MN4CA) is a square
planar geometry. The metal center in these pristine structures
has a similar converged magnetic moment on the metal atom
(Table S10), implying a similar spin state. For the Fe−N−C
system, the magnetic moment is 1.83, 1.92, and 1.91 for the
pristine FeN4C10, FeN4CZ, and FeN4CA structures, respec-
tively. The change in the d band center due the change in
structure from the bulk-hosted MN4 site to the edge-hosted
MN4 sites varies with the metal center element (Table S10). In
the Fe−N−C system, the d-band center shifts up from −1.13
eV to −0.91 and −0.94 eV when the structure changes from
the FeN4C10 to the FeN4CZ and FeN4CA structure,
respectively. While the *OH adsorption free energy is 0.40,

0.28, and 0.46 eV for the FeN4C10, FeN4CZ, and FeN4CA
structure, respectively. In these cases, the adsorption of *OH is
more energetically favorable on the zigzag edge host (FeN4CZ)
structure than the others (FeN4C10, FeN4CA). After one *OH
adsorption, the bulk-hosted MNx site and edge-hosted MNx
sites adopt a square-pyramidal geometry. In the case of the
Fe−N−C system, the elevation of the metal center upon the
*OH adsorption is 0.28, 0.45, and 0.26 Å for the *OH-
FeN4C10, *OH-FeN4CZ, and *OH-FeN4CA structures, respec-
tively (Figure S28) This elevation is significantly smaller than
the elevation in the *OH-FeN4C8 structure, which is 0.80 Å.
The magnetic moment on the metal atom is 1.17, 1.70, and
1.00 for the *OH-FeN4C10, *OH-FeN4CZ, and *OH-FeN4CA
structures, respectively, resulting in a low spin configuration.
The ORR activity can be found in Table S14 for the Fe−N−C
system. The pristine FeN4CA structure, which the FeN4 site
located at the armchair edge, is slightly more active toward the
ORR than the bulk-host FeN4 site (overpotential is 0.08 V
lower than the FeN4C10 site). However, the ORR activity also
depends on the *OH and *O ligands which can form in closed
potential. With the *OH, the FeN4 site at the armchair edge
still has better ORR activity than the bulk-hosted one
(overpotential is 0.08 V lower than the *OH-FeN4C10
site)however, the ORR activity order changes with the *O
ligand. The formation energies of the bulk-hosted and edged-
host MN4 sites are calculated and presented in Table S10. Our
results suggest that forming the MN4 site at the edge, either on
a zigzag or armchair edge, is energetically favorable compared
to forming it on the graphene bulk structure for all considered
metal elements.
The MN3CZ and MN3CA structures are also likely to bond

with the adsorbate strongly, regardless of the metal atom. This
is possible because the metal atom has a possible oxidation
state of +1 in these two structures. Thus, the metal atom
prefers to form at least one more bond with the adsorbate,
changing the oxidation from +1 to +2 or +3, which is generally
favorable for transition metal atoms. To consider the NiN3CA
and NiN3CZ structures as examples, see Table S11, we find
that the pristine structures are converted into +1 spin states
(one unpaired electron). The *O and *OH bond strongly with
the bare Ni metal site in the NiN3CA and NiN3CZ, and the spin
states become +0, which is the same as other NiN4Cy
structures without adsorbates. The bonding with another
ORR intermediate as a second adsorbate on the NiN3CA and
NiN3CZ structure becomes too weak, and it is comparable to
that on the bare Ni atom on other NiN4Cy structures. In other
words, the metal atom in the MN3CA and MN3CZ structure is
unsaturated and prefers to form a bond with the adsorbate.
The preference of *O and *OH on these unsaturated
structures is advantageous for Fe and Co catalysts. We find
that *O strongly adsorbs on the FeN3CZ and FeN3CA
structures and becomes a part of the active site where the
theoretical overpotential can be as low as 0.54 and 0.56 VSHE,
respectively. Similarly, the *OH-CoN3CZ and *OH-CoN3CA
active sites can reach as low theoretical overpotential as 0.54
and 0.37 VSHE.

3.3. Stability vs Activity. Combining the acid stability and
activity descriptors, we plot the relative stability of the most
stable phase at U = 0.8 VSHE, pH = 0 against the ORR activity
in Figure 5. We consider the structure with the relative stability
lower than 1 eV and the overpotential less than 1 VSHE. The
stable and active sites shown in Figure 5 are from the Fe, Co,
Ni, and Ru metal atom mainly on the graphene plane (both
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MN4C10 and MN3C10 structure) and at the edge of the
graphene (Table 1). The MNyC structure with Cr ad Mn metal

atoms is predicted to be unstable under the considered
condition as the thermodynamic driving force toward the
dissolution is greater than 1 eV. Also, most MNyC structures
hosted by the micropore and the unsaturated MNy structures
that exhibit higher catalytic activity than the active site on the
graphene plane for some metal atoms are not in Figure 5
because of the same reason.
Besides the well-known Fe−N−C catalyst, the Ru−N−

C,74,75 Co−N−C,22,23,76,77 and Mn−N−C78,79 catalysts have
already been synthesized and tested as an ORR catalyst in acid
conditions. However, when we compare theoretical and
experimental results, we need to keep in mind that the
variation in catalyst preparation and different metal precursor80

can possibly lead to a different configuration of MNy site for
different metal atoms.
Xiao et al. have reported that the RuN4 single-atom catalyst

exhibits oxygen reduction reaction turnover frequency in 0.1 M

HClO4 exceeding the FeN4 single atom in the same solution
while the activity loss is less than that of the FeN4 single
atom.74 Furthermore, the *OH-RuN4 site has be suggested as
an active site for the ORR activity in acid conditions.74 The
experimental study by Cao et al.24 and Zhang et al.75 suggests
that under working potential in acid solution, the active and
stable site for the RuN4 single-atom catalyst is the Ru metal site
bond with an oxygen atom, in agreement with our finding.
Furthermore, Zitolo et al.23 has suggested that the Fe-based
moieties experience a structural change and an electronic-state
change, implying that the *O and *OH ligand originating from
H2O can exist under operating while it does not occur for the
Co-based moieties. This partially agrees with this study. Most
of the Fe−N−C sites have either one *O or *OH on one side
of the Fe metal, while only some of the Co−N−C sites have
the *O or *OH ligand at the ORR relevant condition.
We find that the stable CoNyC structures in Table 1 and

Figure 5 are more active than the stable FeNyC structures.
Previous experimental studies have reported that the Co−N−
C catalyst exhibits high stability in acid condition.22,77

However, Martinez et al. have found the ORR activity order
in 0.5 H2SO4 to be Fe > Co > Mn.78 To match the
experimental results and DFT calculations, Martinez et al. have
also suggested that the *OH ligand must be adsorbed on one
side of the metal atom in the MN4CA. While not included in
this study, it is well-known that impurities or anions from the
electrolyte can be adsorbed on an MN4 motif site and can
either enhance or deteriorate the catalytic activity.67,81 The
computational study by Svane et al. has found that the ligand
under H2SO4 solution for the FeN4C12 and MnN4C12 structure
is HSO4 and H2O for CoN4C12 structure, giving good ORR
catalytic activity (Fe > Co > Mn)25 in agreement with the
experimental trend in the same solution reported by Martinez
et al.78 The interaction of the single metal site on different
local carbon structures with the relevant species in the
electrolyte should be further considered to create a model
that can accurately describe both the catalytic activity and
stability under experimental conditions.25,67 Another possible
explanation for this could be that the Co−N−C catalyst is
highly selective for the two-electron pathway, potentially
lowering catalytic activity for the four-electron pathway.
Martinez et al. has reported that the Fe−N−C catalyst has a
half-wave potential of 0.80 VRHE and a selectivity for the four-
electron pathway more than 95% while the Co−N−C catalyst
has a lower half-wave potential of 0.77 VRHE and a lower
selectivity for the four-electron path (90%).78 Similarly, Gao et
al. has reported that the Co−N−C and Fe−N−C catalyst both
show high onset potential at around 0.7 VRHE, but the Co−N−
C catalyst is more selective for the two-electron pathway than
the Fe−N−C catalyst,82 also agreeing with Zitolo et al.23

Some of the promising stable and active structures in acid
condition are the FeN3C10, CoN3C10, and NiN3C10 structures,
suggesting that the catalytic activity of the MNx on the
graphene plane can be tuned by the nearest neighbor
interaction; therefore, careful manipulation of the heteroatoms
around the active site can possibly further improve the catalytic
activity of the MNyC10 structure while maintaining acid
stability. Additionally, for the design strategies to achieve
both active site and stable M−N−C catalyst, the synthesized
aim should be increasing the site density of MNx bulk-hosted
structures (MN4C10 or MN3C10) or the MN4 on the edge-
hosted graphene structure. Also, avoiding the formation of
unsaturated MN3CZ or MN3CA structure as well as the MN4C8

Figure 5. Relative stability of the most stable phase at U = 0.8 VSHE
and pH = 0 vs theoretical ORR overpotential with nonadsorbing
electrolyte ions. The catalysts close to the bottom left corner are
expected to be active toward ORR and stable in acid conditions.

Table 1. Promising Structures with the ORR Overpotential
Less than 1 VSHE and Relative Stability at U = 0.8 VSHE and
pH = 0 Less than 1.0 eV

system active site ΔGR/eV overpotential/VSHE

RuN4C10 *O-Ru 0.88 0.59
RuN4C12 *OH-Ru 0.69 0.49
RuN4CZ *O-Ru 0.12 0.62
RuN4CA *O-Ru 0.14 0.64
RuN3C10 *O-Ru 0.47 0.86
FeN4C10 *O-Fe 0.66 0.63
FeN4CA *O-Fe 0.42 0.81
FeN3C10 *OH-Fe 0.90 0.54
CoN4C10 *OH-Co 0.65 0.44
CoN4CZ *Co 0.62 0.37
CoN4CA *Co 0.42 0.35
CoN3C10 *OH-Co 0.89 0.54
NiN4C10 *Ni 0.38 0.93
NiN3C10 *Ni 0.45 0.51
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site, which bridged between two armchair edges, will increase
the stability of the M−N−C catalyst under acid conditions.
Further stability improvement for the active M−N−C
structures hosted by the micropores (MN4C12, MN4C8) or
the unsaturated structure (MN3CZ, MN3CA) might be
achieved by forming these active structures over another
graphitic layer. The metal choice also significantly affects both
stability and activity and should be considered when designing
the catalyst. Integrating Fe, Co, and Ru metal elements into
graphitic carbon supports like the MNxC10 structure would be
a promising catalyst for the ORR in acid conditions.

4. CONCLUSION
To summarize, we have systematically investigated stabilities
and ORR catalytic activity of the MNx site on different local
atomic structures in acid conditions using DFT calculations,
which reveal that the local atomic structure plays a crucial role
in both stability and ORR catalytic activity. The stability is here
considered from the tendency of a single metal atom to
dissolve into the electrolyte. The calculation reveals that all
considered MNx structures are thermodynamically unstable in
acid ORR conditions. The thermodynamic driving forces
toward the dissolution suggest that the single metal site on the
graphene plane and at the edge of the graphene (MN4C10,
MN4CA, and MN4CZ) are more stable against the dissolution
than the single metal sites host by the microporous (i.e.,
MN4C12, MN4C8) or in the unsaturated single metal site at the
edge (MN3CZ and MN3CA). The stability also depends on the
choice of metal site. The MNx sites with Fe, Co, Ni, and Ru
metal atoms are more stable under the acid conditions than
those with Mn and Cr metal atoms. Under reaction conditions,
we predict the most stable phase of the active site in which *O
or *OH ligands occur and become a part of the active site. The
ORR activity also depends on the choice of metal and the local
atomic structure around the metal site. The MN4C8, MN3CZ,
and MN3CA structures are likely to bond with the intermediate
too strongly, generally having one *O or *OH ligand on the
metal site. For different metal atoms, the Cr, Mn, Ru, and Fe
metal bond with the ORR intermediate quite strongly, and the
ORR occurs with *O or *OH ligands. The bonding strength
becomes weak for the Ni metal atom compared to other
considered metal atoms, and most considered structures with
Ni are not active toward ORR. Combining both stability and
activity descriptors, we identify that single Fe, Co, and Ru
metal atoms mostly on the MN4C10, MN4CZ, MN4CA, and
MN3C10 structure are the promising acid-stable active ORR
catalyst. Therefore, rational modification of carbon matrix
hosting MNy moieties and appropriate selection of a metal
atom could be carefully used to optimize the activity and
stability toward the reaction. This computational study
provides useful guidance to rational design and controlled
synthesis of M−N−C electrocatalyst to achieve both active
and stable catalyst under working conditions not only for the
ORR but also the OER due to their similar operating
conditions and reaction intermediates. Our study highlights
the improved stability of MN4C10, MN4CZ, and MN4CA sites
against the demetalation and metal clustering compared to,
e.g., MN4C8 and MN4C12 sites. The approach can be further
applied to the N2

83 and CO2 reduction reactions,84,85 and
refined by including relevant reaction intermediates such as
*H, *CO, and *NH3 at the more reducing reaction conditions.
Figure S30 is an example of extending stability diagrams and
relative stability plots at different pH, showing that the

approach is flexible and can be applied for varied electro-
chemical environments. Furthermore, these computational
approaches are of interest to the further understanding of
acid stability of other geometries of M−N−C materials, such
as the dual metal site embedded on the graphene61,63,86 or a
diporphyrin complex.84,87
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ABSTRACT 

A single metal site incorporated in N-doped carbon (M/N/C) is a promising electrocatalyst. Here, 
we perform a computation investigation of the effect of electrolyte anion adsorption on the activity and 
stability of single-atom catalysts (MN4) with M as transition metal and p-block metal. The MN4 site on two 
different graphene structures (bulk graphene and graphene edge) is studied under electrochemical 
conditions for the oxygen reduction reaction (ORR) and the CO2 reduction reaction (CO2RR). Because 
of the two-dimensional nature of the catalyst, reaction intermediates and electrolyte ions can interact with 
both sides of the single-atom catalyst. As a result, the electrolyte anions compete with water and 
adsorbate on the single metal site, in some cases either poisoning or modifying the catalyst activity and 
thermodynamic stability. We find most electrolyte anions adsorbs on the single metal site under ORR 
conditions but not at the lower potentials for the CO2RR. Still, the adsorption of water and gas molecules 
can occur under CO2RR conditions. For example, under ORR conditions, the thermodynamic driving 
force of the *SO4-FeN4 site in the 0.1 M H2SO4 solution is about 0.47-0.56 eV lower than the *O-FeN4 
site in water, depending on the local carbon structure. Additionally, the stabilization by electrolyte anions 
depends on the nature of the metal atom. Our study demonstrates the important role of electrolytes and 
the coordination environment for the activity and stability of the M/N/C catalyst.  
 

INTRODUCTION 

 Single metal atom coordinated N-doped carbon (M/N/C) has been recognized as an efficient 
electrocatalyst. Compared to the bulk metal, the single-atom catalyst maximizes the metal atom 
utilization, thus exhibiting impressively high activity and selectivity. In many experimental and theoretical 
studies, the Fe/N/C and Co/N/C materials have been identified as active ORR catalysts in acid 
electrolytes1–5. More recent studies showed that the M/N/C catalyst is also an efficient catalyst for the 
CO2RR6–8. The metal centers are crucial for the reaction, and the MNy site is suggested as the active site 
for the ORR4 and CO2RR9. In addition, the coordination environment is suggested to play an important 
role in both catalytic activity and stability10,11. Many studies have been made to determine the detailed 
structure and map the relationship between catalyst structure, activity, and stability. Many structures of 
the MN4 site with different local carbon structures (i.e., MN4C8

3,12,13, MN4C10
11,14, MN4C12

2,4,14) have been 
proposed from experimental and theoretical studies. Still, there is a wide debate about the active and 
stable site in the M/N/C materials.11,15–21  

Additionally, possessing two-dimensional structures, the M/N/C catalyst is distinct from the bulk 
materials, where only one exposed side is responsible for its catalytic activity. Ideally, both sides of the 
M/N/C catalyst are exposed to electrolyte so both sides can interact with an adsorbate. An electrolyte 
anion or a gas molecule from the environment may adsorb on one side of the MNy site while the other 
side is still available for the reaction to proceed.22,23 The presence of the adsorbate on one side of the 
single metal atom will modify its electronic states, affecting the binding of the second adsorbate on the 
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other side24,25. Experimental and theoretical studies have considered the effect of anions from the 
electrolyte or a gas molecule impurity on ORR activity. For instance, Holst-Olesen et al. found that the 
presence of anions from H3PO4 or CH3COOH-containing electrolytes is beneficial for the ORR activity on 
the Fe/N/C catalyst22,23. Various combinations of the electrolyte anion ligand and the single metal center 
in the MN4C12 structure (M = Cr, Mn, Fe, and Co) for improving the ORR activity have also been 
suggested in a previous theoretical study by Svane et al.24 Recently, studies have also reported that the 
introduction of axial oxygen26,27 or halogen atom25 on the MN4C structure can achieve an efficient catalyst 
for the CO2RR.  

Besides the catalytic activity, the stability of the MN4 site with the presence of a fifth ligand was 
recently discussed. Glibin et al. have previously studied the dissolution reaction of two different FeN4 
sites with *F ligand based on a thermodynamic model and suggested that the fluorination on the FeN4 
sites increases the resistance of the single metal site against acid leaching28. Density functional theory 
(DFT) calculations have been used to study the dissolution reaction of the FeN4 site embedded on a 
bilayer-graphene by Holby et al. 19 This study has suggested the presence of *OH ligand on the FeN4C10 
site thermodynamically prevents the single Fe metal site from dissolution19. Using in situ Raman 
spectroscopy of molecule Fe phthalocyanine (FePc) model and pyrolyzed Fe/N/C catalyst, Wei et al. 
have reported the structural dynamics of the FeN4 active site in acid solution (0.1 M HClO4). At high 
potential (1.0 VRHE), a non-planar structure is induced by the presence of an adsorbate on the FeN4 site, 
and the structure is stable against the dissolution. In contrast, the irreversible attenuation of the planar 
Fe-N vibration after staying at a lower potential for a long time (at 0.05 VRHE for 15 min) has been 
suggested as evidence for the dissolution of the Fe center29. Using DFT simulations with 57Fe Mössbaur 
spectroscopy data, Nematollahi et al. have compared the DFT calculated and experimental quadrupole 
splitting energy of doublets (∆EQS) for different FeN4 structures (FeN4C10, FeN4C12, FeN4C8) both with 
and without ligands. They have suggested the FeN4C8 structure with a fifth ligand such as OH- and NH2

- 
could be an active and durable site for the ORR in acid conditions20. 

Here, we systematically explore the effect of electrolyte anion adsorption on the stability and 
activity of a single metal atom with N ligands doped into a bulk graphene terrace (MN4C10) and a graphene 
edge (MN4CA) with M = 3d, 4d, 5d, or p-block (Sn, Sb, and Bi) metal atoms. These graphene sites are 
selected because they are among the most stable type of sites18. We determine the interaction between 
the single metal site with the electrolyte anion and evaluate how the electrolyte adsorption 
thermodynamically influences the dissolution of the single metal site under electrochemical conditions 
relevant to the ORR and CO2RR. We then investigate the catalytic activity with the presence of an 
electrolyte anion ligand for the ORR and CO2RR. Finally, the results are used to suggest combinations 
of a metal atom, local carbon structure, and electrolyte for active and stable catalysts under working 
conditions. We show how the chemical environment around the single-atom site plays a crucial role in 
determining the activity and stability of the catalyst. 
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RESULTS AND DISCUSSION 

 
Figure 1 (a) Single atom site in bulk graphene (MN4C10) and a graphene edge (MN4CA) (C = grey, N = 
blue, H = white, M = pink). (b) ∆Gf for MN4C10 and MN4CA sites. (c) Stability diagrams for the CoN4C10 site 
in 0.1 M solutions. (d) ∆GR for the sites at specific pH and (e) Stability diagrams for the CoN4C10 site 
showing the most stable surface.  
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 Here we consider the structural models of the MN4C10 and MN4CA sites, as shown in Figure 1 (a). 
The MN4C10 site was previously reported as a durable site in acid11,18,30. Also, the MN4CA site, which 
represents the MN4 site at the armchair edge is included in this study as previously found to be a stable 
and active site for the ORR under acid conditions18,31. We calculate the formation free energy of the single 
metal atom doped into bulk graphene and the graphene edge as follows:  

 
∆Gf = E(MN4C) – (E(C) – 6μC – μM – 4μN)   Equation 1 

E(MN4C) is the total energy of the single metal atom doped into graphene. E(C) is the total energy 
of a pristine graphene sheet or pristine graphene nanoribbon. μC is the total energy of the pristine 
graphene sheet per carbon atom. μM is the total energy of metal in its bulk structure per metal atom. The 
nitrogen chemical potential (μN) is treated as a parameter to account for the use of different nitrogen 
precursors in experiments7,8,14,32–35. μN is referenced to NH3, N2, and H2 at 1 bar and can be expressed 
as μN(n) = n[G(NH3) – (3/2)G(H2)] + (1/2)(1 – n)G(N2) where n is an integer. Thus, when n = 0, the nitrogen 
reference source is the N2 gas molecule at 1 bar, and when n = 1, the nitrogen reference source is the 
NH3 gas molecule. The nitrogen chemical potential can vary as a function of N2, H2, and NH3 content in 
the environment gas during the synthesis. The n < 0 situation corresponds to synthesis under the high 
pressure of N2 + H2, and the n > 1 situation corresponds to the synthesis under the high pressure of NH3.  

Figure 1 (b) shows the ∆Gf of MN4C10 and MN4CA at two different μN(n) with n=1,3. The 
temperature is considered at T=1100 ℃, a typical temperature in the M/N/C synthesis4,6,36. Regardless 
of the metal atom and μN(n), the single atom site is thermodynamically preferred to form at the graphene 
edge over bulk graphene. We find that a pyridine vacancy (PorN4) is more stable on the graphene edge 
than the bulk graphene, and it is likely to be further stabilized if the bulk metal atom is supplied, forming 
the MN4 site. Most 3d elements are thermodynamically more favorable to dope into the pyridine vacancy 
than the 4d-5d elements and p-elements. The formation at T=1100 ℃, becomes thermodynamic 
favorable when n increase from 1 to 3 (e.g., under the elevated NH3 partial pressure). Figure S1 (b) 
shows that the nitrogen chemical potential changes with temperature. Thus, the formation free energies 
depend on temperature and the nitrogen chemical potential. Let us consider the formation free energy of 
the CoN4C10 site as an example, as shown in Figure S1 (c). Increasing temperature makes the formation 
more favorable when n > 1. In other words, the synthesis under the high NH3 partial pressure and high 
temperature (T > 500 ℃) is favorable for the single atom formation. At low temperatures (T < 100 ℃), the 
formation becomes thermodynamic favourable when n < 0 (e.g., under high N2+H2 content). Figure S2 
shows the formation free energy of all considered MN4 structures at T=25℃ and 1100 ℃ as a function of 
μN, suggesting that the considered single metal sites doped into graphene can be synthesized in a 
controlled experiment.  

We then consider the stability of the MN4 site in an electrochemical environment where the single 
metal atom can interact with anions from the electrolyte or reaction intermediates. We consider anions 
from commonly used electrolytes for the ORR or the CO2RR37–39,  e.g., H2PO4

-, HPO4
2-, PO4

3- in H3PO4 
solution; HSO4

-, SO4
2- in H2SO4 solution; Cl- in HCl solution; ClO4

- in HClO4 solution; NO3
- in HNO3 

solution; HCO3
- and CO3

2- in H2CO3 solution. Furthermore, NO and CO gas molecules and CN- in HCN 
solution are included as they have been found to affect the catalytic activity40–42. The complete list of the 
considered electrolyte anion and poisoning gas molecules is given in Table S2 and Table S3. The 
adsorption of CO and NO on the single metal site considered in this study does not depend on pH and 
potential. We consider that the electrolyte anion adsorption on the single metal atom can compete with 
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the water molecule. In each solution, the adsorption of anion or gas molecules on the single metal site 
competes with the formation of *OH, *O, and *H from water oxidation or reduction. The adsorption free 
energy of electrolyte anions is calculated using the thermodynamic cycle23,24 shown in Figure S3, with 
additional calculation details in Section 3 of the Supporting Information. Along with the adsorption of the 
adsorbate, the dissolution of the single metal atom from the graphene host into the electrolyte, resulting 
in dissolved metal ion (Mx+) and the graphene host cavity (N4CHn) is considered as follows19: 

 
MN4C + nH+

(aq) → Mx+
(aq) + N4CHn + (x-n)e-    Equation 2 

 More calculation details about the dissolution reaction can be found in Section 4 of the supporting 
information. However, other possible degradation reactions besides the demetalltion43,44 have been 
proposed to cause instability of the Fe/N/C catalyst, especially in an acidic environment. These include 
carbon corrosion45, and carbon surface oxidation by H2O2-derived free radicals45,46. These possible 
degradation mechanisms might coincide and be interrelated45. Understanding the degradation 
mechanism is a prerequisite for the rational design of durable and stable M/N/C catalysts. We believe 
that the relation between the chemical environment, i.e., electrolyte and local carbon structure around 
the MNy site with the demetallation, provides a better understanding of the degradation and is useful for 
designing intrinsic stable and active catalysts. 

For example, Figure 1 (c) shows the stability diagram of the CoN4C10 site in 0.1 M solutions. Only 
the most stable phase at each condition is shown in the stability diagram. It is seen that the electrolyte 
anion competes with water adsorption and becomes the most favorable adsorbate on a single Co atom. 
We further consider the relative stability (∆GR), which we define as the free energy difference between 
the M/N/C catalyst surface (either with or without the adsorbate) and the most stable dissolved species 
(the dissolved metal ion and carbon host cavity)47. Therefore, ∆GR indicates the thermodynamic driving 
force for the dissolution of the metal atom. The more positive relative stability, the less stable the single 
metal atom is against dissolution. Figure 1 (d) shows ∆GR as a function of applied potential at specific 
pH (pH = 1 for H3PO4, H2SO4, and HClO4 solution and pH = 7 for H2CO3+CO solution). The most stable 
dissolved species for each potential used as a reference for ∆GR are superimposed as horizontal bars at 
the bottom in Figure 1 (d). At potentials above 0.6 VSHE and pH=1, in 0.1 M H3PO4, H2SO4, and HClO4 
solution, it is seen that *HPO4, *SO4, and *ClO4 are thermodynamically preferred on the single Co atom 
and further reduces the thermodynamic driving force toward dissolution compared to *OH on the single 
Co atom in H2O. The relative stability of the CoN4CA site and the FeN4 site on both bulk graphene and 
the graphene edge can be found in Section 5 of the supplementary information, where similar trends are 
found. The electrolyte anion becomes thermodynamically stable on the single metal site as potential 
increases. Simultaneously, the corresponding thermodynamic force becomes lower than the same single 
metal site in H2O. Furthermore, it is seen that the thermodynamic driving force toward the dissolution is 
likely to decrease as the potential increase, suggesting that the demetallation could be dominant at the 
low potential region in the acid condition. This is in line with the experimental study by Choi et al., where 
the Fe demetallation from the Fe/N/C catalyst in 0.1 M HClO4 was observed at potentials below 0.7 
VRHE

44. 
At pH = 7 in 0.1 M H2CO3 solution with CO6,39, at potentials below -0.4 VSHE, *H is 

thermodynamically favorable on the single Co atom. When the potential increases, the anions become 
the most stable adsorbate on the Co atom (*HCO3 at potential around -0.6 to 0.4 VSHE and *CO3 at 
potential above 0.4 VSHE). The thermodynamic driving force is lowered by 0.46 eV when the *HCO3

 is 
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stabilized on the Co atom (U = -0.6 to 0.4 VSHE), and it is lowered by 2.18 eV when the *CO3 is stabilized 
on the Co atom (U = 0.4 - 1.6 VSHE), compared to the *CO-CoN4C10 site in H2O+CO solution at the same 
potential ranges. 
 The ∆GR of the most stable MN4C10 and MN4CA surface in 0.1 M electrolytes under the ORR 
condition (pH=1, and U=0.80 VSHE) is shown in Figure 2(a) and Figure S9, respectively. Except for 
PtN4Cx=10,A, PdN4Cx=10,A, and AuN4Cx=10,A sites, the other MN4 sites are likely to be stabilized by the 
adsorbate. Therefore the thermodynamic driving force is reduced compared to the bare metal site. The 
PtN4Cx=10,A, PdN4Cx=10,A, and AuN4Cx=10,A sites weakly interact with electrolyte anions and water 
molecules. However, they are stable against dissolutions in a wide range of pH and potentials, even 
without any adsorbate. The stability of the Pt center is consistent with a previous experimental study by 
Li et al.48, where a negligible change in the current density of a Pt/N/C catalyst under accelerated 
durability tests in 0.5 M H2SO4 has been reported. The relative stability of IrN4Cx=10,A is found to be lower 
than zero in the considered electrolytes, so it is stable under the considered ORR condition. This agrees 
with experiments where the Ir/N/C catalyst retains 97% of the current density during a durability test in 
0.1 M HClO4

49. For CrN4Cx=10,A, MoN4Cx=10,A, RuN4Cx=10,A, ReN4Cx=10,A, and OsN4Cx=10,A sites, the binding 
strength of the anion is likely weaker than *O in most considered electrolytes. Thus, these metal sites are 
covered by *O. According to experimental studies by Zhang et al.50 and Xiao et al.51 testing the ORR 
performance of the Ru/N/C catalyst in 0.1 M HClO4, the active RuN4 site has been suggested to bond 
with axial *O or *OH.  

Furthermore, a previous experimental study has shown a higher activity loss of the Mn/N/C 
catalyst than the Fe/N/C catalyst in 0.1 M HClO4 under an accelerated stress test where the potential is 
cycled between 0.5 and 1.3 VRHE

52. In agreement with this experiment, in 0.1 M HClO4 in the potential 
range of 0.5–1.3 VRHE (0.44-1.25 VSHE at pH = 1), we find the thermodynamic force toward the dissolution 
of the MnN4 site on bulk graphene and graphene edge is about 0.78 eV and 0.57 eV higher than those 
of the FeN4 site on bulk graphene and graphene edge, respectively. At U = 0.5–1.0 VRHE in 0.1 M HClO4, 
the MnN4, and FeN4 sites are stabilized by ClO4. Then, ∆GR is about 0.25 eV and 0.13 eV lower than in 
H2O, respectively. However, in both H2O and 0.1 M HClO4, the MnN4 site is found to be less stable than 
the FeN4 site.  

Another experimental study by Xie et al.53 has determined the amount of metal leached out from 
the Fe/N/C and Co/N/C catalyst when the potential is cycled between 0.6–1.0 VRHE in 0.5 M H2SO4. They 
have found a lower amount of metal leaching from the Co/N/C catalyst, compared to the Fe/N/C catalyst, 
especially when purged with O2.53 At U = 0.6–1.0 VRHE (U=0.55–0.96 VSHE at pH=1), we find that the FeN4 
and CoN4 site on both bulk graphene and the graphene edge in 0.1 M H2SO4 are occupied by *SO4. The 
thermodynamic driving force toward the dissolution of the *SO4-CoN4 site on bulk graphene and graphene 
edge is about 0.14 eV and 0.13 eV lower than the *SO4-FeN4 site, agreeing with the experiment. In our 
previous study18, the electrolyte anion adsorption was not included. At the same condition, the *O-FeN4 
and *OH-CoN4 is the most stable phase of the FeN4 and CoN4 site on both bulk and armchair edge in 
H2O. The thermodynamic driving toward the dissolution of the most stable phase of the FeN4 site on the 
bulk graphene and graphene edge in H2O is only 0.04 eV and 0.00 eV higher than the CoN4 site. This 
suggests that our stability calculations, including the electrolyte anion adsorption, compare well with the 
experimental results for M/N/C catalysts. 

For CO adsorption, CO chemisorption experiments on the M/N/C catalyst (M = Fe and Mn) have 
suggested a stronger CO binding on the Fe-containing site over the Mn-containing site52. In agreement 
with these experiments, we find a stronger CO adsorption on the FeN4 site than on the MnN4 site on both 
bulk graphene and the graphene edge. Similar results have been reported by Svane et al.54 where the 
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MN4 structure is modeled based on the MN4C12 structure. In addition, the stability against dissolution is 
also determined by the local carbon structure. We find that the MN4 site on the graphene edge is more 
stable against dissolution than that on the bulk graphene. The thermodynamic driving at U = 0.8 VSHE, 
pH = 1 of the most stable MN4 site on the graphene edge is about 0.52 eV lower than those on the bulk 
graphene, on average. 

Since the MN4 site is embedded in a two-dimensional carbon sheet, the adsorbates may interact 
with the metal atom from both sides. The electrolyte anion can strongly adsorb on two sides, blocking the 
metal site from the intermediate adsorbates. Alternatively, if the interaction is weak, the electrolyte anion 
will adsorb only on one side, allowing the intermediate adsorbates to interact from the other. In the case 
of weak interaction, i.e., PdN4Cx, PtN4Cx, and AuN4Cx, the bare metal site is responsible for their catalytic 
activity. In this work, the ORR is considered to proceed through a four-electron associative pathway, and 
the metal site is considered the active site. Most of the considered MN4 sites interact with the electrolyte 
anion under the ORR condition. Thus, the activity of the MN4 site toward the ORR by considering the 
following reaction mechanism23 on the catalyst surface: 

 
*An/*An + ne- → */*An + An-  ; ∆G(ORR)0   Equation 3 

*An + O2 + (H+ + e-)  → *OOH/*An  ; ∆G(ORR)1   Equation 4 
*OOH/*An + (H+ + e-) → *O/*An + H2O ; ∆G(ORR)2   Equation 5 
*O/*An + (H+ + e-) → *OH/*An   ; ∆G(ORR)3   Equation 6 
*OH/*An + (H+ + e-) → */*An + H2O     ; ∆G(ORR)4   Equation 7 

 
*An/*An is the electrolyte anions (or gas molecules with n = 0) adsorbed on both sides. *X/*An 

stands for the electrolyte anion adsorbs on one side and the reaction intermediate on another, where *X 
= *O, *OH, *OOH. ∆G(*O/*An) and ∆G(*OOH/*An) are obtained from a scaling relation established for 
∆G(*O) vs. ∆G(*OH) and ∆G(*OH) vs. ∆G(*OOH) on the bare metal site (Figure S12), respectively. Thus, 
only ∆G(*OH/*An) is explicitly calculated in this study. The possible electrolyte anion participating in the 
reaction is considered the most stable adsorbate at pH = 1 and U = 0.80 VSHE, as shown in Figures 2 (a) 
and S9. The corresponding ORR activity is also calculated at this condition. The change in free reaction 
energy with an applied potential (USHE) and pH is calculated using the computational hydrogen electrode 
(CHE)55. The thermodynamic barrier of the limiting step (∆Gmax) along the ORR pathway at pH = 1, U = 
0.80 VSHE is considered the ORR activity descriptor, which is given in Figure S14-S15. The limiting 
potential (UL) is also calculated if all elementary steps are electrochemical, as shown in Figure S16-S17. 
This includes when NO and CO gas molecules are not thermodynamically stable on both sides of the 
metal atom. 

The ORR activity of the FeN4 site in 0.1 M H3PO4, H2SO4, HClO4, and HCl is firstly discussed. At U 
= 0.8 VSHE and pH = 1, one electrolyte anion (HPO4

2-, SO4
2-, ClO4

-, and Cl-) bonds with the FeN4C10 and 
FeN4CA sites stronger than the water molecule, so the electrolyte anion can affect the ORR. Figure S13 

shows free energy diagrams of the ORR on the FeN4C10 and FeN4CA sites at U = 0.80 VSHE and pH = 1. 
The anion removal step limits the ORR on the FeN4C10 site in 0.1 M HClO4 and HCl. In 0.1 H3PO4, the 
thermodynamic barrier of the limiting step is the barrier of the anion removal plus the barrier of the 
formation *OOH on the FeN4C10 site. While in 0.1 M H2SO4, the ORR is limited by the reduction of *OH 
to H2O. The lowest ∆Gmax at U = 0.80 VSHE and pH = 1 for the FeN4C10 site in these electrolytes is found 
for H2SO4 (0.02 eV) < HClO4 (0.13 eV) < H3PO4 (0.26 eV) < HCl (0.56 eV). The UL with the most stable 
adsorbate at U = 0.80 VSHE and pH = 1 as the ligand on the FeN4C10 site is found in the following order: 
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H2SO4 (0.78 VSHE) > HClO4 (0.67 VSHE) > H3PO4 (0.60 VSHE) > HCl (0.24 VSHE). These results suggest that 
the ORR activity of the FeN4C10 site is in the following order: H2SO4 > HClO4 > H3PO4 > HCl. 

For the FeN4CA site in 0.1 M H3PO4, and HCl, the ORR at U = 0.80 VSHE, and pH = 1 is limited by 
the anion removal step. In 0.1 M H2SO4, the thermodynamic barrier of the limiting step is the barrier of 
the anion removal plus the formation of *OOH on the FeN4CA site. The ORR is limited by the reduction 
of *OH to H2O for the FeN4CA site in 0.1 M HClO4. The lowest ∆Gmax at U = 0.80 VSHE and pH = 1 for the 
FeN4CA site in these electrolytes is found to be H3PO4 (0.01 eV) < H2SO4 (0.08 eV) < HClO4 (0.13 eV) < 
HCl (0.54 eV). The UL is found in the following order: H3PO4 (0.79 VSHE) > H2SO4 (0.76 VSHE) > HClO4 
(0.67 VSHE) > HCl (0.26 VSHE). These results suggest that the ORR activity of the FeN4CA site is in the 
following order: H3PO4 > H2SO4 > HClO4 > HCl. It is seen that the ORR activity obtained from FeN4CA 
and FeN4C10 sites is different, implying a significant role of the local carbon structure around the FeN4 
site in the catalytic activity. 

Previous experimental results by Holst-Olesen et al.23 and Hu et al.56 have reported that the ORR 
activity of the Fe/N/C catalyst in H3PO4 is higher than in the other considered electrolytes. Holst-Olesen 
et al.23  reported the ORR activity in the following order: H3PO4 > HClO4 ≈ H2SO4 > HCl in 0.5 M electrolyte. 
At 0.8 VRHE, Hu et al.56 reported the ORR activity of the Fe/N/C catalyst in the following order: H3PO4 > 
H2SO4 > HClO4 > HCl. Modeling the Fe/N/C catalyst by the FeN4C12 structure, Holst-Olesen et al.23 have 
reported a good agreement between the theoretical and experimental ORR activity trend. Our calculation 
results obtained from the FeN4CA site agree with the experiments by Hu et al.56 and Holst-Olesen et al.23. 
Both experimental studies by Holst-Olesen et al.23 and Hu et al.56 have suggested a strong poison effect 
on the Fe/N/C catalyst by Cl- in HCl solution. In our findings, the thermodynamic barrier of the limiting 
step in 0.1 M HCl is also higher than in 0.1 M HClO4 and H2SO4 solution. Additionally, Hu et al.56 have 
also suggested that the catalytic activity of the Fe/N/C catalyst can be poisoned by ClO4

- in the HClO4 
solution. Our calculation results show that the ClO4

- can be adsorbed on the FeN4 site on bulk graphene 
and graphene edge at U = 0.80 VSHE and pH = 1. Also, we find that the ClO4

- anions thermodynamically 
block the FeN4C10 site at this condition. These results disagree with previous theoretical and experimental 
studies22,24 based on the MN4C12 (M = Cr, Fe, Mn, Co) structure where the ClO4

- anion has been found 
not to adsorb on the MN4 site at U = 0.75 V in 0.5 M HClO4. As discussed previously, the discrepancy 
could be due to the different coordination environments around the MN4 site, which could be different in 
each experiment, depending on the synthesis process.  
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Figure 2  ∆GR of the most stable adsorbate on MN4C10 in 0.1 M electrolytes at: (a) pH=1, U=0.80 VSHE. 
(b) pH=7, U=-0.80 VSHE. The text insert indicates the most stable adsorbate on the metal site and its 
corresponding ∆GR in eV. (c) UL for the ORR on MN4C10 (circle) and MN4CA (square) at pH=1 with M = 
Mn, Fe, and Co and (d) ∆Gmax for the CO2RR to CO on MN4C10 (circle) and MN4CA (square) at pH=7 and 
U=-0.8 VSHE with M = Mn, Fe, Co, Ni, Cu, Zn, and Sn. 
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Evaluating the ORR catalytic activity in 0.5 M H2SO4, Martinez et al.57 have reported the following 
order of onset for the M/N/C catalyst: Mn < Co < Fe and their theoretical study has suggested an *OH 
ligand as a part of the active site. The theoretical studies by Svane et al.24 based on the MN4C12 structure 
have reported the same order for the liming potential in 0.5 M H2SO4. They have found *HSO4 as a ligand 
on the FeN4C12 and MnN4C12 site while *H2O on the CoN4C12 site in 0.5 M H2SO4

24. According to our 
calculations, the ligand on MnN4, FeN4, and CoN4 sites on both bulk graphene and graphene edge in 0.1 
M H2SO4 is *SO4. As shown in Figure 2 (c), the UL on the MN4C10 structure for these three elements in 
0.1 M H2SO4 at pH = 1 differs by 0.01 VSHE, and the UL order is Mn (0.77 VSHE) < Fe (0.78 VSHE) < Co 
(0.79 VSHE). While UL calculated from the MN4CA structure in 0.1 M H2SO4 is in the following order: Mn 
(0.70 VSHE) < Co (0.71 VSHE) < (0.76 VSHE), agreeing with the onset potential order from the experiments. 
Another experimental study testing the ORR performance of the Co/N/C and Mn/N/C catalyst in 0.1 M 
HClO4 solution has reported the onset potential order as Mn < Co58. For both MN4C10 and MN4CA sites in 
0.1 M HClO4, we find *ClO4-MnN4 and *ClO4-CoN4 sites serve as the active center, and the UL is Co < 
Mn. Based on the MN4C12 structure studied by Svane et al., the ligand is *OH and *H2O on MnN4C12 and 
CoN4C12, respectively, and the UL is Mn < Co2424.  

Previous experimental results have shown a poisoning of Fe/N/C catalysts by CN- in an acid 
environment59. This is consistent with our calculations on FeN4C10 and FeN4CA structures and the 
FeN4C12 site in the previous computational study24. At U > 0 VSHE, pH = 1, the ORR on the FeN4C10 and 
FeN4CA sites process by the least thermodynamic barrier for removing one *CN anion from the FeN4 
sites. The Fe site and other metal sites such as Mn, Co, Ru, Rh, Os, and Ir on both bulk graphene and 
graphene edge where two *CN can limit the ORR anions by blocking the metal site at U > 0 VSHE, pH = 
1. Additionally, we find that NO gas molecules are thermodynamically favorable on both sides of the 
IrN4C10 and IrN4CA structure. In the potential range of 0 - 0.8 VSHE and pH = 1, the ORR proceeds with 
the least thermodynamic hindrance for removing one *NO from the IrN4 site. We find that both CO and 
NO gas molecules are thermodynamically stable on both sides of the RuN4CA and OsN4CA structures. 
However, at U = 0.80 VSHE, pH = 1, the binding of *OH is stronger than the 2nd *CO or *NO. As a result, 
the ORR is thermodynamically limited by the reduction of *OH to H2O.  

Comparing our present calculation results with the previous studies23,24, it is seen that the nature 
of the metal center of the M/N/C catalyst and the coordination environment plays a crucial role in 
determining the electrolyte adsorption and its corresponding catalytic performance in acid environments. 

Figures 2 (b) and S10-S11 show ∆GR of the most stable MN4C10 and MN4CA surface in 0.1 M 
electrolytes under the CO2RR condition (pH = 7, and U = -0.8 VSHE). At this condition, we include 0.1 M 
H2CO3 solution as the electrolyte used in the experiments6,8,39. In contrast to the ORR conditions, the 
anion from most of the considered electrolytes, except from 0.1 M H2CO3, do not bind with the single 
metal site. Thus, most considered electrolytes possibly have little impact on catalytic activity and stability 
of the MN4 site under the CO2RR. For all considered electrolytes, except 0.1 M H2CO3, the stability under 
the CO2RR-related condition is the same as in H2O. We find that *H can occupy the CoN4, RuN4, RhN4, 
OsN4, and IrN4 sites on both bulk graphene and the graphene edge in H2O. While the MoN4Cx=10,A, 
WN4Cx=10,A, and ReN4C10 sites are occupied by *O. This is the same as under the ORR condition but with 
a lower thermodynamic driving force toward the dissolution. It is also seen that *CO (in H2O+CO solution) 
and *NO (in H2O+CO+NO solution) can be thermodynamically stable on many metal sites both on bulk 
graphene and the graphene edge. We find that NO is likely to bind stronger than CO to the metal site. 
The binding of CN- is weaker than that of CO. Then CN- is unlikely to either block the metal site or affect 
the CO2RR. In 0.1 M H2CO3, the MoN4Cx=10,A, WN4Cx=10,A, and ReN4C10 sites bind with the *CO3

 via two 
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oxygen atoms. For other metal sites, we find that *HCO3 is thermodynamically stable on CrN4Cx=10,A, 
MnN4Cx=10,A, FeN4C10, ZnN4C10, SbN4Cx=10,A, and BiN4Cx=10,A sites. When the CO gas molecule is present 
(such as in 0.1 M H2CO3 + CO), the *CO can compete with *HCO3

 and *CO3 and bind to the metal sites. 
It can be seen that the most stable adsorbate on both MN4C10 and MN4CA sites in H2O+CO and 0.1 M 
H2CO3+CO is slightly different. Like the ORR above conditions, the NiN4, CuN4, PdN4, PtN4, and AuN4 
sites on both bulk graphene and the graphene edge are unoccupied by an adsorbate. 

Recently, a kinetic model fit the experimental data by Zeng et al.60 demonstrated the role of the 
bicarbonate (HCO3) buffer on the electrochemical CO2RR catalyzed by cobalt phthalocyanine (CoPC). 
They suggested that the active site can be poisoned by HCO3

- via electrosorption at low overpotential 
while the bicarbonate acts as a proton donor at higher overpotential. Defining the onset potential for CO 
production to be the applied electrode potential at which the TOF of the CO formation exceeds 0.2 
mmol/(h m2

active), the experiments have found that the Co/N/C catalyst starts producing CO at around -
0.36 VRHE

6 (-0.77 VSHE at pH = 7). Around this potential, it is seen from our calculations in Figure 1 (c) and 
Figure S5 that *H, *CO, and *HCO3 could be absorbed on the CoN4 site on both bulk graphene and the 
graphene edge. At more negative potential (high overpotential), the *H is more stable than *CO and 
*HCO3. At a more positive potential (low overpotential), the *HCO3 becomes the most favorable 
adsorbate. Furthermore, a series of M/N/C catalysts (M = Mn3+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, and Sn2+) 
have been synthesized and evaluated for electrochemical CO2 reduction in aqueous electrolyte (0.5 M 
KHCO3 and 0.5 M K2SO4) by Paul et al.8. They have found that the Cu/N/C catalyst can produce 
hydrocarbon products in significant amounts which have also been demonstrated to correlate with a 
partial reduction of Cu2+ to Cu0 accompanied by a partial demetallation of the CuN4 site. According to our 
calculation at CO2RR condition in 0.1 M H2CO3+CO, both the CuN4 site and the MnN4 site on both bulk 
graphene and the graphene edge have a relatively higher thermodynamic driving force than other metal 
elements. While our calculation agrees with the experiments for the CuN4 site by Paul et al.8, it is 
inconclusive for the MnN4 site since there are no available experiments on the transformation of the 
Mn/N/C catalyst during the CO2RR.  

Similar to the ORR mechanism with the electrolyte anion ligand, the following mechanism for CO2 
to CO formation is considered: 

 
*An/*An + ne- → */*An + An-    ; ∆G(CO2RR)0   Equation 8 
*/*An + CO2 + (H+ + e-)  → *COOH/*An ; ∆G(CO2RR)1   Equation 9 

*COOH/*An + (H+ + e-) → *CO/*An + H2O ; ∆G(CO2RR)2   Equation 10 
*CO/*An → CO(g) + */*An   ; ∆G(CO2RR)3   Equation 11 

 
The possible electrolyte anion participating in the reaction is considered to be the most stable 

adsorbate at pH = 7 and U = -0.8 VSHE. The CO2 to CO formation activity is also considered in this 
condition. Figure S19-S20 shows the thermodynamic barrier of the limiting step (∆Gmax) for the CO2 to 
CO formation at pH = 7 and U = -0.8 VSHE on the MN4 site. We find that the NO gas molecules 
thermodynamically prefer both sides of the IrN4C10, IrN4CA, and ReN4CA structures. In the H2CO3 + CO + 
NO solution at pH = 7 and U = -0.8 VSHE, the limiting step is removing one NO gas molecule plus forming 
*COOH on these metal sites. Similarly, the CO gas molecules can be thermodynamically stable on both 
sites of ReN4Cx=10,A, OsN4Cx=10,A, RuN4CA, and WN4CA sites. In H2CO3 + CO solution at pH = 7 and U = -
0.8 VSHE, the limiting step on these metal sites is also the removal of one CO gas molecule plus the 
formation *COOH.  
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We compare our calculation results with the experimental studies shown in Figure 2 (d). An 
experimental study by Ju et al.6. has evaluated the electrochemical performance of the M/N/C catalyst 
(M=Mn. Fe. Co, Ni, and Cu) for CO2 to CO formation and reported the order of the onset potential in 0.1 
M KHCO3 as follows: Co (-0.36 VRHE) > Fe (-0.37 VRHE) > Mn (-0.41 VRHE) > Cu (-0.52 VRHE) > Ni (-0.36 
VRHE). Their theoretical results have also suggested that the potential-determining step on these M/N/C 
catalysts is the first proton-coupled electron transfer reduction of CO2 to form *COOH6. The experimental 
onset potentials reported by Ju et al. are marked with red stars in Figure 2 (d) and use the y-axis on the 
right. In 0.1 M H2CO3 with CO, the CO2 to CO formation on the MN4C10 structure is thermodynamically 
limited by the reduction of CO2 to *COOH, as shown in Figure S18 (a). The thermodynamic barrier of the 
limiting step for the CO2 to CO formation at U = -0.80 VSHE, and pH = 7 is found to be in the following 
order: Co (0.46 eV) < Fe (0.59 eV) < Mn (0.70 eV) < Cu (0.79 eV) < Ni (1.16 eV), agreeing with the onset 
potential order reported by Ju et al.6. It should be noted that at this condition in 0.1 M H2CO3+CO, the 
ligand is found to be *CO on the CoN4C10, FeN4C10, and MnN4C10 sites. In contrast, the CuN4C10 and 
NiN4C10 site has no ligand on the metal site at this condition. For the MN4CA structure in 0.1 M H2CO3 
with CO, the ligand at U = -0.80 VSHE, and pH = 7 is *H on the CoN4CA site and *CO on the FeN4CA and 
MnN4CA sites. There is also no ligand on both CuN4CA and NiN4CA under this condition. The CO2RR to 
CO on these metal sites are also limited by the reduction of CO2 to *COOH, as shown in Figure S18 (b), 
and the thermodynamic barrier of the limiting step at U = -0.80 VSHE, and pH = 7 is in the following order: 
Fe (0.67 eV) < Mn (0.70 eV) < Cu (0.94 eV) < Co (0.95 eV) < Ni (1.21 eV), deviating from the experimental 
trend.  

Furthermore, Li et al.7 have synthesized and evaluated the activity toward CO formation in 0.1 M 
KHCO3 for the M/N/C catalysts with M = Mn, Fe, Co, Ni, and Cu. They have reported the following order 
of CO partial current density at U = -0.6 VRHE: Co > Fe > Ni > Cu > Mn. Our thermodynamic barrier on 
the MN4C10 structure agrees with this experiment only for the relative order between Co, Fe, and Mn. In 
another experimental study by Paul et al. 8, the M/N/C catalyst with M = Mn, Fe, Co, Ni, Cu, Zn, and Sn 
was synthesized and tested for the CO2RR in gas diffusion electrodes. The experimental onset potential 
for the CO formation in 0.5 M KHCO3+0.5 M K2SO4 at pH=7.5 has been reported in the following order: 
Fe (-0.27 VRHE) > Co (-0.35 VRHE) > Mn (-0.36 VRHE) > Cu (-0.46 VRHE) > Ni (-0.56 VRHE) > Zn (-0.83 VRHE) 
> Sn (-0.92 VRHE). The experiential onset potentials reported by Paul et al.8 are marked with blue stars in 
Figure 2 (d). Our thermodynamic barrier based on the MN4C10 and MN4CA structure in 0.1 M H2CO3 with 
CO does not give the exact order as the experimental results by Paul et al. 8 It should be noted that other 
possible sites with different coordination environments60–62 could be involved in the catalytic process and 
that the distribution of active sites could be different in each experiment, depending on the synthesis 
process. Also, the onset potential is defined differently in these two experiments, and we assume that 
the CO2RR to CO in the experiments is limited by the reduction of CO2 to *COOH, similar to our 
calculations. 

On top of that, the ligand on the metal site is defined to be the most stable adsorbate at U = -0.8 
VSHE and pH = 7. The most stable ligand could be different when the potential slightly deviates from U = 
-0.8 VSHE on some metal sites, i.e., the CoN4C10 site. In Figure S22, we consider the thermodynamic 
barrier of the limiting step on the metal site in 0.1 M H2CO3+CO at -1.0 VSHE and pH = 7, and the most 
stable adsorbate at U=-1.0 VSHE, pH = 7 is considered to be a ligand on the metal site. At this condition, 
most of the considered MN4C10 sites still have the same ligand, except the CoN4C10 site, where the ligand 
is now *H. For the MN4C10 structure, the limiting step is still the reduction of CO2 to *COOH step, as 
shown in Figure S21(a). The thermodynamic barrier of the limiting step at U = -1.0 VSHE, pH = 7 is found 
in the following order: Fe < Mn < Co < Cu < Ni < Sn < Zn. Due to the ligand change, the most active site 
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among the considered MN4C10 structures is shifted from the CoN4C10 site to the FeN4C10 site. Still, this 
order differs slightly from the experimental trend reported by Paul et al. 8  

It should be noted that the oxidation state on the single metal atom in the pristine MN4 structure 
is considered to be +2 in this work. Our calculations give a relatively high thermodynamic barrier for the 
NiN4 site on both bulk graphene and graphene edge, compared to the FeN4 site. In contrast, the Fe/N/C 
and particularly Ni/N/C catalyst have been suggested as highly promising for selective CO production6–8. 
One possible explanation is that the Ni2+N4 site is not active for the CO2RR. According to a previous study 
by Li et al., the Ni1+N4C10 site bind with CO2 more strongly than the Ni2+N4C10, so the Ni1+N4C10 site is 
predicted to have higher activity toward CO formation than the Ni2+N4C10 site. In fact, by DFT calculations, 
they have found that the Ni1+N4C10 site has the highest activity among the considered MN4 sites in their 
study where M = Mn2+(*O), Fe2+(*H2O), Co2+(*H2O), Ni1+, and Cu2+. the letter in parentheses is the ligand 
considered in their study7.  

The local environment could also influence catalytic activity. For example, according to a previous 
study by Yang et al., the NiN3 sites have been calculated to be more active than the NiN4 site63. 
Furthermore, it has been suggested that the NiNy site has a weaker binding of *H than the CoNy site, 
making the hydrogen evolution reaction (HER) unfavorable for the Ni/N/C catalyst. Also, the *CO 
selectivity is higher for the Ni/N/C catalyst than the Co/N/C catalyst6. As shown in Figure S23, the binding 
energy of *H on the NiN4 site is weaker than on the CoN4 site. Thus the NiN4 site in our calculation is also 
expected to have higher selectivity toward CO formation than the CoN4 sites. 

In order to identify the promising catalysts that are electrochemically stable and active based on 
our computational analysis, the ∆GR of the most stable phase is plotted against its corresponding 
thermodynamic barrier of the limiting step on that most stable phase at the same condition. We 
considered the ORR catalyst in acid at U = 0.80 VSHE and pH = 1, as shown in Figures 3 (a) and 3 (b). It 
is seen that the FeN4, CoN4, MnN4, and RuN4 sites on both bulk graphene and the graphene edge emerge 
as a promising candidates in many electrolytes, in agreement with several previous experimental 
studies2,53,64,65. In our previous study, where electrolyte adsorption was not included, the MnN4C10 
structure was not a promising candidate for the ORR in acid18. The MnN4 site, however, becomes more 
stable against dissolution through electrolyte adsorption in the current study. We also identify new 
promising combinations between metal elements for acid electrolytes with ∆GR < 1 eV and ∆Gmax < 0.8 
eV. These are IrN4C10 in H3PO4, HClO4, H2O+NO, or non-adsorbing electrolyte (e.g., HF); IrN4CA in H3PO4, 

H2O+NO or non-adsorbing electrolyte (e.g., HClO4, HF, HCOOH); CuN4CA in a non-adsorbing electrolyte 
(e.g., HClO4, HNO3); CuN4C10 in H2SO4, H3PO4, non-adsorbing electrolyte (e.g., HClO4, HNO3); RhN4C10 
in H2O+CO, HClO4, H3PO4, H2SO4, H2O+NO; RhN4CA in H2SO4, H2O+NO, H3PO4 or non-adsorbing 
electrolyte (e.g., HClO4, HF, HCOOH); AgN4CA in H3PO4; AuN4Cx=10,A in a non-adsorbing electrolyte (e.g., 
all considered electrolytes in this study); ZnN4C10 in HClO4, HNO3; ZnN4CA in HClO4, HNO3, HCOOH, 
HCl; OsN4C10 in H3PO4 and H2O+CO; BiN4CA in H3PO4, HClO4, H2SO4, HCOOH; CrN4CA in H2O+NO, 
H2SO4, or non-adsorbing electrolyte (e.g., HClO4, HCl, HCOOH); SnN4CA in H2SO4, H3PO4; and SbN4CA 
in HCOOH, HCl, H3PO4. It is seen that the p-block metals, mostly on the graphene edge, have 
comparable stability and activity to the transition metal sites. The Sn/N/C catalyst has been successfully 
synthesized, and it exhibits similar activity and selectivity for four-electron ORR to a Fe/N/C catalyst in 
0.1 M HClO4

66. The Sb/N/C catalyst has also been synthesized and exhibits promising activity toward the 
ORR, although in 0.1 M KOH67.  
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Figure 3 ∆GR vs. ∆Gmax for the ORR on the most stable surface in the different electrolytes at pH = 1 at 
U = 0.8 VSHE: (a) MN4C10 (b) MN4CA. ∆GR vs. ∆Gmax for the CO2RR to CO on the most stable surface in 
different electrolytes at pH = 7 and U = -0.8 VSHE: (c) MN4C10 and (d) MN4CA. Classification plot for 
possible CO2RR products of promising candidates: (e) MN4C10 and (f) MN4CA.  
 

For the CO2RR toward CO, we consider the condition at U = -0.80 VSHE and pH = 7, as shown in 
Figure 3 (c) and (d). Besides the MnN4, FeN4, CoN4, and NiN4 which has been experimentally suggested 
for CO production6–8, we show promising combinations (with ∆GR < 1 eV and ∆Gmax < 0.8 eV): OsN4Cx=10,A, 
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IrN4Cx=10,A, RuN4Cx=10,A, RhN4C10, FeN4C10, ReN4Cx=10,A, and WN4CA in H2CO3 (or H2O) with NO or CO; 
BiN4Cx=10,A and SbN4Cx=10,A in non-adsorbing electrolyte (e.g. H2O); ZnN4C10 in H2O with CO; CrN4Cx=10,A 

in H2CO3 with CO, H2O with CO; MoN4CA in H2CO3 with CO or NO; and MoN4CA in H2O with CO.  
In addition to reducing CO2 to CO, the competing HER is crucial in determining catalytic efficiency. 

It has been shown that the binding strength of *CO and *H are a descriptor of CO2RR selectivity for both 
on transition metal surface68 and single site porphyrin-like structure69. Figure 3 (e) and (f) show the 
classification of possible products from CO2RR on the single metal sites, based on the binding energy of 
*CO and *H criteria suggested by Bagger et al.69. It is seen that the identified promising candidates are 
selective toward CO production over H2 production. The effect of the ligand is seen on the MoN4, RuN4, 
WN4, ReN4, and OsN4 sites, where the bare metal site strongly bonds with *H and will be highly selective 
for the HER. The binding of *CO and *H becomes weaker with the ligand; thus, the competing HER can 
be suppressed, as shown in Figure S23. Among the promising candidates, IrN4Cx=10,A in H2CO3 with CO, 
and OsN4CA in H2CO3+CO solution potentially reduces CO2 to the product beyond CO. Other promising 
candidates that can produce products beyond CO are RuN4Cx=10,A, RhN4C10, and OsN4C10 in H2CO3+CO 
solution; ReN4CA and WN4CA in H2CO3+CO (or H2CO3+CO+NO solution); and CrN4CA and MoN4CA in 
H2O+CO solution. 

For the transition metal single atom considered in this study, we find that the reaction intermediate 
binding on the MN4 site on the graphene edge is generally weaker than that on the MN4 site on the bulk 
graphene. Figure S24 illustrates the projected density of states (PDOS) for the CoN4C10 and CoN4CA 
sites without and with adsorbate (either one *OH or *COOH adsorbate). In the pristine structure of the 
CoN4C10 site, we observe that the 3dxy hybridization with the 2p orbital of the surrounding N atoms forms 
the Co-N bonds, while the other 3d orbitals are non-binding orbitals. For the pristine structure of the 
CoN4CA site, not only 3dxy but also 3dx2-y2 overlap with the 2p orbital for the surrounding N atoms. When 
*OH or *COOH adsorb on the Co atom, the 2p orbital of *OH or *COOH overlaps with the 3dz2 and 3dyz 
orbital of the Co atom for the CoN4C10 and CoN4CA site. In the CoN4C10 site, the Co 3dx2 orbital locates 
below, while the Co 3dxy locates above the Fermi energy. The opposite situation is found for the CoN4CA 
site, where the Co 3dx2 orbital locates below while the Co 3dxy locates above the Fermi energy. A similar 
calculated PDOS pattern is found for other single metal atoms. Thus, it appears that the difference in d-
orbitals located near the Fermi level, possibly caused by different local carbon atoms, affects the binding 
strength of the adsorbates10. 

Furthermore, with the presence of the ligand on the other side of the single metal atom, we find 
that the adsorption of the reaction intermediate likely weakens. The change in adsorption behavior of the 
ORR intermediate with the ligand on the CrN4C12 and the CoN4C12 structure has been previously 
explained by Svane et al. 24,70 using crystal field theory. In Figure S25, we show the possible electronic 
configuration in the d-orbital of the single metal atom in the MN4C10 (M = Cr, Mn, Fe, and Co) structure 
with one and two adsorbates based on the converged magnetization and crystal field theory. The MN4 
site with two adsorbates adopts an octahedral structure, and the d-orbitals of the metal atom are split into 
two different energy levels, t2g and eg. For a Co2+ ion with a low spin configuration in the octahedral 
geometry, transferring more than one electron to the adsorbates may not be thermodynamically favorable 
since after the first unpaired electron is transferred from higher eg d-orbitals, the remaining electrons are 
paired electrons and fully placed in the lower t2g d-orbital. 

Similarly, for a Fe2+ ion in the octahedral geometry with a low spin configuration, all d-electrons 
are placed in the lower t2g d-orbital. Removing electrons from this fully occupied orbital may not be 
thermodynamically favorable. This could result in the destabilization of *COOH or *OH when binding as 
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the second adsorbate. We find a similar value of the final magnetization for the MN4 site on both bulk 
graphene and graphene edge; thus, we expect that both structure sites should have a similar d-orbital 
splitting pattern. 

 
CONCLUSION 

 We have investigated the effect of electrolyte anion adsorption on the stability and activity of single 
metal atoms doped on two different graphenes: the bulk graphene terrace and a graphene edge with 3d, 
4d, 5d, or p-block (Sn, Sb, and Bi) metal atoms. We find that the armchair edge is thermodynamically 
favored to form the MN4 site compared to the bulk graphene, especially for 3d transition metals. Under 
ORR conditions (pH=1 and U=0.80 VSHE), we find that various electrolyte anions can compete with water 
and adsorb on the single metal site. The electrolyte anion adsorption depends on the nature of the metal 
atom and local carbon around the MN4 site. The ORR activity is either poisoned or altered by the 
electrolyte anion. If the electrolyte anion adsorbs on the single metal site, the single metal site can be 
further stabilized against dissolution in acid environments, compared to the stability in the pure water 
environment. We also find that the MN4 site on the armchair edge is more stable than on the bulk 
graphene. Therefore, it would be interesting to include the electrolyte stabilization effect on other MN4 
sites with different local carbon structures, although the sites considered here are expected to be among 
the most stable sites. Considering both stability in acid conditions and ORR activity, we find a single metal 
site based on Ir, Cu, Rh, Zn, Au, Os, Cr, and p-block elements (Sb, Sn, and Bi), especially on the 
graphene edge, has comparable ORR activity and stability to a single metal atom based on Fe and Co. 
Under the CO2RR condition (pH = 7 and U = -0.8 VSHE), most considered electrolyte anions, except in 
0.1 M H2CO3 solution, do not interact with the single metal site. Still, water and gas molecules may form 
ligands on various single metal sites under CO2RR conditions. We find that the activity trend for reducing 
CO2 to CO on the single metal site with the ligand from the solution compares well with the experimental 
trends. Besides the single atom catalyst-based Fe, Co, and Ni, we have identified promising single metal 
sites (Cr, Ru, W, Re, Os, Rh, Bi, Sb, Mo, Zn, and Ir), by including the adsorbate ligand from the solution. 
These promising candidates have comparable stability and activity to the Fe and Co-based catalysts. 
Our results illustrate that the nature of the metal atom, the local carbon structure, and the chemical 
environment, such as electrolytes, play a critical role in the activity and stability of a single-atom 
electrocatalyst. A careful combination of electrolyte or gas ligand and a single metal atom with various 
local carbon could be a possible way to achieve an active and durable electrocatalyst. 
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1. Computational Details 

The spin-polarized density functional theory calculations are performed using the Vienna ab initio 

simulation package (VASP)1 and projector augmented wave (PAW)2 is used to describe the core 

electrons. A plane-wave basis function with a kinetic energy cutoff of 600 eV is used to describe the 

valence electrons. The Fermi smearing is used with a width of 0.1 eV. The exchange and correlation 

energy are described using the BEEF-vdW3 functional to include the effects of dispersive interactions.  

The self-consistent electron density loop is converged to 10-5 eV.  The structure is prepared using the 

Atomic Simulation Environments (ASE)4 package and the bare M/N/C catalyst models are similar to those 

used in our previous study5. The unit cell dimensions in the catalyst plane are 16.9 x 9.8 Å on average, 

with variations for the different metal atoms. The lattice relaxation of the single metal atom on bulk 

graphene (MN4C10) and graphene edged (MN4CA) are relaxed in a vacuum until all forces are below 0.025 

eV Å- and a dipole correction is used in the perpendicular direction to the catalyst plane to decouple the 

electrostatic potentials on the two sides of the catalyst plane. The Brillouin zone is sampled with a (3×3×1) 

Monkhorst Pack k-point mesh6. For binding energy calculations, the solvent effect is included during the 

relaxation, using the implicit solvent model implemented in VASPsol6 with a dielectric constant of 80, 

representing the water medium. The calculations are submitted, managed, and received using the 

MyQueue7 workflow tool, a python front-end to the job scheduler.  

The free energy for the adsorbate is calculated from DFT energy (EDFT), including zero-point 

energy (ZPE), vibrational internal energy (Uvib), and vibrational entropy (Svib) as a thermal correction. 

 

G = EDFT + ZPE + Uvib – TSvib = EDFT + Thermal correction  Equation S1 

  

The thermal correction term (ZPE + Uvib – TSvib) is calculated only for the adsorbates on the 

FeN4C10 and FeN4CA sites and applied to other single metal sites with the same local carbon structure. 

The thermal corrections for adsorbates are listed in Table S1.  In the case of the adsorbates on the 

catalyst surface, only the vibration of the adsorbate is calculated, following the quantum mechanical 

harmonic approximation, by using the thermochemistry class in the ASE package4. For the gas molecule, 

the free energy the DFT energy is corrected by including ZPE, enthalpy (H), and entropy (S). These 

values (ZPE, H, S) for the gas molecules are taken from the thermochemical database8 (if available). The 

free energy of O2 is not directly obtained from the DFT calculation, it is calculated in the way to reproduce 

the experimental free energy of liquid water formation (2H2 + O2 → 2H2O; ∆GH2O = -4.92 eV9). 

The change in free reaction energy with an applied potential (USHE) and pH is calculated using the 

computational hydrogen electrode (CHE)10. By the definition of the standard hydrogen electrode (SHE) 
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at 0 VSHE, there is an equilibrium between hydrogen molecules in the gas phase with solvated 

protons and electrons.  

 
H+ + e- ↔ H2 

 

Thus, the free energy of hydrogen adsorption on the catalysts surface at any considered potential 

(USHE) and pH can for the example given by follows. 

 

* + H+ + e- ↔ 
*H 

 

∆G*H(USHE, pH) = G(*H) – G(*) – (1/2)G(H2) + eUSHE + kBT pH ln(10)   Equation S2 

 

∆G*H(USHE, pH) = G(*H) – G(*) – (1/2)G(H2) – ∆GH
 – ∆Ge   Equation S3 

 

where * denoted the adsorbed site on the catalyst surface, ∆GH
 = – kBT pH ln(10) and ∆Ge = – 

eUSHE, where e is the numerical charge of an electron, kB is the Boltzmann constant and T is the 

temperature (in K). Furthermore, according to the Christensen scheme11,12, the energies of molecular 

CO2, CO, H2, and H2O are corrected by +0.3, +0.15, +0.09, and -0.03 eV, respectively, which is specific 

to the BEEF-vdW functional. When ∆G(*OOH) is calculated, it is also corrected by ∆E(O-O) = 0.20 eV, 

for the same reason.  
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Table S1 Thermal correction for the adsorbates at T = 298.15 K 

 ZPE + Uvib - TSvib / eV 
adsorbate MN4C10 MN4CA 
*H2O 0.60 0.65 
*OOH 0.36 0.30 
*OH 0.29 0.30 
*O 0.03 0.04 
*H 0.19 0.18 
*HSO4 0.55 0.55 
*SO4 0.28 0.26 
*H2PO4 0.81 1.12 
*HPO4 0.48 0.53 
*PO4 0.22 0.19 
*Cl -0.03 -0.03 
*ClO4 0.19 0.24 
*HCOO 0.49 0.69 
*F -0.02 -0.01 
*NO3 0.23 0.18 
*CN 0.14 0.10 
*CO 0.11 0.12 
*NO 0.10 0.09 
*HCO3 0.64 0.77 
*CO3 0.21 0.21 
*COOH 0.51 0.53 
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Table S1 (continue) Thermal correction of the adsorbates at T = 298.15 K 

  ZPE + Uvib - TSvib / eV 
adsorbate1 adsorbate2 MN4C10 MN4CA 
*H2O *H2O 1.13 1.62 
*OH *OH 0.67 0.62 
*O *O 0.07 0.07 
*HSO4 *HSO4 1.28 1.57 
*SO4 *SO4 0.59 0.57 
*H2PO4 *H2PO4 1.85 2.49 
*HPO4 *HPO4 1.24 1.42 
*PO4 *PO4 0.43 0.43 
*Cl *Cl -0.03 -0.05 
*ClO4 *ClO4 0.48 0.54 
*HCOO *HCOO 1.08 1.04 
*F *F 0.03 0.03 
*NO3 *NO3 0.47 0.50 
*CN *CN 0.27 0.20 
*CO *CO 0.21 0.17 
*OH *O 0.36 0.35 
*OH *HSO4 0.81 0.94 
*OH *SO4 0.61 0.67 
*OH *H2PO4 1.27 1.24 
*OH *HPO4 0.92 0.85 
*OH *PO4 0.53 0.62 
*OH *Cl 0.30 0.32 
*OH *F 0.34 0.39 
*OH *NO3 0.63 0.54 
*OH *ClO4 0.63 0.60 
*OH *HCOO 0.85 0.87 
*OH *CN 0.56 0.52 
*OH *CO 0.51 0.05 
*OH *NO 0.46 0.45 
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Table S1 (continue) Thermal correction for the adsorbates at T = 298.15 K 

  ZPE + Uvib - TSvib / eV 
adsorbate1 adsorbate2 MN4C10 MN4CA 
*COOH *CO 0.68 0.68 
*COOH *HCO3 1.13 1.08 
*CO *HCO3 0.66 0.70 
*H *HCO3 0.89 1.07 
*COOH *H 0.88 0.92 
*CO *H 0.43 0.38 
*COOH *CO3 0.75 0.82 
*CO *CO3 0.26 0.42 
*H *CO3 0.47 0.20 
*CO *H2O 0.60 - 
*COOH *H2O 1.04 - 
*H *H2O 0.64 - 
*CO *O 0.04 -0.03 
*COOH *O 0.39 0.50 
*H *O 0.21 0.22 
*CO *NO 0.18 0.76 
*COOH *NO 0.66 0.18 
*H *NO 0.42 0.53 
*CO *CN 0.21 0.50 
*COOH *CN 0.60 0.18 
*H *CN 0.41 0.40 
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2. Formation Energy Calculation  

 
Figure S1 (a) Single metal atom site and pyridine vacancy site doped on bulk graphene (MN4C10, 
PorN4C10) and on graphene edge (MN4CA, PorN4CA) (C = grey, N = blue, H = white, M = pink). (b) μN(n) 
at different temperatures (c) ∆Gf of the CoN4C10 structure at different μN(n) and temperatures. 
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Figure S2 ∆Gf (in eV) as a function of μN(n): (a) MN4C10 at T=1100 ℃, (b) MN4C10 at T=25 ℃, (c) MN4CA 

at T=1100 ℃, (d) MN4CA at T=25 ℃.  At n = 0, μN(n=0) is that of the N2 molecule at 1 bar and at considered 
temperature in each subplot (T=1100 ℃ for (a) and (c); T=25℃ for (b) and (d)). Lower formation energy 
(brighter colour background) indicates more thermodynamically favourable to form. 
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3. Electrolyte Anion Adsorption 

 
Figure S3 Thermodynamic cycle for the calculation of the free adsorption energy of the electrolyte anion 
in 0.1 M electrolyte: ∆G(*An-) 13,14 
 
 
 The adsorption free energy of the electrolyte anion in added 0.1 M electrolyte at T = 298.25 K  is 
calculated from: 
 

∆G(*An-) = G(*A) – neUSHE – n pH kBT ln(10) – G(*) – Gdilute(An-)  Equation S4 

 
∆Gsol(HnA) is the free energy for dissolving gaseous HnA (at 1 bar) in water to form anion and 

proton at the standards state where [An-
(aq)] = [H+

(aq)] = 1M. 
 

∆Gsol(HnA) = G(An-
(aq, 1M)) + (n/2)G(H2) – G(HnA(gas)) = ∆Gf(An-

(aq, 1M)) – ∆Gf(HA(gas))  Equation S5 
 

where ∆Gf(HnA(gas)), ∆Gf(An-
(aq, 1M)) are formation energy of HnA in gas phase and An- is solution 

phase at 1 M, respectively. ∆Gdilute(An-) is the free energy for concentration difference from the standard 
state. 

 
∆Gdilute(An-) = G(An-

(dilute) – G(An-
(aq, 1M)) = RT x ln((aH

+)n x aA
n-) = RT x ln((aH

+)n x γ[An-]) Equation S6 

 
where aH

+, aA
n- are the activity of H+ and An-, respective.  γ is activity coefficient of An-, and [An-] is 

the concentration of the electrolyte anion. The concentration of the added electrolyte is taken to be 0.1 
M and the poisoning gas molecule is considered at 1 bar. At different pH, we assume that pH is adjusted 
by adding non-adsorbing acid and aH

+ is calculated from pH = -log(aH
+). The concentration of each 

electrolyte anion species in the 0.1 M solution at each pH is calculated based on its pKa value. Then 
Gdilute(An-) in Equation S4 can be expressed as: 
 

Gdilute(An-) = ∆Gsol(HnA) + ∆Gdilute(An-) – (n/2)G(H2)  + G(HnA(gas))   Equation S7 

 
Finally, the adsorption free energy of electrolyte anion can be calculated using the 

thermodynamic cycle in Figure S3 and can be expressed as follows: 
 

∆G(*An-) = ∆CHEG(*A) – ∆Gsol(HnA) – ∆Gdilute(An-)   Equation S8 
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 where ∆CHEG(*A) = G(*A) + (1/2)G(H2) + n∆GH + n∆Ge – G(*) – G(HnA(gas)) and ∆GH  = – kBT pH 
ln(10) and ∆Ge = – eUSHE.  All the relevant values (γ, ∆Gf, pKa) are taken from literature and listed in Table 
S2 and Table S3. 
 

Table S2 Gas molecules at T = 298.15 K and 1 bar. 

 EDFT / eV ZPE / eV 8 H(T=0→298K) / eV 8 TS / eV 8 BEEF-vdW / eV 11,12 

H2O -12.83 0.56 0.10 0.67 -0.03 

H2 -7.18 0.27 0.09 0.40 0.09 

H3PO4 -38.54 1.27 a 0.21 a 1.02 a - 

H2SO4 -29.87 1.04 0.17 0.93 - 

HNO3 -22.14 0.70 0.12 0.77 - 

HCl -4.54 0.18 0.09 0.58 - 

HF -6.20 0.25 0.09 0.54 - 

HCOOH -25.54 0.89 0.11 0.77 - 

HClO4 -16.85 0.73 0.16 0.92 - 

HCN -3.71 0.43 0.10 0.63 - 

H2CO3 -31.00 1.05 a 0.13 a 0.82 a - 

NO -9.33 0.12 0.10 0.65 - 

CO -12.10 0.13 0.09 0.61 0.15 

CO2 -18.43 0.31 0.10 0.66 0.30 

NH3 -18.46 0.89 0.11 0.60 - 

N2 -13.94 0.14 0.09 0.59 - 
a ZPE, enthalpy and entropy are calculated using thermochemistry class in ASE package, treating a molecule as an ideal gas. 

 

  



 

11 
 

Table S3 Electrolyte anions: pKa, solvation free energy, and activity coefficient for 0.1 M HnA. 

Electrolyte Anion pKa
9 ∆Gf(gas) / eV ∆Gf(aq, 1M) / eV ∆Gsol / eV γ (aA

-n) (0.1M) 

H3PO4 

H3PO4 2.16 -11.36 14 - - - 

H2PO4
- 7.21 - -11.75 9 -0.39 0.78 b 

HPO4
-2 12.32 - -11.33 9 0.03 0.51 b 

PO4
-3 - - -10.59 9 0.77 0.34 b 

H2SO4 

H2SO4 -2.00 -6.75 14 - - - 

HSO4
- 1.99 - -7.86 9 -1.11 0.28 9 

SO4
-2 - - -7.74 9 -0.99 0.14 9 

HNO3 
HNO3 -1.30 -0.57 8 - - - 

NO3
- - - -1.16 9 -0.59 0.79 9 

HCl 
HCl -7.00 -0.99 15 -  - 

Cl- - - -1.36 9 -0.37 0.80 9 

HF 
HF 3.20 -2.84 15 - - - 

F- - - -2.90 9 -0.06 0.08 9 

HCOOH 
HCOOH 3.75 -3.64 14 - - - 

HCOO- - - -3.65 9 -0.01 0.78 b 

HClO4 
HClO4 -1.60 0.87 14 - - - 

ClO4
- - - -0.09 9 -0.96 0.80 9 

HCN 
HCN 9.21 1.30 15 -  - 

CN- - - 1.79 9 0.50 0.78 b 

H2CO3 

H2CO3 6.35 -6.87 16a - - - 

HCO3
- 10.33 - -6.10 15 0.78 0.77 15 

CO3
-2   -5.49 15 0.51 1.38 15 

a only enthalpy data was available. The entropy is calculated using thermochemistry class in ASE package, treating a molecule as an ideal gas 
and the formation energy in the gas phase is calculated from the following reaction: H2CO3(gas) → H2O(gas) + CO2(gas) 
b The activity coefficients are estimated by using the Davies equation17. 
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4. Dissolution Reaction 

The dissolution of the single metal atom from the graphene host into the electrolyte, resulting in 
dissolved metal ion (Mx+) and the graphene host cavity (N4CHn) is considered as follows: 

 
MN4C + nH+

(aq) → Mx+
(aq) + N4CHn + (x-n)e- 
 

The reaction free energy for dissolving a single metal atom from the graphene host structure at 
the potential USHE and pH is considered as follows18: 
 

∆Gdiss = G(Mx+
(aq)) + G(N4CHn) + (x-n)∆Ge – G(MN4C) – n∆GH – (1/2)G(H2)  Equation S9 

 
N4CHn is the graphene host after the single metal is dissolved and can have different protonation 

degrees at the N dangling bonds. We considered N4CHn with n = 0-4 for N4C10Hn and N4CAHn, where their 
free energy is taken from the previous study5.  Mx+ is a dissolved metal ion, USHE is the applied potential 
vs SHE and G(Mx+

(aq)) = EM(bulk) + ∆Gx, where EM(bulk) is energy per atom of the metal in their bulk 
structure and ∆Gx is the free reaction energy of the dissolution reaction of the bulk metal taken from 
literature and shown in Table S4. In this work, the concentration of dissolved metal ion is 10-6 M and T = 
298.15 K. 
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Table S4 Free reaction energy of the dissolution reaction of the bulk metal and calculated DFT energy 
per atom of the metal in their bulk structure (E0 is in V and EM(bulk) is in eV/atom) 

metal ion reaction E0 (V) EM(bulk) a 

Cr 

1 = Cr2+ G(Cr2+) = ECr(bulk) + 2(E0 + (0.0592/2) log[Cr2+]) E0 = -0.91 9 

-7.17 

2 = Cr3+ G(Cr3+) = ECr(bulk) + 3(E0 + (0.0592/3) log[Cr3+]) E0 = -0.74 9 

3 = CrOH2+ G(CrOH2+) = G(Cr3+) + G(H2O) – (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 3.81 19 

4 = HCrO4- G(HCrO4-) = G(Cr3+) + 4G(H2O) - (7/2)G(H2) + 3(E0 + (0.0592/3) log([HCrO4-]/[Cr3+])) E0 = 1.35 9 

5 = CrO4-2 G(CrO4-2) = G(Cr3+) + 3G(H2O) - 4*G(H2) + 3(E0 + (0.0592/3) log([CrO4-2]/[Cr3+])) E0 = 1.48 19 

Mn 

1 = Mn2+ G(Mn2+) = EMn(bulk) + 2(E0 + (0.0592/2) log[Mn2+]) E0 = -1.19 9 

-6.45 

2 = Mn3+ G(Mn3+) = G(Mn2+) + E0 + (0.0592) log([Mn3+]/[Mn2+]) E0 = 1.54 9 

3 = MnO4-2 G(MnO42-) = G(Mn2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.0592/4) log([MnO42-]/[Mn2+])) E0 = 1.74 9 

4 = MnO4- G(MnO4-) = G(Mn2+) + 4G(H2O) - 4G(H2) + 5(E0 + (0.0592/5) log([MnO4-]/[Mn2+])) E0 = 1.51 9 

5 = MnO4-3 G(MnO43-) = G(MnO42-) + E0 + (0.0592) log([MnO43-]/[MnO42-]) E0 = -0.27 20 

Fe 

1 = Fe2+ G(Fe2+) = EFe(bulk) + 2(E0 + (0.0592/2) log[Fe2+]) E0 = -0.45 9 

-5.65 

2 = Fe3+ G(Fe3+) = EFe(bulk) + 3(E0 + (0.0592/3) log[Fe3+]) E0 = -0.04 9 

3 = HFeO4- G(HFeO4-) = G(Fe3+) + 4G(H2O) - (3/2)G(H2) + 3(E0 + (0.0592/3) log([HFeO4-]/[Fe3+])) E0 = 2.07 9 

4 = FeO4-2 G(FeO42-) = G(Fe3+) + 4G(H2O) - 4G(H2) + 3(E0 + (0.0592/3) log([FeO42-]/[Fe3+])) E0 = 2.20 9 

5 = FeOH2+ G(FeOH2+) = G(Fe3+) + G(H2O) – (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 2.43 19 

6 = HFeO2- G(HFeO2-) = G(Fe2+) + 2G(H2O) - (3/2)G(H2) + 2.3026 kBT pH0 pH0 = 31.58 19 

7 = FeO2- G(FeO2-) = G(HFeO2-) - (1/2)G(H2) + E0 + (0.0592) log([FeO2-]/[HFeO2-]) E0 = -0.69 19 

Co 

1 = Co2+ G(Co2+) = ECo(bulk) + 2(E0 + (0.0592/2) log[Co2+]) E0 = -0.28 9 

-4.29 2 = Co3+ G(Co3+) = G(Co2+) + E0 + (0.0592) log([Co3+]/[Co2+]) E0 = 1.92 9 

3 = HCoO2- G(HCoO2-) = G(Co2+) + 2G(H2O) - (3/2)*G(H2) + 2.3026 kBT pH0 pH0 = 31.70 19 

Ni 

1 = Ni2+ G(Ni2+) = ENi(bulk) + 2(E0 + (0.0592/2) log[Ni2+]) E0 = -0.26 9 

-2.53 2 = Ni3+ G(Ni3+) = G(Ni2+) + E0 + (0.0592) log([Ni3+]/[Ni2+]) E0 = 2.30 21 

3 = HNiO2- G(HNiO2-) = G(Ni2+) + 2G(H2O) - (3/2)G(H2) + 2.3026 kBT pH0 pH0 = 30.40 19 

Cu 

1 = Cu2+ G(Cu2+) = ECu(bulk) + 2(E0 + (0.0592/2) log[Cu2+]) E0 = 0.34 9 

-0.64 

2 = Cu+1 G(Cu+) = ECu(bulk) + E0 + (0.0592) log[Cu+] E0 = 0.34 9 

3 = Cu3+ G(Cu3+) = G(Cu2+) + E0 + (0.0592) log([Cu3+]/[Cu2+]) E0 = 2.40 9 

4 = CuO2- G(CuO2-) = G(Cu2+) + 2G(H2O) - 2G(H2) + 2.3026 kBT pH0 pH0 = 39.88 19 

5 = HCuO2- G(HCuO2-) = G(Cu2+) + 2G(H2O) - (3/2)G(H2) + 2.3026 kBT pH0 pH0 = 26.72 19 

Zn 

1 = Zn2+ G(Zn2+) = EZn(bulk) + 2(E0 + (0.0592/2) log[Zn2+]) E0 = -0.76 9 

2.06 
2 = ZnOH+1 G(ZnOH+1) = G(Zn2+) - (1/2)G(H2) + G(H2O) + 2.3026 kBT pH0 pH0 = 9.67 19 

3 = HZnO2- G(HZnO2-) = G(Zn2+) + 2G(H2O) - (3/2)*G(H2) + 2.3026 kBT pH0 pH0 = 27.63 19 

4 = ZnO2-2 G(ZnO22-) = G(HZnO2-) - (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 13.17 19 

Mo 

1 = Mo3+ G(Mo3+) = EMo(bulk) + 3(E0 + (0.0592/3) log[Mo3+]) E0 = -0.20 9 

-8.17 2 = HMoO4- G(HMoO4-) = G(Mo3+) + 4G(H2O) + 3(E0 + (0.0592/3) log([HMoO4-]/[Mo3+])) - (7/2)G(H2) E0 = 0.39 19 

3 = MoO4-2 G(MoO42-) = G(Mo3+) + 4G(H2O) + 3(E0 + (0.0592/3) log([MoO42-]/[Mo3+])) - 4G(H2) E0 = 0.51 9 
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metal ion reaction E0 (V) EM(bulk) a 

Ru 

1 = Ru2+ G(Ru2+) = ERu(bulk) + 2(E0 + (0.0592/2) log[Ru2+]) E0 = 0.46 9 

-6.26 
2 = Ru3+ G(Ru3+) = G(Ru2+) + E0 + (0.0592) log([Ru3+]/[Ru2+]) E0 = 0.25 9 

3 = RuO4-2 G(RuO42-) = G(Ru2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.0592/4) log([RuO42-]/[Ru2+])) E0 = 1.56 9 

4 = RuO4- G(RuO4-) = G(Ru2+) + 4G(H2O) - 4G(H2) + 5(E0 + (0.0592/5) log([RuO4-]/[Ru2+])) E0 = 1.37 9 

Rh 

1 = Rh+1 G(Rh+) = ERh(bulk) + E0 + (0.0592) log[Rh+] E0 = 0.60 9 

-4.24 

2 = Rh2+ G(Rh+) = G(Rh+) + E0 + (0.0592) log([Rh2+]/[Rh+]) E0 = 0.60 9 

3 = Rh3+ G(Rh3+) = ERh(bulk) + 3(E0 + (0.0592/3) log[Rh3+]) E0 = 0.76 9 

4 = RhO4-2 G(RhO4-2) = G(Rh2+) + 4G(H2O) - 4G(H2) + 4(E0 + (0.0592/4) log([RhO4-2]/[Rh2+])) E0 = 2.00 19 

5 = RhOH2+ G(RhOH2+) = G(Rh+) + G(H2O) - (1/2)G(H2) + 5(E0 + (0.0592/5) log([RuOH2+]/[Ru+])) E0 = 0.23 9 

Pd 1 = Pd2+ G(Pd2+) = EPd(bulk) + 2(E0 + (0.0592/2) log[Pd2+]) E0 = 0.95 9 -1.96 

Ag 

1 = Ag+1 G(Ag+) = EAg(bulk) + E0 + (0.0592) log[Ag+] E0 = 0.80 9 

0.55 

2 = Ag2+ G(Ag2+) = G(Ag+) + E0 + (0.0592) log([Ag2+]/[Ag+]) E0 = 1.98 9 

3 = Ag3+ G(Ag3+) = G(Ag2+) + E0 + (0.0592) log([Ag3+]/[Ag+]) E0 = 1.80 9 

4 = AgO- G(AgO-) = G(Ag+) – G(H2) + G(H2O) + 2.3026 kBT pH0 pH0 = 24.04 19 

5 = AgO+1 G(AgO+) = G(Ag+) – G(H2) + G(H2O) + 2(E0 + (0.0592/2) log([AgO+]/[Ag+])) E0 = 2.00 19 

W 
1 = W3+ G(W3+) = EW(bulk) + 3(E0 + (0.0592/3) log[W3+]) E0 = 0.10 9 

-0.43 
2 = WO4-2 G(WO42-) = G(W3+) + 4G(H2O) - 4G(H2) + 3(E0 + (0.0592/3) log([WO42-]/[W3+])) E0 = 0.15 19 

Re 

1 = Re3+ G(Re3+) = ERe(bulk) + 3(E0 + (0.0592/3) log[Re3+]) E0 = 0.30 9 

-9.59 
2 = Re- G(Re-) = G(Re3+) + 4(E0 + (0.0592/4) log([Re-]/[Re3+])) E0 = 0.13 19 

3 = ReO4- G(ReO4-) = G(Re-) + 4G(H2O) - 4G(H2) + 8(E0 + (0.0592/8) log([ReO4-]/[Re-])) E0 = 0.27 19 

4 = ReO4-2 G(ReO42-) = G(Re-) + 4G(H2O) - 4G(H2) + 7(E0 + (0.0592/7) log([ReO42-]/[Re-])) E0 = 0.41 19 

Os 

1 = OsO4-2 G(OsO42-) = EOs(bulk) + 4G(H2O) - 4G(H2) + 6(E0 + (0.0592/6) log[OsO42-]) E0 = 0.99 19 

-8.28 2 = OsO5-2 G(OsO52-) = G(OsO42-) + G(H2O) – G(H2) + 2(E0 + (0.0592/2) log([OsO52-]/[OsO42-])) E0 = 1.14 19 

3 = HOsO4- G(HOsO4-) = G(OsO42-) + G(H2O) - (1/2)G(H2) + 2(E0 + (0.0592/2) log([HOsO4-]/[OsO42-])) E0 = 0.71 19 

Ir 
1 = Ir3+ G(Ir3+) = EIr(bulk) + 3(E0 + (0.0592/3) log[Ir3+]) E0 = 1.16 9 

-5.82 
2 = IrO4-2 G(IrO42-) = G(Ir3+) - 4G(H2) + 4G(H2O) + 3(E0 + (0.0592/3) log([IrO42-]/[Ir3+])) E0 = 1.45 19 

Pt 1 = Pt2+ G(Pt2+) = EPt(bulk) + 2(E0 + (0.0592/2) log[Pt2+]) E0 = 1.18 9 -3.13 

Au 1 = Au+1 G(Au+) = EAu(bulk) + E0 + (0.0592) log[Au+] E0 = 1.70 9 

-0.25 

2 = Au2+ G(Au2+) = G(Au+) + E0 + (0.0592) log([Au2+]/ [Au+]) E0 = 1.80 9 

3 = Au3+ G(Au3+) = EAu(bulk) + 3(E0 + (0.0592/3) log[Au3+]) E0 = 1.50 9 

4 = AuOH2+ G(AuOH2+) = G(Au+) + G(H2O) - (1/2)G(H2) + 2(E0 + (0.0592/2) log([AuOH2+]/[Au+])) E0 = 1.32 9 

5 = H2AuO3- G(H2AuO3-) = G(Au+) + 3G(H2O) - 2G(H2) + 2(E0 + (0.0592/2) log([H2AuO3-]/[Au+])) E0 = 1.85 19 

6 = HAuO3-2 G(HAuO32-) = G(Au+) + 3G(H2O) - (5/2)G(H2) + 2(E0 + (0.0592/2) log([HAuO3-2]/[Au+])) E0 = 2.24 19 

7 = AuO3-3 G(AuO33-) = G(HAuO32-) - (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 15.99 19 

Sn 1 = Sn2+ G(Sn2+) = ESn(bulk) + 2(E0 + (0.0592/2) log[Sn2+]) E0 = -0.14 9 

-1.18 

2 = Sn+4 G(Sn4+) = G(Sn2+) + 2(E0 + (0.0592/2) log([Sn4+]/[Sn2+])) E0 = 0.15 9 

3 = SnO3-2 G(SnO32-) = G(Sn2+) + 3G(H2O) - 3G(H2) + 2(E0 + (0.0592/2) log([SnO32-]/[Sn2+])) E0 = 0.84 9 

4 = HSnO2- G(HSnO2-) = G(SnO32-) – G(H2O) + (3/2)G(H2) – 2(E0 + (0.0592/2) log([HSnO2-]/[SnO32-])) E0 = 0.37 9 

5 = SnOH+1 G(SnOH+) = G(Sn3+) + G(H2O) – (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 0.56 9 
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metal ion reaction E0 (V) EM(bulk) a 

Sb 1 = SbO+1 G(SbO+) = ESb(bulk) + 2G(H2O) – G(H2) + 3(E0 + (0.0592/3) log[SbO+]) E0 = 0.21 9 

-2.09 

2 = HSbO2 G(HSbO2) = G(SbO+) - (1/2)G(H2) + G(H2O) + 2.3026 kBT pH0 pH0 = 0.87 19 

3 = SbO2- G(SbO2-) = G(HSbO2) - (1/2)G(H2) + 2.3026 kBT pH0 pH0 =11.00 19 

4 = SbO2+1 G(SbO2+) = G(SbO-) + G(H2O) – G(H2) + 2(E0 + (0.0592/2) log([SbO2+]/[SbO2-])) E0 = 0.72 19 

5 = SbO3- G(SbO3-) = G(SbO-) + 2G(H2O) - 2G(H2) + 2(E0 + (0.0592/2) log([SbO3-]/[SbO2-])) E0 = 0.70 19 

Bi 1 = Bi+1 G(Bi+) = EBi(bulk) + E0 + (0.0592) log[Bi+] E0 = 0.50 9 

-1.19 
2 = Bi3+ G(Bi3+) = EBi(bulk) + 3(E0 + (0.0592/3) log[Bi3+]) E0 = 0.38 9 

3 = BiOH2+ G(BiOH2+) = G(Bi3+) - (1/2)G(H2) + G(H2O) + 2.3026 kBT pH0 pH0 = 2.00 19 

4 = BiO+1 G(BiO+) = G(Bi3+) - (1/2)G(H2) + 2.3026 kBT pH0 pH0 = 3.37 19 

a Calculated from the stable bulk structure of each metal taken from Material project22. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

16 
 

5. Electrochemical Stability  

 
Figure S4 CoN4C10 site in different 0.1 M electrolyte: (top) Stability diagram, (middle) ∆GR of the surfaces 
at specific pH. The most stable dissolved species for each applied potential which is used as a reference 
for ∆GR are superimposed as horizontal bars at the bottom., and (bottom) ∆GR of the most stable surface.  
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Figure S5 CoN4CA site in different 0.1 M electrolytes: (top) Stability diagram, (middle) ∆GR of the surfaces 
at specific pH. The most stable dissolved species for each applied potential which is used as a reference 
for ∆GR are superimposed as horizontal bars at the bottom., and (bottom) ∆GR of the most stable surface.  
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Figure S6 FeN4C10 site in different 0.1 M electrolytes: (top) Stability diagram, (middle) ∆GR of the surfaces 
at specific pH. The most stable dissolved species for each applied potential which is used as a reference 
for ∆GR are superimposed as horizontal bars at the bottom., and (bottom) ∆GR of the most stable surface.  
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Figure S7 FeN4CA site in different 0.1 M electrolytes: (top) Stability diagram, (middle) ∆GR of the surfaces 
at specific pH. The most stable dissolved species for each applied potential which is used as a reference 
for ∆GR are superimposed as horizontal bars at the bottom., and (bottom) ∆GR of the most stable surface.  
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Figure S8 ∆GR of the most stable surface of MN4C10 in 0.1 M electrolytes under ORR-related conditions 
(pH=1, U=0.80 VSHE). The text insert shows the most stable adsorbate on the metal atom and its 
corresponding relative stability in eV. The background color corresponds to the ∆GR value. The brighter 
the background color, the more stable the MN4C10 site is against the dissolution. 
 

 
Figure S9 ∆GR of the most stable surface of MN4CA in 0.1 M electrolytes under ORR-related conditions 
(pH=1, U=0.80 VSHE). The text insert shows the most stable adsorbate on the metal atom and its 
corresponding relative stability in eV. The background color corresponds to the ∆GR value. The brighter 
the background color, the more stable the MN4CA site is against the dissolution. 
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Figure S10 ∆GR of the most stable surface of MN4C10 in 0.1 M electrolytes under CO2RR-related 
conditions (pH = 7, U = -0.80 VSHE). The text insert shows the most stable adsorbate on the metal atom 
and its corresponding relative stability in eV. The background color corresponds to the ∆GR value. The 
brighter the background color, the more stable the MN4C10 site is against the dissolution. 
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Figure S11 ∆GR of the most stable surface of MN4CA in 0.1 M electrolytes under CO2RR-related 
conditions (pH = 7, U = -0.80 VSHE). The text insert shows the most stable adsorbate on the metal atom 
and its corresponding relative stability in eV. The background color corresponds to the ∆GR value. The 
brighter the background color, the more stable the MN4C10 site is against the dissolution. 
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6. ORR activity  

 
Figure S12 Scaling relation between ∆G(*O) vs. ∆G(*OH) and ∆G(*OH) vs. ∆G(*OOH) on the bare metal 
site: (a) MN4C10, (b) MN4CA. Activity volcano plot as a function of ∆G(*OH) for the bare metal site: (c) 
MN4C10 and (d) MN4CA.  
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Figure S13 Free energy diagram of the ORR at pH = 1, U = 0.80 VSHE on: (a) FeN4C10, (b) FeN4CA in 
H2O, 0.1 M H3PO4, 0.1 M HClO4, 0.1 M H2SO4 and 0.1M HCl solution. The inset structures show the 
side view of the *OH/*ClO4 and *ClO4/*ClO4 on the FeN4 site. (C = gray, N = blue, H = white, O = red, 
Fe = orange, Cl = lime green). 
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Figure S14 ∆Gmax along the ORR pathway at U = 0.80 VSHE, pH = 1 on the MN4C10 site in 0.1 M electrolyte. 
In each cell, the inserted text in the 1st row shows the electrolyte anion participating in the reaction which 
is the most stable adsorbate on the MN4C10 site at pH = 1, U = 0.80 VSHE. The inserted text in the 2nd row 
shows the determining states for ∆Gmax (number 0-6 is referred to a state in Figure S13). The inserted 
number in the 3rd row is ∆Gmax value in eV. The insert ‘X’ means the second adsorbate moves away from 
the metal site with a distance > 3.0 Å, thus we consider the metal site is inactive for the ORR. The later 
cases occur especially on the SbN4C10 and BiN4C10 site. The background color corresponds to the ∆Gmax 

value. The brighter the background color, the lower the thermodynamic barrier of the limiting step. 
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Figure S15 ∆Gmax along the ORR pathway at U = 0.80 VSHE, pH = 1 on the MN4CA site in 0.1 M electrolyte. 
In each cell, the inserted text in the 1st row shows the electrolyte anion participating in the reaction which 
is the most stable adsorbate on the MN4C10 site at pH = 1, U = 0.80 VSHE. The inserted text in the 2nd row 
shows the determining states for ∆Gmax (number 0-6 is referred to a state in Figure S13). The inserted 
number in the 3rd row is ∆Gmax value in eV. The background color corresponds to the ∆Gmax value. The 
brighter the background color, the lower the thermodynamic barrier of the limiting step. 
 
 
. 
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Figure S16 UL for ORR on MN4C10 in 0.1 M electrolyte at pH = 1. In each cell, the inserted text in the 1st 
row shows the electrolyte anion participating in the reaction which is the most stable adsorbate on the 
MN4C10 site at pH=1, U=0.80 VSHE. The inserted text in the 2nd row shows the potential determining states 
for UL (the number 0-6 is referred a state in Figure S13). The inserted number in the 3rd row is UL value 
in VSHE. The insert ‘X’ means the neutral gas molecules are thermodynamic stable on both sides of the 
metal atom or the second adsorbate moves away from the metal site with the distance > 3.0 Å, thus we 
considered the metal site is inactive for the ORR. The later cases occur especially on the SbN4C10 and 
BiN4C10 sites, The background color corresponds to the UL value. The brighter the background color, the 
higher the limiting potential. 
. 
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Figure S17 UL for ORR on MN4CA in 0.1 M electrolyte at pH = 1. In each cell, the inserted text in the 1st 
row shows the electrolyte anion participating in the reaction which is the most stable adsorbate on the 
MN4C10 site at pH=1, U=0.80 VSHE. The inserted text in the 2nd row shows the potential determining states 
for UL (the number 0-6 is referred a state in Figure S13). The inserted number in the 3rd row is UL value 
in VSHE. The insert ‘X’ means the neutral gas molecules are thermodynamic stable on both sides of the 
metal atom or the second adsorbate moves away from the metal site with the distance > 3.0 Å, thus we 
considered the metal site is inactive for the ORR. The later cases occur especially on the SbN4C10 and 
BiN4C10 sites, The background color corresponds to the UL value. The brighter the background color, the 
higher the limiting potential. 
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7. CO2RR to CO activity  

 

 
Figure S18 Free energy diagram of the CO2RR to CO at pH = 7, U = -0.80 VSHE on: (a) MN4C10, (b) 
MN4CA in 0.1 M H2CO3+CO solution, where M = Mn, Fe, Co, Ni, Zn, Cu and Sn. The inset structures 
show the side view of the *COOH/*CO and *CO/*CO on the FeN4 site. (C = gray, N = blue, H = white, O 
= red, Fe = orange). 
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Figure S19 ∆Gmax along the CO2RR to CO pathway at U=-0.80 VSHE, pH=7 on the MN4C10 site in 0.1 M 
electrolyte. In each cell, the inserted text in the 1st row shows the electrolyte anion participating in the 
reaction which is the most stable adsorbate on the MN4C10 site at pH=7, U=-0.80 VSHE. The inserted text 
in the 2nd row shows the determining states for ∆Gmax (number 0-5 is referred to state in Figure S18). The 
inserted number in the 3rd row is ∆Gmax value in eV. The insert ‘X’ means the second adsorbate moves 
away from the metal site with the distance > 3.0 Å, thus we considered the metal site is inactive for the 
ORR. The later cases occur especially on the SbN4C10 and BiN4C10 site. 
 
 

 
Figure S20 ∆Gmax along the CO2RR to CO pathway at U=-0.80 VSHE, pH=7 on the MN4CA site in 0.1 M 
electrolyte. In each cell, the inserted text in the 1st row shows the electrolyte anion participating in the 
reaction which is the most stable adsorbate on the MN4CA site at pH=7, U=-0.80 VSHE. The inserted text 
in the 2nd row shows the determining states for ∆Gmax (number 0-5 is referred to state in Figure S18). The 
inserted number in the 3rd row is ∆Gmax value in eV.  
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Figure S21 Free energy diagram of the CO2RR to CO at pH = 7, U = -1.0 VSHE on: (a) MN4C10, (b) MN4CA 
in 0.1 M H2CO3+CO solution, where M = Mn, Fe, Co, Ni, Zn, Cu and Sn. The inset structures show the 
side view of the *COOH/*H and *CO/*H on the FeN4 site. (C = gray, N = blue, H = white, O = red, Co = 
pink). 

 

 



 

32 
 

 

Figure S22 ∆Gmax for the CO2RR to CO on MN4C10 (circle) and MN4CA (square) at pH = 7 and U= -1.0 
VSHE with M = Mn, Fe, Co, Ni, Cu, Zn, and Sn. The onset potentials from the experiments are marked 
with stars and use the y-axis on the right. 
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Figure S23 Classification of possible product from CO2RR on promising candidates (∆GR < 1 eV and 
∆Gmax < 0.8 eV) and bare MN4 sites based on ∆E(*H) and ∆E(*CO): (a) MN4C10, (b) MN4CA. The binding 
energy of the bare metal sites is marked with filled color dots. 
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8. Electronic structure 

 
Figure S24 Spin-polarized density of states for pristine CoN4 site projected onto Co 3d, N 2p orbital: (a) 
CoN4C10, (b) CoN4CA. Spin-polarized density of states for CoN4 site with ∗OH projected onto Co 3d, N 
2p and O 2p (∗OH) orbital: (c) CoN4C10, (d) CoN4CA. Spin-polarized density of states for CoN4 site with 
∗COOH projected onto Co 3d, N 2p and C 2p (∗COOH) orbital: (d) CoN4C10, (e) CoN4CA. 
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Figure S25 Illustration of d-orbital splitting and possible electronic configurations for a single metal atom 
on bulk graphene (MN4C10) in square pyramidal geometry (with one adsorbate), octahedral geometry 
(two adsorbates): (a) Cr, (b) Mn, (c) Fe and (d) Co. The possible electron configuration is based on the 
converged magnetization (# spin up - # spin down) and we assume that the oxidation of the metal center 
atom of the pristine structure (without adsorbates) is 2+. Only electrons in black arrows remain on the 
metal center atom while the electrons in grey arrows are donated to the adsorbates. The relative position 
of energy level is qualitative only. 
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a b s t r a c t 

Membrane-based polybenzimidazole (mPBI) emerges as an exciting electrolyte membrane for alkaline 

fuel cells and water electrolyzers due to its useful ion conductivity range after being doped with aqueous 

KOH. However, the polymer degradation at highly alkaline concentrations limits its practical use. Herein, 

the density functional theory (DFT) calculations are used to study the degradation mechanism of mPBI 

molecule in an alkaline solution. The pristine mPBI molecule deprotonates to form an ionized molecule 

in an alkaline solution, with the ionized form being predominant at high pH. The nucleophilic hydrox- 

ide at the C2 position initiates the degradation, whereas the formation of the fully deprotonated ionic 

form suppresses the hydroxide ion attack. The degradation reaction then proceeds by ring-opening and 

chain scission reactions. The ring-opening reaction is preferred with an ancillary hydroxide ion or water 

molecule during the proton transfer process. The rate-determining state is the transition state involving 

the amide cleavage during the chain scission. Combining implicit-explicit solvation models is found to 

stabilize intermediate and transition states, lowering the energy barrier. With one or two explicit water 

molecules, the free energy barrier agrees well with experimental polymer lifetimes. An increase in KOH 

concentration increases the degradation rate, agreeing with experiments. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Alkaline anion exchange membranes have gained increased at- 

tention due to their potential to integrate with a wide range of 

electrochemical energy storage and conversion technologies. The 

advantage of an alkaline condition is a broad selection of electro- 

catalysts based on abundant and cheap materials, in contrast to no- 

ble metal-based electrocatalysts required in acidic conditions [1] . 

In the cell design, the electrodes are separated by an elec- 

trolyte membrane where hydroxide ions are transported. Cations, 

such as ammonium [ 2 , 3 ] and imidazolium cation [4–6] , are com- 

monly attached to the polymer backbone to allow hydroxide ion- 

conduction. However, the hydroxide ion can react irreversibly with 

the polymer backbone and cations, causing ionic conductivity 

degradation over time [7–9] . Therefore, chemical stability remains 

a significant challenge for anion conducting membranes. An alter- 

native is to use an ion-solvating membrane where an aqueous elec- 

trolyte is dissolved in a polymer matrix [10] so that it utilizes the 

uptake of an aqueous alkaline to achieve ionic conductivity and 

does no need for cation moieties [ 11 , 12 ]. 

∗ Corresponding author. 

E-mail address: heih@dtu.dk (H.A. Hansen). 

The poly(2,2 ′ -(m-phenylene)-5,5 ′ -bibenzimidazole) (mPBI) 

equilibrated in aqueous potassium hydroxide (KOH) can form 

an ion-solvating polymer system composed of KOH and water 

dissolved in the polymer matrix; the ternary mPBI/KOH/H 2 O 

electrolyte system [13] . This alkaline doped mPBI system has been 

reported to have high ionic conductivity and excellent chemical 

stability in alkaline conditions. It has been tested as an anion 

exchange membrane in direct alkaline alcohol fuel cells [ 14 , 15 ], al- 

kaline fuel cells [16–18] , water electrolyzers [ 10 , 19 ], and vanadium 

redox flow batteries [20] with remarkable performance. 

The ternary mPBI/KOH/H 2 O electrolyte composite is strongly 

dependent on the KOH concentration, which significantly deter- 

mines the ionic conductivity of the membrane. The system exhibits 

high ionic conductivity and chemical stability at low KOH concen- 

tration (5–10 wt% KOH at 88 °C). The ionic conductivity can be 

increased by two orders of magnitude and reach a peak at 20–

25 wt% KOH [21] . However, increasing KOH concentration enhances 

the degradation of the polymer, as evidenced by the gradually re- 

duced molecular weight, mechanical strength, ionic conductivity, 

and structural change [ 10 , 21 ]. Thus, the actual use is limited. 

Experimental studies have suggested that the 

polybenzimidazole-based membrane may degrade in an alkaline 

environment by a hydrolysis reaction [ 10 , 21 , 22 ]. The postulated 

https://doi.org/10.1016/j.electacta.2021.139329 
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Fig. 1. Schematic illustration: (0) acid-base equilibrium of mPBI and (1)–(3) postulated degradation pathway of mPBI in aqueous KOH. 

degradation pathway is shown in Fig. 1 , where (1) the nucle- 

ophilic addition of hydroxide ions at the benzimidazole ring 

initiates the degradation, followed by (2) the ring-opening and 

(3) chain scissors [ 11 , 23 ]. This postulated reaction path is similar 

to the degradation of imidazolium and benzendazolium cations 

[ 8 , 9 , 24 , 25 ], which have also been suggested as a promising can- 

didate for anion exchange membranes. However, the degradation 

mechanism of the mPBI membrane in alkaline solution has not 

been presented in detail. Additionally, the mPBI has been reported 

to deprotonate when submerged in aqueous KOH [13] . The equi- 

librium between the pristine and deprotonated form is shown as 

reaction (0a) and (0b) in Fig. 1 . Unlike the imidazole cation, the 

negative charge may be delocalized over the benzimidazole ring of 

the deprotonated mPBI. Thus, the mPBI and hydroxide ion inter- 

action may differ from that occurs with the imidazolium cations, 

resulting in different degradation mechanisms and degradation 

rates. Also, it is unclear which form of mPBI is most vulnerable 

and undergoes degradation in an alkaline environment as the 

equilibrium between the pristine and deprotonated forms strongly 

depends on the KOH concentration [ 13 , 26 ]. 

In this work, we use first-principles modeling with density 

functional theory (DFT) to evaluate the predominant species and 

the degradation mechanism of mPBI in an alkaline solution. The 

postulated degradation pathway of the mPBI, as shown in Fig. 1 , 

is investigated where the first step of the degradation involves 

the nucleophilic addition reaction, followed by the ring-opening 

and chain scission. A low-barrier degradation pathway for mPBI 

molecules in an alkaline solution is catalyzed by hydroxide ions or 

water molecules. We study the role of explicit water molecules on 

the free energy barrier in each reaction step and investigate the ef- 

fect of hydroxide ion concentration on the degradation rate. Com- 

paring experiment and theory is achieved by computing the theo- 

retical free energy barrier against those estimated from the experi- 

mental results. Our investigation provides a clearer understating of 

how the mPBI-based membranes degrade in an alkaline environ- 

ment. 

2. Computational details 

All calculations are performed using B3LYP [27] functional and 

6-311 ++ G(d, p) basis sets as implement in Q-Chem 5.2 [28] for 

both optimized geometries and calculated energies. The threshold 

for the maximum gradient and the self-consistent field (SCF) en- 

ergy change between consecutive optimization cycles is 3.0 × 10 −3 

Hartree/Bohr and 1 × 10 −8 Hartree, respectively. The geometry op- 

timizations for intermediate and transition states are carried out 

in the gas phase. A freezing string method (FSM) [ 29 , 30 ] is used to 

approximate the reaction path connecting each intermediate state 

pair. The highest energy point on the reaction path is taken as the 

first approximation for a transition state which is then refined to 

the actual transition state by using the Baker’s partitioned rational- 

function optimization (P-RFO) algorithm [31] implemented in Q- 

chem 5.2. Each transition state is verified to connect the desig- 

nated reactant and product by performing an intrinsic reaction co- 

ordinate (IRC) calculation [32] . The vibrational frequencies are cal- 

culated to confirm the local minima on the potential energy sur- 

face with no imaginary frequencies for all intermediates and one 

single imaginary frequencies for all transition states. Single point 

energies are computed with the conductor-like polarization con- 

tinuum model (C-PCM) [33–35] based on the optimized gas-phase 

geometries. A dielectric constant of 78.39 corresponds to the bulk 

water used to include the surrounding water medium. 

Free reaction energy and free energy barrier are calculated at 

T = 88 °C and 1 atm, which is the same as the experimental con- 

dition [21] . For the reaction between A and B, the reaction goes 

through a transition state TS and results in the product C. 

A + B → TS → C (1) 

The free energy reaction ( �G (sol) ) and the free energy barrier 

( �G 

TS 
(sol) ) in the solution are defined as follows. 

�G ( sol ) = G 

(
C ( sol ) 

)
− G 

(
A ( sol ) 

)
− G 

(
B ( sol ) 

)
= �E ( sol ) + �G 

corr 
( gas ) 

(2) 

�G 

TS 
( sol ) = G 

(
T S ( sol ) 

)
− G 

(
A ( sol ) 

)
− G 

(
B ( sol ) 

)
= �E 

TS 
( sol ) + �G 

TScorr 
( gas ) 

(3) 

where 

�E ( sol ) = E 

(
C ( sol ) 

)
− E 

(
A ( sol ) 

)
− E 

(
B ( sol ) 

)
(4) 

�E 

TS 
( sol ) = E 

(
T S ( sol ) 

)
− E 

(
A ( sol ) 

)
− E 

(
B ( sol ) 

)
(5) 

�E (sol) and �E TS 
(sol) are the reaction energy and the energy bar- 

rier, respectively, computed as the energy difference between the 

species in the gas phase geometry with the presence of the contin- 

uum solvent. �G 

corr 
(gas) ( = �H (gas) - T �S (gas) ) and �G 

TScorr 
(gas) are 

thermal corrections, including zero-point vibration energy (ZPVE) 

and vibrational, translational, and rotational entropies and en- 

thalpies computed from the vibration analysis assuming vibrational 

modes are non-interacting quantum mechanical harmonic oscilla- 

tors. 

An estimate of the reaction rate constant is obtained from tran- 

sition state theory. 

k = 

k B T 

h 

e 
−�G TS 

RT (6) 

k is the rate constant for a given reaction, k B is Boltzmann’s 

constant, h is Planck’s constant, �G 

TS is the free energy difference 

between the transition state and the reactants, R is the gas con- 

stant, and T is the temperature. 
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As a hydrogen atom can be described as a wave packet, it can 

penetrate regions forbidden for classical particles. The inclusion of 

quantum mechanical tunnelling effects in the calculations has been 

reported to increases the proton transfer rate [36] . Therefore, in 

our calculations, a proton tunnelling effect is included in the rate 

constant involved in the proton transfer reaction. The reaction rate 

constant, including the tunnelling effect, can be written as follows. 

k = κ
k B T 

h 

e 
−�G TS 

RT (7) 

κ is tunnelling correction used to account for the tunnelling ef- 

fect along the reaction coordinate and obtained as the ratio be- 

tween the quantum mechanical and the classical rate constant. 

If κ = 1 , there is no tunnelling, and if κ > 1 , the tunnelling ef- 

fect contributes to the rate constant. The tunnelling correction ( κ) 

[37] is defined as follows. 

κ = e 

(
�E TS 

k B T 

) ∫ ∞ 

0 

1 

k B T 

e 

(
−E 
k B T 

)
P ( E ) dE (8) 

P(E) is a tunnelling probability of a particle with mass m and 

energy E to penetrate the barrier with height �E TS . In this work, 

P(E) is approximated by using WKB approximation [38] and can 

be written as follows. 

P ( E ) = e 
− π2 w 

h 

√ 

2m ( �E TS −E ) ; 0 < E < �E 

TS (9) 

P ( E ) = 1 ; E > �E 

TS (10) 

w is barrier width, �E TS − E is the energy deficiency of the proton 

with respect to the top of the barrier. The barrier width ( w ) is es- 

timated from the reaction path obtained from the IRC calculations. 

3. Results and discussion 

3.1. Deprotonation reaction of mPBI in alkaline solution 

The dissociation of an acidic proton of the mPBI-based molecule 

in KOH solution has been observed in experiments, and the ion- 

ized form has been found to dominate at concentrations higher 

than 15 wt% KOH [13] . The ionized form leads to the ternary 

mPBI/KOH/H 2 O electrolyte system, which is responsible for a high 

ionic conductivity of the membrane. Further increasing the KOH 

concentration has been found to cause membrane degradation 

[13] ; thus, the degradation has been suggested to start from the 

ionized form of the mPBI [ 11 , 22 ]. 

To identify the predominant form of the mPBI in the alkaline 

solution where the degradation occurs, we first consider an acid 

dissociation constant (pK a ) of the mPBI molecule. The stepwise dis- 

sociation constant is defined for losing a single proton and is illus- 

trated as reaction (0a) and (0b) in Fig. 1 . The dissociation constant 

for the first proton is denoted as pK a1 , and the successive proton is 

pK a2 . Thus, the acid deprotonation reaction of the mPBI molecule 

can be written as follows. 

mPBI ( 0 ) � mPBI ( 1 ) + H 

+ � mPBI ( 2 ) + 2 H 

+ (11) 

The number in parenthesis indicates the total negative charge 

on the molecule; thus, mPBI(0) is the pristine molecule, mPBI(1) is 

the first ionized form after losing one proton, and mPBI(2) is the 

second ionized form after losing two protons. The pK a can be cal- 

culated from the Gibbs free energy of the deprotonation reaction. 

p K a = 

�G dep ( sol ) 

2 . 303 RT 

(12) 

�G dep(sol) is the Gibbs free energy of the deprotonation reaction 

in the solution obtained from a thermodynamic cycle as shown in 

Figure S1. 

Table 1 

Calculated �G dep and pK a value for mPBI molecule at 

T = 88 °C. 

�G dep (eV) pk a 

mPBI(0) 0.89 pK a1 = 12.46 

mPBI(1) 0.92 pK a2 = 12.85 

Table 1 shows the calculated pK a for the mPBI(0) and mPBI(1), 

implying that the mPBI(2) is the major species at high pH. How- 

ever, there is a slight difference between successive pK a values, so 

there can be an overlap between the species’ pH range and exis- 

tence. Figure S2 shows the calculated percentage of formation for 

each mPBI species as a function of pH at T = 88 °C. The mPBI(1) 

starts to form at pH ∼ 10. The mPBI(2) begins to form at pH ∼ 12 

and becomes the predominant species at pH > 13 (about 5 wt% 

KOH [ 39 , 40 ]). Still, all three mPBI species can be found in the so- 

lution at pH between 12–13. At pH = 13, approximately 10% of 

mPBI(0) and 40% of mPBI(1) are in the solution and at pH = 14, 

the solution consists of approximately 10% of mPBI(1) and 90% of 

mPBI(2). 

The concentration of the ionized form (mPBI(1) + mPBI(2)) in- 

creases as pH increases. Therefore, by increasing KOH bulk con- 

centration, the ion conductivity can be expected to increase. In 

the experimental study by Kraglund et al., the ionic conductivity 

of the mPBI based-membrane at T = 80 °C increases by two or- 

ders of magnitude from 0.7 to 72 mS •cm 

−1 when the bulk solu- 

tion concentration is increased from 5 to 15 wt% KOH with limited 

structural changes and the ionic conductivity can be peak at KOH 

concentration around 20–25 wt% KOH while the membrane shows 

signs of structural change [10] . 
The conversion between the pH and KOH bulk concentration 

in the above approximation might not be directly applicable to 

the ternary mPBI/KOH/H 2 O system. Hou et al. suggest that pro- 

tons from the mPBI molecule can combine with hydroxide ions in 

the environment and form a more stable water molecule [41] . At 

the same time, potassium ions could interact with the negatively 

charged nitrogen or carbon atom, subsequently integrating with 

the mPBI molecule [ 26 , 42 ]. Therefore, the internal KOH concentra- 

tion of the ternary mPBI/KOH/H 2 O system can slightly be different 

from the bulk solution [21] . 

4. Nucleophilic addition reaction 

The degradation of mPBI based membranes in alkaline solu- 

tions has been suggested via hydrolysis reaction [23] . The first re- 

action step involves the nucleophilic addition at the carbon atom 

of the five-membered ring [ 11 , 21 ]. A carbon atom at the C2 posi- 

tion [ 11 , 22 , 24 ] ( Fig. 2 a) has been suggested as the susceptible point 

of the mPBI to hydroxide ion attack. 

All three forms of the mPBI molecule can be present in the al- 

kaline solution at a high pH range (pH ∼ 12-14) where the degra- 

dation has been reported; thus, we first consider the free reaction 

energy for the first reaction step ( �G 1 ) for all three mPBI forms as 

follows. 

�G 1 = G 

(
OHmPBI ( n ) ( sol ) 

)
− G 

(
mPBI ( n ) ( sol ) 

)
− G 

(
OH 

−
( sol ) 

)
(13) 

OHmPBI denotes the mPBI molecule with a hydroxide ion bound 

to one of the carbon atoms of the five-membered ring. 

There are three possible distinct carbon atoms, marked as 

C2, C4, and C5 in Fig. 2 b, where hydroxide ions can attack the 

mPBI(0) molecule. There are five possible positions for the mPBI(1) 

molecule at C2, C4, C5, C2 ∗, and C4 ∗, where the ∗ denotes atoms 

located at the ionized part of the mPBI molecule. For the mPBI(2) 

molecule, hydroxide attack on the carbon atom at the C2 ∗ or C5 ∗

3 
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Fig. 2. (a–c) Optimized structures and NBO atomic charge on atoms for each mPBI species: (a) mPBI(0), (b) mPBI(1), and (c) mPBI(2). (d-f) LUMO (and LUMO + 1) isosurface 

for each mPBI species: (d) mPBI(0), (e) mPBI(1), and (f) mPBI(2). Colors code for atoms: H-white, C-gray and N-blue. 

Table 2 

�G 1 for hydroxide ion attack at different carbon atoms of the five- 

membered ring for each species of mPBI at T = 88 °C. 

molecule attack position Atomic partial 

charge (electron) 

�G 1 (eV) 

mPBI(0) C2 0.20 1.31 

C4 0.06 1.99 

C5 0.06 2.26 

mPBI(1) C2 ∗ 0.17 2.43 

C4 ∗ 0.04 2.88 

C2 0.20 1.38 

C4 0.06 2.02 

C5 0.06 2.25 

mPBI(2) C2 ∗ 0.17 2.66 

C4 ∗ 0.05 2.99 

position is possible, while the carbon atoms at C4 ∗ and C5 ∗ are 

symmetry equivalent. 

Table 2 presents calculated �G 1 at different carbon positions. 

The hydroxide ion attack at the C2 position in either the mPBI(0) 

or mPBI(1) is more accessible than in other positions. Since carbon 

at the C2 (or C2 ∗) position is between two nitrogen atoms, which 

has higher electronegativity, the atomic charges obtained from the 

natural bond orbital analysis (NBO) analysis [43] on these carbon 

atoms are more positive than the others ( Fig. 2 ). The more pos- 

itive charge can make the attack of the hydroxide anions more 

favorable. On the contrary, the ionized part of the molecule is 

less vulnerable to hydroxide ions. Considering the mPBI(1), the 

hydroxide ion attacks at the C2 ∗ position are more difficult than 

those at the C2 position. After deprotonation, the lowest unoccu- 

pied molecular orbital (LUMO) energy of the ionized molecule in- 

creases, and the atomic charge of atoms near the ionized position 

becomes more negative. Fig. 2 (d–f) shows LUMO isosurfaces for 

mPBI molecules in different protonation states. The LUMO isosur- 

face has weight on carbon atoms at the C2 position of the mPBI(0). 

For the mPBI(1), the LUMO isosurface has mainly weight near the 

C2 position and not on the ionized part near the C2 ∗ position. 

However, the LUMO + 1 isosurface with higher energy localizes on 

the carbon atom at the C2 ∗ position. For the mPBI(2), the LUMO 

energy is highest among considered species, and the attack by hy- 

droxide ion is also most difficult. This suggests that the suscepti- 

bility to hydroxide anion attack of the mPBI based-molecule can be 

related to the LUMO energy and the LUMO isosurface [ 4 , 44 ] , and 

the formation of the deprotonated mPBI form can suppress hydrox- 

ide ion attack. 

For the nucleophilic addition reaction at the C2 position, the 

forward free energy barrier is 1.42 eV for the mPBI(1) and 1.35 eV 

for the mPBI(0) but only 0.04 eV for both mPBI(1) and mPBI(0) 

in the reverse direction. Thus, the first step is highly reversible. 

The free energy barrier for the nucleophilic addition reaction at 

the other positions of the mPBI(0) and mPBI(1) as well as at the 

mPBI(2) molecule is 2.0 eV or greater, making the degradation 

from the other parts and the mPBI(2) unlikely. As there are more 

percentages of mPBI(1) in solution than mPBI(0) at high pH range, 

we think that the overall degradation is significantly due to the 

degradation of the mPBI(1) species, and we investigate the further 

degradation reaction from the hydroxide ion bond with a carbon 

atom at the C2 position in the mPBI(1). 

5. Ring-opening reaction 

A ring-opening reaction follows the hydroxide ion attack. The 

possible mechanism for the mPBI(1) degradation is that a hydroxyl 

proton at the C2 position is transferred to the nitrogen atom at the 

N1 or N3 position, followed by a C-N bond breaking. 

5.1. Hydroxyl proton transferred to the nitrogen atom at the N3 

position 

We first consider that the hydroxyl proton is transferred to the 

nitrogen atom at the N3 position, followed by a C2-N3 bond break- 

ing, as shown in Fig. 3 . 

First, we consider that this ring-opening reaction occurs in a 

single step, as shown in reaction path 1.1, Fig. 3 . The free energy 

barrier for this single-step reaction is 0.83 eV, and a transition 

state TS2-1.1 locates at 2.22 eV in the quantitative reaction profile. 

The hydrogen tunnelling effect in this single-step reaction is neg- 

ligible as we find the calculated tunnelling correction ( κ) of 1.00 

(Table S1). 

Alternatively, as the degradation occurs in an alkaline solution, 

water molecules and hydroxide ions are available in the environ- 

ment, and both can participate and assist the reaction [ 24 , 25 ]. 

For reaction path 1.2 in Fig. 3 , one hydroxide ion is added 

into the simulation explicitly. The additional hydroxide ion spon- 

4 



T. Patniboon and H.A. Hansen Electrochimica Acta 398 (2021) 139329 

Fig. 3. (a) Quantitative reaction profile for the ring-opening reaction of mPBI(1) via reaction path 1 at T = 88 °C. The reference zero energy state for energies reported is 

A + OH 

−, and the relative energies of the intermediates and transition state are in eV. The insets show optimized structures for intermediate and transition states involved 

in the reaction path 1.1. The optimized structures for intermediate and transition states involved: (b) reaction path 1.2 and (c) 1.3. Colors code for atoms: H-white, C-grey, 

N-blue, O-red. 

taneously reacts with the hydroxyl proton at the C2 position, re- 

sulting in intermediate state BX1-1.2, where one water molecule 

is formed. A transition state between the intermediate B and BX1- 

1.2 cannot be found. However, the intermediate BX1-1.2 state is 

0.31 eV, less stable than the intermediate state B. The resulting 

water molecule further participates in the C2-N3 bond breaking, 

giving intermediate state C and one hydroxide ion. Thus, the ad- 

ditional hydroxide ion acts as a catalyst in this reaction path. For 

the two successive reactions, free energy barriers �G 

TSX1-1.2 and 

�G 

TSX2-1.2 are 0.26 and 0.27 eV, respectively. The last step for the 

BX2-1.2 → C + OH 

− step involves the proton transfer from the wa- 

ter molecule to the N3 nitrogen atom, where we find the tun- 

nelling correction ( κ) of 1.07. Thus, the proton tunnelling con- 

tributes to the rate constant increased from 1.33 × 10 9 s −1 to 

1.43 × 10 9 s −1 when including the tunnelling correction. The high- 

est transition state along this reaction path is TSX1-1.2, locating at 

1.96 eV in the quantitative reaction profile. Although the TSX1-1.2 

is lower than the TS2-1.1 in the quantitative reaction profile, the 

energy relative to the initial reactant is still high. 

For reaction path 1.3 in Fig. 3 , we consider the hydroxyl pro- 

ton transfer through one explicit water molecule. The reaction first 

goes through a transition state TSY1-1.3, where the C2-N3 bond 

is broken. The transition vector of a single imaginary frequency of 

the TSY1-1.3 state relates to the C-N bond breaking (Fig. S3a). The 

free energy barrier for this step is 1.18 eV which includes the free 

formation energy for hydrogen-bond structure between the inter- 

mediate structure B and one explicit water of 0.25 eV. After that, 

the hydroxyl proton at the C2 position is transferred to the nitro- 

gen atom at the N3 position via the additional water molecule, giv- 

ing the intermediate C and one water molecule at the end of the 

process. The free energy barrier for the hydroxyl proton transfer is 

only 0.02 eV, and the tunnelling correction ( κ) for the BY1-1.3 → 

C + H 2 O step is 1.73, implying that the proton tunnelling can sig- 

nificantly contribute to the rate constant. The rate constant before 

applying the tunnelling correction is 3.67 × 10 12 s −1 , and it is in- 

creased to 6.36 × 10 12 s −1 after applying the tunnelling correc- 

tion. However, the highest transition state in the reaction path 1.3, 

which is the TSY1-1.3 locating at 2.56 eV in the quantitative reac- 

tion profile, is higher than the previously considered reaction path. 

5.2. Hydroxyl proton transferred to the nitrogen atom at the N1 

position 

An alternative path for the ring-opening reaction is shown in 

Fig. 4 . The hydroxyl proton is transferred to a nitrogen atom at the 

N1 position. Then either the C2-N1 or C2-N3 bond is broken. 

We first consider the intramolecular proton transfer process 

where the hydroxyl proton at the C2 position is directly transferred 

to the nitrogen atom at the N1 position, as shown in reaction path 

2.1, Fig. 4 . The optimized structures related to this reaction path 

are shown in Fig. 5 a. A relatively high free energy barrier (0.91 eV) 

is found for this intramolecular proton transfer process, and a TS2- 

2.1 state locates at 2.29 eV in the quantitative reaction profile. The 

rate constant for the proton transfer along this reaction path (for 

B → C step) is 1.43 s −1 
, and the inclusion of the tunnelling effect 

gives a rate constant of 1.48 s −1 ( κ = 1.04). 

We also investigate whether the hydroxyl proton is transferred 

to the nitrogen atom at the N1 position via a nearby hydroxide ion 

or water molecule. 

The quantitative reaction profile for the hydroxyl proton trans- 

fer through the water molecule is shown in reaction path 2.2, 

Fig. 4 . A single imaginary frequency transition vector for a tran- 
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Fig. 4. Quantitative reaction profile for the ring-opening reaction of mPBI(1) via reaction path 2 at T = 88 °C. The reference zero energy state for energies reported is A + OH 

−, 

and the relative energies of the intermediates and transition state are in eV. The insets show optimized structures for the intermediate and transition states involved in the 

reaction path. Colors code for atoms: H-white, C-grey, N-blue, O-red 

Fig. 5. Optimized structures for the intermediate and transition states related to the hydroxyl proton transfer for mPBI(1) during the ring-opening reaction path: (a) 2.1 (b) 

2.2 and (c) 2.3. Colors code for atoms: H-white, C-grey, N-blue, O-red 

sition state TS2-2.1 corresponds to a proton transfer via a water 

molecule (Fig. S4b). First, the water molecule donates one of its 

protons to the nitrogen atom at the N1 position, and then one 

hydroxide ion is obtained. After that, the resulting hydroxide ion 

reacts with the hydroxyl proton at the C2 position, giving inter- 

mediate structure C and a water molecule at the end of the pro- 

cess. The optimized structures along this reaction path are shown 

in Fig. 5 b. The free energy barrier for the hydroxyl proton trans- 

fer is 0.37 eV, including the free formation energy for hydrogen- 

bond structure between intermediate structure B and one explicit 

water of 0.25 eV. Therefore, the TS2-2.1 state is 0.54 eV lower 

than TS2-2.1 in the quantitative reaction profile, and the rate con- 

stant (for B + H 2 O → C + H 2 O step) without the tunnelling correction 

(k = 4.42 × 10 7 s −1 ) is already higher than that of the intermolec- 

ular proton transfer. Furthermore, in this reaction path, the tun- 

nelling correction ( κ) is 1.26, resulting in a higher rate constant 

for the hydroxyl proton transfer of 5.55 × 10 7 s −1 when the pro- 

ton tunnelling effect is included. 

For the hydroxyl proton transfer through a hydroxide ion, the 

qualitative reaction profile is shown in reaction path 2.3, Fig. 4 . 

First, the additional hydroxide ion reacts with the hydroxyl pro- 

ton at the C2 position, produces one water molecule. This water 

molecule later donates one of its protons to the nitrogen atom at 

the N1 position ( Fig. 5 c). Then, the intermediate state C and a hy- 

droxide ion are obtained. The transition vector for a single imagi- 

nary frequency of a transition state TS2-2.3 mainly corresponds to 

a proton transfer from the produced water molecule to the nitro- 

gen atom at the N1 position (Fig. S4c). The free energy barrier for 

this hydroxyl proton transfer is 0.25 eV (0.66 eV lower than the 

TS2-2.1 and only 0.13 eV lower than the TS2-2.2 in the qualitative 

reaction profile). Like the previous water assists the process, the 

rate constant (for B + OH 

−→ C + OH 

− step) without tunnelling cor- 

rection ( k = 2.68 × 10 9 s −1 ) is higher than the intermolecular pro- 

ton transfer. Also, the tunnelling correction ( κ) of 1.33 along this 

reaction path increases the rate constant to 3.57 × 10 9 s −1 . 

The results show that the water molecule and hydroxide ion 

play an important role in reducing the energy barrier for the hy- 

droxyl proton transfer during the ring-opening reaction. Also, along 

a water molecule or hydroxide ion-assisted pathway, the proton 

can tunnel through the energy barrier. Thus, the tunnelling in- 
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creases the rate constant, improving the ability of water or hydrox- 

ide to facilitate the process (Table S2). 

After forming the intermediate state C, the next step involves 

breaking the C-N bond. Note that for the intermediate structure C, 

the C2-N1 bond is symmetric with the C2-N3 bond. The cleavage 

of the C-N bond creates an unstable N dangling bond in the inter- 

mediate structure D. This unstable N dangling bond can be stabi- 

lized by receiving a proton from an available water molecule in its 

environment. Thus, the next ring-opening step involves the inter- 

mediate C and water molecules. This process results in an interme- 

diate structure E and a hydroxide ion. The free energy barrier for 

breaking the C-N bond is 0.68 eV, including the free formation en- 

ergy for hydrogen-bond structure between intermediate structure 

C and one explicit water of 0.23 eV. The free energy barrier for the 

proton transfer from the water molecule to the unstable N dan- 

gling bond is only 0.02 eV, with the tunnelling correction ( κ) of 

1.33. Thus, the proton tunnelling effect also contributes to the re- 

action rate constant in this step, increasing the rate constant from 

3.50 × 10 12 s −1 to 4.65 × 10 12 s −1 

For reaction path 2.2 and 2.3 in Fig. 4 , the highest transition 

state is TS3 which locates at 1.78 eV in the quantitative reaction 

profile, and it relates to the C-N bond-breaking. The highest tran- 

sition state along this reaction path is lower than reaction path 1 

in Fig. 3 . Thus, the ring-opening reaction of the mPBI(1) molecules 

possibly occurs through reaction path 2.2 or 2.3 with the assis- 

tance of either a water molecule or hydroxide ion. However, the 

additional hydroxide ion is unstable for the latter case as it is likely 

to spontaneously react with the hydroxyl proton at the C2 posi- 

tion. It is also possible that if we added an explicit potassium ion, 

this additional hydroxide ion could spontaneously combine with 

the potassium ion instead of catalyzing the reaction. Still, as there 

are available water molecules in the environment, the reaction is 

expected to occur with the assistance of a water molecule. 

We also investigate the ring-opening reaction for the mPBI(0) as 

shown in Figure S6a and S6b. The results conclude that the ring- 

opening reaction is likely to occur via reaction path 2.2 or 2.3. In 

reaction path 2 for the mPBI(0), the TS2-2.2 and TS2-2.3 are 0.52 

and 0.67 eV lower than the TS2-2.1 in the quantitative reaction 

profile. Also, the highest transition state along the ring-opening re- 

action (reaction path 2.2 or 2.3) for the mPBI(0) is the TS3. 

6. Chain scission reaction 

The C2-N1 bond in the intermediate E is the amide linkage 

( Fig. 6 a) which can be further hydrolyzed, leading to complete 

chain scission. As the degradation occurs in an alkaline solution, 

we consider the chain scission involving hydroxide ions. In Fig. 6 b, 

the chain scission begins with the nucleophilic hydroxide ion at- 

tack at the C2 carbon atom in the intermediate structure E as it has 

the most positive charge. The nucleophilic addition goes through a 

transition state TS5 with the free energy barrier of 1.03 eV in the 

forward direction and only 0.13 eV in the reverse direction. Thus, 

this step is highly reversible. The next step involves the amide 

cleavage, as shown in reaction path 3.1, Fig. 6 b. The reaction goes 

through a transition state TS6-3.1 with a free energy barrier of 

0.40 eV. The transition vector corresponded to a single imaginary 

frequency for the TS6-3.1 state mainly relates to the C2-N1 bond 

breaking (Fig. S5a). After the C2-N1 bond is broken, the hydroxyl 

proton at the C2 position transferred to the nitrogen atom at the 

N1 position occurs without a transition state, so no tunnelling ef- 

fect is considered along this reaction step. The final product G is 

1.25 eV, more stable than the intermediate E + OH 

− state. 

The chain scission reaction considered here is the same as the 

alkaline hydrolysis of an amide [ 45 , 46 ]. A previous study by Lopez 

et al. has suggested that the explicit water molecule lowers the 

energy barrier by either acting as a proton bridge between hy- 

droxyl and nitrogen or stabilizing the molecule via hydrogen bond- 

ing [45] . Cheshmedzhieva et al. conducted a theoretical study on 

alkaline hydrolysis of three different secondary amides. They found 

that the stabilization, whether via proton bridging or hydrogen 

bonds, depending on the molecular structure containing the amide 

bond [46] . 

We consider the effect of explicit water on the amide cleavage 

energy profile as shown in reaction path 3.2, Fig. 6 b. One explicit 

water molecule is placed near the amide linkage in the intermedi- 

ate E structure. The amide cleavage goes through a transition state 

TS6-3.2. The transition vector corresponded to a single imaginary 

frequency for TS6-3.2 still mainly relates to the C2-N1 bond break- 

ing (Fig. S5b) similar to the previous TS6-3.1 state. After the C2- 

N1 bond is broken, the hydroxyl proton at the C2 position is also 

spontaneously transferred to the N1 nitrogen atom. The hydroxyl 

proton transfer can occur either with or without passing the pro- 

ton through the explicit water molecule; still, they are a barrier- 

less and exothermic process. The free energy barrier for the C2-N1 

bond cleavage along the reaction path 3.2 is 0.70 eV, including the 

free formation energy for hydrogen-bond structure between inter- 

mediate structure F and one explicit water molecule of 0.31 eV. 

The free energy barrier is lowered by ∼ 0.01 eV with the presence 

of one explicit water molecule. Thus the explicit water molecule 

has a minor effect on the amid cleavage energy barrier for the 

mPBI(1). 

Furthermore, we consider the amid cleavage with an additional 

hydroxide ion as shown in reaction path 3.3, Fig. 6 b. We find that 

the additional hydroxide ion near the amide linkage in the inter- 

mediate E spontaneously reacts with a hydroxyl proton at the C2 

position, forming a water molecule. The hydroxyl proton abstrac- 

tion leads to the cleavage of the C2-N1 bond, and the H4 hydro- 

gen atom is transferred back and forth between the N3 nitrogen 

atom and the O2 oxygen atom along this process ( Fig. 6 d). The 

reaction undergoes a transition state TS6-3.3, locating at 1.88 eV 

in the quantitative reaction profile. The tunnelling correction ( κ) 

along this reaction step is 1.02, resulting in the rate constant of 

1.50 × 10 −1 s −1 . The breaking of the C2-N1 bond creates an unsta- 

ble N dangling bond at the N1 position in intermediate structure 

FX2-3.3. This unstable N dangling bond can be stabilized by receiv- 

ing a proton from an available water molecule in its environment. 

The free energy barrier of the last step is found to be only 0.01 eV 

with the tunnelling correction of 1.51, implying a significant pro- 

ton tunnelling facilitating this step. The final products, structure 

G, and one hydroxide ion are obtained at the end of the process. 

However, along reaction path 3.3 in Fig. 6 b, the free energy barrier 

for the amide breaking is higher than the previous considerations. 

Therefore, the rate constant for the amide cleavage (for F → G step) 

along the reaction path 3.3, even including the proton tunnelling 

effect, is much lower than the others (Table S3). 

The chain scission reaction of the mPBI(0) is shown in Fig. S6c. 

Like the amide cleavage of the mPBI(1), the transition vector cor- 

responded to a single imaginary frequency for TS6-3.1 and TS6-3.2 

state of the mPBI(0) mainly relates to the C2-N1 bond breaking 

(Fig. S10). Also, the hydroxyl proton transfer from the C2 carbon 

atom to the N1 nitrogen atom spontaneously occurs after the C- 

N bond breaking. The free energy barrier for the amide cleavage 

without explicit water molecules is 0.48 eV. In comparison, the 

free energy barrier for the amide cleavage with one explicit wa- 

ter molecule is 0.86 eV, including the free formation energy for 

hydrogen-bond structure between intermediate structure F and ex- 

plicit water of 0.41 eV. Thus, the free energies barrier is lower ∼
0.03 eV with the presence of one explicit water molecule. 

The final product from the chain scion reaction contains free 

amino groups and a carbonyl group, agreeing with the experi- 

mental results by Aili et al., where the mPBI membrane struc- 

tures soaked in KOH solution at T = 88 °C were studied with FTIR 
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Fig. 6. (a) Optimized structure and NBO atomic charges on intermediate structure E. (b) Quantitative reaction profile for the chain scission reaction of mPBI(1) at T = 88 °C. 

The reference zero energy state for energies reported is E + OH 

−, and the relative energies of the intermediates and transition states are in eV. The insets show optimized 

structures for the intermediate and transition states involved in the reaction path 3.1. (c–d) Optimized structures for the intermediate and transition state related to the 

C2-N1 bond cleavage along reaction path: (c) 3.2 (d) 3.3. Colors code for atoms: H -white, C -grey, N -blue, O -red. 

and 

1 H NMR spectra. The mPBI structures soaked in 15–50 wt% 

KOH for 200 days were reported to the structure changes assigned 

to the free amino group formation [21] . Kraglund et al. also re- 

ported forming free amino groups and carbonyl moieties in the 

mPBI membrane structure after operating in a water electrolyzer 

at 2.0 V in 30 wt% KOH, 80 °C for 48h [10] . 

The quantitative reaction profile for the entire degradation pro- 

cess of the mPBI(1), is shown in the black line, Fig. 7 a. A water 

molecule catalyzes this reaction pathway during the ring-opening 

reaction, and there is no explicit water included during the chain 

scission reaction. The highest transition state is the TS6-3.1 located 

at 2.04 eV in the quantitative reaction profile. This state is pre- 

dicted to be the rate-limiting state and the effective barrier for the 

degradation reaction is 2.04 eV. 

The same reaction path for the entire degradation reaction of 

mPBI(0) is shown in Fig. S11 (the black line). The highest transition 

state, in this case, is also the TS6-3.1 (TS6) located at 2.02 eV in 

the quantitative reaction profile, so the effective energy barrier for 

the degradation reaction differs only by 0.02 eV from that of the 

mPBI(1). 

When the chain scission occurs, the reaction is irreversible. The 

hydroxide ion is consumed during the degradation as well as the 

mPBI(1) partially loses the ability to hold the aqueous KOH. Even- 

tually, the degradation reaction can lead to the gradual drop of the 

ionic conductivity of the membrane. Also, the degradation reaction 

can lead to a reduced molecular weight of the mPBI polymer, as 

evidenced by the experimental results by Aili et al. [21] . The sta- 

bility study of mPBI membrane in KOH solution at T = 88 °C has 

been found that the average molecular weight of mPBI soaked in 

50 wt% KOH for 200 days was about 21-25% of the initial molecu- 

lar weight [21] . 

7. Reaction with implicit-explicit solvation model 

So far, we employ the PCM implicit solvation model to approx- 

imately account for the effect of a dielectric constant surround- 

ing the reaction center. However, it does not incorporate specific 

short-range solute-solvent interactions such as hydrogen bonding, 

which can be particularly important for anions [47–49] . A com- 

bined implicit-explicit solvation approach by including few explicit 
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Fig. 7. Quantitative reactive profile for the degradation path of mPBI(1) at T = 88 °C (a) with a different number of explicit water molecules using PCM implicit solvation 

model and (b) with two explicit water molecules using PCM and SMD implicit solvation model. The reference zero energy state for energies reported is A + OH 

−
, and the 

relative energies of the intermediates and transition state are in eV. 

water molecules in the implicit solvation model has been found 

to improve the agreement between theoretical calculations and 

experimental data such as solvation energies and pK a for neu- 

tral, cation, and anion molecules [47–51] . For alkaline hydrolysis of 

amide bonds, the explicit water molecule has been reported to as- 

sist the proton-transfer process and stabilize the critical transition 

states via hydrogen bonding [ 45 , 46 ]. Subsequently, the explicit wa- 

ter molecule alters the activation energy. 

7.1. Reaction with one explicit water molecule 

The first hydroxide ion attack at the C2 carbon atom of the 

mPBI(1) or �G 1 with one explicit water molecule at different 

hydrogen-bonding sites is shown in Table S7. The results clearly 

show that a hydrogen bonding site can contribute significantly to 

�G 1 while placing one explicit water molecule near the N1 posi- 

tion gives the lowest energy for �G 1 . Thus, when we consider the 

entire degradation pathway of the mPBI(1) with one explicit water 

molecule, the explicit water molecule is placed near the nitrogen 

atom at the N1 position in structure A which is also close to where 

the expected degradation reaction occurs and participates in the 

reaction as a reactant. 

With one explicit water molecule through the entire degra- 

dation process, only the initial reactant structure A, intermedi- 

ate structure B, C, and transition structure TS1 are different from 

those previously considered. The optimized structures for the en- 

tire degradation process with one explicit water molecule are 

shown in Fig. S13. 

The free energy diagram of mPBI(1) degradation with one ex- 

plicit water molecule is plotted in Fig. 7 a (the red lines). The one 

explicit water molecule does not substantially affect the free en- 

ergy barrier during the first nucleophile addition reaction, but it 

still lowers the free reaction energy for this step (0.11 eV lower 

than without explicit water molecule). The free energy barrier re- 

lated to the water-assisted hydroxyl proton transfer ( �G 

TS2-2.2 ) and 

the cleavage of the C2-N1 bond ( �G 

TS3 ) during the ring-opening 
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reaction is about 0.25 and 0.23 eV lower than that in the reaction 

path without explicit water molecule. The �G 

TS4 and other rela- 

tive free energies during the chain scissor reaction are the same as 

the previous consideration since the explicit water molecule is not 

included in these steps. The highest transition state for the entire 

degradation pathway with one explicit solvation for the mPBI(1) 

is TS6-3.1, locating at 1.69 eV in the quantitative reaction profile, 

which is 0.35 eV lower than the degradation pathway without the 

explicit water molecule. The explicit water molecule lowers the en- 

ergy barrier by stabilizing via hydrogen bonds with the intermedi- 

ate state structure along the reaction path. 

7.2. Reaction with two and three explicit water molecules 

More water molecules (up to three water molecules) were 

explicitly included in the simulation. With two explicit water 

molecules, we find that the configuration with at least one ex- 

plicit water molecule near the nitrogen at the N1 position results 

in lower energy for �G 1 (Table S7). An increasing number of ex- 

plicit water molecules from zero to three (with at least one explicit 

water molecule is near the N1 nitrogen atom) reduced �G 1 from 

1.38 to 1.24 eV. Thus, when we add more explicit water molecules 

along the simulated reaction path, the first explicit water molecule 

is placed near the nitrogen atom at the N1 position and partic- 

ipates as a reactant. The second and third water molecules are 

placed near the nitrogen atom at the N3 ∗ or N1 ∗ position in struc- 

ture A, forming a hydrogen bond with deprotonated site. Besides, 

the additional explicit water molecules keep forming the hydrogen 

bond at the same site throughout the degradation process. 

It is important to mention that we only consider some spe- 

cific configurations between the limited amount of explicit water 

molecules and the mPBI(1) molecule in the reaction pathway. More 

explicit water molecules and other possible hydrogen bonding po- 

sitions would require considering a more elaborate model. Increas- 

ing the number of explicit water molecules to achieve at least the 

first solvation shell has been reported to agree with the experi- 

mental results as it can provide a more accurate treatment of the 

short-range solvation interactio [52–54] . The complete first solva- 

tion shell can be obtained by ab initio molecular dynamics simu- 

lations, which typically require a large number of water molecules 

( ∼10–100 molecules) and long simulation times [ 55 , 56 ]; such cal- 

culations are beyond the scope of the present study. 

The quantitative reaction profile for the mPBI(1) degradation 

with two and three explicit water molecules is shown in Fig. 7 a 

(the blue and green line, respectively), exhibiting a similar reac- 

tion profile to that with one explicit water molecule. However, the 

free reaction energy for the proton transfer reaction (for D → E + OH 

- 

step) along the degradation with two and three explicit water 

molecules is about 0.14 less negative than that with one explicit 

water molecule. Also, the free energy barrier and free energy reac- 

tion for the second nucleophilic addition step (for E + OH 

−→ TS5 → F 

step) along the reaction path with two and three explicit water 

molecules are about 0.15 and 0.14 eV lower than those in the re- 

action pathway with one explicit water molecule, respectively. This 

is results can imply that the specific hydrogen bonding at the de- 

protonate site significantly affects these steps. Hydrogen bonds be- 

tween the explicit water molecules and the structure along the re- 

action path are likely to result in a lower energy barrier. 

The free energy difference for each reaction step along the 

degradation pathway with two and three explicit water molecules 

is less than 0.1 eV. This can suggest that a further increase in ex- 

plicit water molecules may have no practical effect on the reaction 

profile. The highest transition state along the degradation pathway 

with two and three explicit water molecules is the TS6-3.1 state, 

which is only 0.1 eV lower than that of the degradation pathway 

with one explicit water molecule, but it is 0.36 eV lower than the 

degradation pathway without the explicit water molecule. 

To test the sensitivity to the choice of implicit solvation model, 

we employed the SMD implicit solvation model [57] based on the 

same optimized structures in the gas phase, and the solvent re- 

mains water. Fig. 7 b presents the quantitative reaction profile for 

the degradation pathway of the mPBI(1) molecule with two ex- 

plicit water molecules using PCM and SMD implicit solvation. The 

reaction profiles obtained from both implicit solvation are similar, 

except that all states from the SMD implicit solvation are higher in 

the quantitative reaction profile. Still, the highest transition state 

with the SMD implicit solvation is the TS6-3.1 state but locates 

at 0.33 eV higher than that obtained from the PCM implicit sol- 

vation. However, similar results in which the effective barrier be- 

comes smaller when including the explicit water molecules along 

the reaction pathway are also found for the SMD implicit solvation 

(Fig. S16). 

The same degradation pathway for the mPBI(0) with up to two 

explicit water molecules using the PCM implicit solvation is shown 

in Fig. S11, leading to the same conclusion. The rate-determining 

state is the TS6-3.1 (TS6) state, regardless of the number of ex- 

plicit water molecules. The effective free energy barrier along the 

degradation pathway for the mPBI(0) is reduced from 2.02 eV to 

1.63 and 1.60 eV when the number of explicit water molecules in- 

creases from zero to one and two, respectively. 

8. Comparison with experimental degradation rates 

The degradation of the mPBI membrane depends on the KOH 

concentration. The experimental studies by Aili et al. [21] and 

Kraglund et al. [10] both reported that the mPBI membrane was 

stable at low KOH concentration (up to 5 wt% KOH at T = 80–

88 °C). At higher KOH concentrations, the mPBI membrane de- 

grades, and the degradation rate increases with increasing KOH 

concentration. To consider the KOH concentration dependency, we 

take the hydroxide ion concentration into account and reconsider 

the free reaction energy ( �G) and free energy barrier ( �G 

TS ), i.e., 

for the first nucleophilic reaction between structure A and OH 

−, 

the reaction goes through TS1 and results in intermediate B. 

A + O H 

− → TS 1 → B (14) 

�G 1 = �G 

c 
1 − RT ln 

[
O H 

−]
= �G 

c 
1 − 2 . 303 RT ( pH − p K w 

) (15) 

�G 

TS 1 = �G 

TS 1c − RT ln 

[
O H 

−]
= �G 

TS 1c − 2 . 303 RT ( pH − p K w 

) 

(16) 

�G 

c and �G 

TSc are the free reaction energy and free energy bar- 

rier at a standard concentration, pK w 

is the acid dissociation con- 

stant of water at T = 88 °C which is taken from the literature 

(pK w 

= 12.46 [40] ). 

Based on the above calculation, the free reaction energy along 

the water-assisted degradation pathway in the first, fourth and 

fifth reaction steps depends on pH, and only the first and the fifth 

free energy barrier changes with pH. Besides, all previous calcula- 

tions are applied for pH = 12.46. 

Fig. 8 a shows the quantitative reaction profile for the mPBI(1) 

degradation with two explicit water molecules at different pH. For 

all considered pH values, the overall degradation rate is still de- 

termined by the TS6-3.1 state, which is decreased as pH increases. 

Thus, the effective energy barrier is reduced, and the degradation 

of mPBI(1) becomes more facile with increased hydroxide ion con- 

centration. 

Even though at a high pH range (pH = 13–14), the dominant 

species is mPBI(2) which is unlikely to degrade, the degradation 
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Fig. 8. (a) Quantitative reaction profile for the mPBI(1) degradation at T = 88 °C with two explicit water molecules and the PCM implicit solvation model at different pH. 

The reference zero energy state for energies reported is A + OH 

− and the relative energies of the intermediates and transition state are in eV. (b) the calculated effective free 

energy barrier and the apparent energy barrier from the experiments [21] ( �G TST ) at different KOH concentrations and T = 88 °C. 

still occurs through the mPBI(1) species which accounts for 10–20% 

of the PBI molecules. The number of mPBI(1) in the solution can 

be quickly reduced as the degradation reaction is also facile at this 

high pH. Some mPBI(2) species then can change to mPBI(1) species 

to maintain the equilibrium between all mPBI species. The degra- 

dation can further proceed, and the number of ionized species and 

mobile hydroxide ions in the solution is also reduced. Thus, the 

reduction in the ionic conductivity and the changes in membrane 

structure are unavoidable. Working at a lower pH range to min- 

imize degradation can be possible. However, this comes with a 

lower ionic conductivity as the percentage of the ionized form in 

the solution becomes lower at a lower pH. 

The reaction rate constant can be estimated from transition 

state theory, as shown in Eq. (6) . The effective rate constant for 

the over degradation is calculated from the effective free energy 

barrier, the free energy difference between the highest transition 

state (TS6-3.1) and the initial reactant state (A + OH 

−). 

Furthermore, given an experimentally observed reaction rate, 

one could estimate an apparent free energy barrier. The apparent 

free energy barrier is derived from the molecular weight loss of 

the mPBI membrane after being soaked in 5, 10, 25, 50 wt% KOH 

at T = 88 °C for 200 days reported by Aili et al. [21] . The rate of the 

molecular weight loss of the mPBI at a specific KOH concentration 

(in s −1 unit) is approximated as follows. 

rate = 

1 

�t 

(
1 − m 200 

m 1 

)
= k 0 f mPBI ( 0 ) + k 1 f mPBI ( 1 ) (17) 

where k 0 , and k 1 , are an apparent reaction rate constant (in s −1 

units) for the degradation of mPBI(0), and mPBI(1), respectively; 

f mPBI (0) , f mPBI (1) are the mole fraction of mPBI(0), and mPBI(1) at 

considered KOH concentrations, respectively; �t is the duration for 

storing the mPBI in KOH solution ( �t = 200 days); m 1 and m 200 

are a molecular weight of mPBI before storing in KOH solution 

(day1) and after storing in KOH solution for 200 days (in g mol −1 ). 

The mPBI(2) molecule is unlikely to degrade with the initial 

degradation step on the mPBI(2) molecule > 2 eV, about 1.30 eV 

higher than those of the mPBI(1) and mPBI(0). For simplicity, we 

assume that the contribution of the mPBI(2) to the total rate con- 

stant is insignificant, and we neglect the apparent reaction rate and 

the mole fraction of the mPBI(2) into Eq. (17) . Fig. S17 shows the 

approximated rate including the mPBI(2) contribution, demonstrat- 

ing that there is no further improvement in the approximated rate 

compared to the rate using Eq. 17 . 

Fig. 8 b shows the apparent energy barrier derived from the ex- 

perimental results and the effective free energy barrier from dif- 

ferent implicit-explicit solvation models (Table S11). The effective 

energy barrier from the theoretical model is a weighted average 

value, taking the mole fraction of mPBI(0) and mPBI(1) at each 

KOH concentration into account. We find that both the appar- 

ent and effective free energy barriers decrease as the KOH con- 

centration increases, implying the increasing degradation rate of 

mPBI as the KOH concentration increases. Without the explicit wa- 

ter molecules, the PCM implicit solvation model predicts a much 

larger effective free energy barrier than the experiments, resulting 

in an MAE of 0.43 eV. The MAE is reduced to below 0.1 eV when 

including explicit water molecules in the simulation. The results 

clearly show that the combination of implicit and explicit solvation 

models makes the predicted effective free energy barrier move to- 

ward the experimental results. 

9. Conclusion 

A comprehensive DFT study of the degradation mechanism 

of the mPBI molecule in an alkaline solution is carried out in 

this work. The impact of continuum solvation and explicit water 

molecules on the reaction mechanism and energy profile is ex- 

amined. The theoretical results are compared to the experimental 

work by determining the activation energy barrier for the degrada- 

tion reaction. 

The mPBI molecule deprotonates when submerged into an al- 

kaline solution. At the high pH where the degradation occurs, the 

ionized forms, mPBI(2), is the predominant species, but the degra- 

dation is possibly initiated by the hydroxide ion attack at the C2 

carbon position in the mPBI(1) or mPBI(0). The formation of a 

fully ionized molecule suppresses the hydroxide ion attack. The 

following ring-opening reaction is associated with hydroxyl pro- 

ton transfer, the C-N bond breaking, and the stabilization of the 

N dangling bond. The hydroxyl proton transfer during the ring- 

opening reaction likely occurs via an ancillary hydroxide ion or wa- 

ter molecule. The amide linkage is a product from the ring-opening 

reaction, which subsequently undergoes alkaline hydrolysis, lead- 

ing to a complete chain scissor. The rate-determining state is asso- 

ciated with the amide cleavage during the chain scission reaction. 

A continuum solvation model predicts a relatively high effective 

barrier compared to the experiment. While combining explicit wa- 

ter molecules and implicit solvation lower the calculated effective 

barrier for the degradation, giving a good agreement between ex- 

periment and theoretical results. The explicit water molecules re- 

duce the energy barrier mainly by forming hydrogen bonds with 

the intermediate state structure along the reaction path. The pro- 
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posed model additionally captures the experimental trend in which 

the degradation rate increased with increased KOH concentration. 

These studies point to the dominant degradation pathway for 

the mPBI membranes in alkaline solution and the importance of 

evaluating the reaction pathway with explicit water molecules. 

This insight is expected to be useful in designing degradation- 

resistant anion exchange membranes for alkaline water electrolyz- 

ers and fuel cells. In addition, a polymer structure optimization of 

the polybenzimidazole membrane is expected to affect the alkaline 

stability of the membrane. 
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