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A B S T R A C T

Pd hydride has shown better electrochemical CO2 reduction reaction (CO2RR) performance compared to metal
Pd implying that H in the PdH𝑥 surface plays a vital role in affecting the performance. Using density functional
theory (DFT) calculations in combination with active learning cluster expansion and Monte Carlo simulated
annealing we identify 12 stable PdH𝑥(111) configurations on the DFT convex hull and investigate the binding
energies of intermediates in the CO2RR and the competing hydrogen evolution reaction. Through analysis of
intermediate binding energies and a microkinetic model, we identify the atomic structures of the PdH𝑥 phase
most likely to produce syngas. The high activity of the PdH0.6 surface can be attributed to the fact that H
segregation in the PdH𝑥(111) surface breaks the linear relation between HOCO* and CO* adsorbates.
1. Introduction

The primary driver of global climate change is carbon dioxide (CO2)
emissions in the world nowadays. It is widely recognized that it is
urgent to reduce CO2 emissions as parties to the Paris Agreement
agreed ‘‘the increase in the global average temperature to well below
2 ℃ above pre-industrial levels and to pursue efforts to limit the
temperature increase to below 1.5 ℃ above pre-industrial levels’’ [1,2].
Conversion and utilization of CO2 is considered as a possible scheme
to mitigate these emissions. Several technologies to realize the CO2 re-
duction exist, such as electrocatalysis, thermocatalysis, photocatalysis,
and biocatalysis. Among them, the electrochemical CO2 reduction reac-
tion (CO2RR) is one of the most promising approaches for converting
CO2 to valuable fuels and chemicals [3]. In fact, the electrochemical
processes of CO2RR would involve multiple electron/proton transfer,
which can generate different common products, such as 2, 6, 8, and
12 electrons for the formation of CO, CH3OH, CH4 and C2H5OH
[4–6]. In general, longer reaction pathways that accompany more
electron/proton transfers have lower energy conversion efficiency than
shorter pathways. Converting CO2 into the CO product only needs two
electron/proton transfers during the electrochemical reaction process
and thus has higher energy conversion efficiency, which shows great
potential for industrial applications. However, high overpotential is
generally required due to the high stability of CO2. Under the high
overpotential, the competitive hydrogen evolution reaction (HER) will
also likely produce H2. Many efforts have been made to suppress the
HER, such as designing various electrocatalysts, electrodes, and so on,
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to promote high selectivity for the CO2RR [7]. An alternative to finding
highly selective catalysts is to tune the CO/H2 ratio. This is because CO
and H2, the main components of syngas, can be used as downstream
reactants to synthesize many basic organic chemicals and intermediates
through the Fischer–Tropsch processes [8]. Therefore, it is necessary to
find efficient electrocatalysts to produce syngas with a suitable CO/H2
ratio.

The Faradaic efficiency and chemical selectivity of the CO2RR are
strongly related to the structure and chemical nature of the electro-
catalysts as well as the electrolysis conditions, such as the applied
potential [9]. Over the past decades, many works have been devoted
to studying metal catalysts as they exhibit good catalytic activity for
the CO2RR [10,11]. Copper (Cu) is the only metal catalyst that can
realize significant C–C coupling to produce multiple hydrocarbons, in
addition to methane, formic acid, hydrogen, and CO [10]. Among them,
up to 20% CO Faradaic efficiency can be reached at −0.85 V ver-
sus the reversible hydrogen electrode (RHE), which can be attributed
to its moderate adsorption energy for carbon monoxide [10,12,13].
Gold (Au) nanoparticle electrocatalyst can exhibit a highly selective
electrocatalytic reduction of CO2 to CO, and the maximum selectivity
can reach 90% Faradaic efficiency at −0.67 V vs. RHE when the size
of the nanoparticle is 8 nm [14]. Furthermore, the selectivity can be
higher, reaching 97% CO Faradaic efficiency toward CO at −0.52 V
vs. RHE when Au nanoparticles are embedded in a matrix of butyl-
3-methylimidazolium hexafluorophosphate [14]. A nanoporous silver
(Ag) electrocatalyst was also reported to be able to reduce CO2 to CO
vailable online 1 November 2023
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with about 92% selectivity under moderate overpotentials of less than
−0.5 V vs. RHE, which is 3000 times higher than its polycrystalline
counterpart [15]. Non-noble metal Zinc (Zn) has recently been illus-
trated to be a potential alternative to Au and Ag for reducing CO2 to CO
due to its abundant reserves. A hierarchical hexagonal Zn catalyst was
reported to have high selectivity up to 95% CO production at −0.95
V vs. RHE when using a CO2-saturated 0.5 M KCl electrolyte [16].
Therefore, Cu has modest CO Faradaic efficiency and selectivity, and
even though Au, Ag, and Zn selectively produce CO, they cannot
generate the favorable CO/H2 ratio with efficient CO2RR activity [17].

Recently, metallic palladium (Pd) electrocatalyst has received at-
ention for reducing CO2 to CO; it not only exhibits good selectivity
nd activity but also can split CO and H2 simultaneously to syn-
hesize gas with an adjustable H2 to CO ratios [17]. Pd is usually
onsidered as a favorable HER catalyst, but it can also produce CO
t a very similar ratio to H2 [18]. Chen et al. revealed that carbon-
upported palladium (Pd/C) nanoparticles can generate CO and H2
imultaneously in an aqueous electrolyte with a tunable CO/H2 ratio
rom 0.5 to 1, which is a favorable ratio range to perform Fischer–
ropsch reaction that already exists in the industrial processes [18].
hen et al. continued to explore the influence of different facets of Pd
ith cubic and octahedral particles dominated by Pd(100) and Pd(111)

urfaces, respectively [17]. Their results show that the octahedral Pd
articles have better activity and selectivity than cubic Pd particles,
nd both can produce suitable CO/H2 ratios between 1 and 2, which
re desirable ratios for Fischer–Tropsch process. It is worth noting
hat experiments show that a key factor of the high performance is
ecause Pd particles are transformed to Pd hydrides (PdH) [17,19].
n fact, there could exist different concentrations of H in Pd hydrides
PdH𝑥) controlled by the applied potential, which has an important
nfluence on the CO2RR performance [19,20]. Experiments only give
he relation between the applied potential and CO2RR performance and
orresponding DFT calculations have only compared the performance
f pure Pd and stoichiometric PdH. However, the best concentration of
of PdH𝑥 surface for CO2 reduction to CO is not given and it is unclear
hether there is a saturation concentration of H.

Some previous theoretical efforts have been done to study CO2RR or
HER properties of PdH𝑥. Chen et al. reported the free energy diagram of
Pd(111) and PdH(111). They concluded that the CO* desorption from
metal Pd(111) surface could be the rate-limiting step due to strong CO*
binding compared to PdH(111) [17,18]. Chorkendorff and co-workers
reported hydrogen adsorption on palladium and palladium hydride
at 1 bar. They showed the relation between the adsorption energy
of H and surface H coverage on Pd(111) and Pd hydride slabs, and
that the H binding energies became weaker as H coverage increased.
They thought the adsorption and desorption of H2 are faster on 𝛽-Pd
ydride than 𝛼-Pd hydride at 1 bar [21]. Erhart et al. constructed the
hase diagrams of bulk Pd hydride and Pd-Au hydride using a cluster
xpansion and studied their thermodynamic properties [22]. However,
hese theoretical efforts have not systematically investigated the effect
f H concentration on CO2RR.

This study uses an active learning cluster expansion (ALCE) model
quipped with Monte Carlo simulated annealing to search for the stable
omposition of PdH𝑥(111) surfaces. Energies calculated by density
unctional theory (DFT) are used to train the ALCE model and find the
round state CE structures of each H concentration of PdH𝑥 from the CE
onvex hull. Furthermore, we perform DFT relaxation to verify the CE
onvex hull and finally get the DFT convex hull to identify the ground
tate DFT candidates. Once the stable candidates are found, the CO2RR
ctivity and selectivity are further studied. As a result, PdH, PdH0.97,

and PdH0.60 are finally screened out to be the most active candidates
2

and able to generate CO/H2 with suitable ratios.
2. Computational details

All spin-polarized DFT calculations are carried out to train the
cluster expansion model and calculate adsorption energies using the
atomic simulation environment (ASE) [23,24] and the Vienna Ab ini-
tio Simulation Package (VASP) with the projector augmented wave
(PAW) method [25–27]. The Bayesian error estimation functional with
van der Waals correlation (BEEF-vdW) ensemble is used for exchange
and correlation functional, which performs quite well for chemisorp-
tion processes [28]. The first Brillouin zone is sampled by a 3 × 3 × 1
Monkhorst-pack grid [29]. 400 eV is set for cutoff energy. The dipole
correction is utilized in the z direction to remove the electrostatic
dipole–dipole interaction due to periodically repeated surface slabs in
all calculations. The structures are relaxed until all Hellmann–Feynman
forces are less than 0.01 eV/Å and the energy convergence criterion
is within 10−6 eV. More DFT calculation details can be found in the
supporting information. All cluster expansion (CE) calculations in this
work are performed with the Cluster Expansion in the Atomic Simu-
lation Environment software package (CLEASE) developed by Chang
et al. [30]. CE can greatly decrease the computational cost by mapping
the first principles results onto a Hamiltonian that is fast to evaluate.
The main idea of CE is to express the scalar physical quantity q(𝝈) of
rystal structure, which here is the electronic energy, as its configura-
ion 𝝈 that is an N-dimensional vector consisting of site variables. It
an be expressed as a linear expansion of cluster functions: [30,31]

(𝝈) = J0 +
∑

𝛼
m𝛼J𝛼𝜙𝛼 (1)

here 𝐽𝛼 denotes the effective cluster interaction (ECI) per occurrence,
hich must be fitted. 𝐽0 is the ECI of an empty cluster. 𝑚𝛼 denotes the
ultiplicity factor illustrating the number of 𝛼 per atom and correlation

unction 𝜙 is the average value of the cluster functions in cluster 𝛼. 𝑚𝛼
nd 𝜙 can be calculated from the crystal structure. The equation can
e simplified as follows:

= 𝐗𝝎 (2)

here 𝐗 is the correlation functions matrix and 𝜔 is a column vector
f ECI values. 𝐪 denotes a column vector of energies here.

ECIs are fitted by the ordinary least squares method with regular-
zation. We utilize l1 regularization to avoid overfitting by adding a
egularization term as follows:

𝑖𝑛
𝜔

‖𝐗𝝎 − 𝐪‖22 + 𝜆‖𝜔‖1 (3)

here 𝜆 is the regularization constant and ‖𝜔‖1 is the l1-norm of
he column vector 𝜔. Furthermore, 10-fold cross validation is used to
valuate the prediction performance of the model in order to improve
he model reliability.

Monte Carlo simulated annealing at each H concentration of PdH𝑥
s performed in order to search for the ground state structure of each
oncentration, which is carried out in CLEASE. The standard Metropolis
onte Carlo at each temperature during simulated annealing is used

nd has the acceptance probability acc as follows: [30]

acc = min
{

1, exp
(

−(𝐸new − 𝐸old)
𝑘B𝑇

)}

(4)

Where 𝐸new and 𝐸old are the energies of new and old structures,
respectively. 𝑘B is the Boltzmann constant and 𝑇 denotes temperature.
The temperatures are set as 1010, 10,000, 6000, 4000, 2000, 1500,
1000, 800, 700, 600, 500, 400, 350, 300, 250, 200, 150, 100, 75, 50,
25, 2 and 1 K. For each temperature, 1000 Monte Carlo sweeps are
applied (1 sweep includes 𝑁 steps, where 𝑁 is the number of atoms.)

The elementary reactions for CO2RR in this work are considered as
follows: [17,32]

CO (g) + ∗ + H+ +e− ←←←←←←←←←←→ HOCO∗ (5)
2
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Fig. 1. (a) The side view and (b) the top view of PdH𝑥(111) surface that take H concentration of 50% as an example. The blue spheres are Pd atoms, the white spheres represent
H atoms, and the red spheres are H vacancies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
HOCO∗ + H+ + e− ←←←←←←←←←←→ CO∗ + H2O(l) (6)

CO∗ ←←←←←←←←←←→ CO(g) + ∗ (7)

The elementary reactions for the HER can be considered by the
following: [33]

H+ + e− + ∗ ←←←←←←←←←←→ H ∗ (Volmer step) (8)

H∗ + H+ + e− ←←←←←←←←←←→ H2(g) + ∗ (Heyrovsky step) (9)

A kinetic model is applied to analyze the activity for the CO2
reduction to CO. The net reaction rates of three elementary reactions
are illustrated as: [32,34]

r1 = k1𝜃∗pCO2
−

k1
K1

𝜃HOCO∗ (10)

r2 = k2𝜃HOCO∗ −
k2
K2

𝜃CO∗ (11)

r3 = k3𝜃CO∗ −
k3
K3

𝜃∗pCO (12)

where k1, k2, k3 denote forward rate constants of the three elementary
reactions for CO2RR. K1, K2, K3 represent the corresponding equilib-
rium constants. p and 𝜃 represent the corresponding partial pressure
and surface coverage, respectively. Experimental vapor pressures are
utilized for them in this work. The partial pressure of H2O is 3534 Pa
and CO partial pressure is 5562 Pa [35]. The partial pressure of both
CO2 and H2 are under standard pressure 101,325 Pa [10,35]. Further
details for the calculations for Gibbs free energy and the kinetic model
can be found in our previous work and the supporting information [34].

3. Results and discussion

To illustrate the structures of the PdH𝑥(111) surface, we take an
H concentration of 50% as an example here and display the side and
top views in Fig. 1. The structure has four bilayers, including 16 Pd
atoms and up to 16 H atoms. It can be seen that PdH𝑥 has a Pd atom
(blue spheres) framework, with the smaller H atoms (white spheres)
filling octahedral sites between the larger Pd atoms. Red virtual atoms
show H vacancies. The PdH𝑥(111) slab is cut from the optimized bulk
PdH with the crystal constants 𝑎 = 𝑏 = 𝑐 = 4.138 Å and the slab
size is 4 × 4 × 4 with 𝑎 = 𝑏 = 11.704 and 𝑐 = 28.362 Å. Here,
we ignore the crystal constants variation when the H concentrations
change because they vary only in a small range, approximately 0.2
Å from 0 to 1 for H concentration, which is less than 5% of the
lattice constants of PdH [36]. Besides, previous work reported the strain
3

of PdH only has a small impact on the performance of CO2RR and
HER [37]. There can be up to 64 H atoms in the PdH𝑥(111) surface
as shown in Fig. 1. It is impossible to run DFT calculations for all
the possible structures (264 neglecting symmetry). Instead, we utilize
an ALCE surrogate method. The workflow of the ALCE for PdH𝑥(111)
is shown in Figure S1. After defining the CE settings, we generate 50
random H concentration structures of PdH𝑥 to form the initial database
pool and then relax the structures to get their DFT energies, which
can be used to train the CE model and get the initial ECI values.
If the root mean square error (RMSE) between DFT energies and CE
energies is less than 5 meV/atom, we consider the CE model converged.
Otherwise, more random structures will be generated and run by DFT,
which are finally added to the database pool to verify if the CE model
is converged. Once we have the converged the CE model, Monte Carlo
simulated annealing (MCSA) with the CE calculator is performed to
search for ground state structures for each H concentration of PdH𝑥,
which gives 63 MCSA in total because the numbers of H range from
0 to 64 (concentration from 0 to 1) except pure slabs Pd(111) and
PdH(111). The CE convex hull can be calculated according to all ground
state structures at each concentration of H of PdH𝑥. Theoretically, the
stable structures could be found from the vertices of the CE convex hull
at this point. However, considering the uncertainty of the processes, the
obtained ground state structures should be verified by DFT calculations.
Therefore, the possible stable candidates of the CE convex hull are
further collected, relaxed by DFT calculations, and finally added to the
database pool to continue the next new round. At the same time, the
DFT convex hull is also carried out until its convergence. The criterion
of convergence is defined that the shape of the DFT convex hull will
not change for three rounds. After that, the final stable candidates can
be found according to converged DFT convex hull and their CO2RR
activity and selectivity toward CO and H2 are further studied.

To study stable compositions of PdH𝑥(111), CE calculations are
performed using the CLEASE package. Fig. 2a shows the linear fit
between CE energies (𝐸CE) and DFT energies (𝐸DFT) when we have
50 random structures in round 1. It can be seen that both 10-fold
cross validation error and RMSE are really small, 1.043 meV/atom and
0.450 meV/atom, respectively, which illustrates that the CE model is
really good for the PdH𝑥(111) surface. The ECI value distribution as a
function of cluster diameter (1st, 2nd, 3rd, or 4th nearest neighbor) is
displayed in Fig. 2b. It can be noticed that the ECIs of 0, 1, and 2-bodies
are larger, while there are more 3-body and 4-body ECI values closer to
0. To avoid overfitting, we choose to use up to 4-body interactions and
neglect high terms. To get accurate stable compositions, ALCE is carried
out to deal with the uncertainty of the CE. After 9 rounds, the DFT
convex hull is converged, which means the vertices of the DFT convex
hull are unchanged in the last three rounds as shown in Figure S6 and
Figure S7. It should be mentioned that most stable structures can be
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Fig. 2. (a) The linear fit of 𝐸CE and 𝐸DFT for 50 random structures. (b) The ECIs distribution obtained from cluster expansion fitting. (c) The DFT convex hull curve of mixing
energy as a function of H concentration in round 9. (d) The H concentration of each layer as a function of the total concentration of H for the structures of the DFT lowest
energies in each concentration.
found in the early rounds, which can be observed in round 2 in Figure
S6b, and only a small part of more stable structures are further found in
the rest of rounds until round 7. In addition, the fitting RMSEs remain
small during the 9 rounds as displayed in Figure S4 and Figure S5,
meaning that the CE models remain good. For each round, simulated
annealing at each H concentration is calculated to find ground state
structures as the example round 1 in Figure S3. As shown in Fig. 2c,
12 stable candidates can be finally obtained and are marked by black
crosses. They are Pd64, Pd64H2, Pd64H4, Pd64H8, Pd64H10, Pd64H13,
Pd64H31, Pd64H39, Pd64H53, Pd64H62, Pd64H63 and Pd64H64 and the
corresponding H concentrations are 0, 0.0313, 0.0625, 0.1250, 0.1563,
0.2031, 0.4844, 0.6094, 0.8281, 0.9688, 0.9844 and 1, respectively.
The side and the top view of optimized example structures among
them can be found in Figure S10. Fig. 2d shows the H distributions
of each layer as a function of total concentrations of H in the slabs
for the slabs of the DFT lowest energies in each concentration. The
first layer is first filled up with H, then the fourth and third layers
are filled up, respectively. Finally, the sublayer (second layer) will be
finally filled at last. Possible artifacts due to the finite thickness of the
model slab should be considered. To further confirm our conclusion,
the PdH𝑥(111) structures with more atomic layers with one missing
layer are explored as displayed in Figure S11 and S12 in the supporting
information. It can still be found that removing the sublayer H has
the lowest energy and thus will be filled at last, independent of the
slab thickness. In addition, semi-grand canonical Monte Carlo calcu-
lations are implemented to study H chemical potential, temperature,
and pressure influence on H concentration as shown in Figure S14,
S15 and S16 and the corresponding analysis can be found in the
supporting information. Besides, all bare candidates surfaces are used
to study the Pourbaix diagram and the phase transformation process
from Pd to PdH under the applied potential in Fig. 5c–d assuming
the surface to be in equilibrium with protons and electrons at all
potentials. The corresponding computational details can be found in the
4

supporting information. Fig. 5c shows the relative free energy of surface
structure as a function of potential at pH 7.3, where the H concentration
increases when the larger potentials are applied. The corresponding H
concentration as a function of applied potential is shown in Fig. 5d.
This displays metal Pd can be completely transformed to Pd hydride at a
potential of about −0.6 V vs. RHE assuming the surface is in equilibrium
with protons and electrons. However, characterization of Pd aerogels by
Schmidt and co-workers suggests H concentration is saturated around
60% already at −0.1 V, [20] which suggests the surface can be in
equilibrium with H2 gas rather than protons and electrons. In that case,
the Pd64H39 surface is likely the active surface for CO production.

After identifying stable candidates on the DFT convex hull, their
CO2RR and HER performances are further studied. Fig. 3a shows the
different adsorption sites of a random structure, which are displayed in
small green spheres. They are automatically found according to local
similarity, which compares the similarity of local structure as displayed
in Fig. 3c. The similarity is defined by comparing the neighbor list
information of each adsorbate within a 2.8 Å cutoff sphere, including
numbers of neighbor atoms, neighbor element types, and distance lists
between adsorbate and neighbor atoms. We consider they are the same
adsorption site if the similarity is 1; otherwise, they are different sites.
Here only the top site, fcc site, and hcp site are considered, and the fcc
sites very close to H atoms (less than 1 Å) are not considered because
adsorbates located in these sites can easily react with the neighboring
H. We do not consider bridge sites because they are unstable. All
information on surface structures with adsorbates on all unique sites
can be found in our database [38]. Binding energies of adsorbates
of HOCO*, CO*, OH* and H* on the most stable sites of all PdH𝑥
candidates are shown in Fig. 3b and the corresponding data can be
found in Table S3. It can be seen that the binding energies of all
adsorbates gradually increase as the concentration of H goes up from 0
to 1, especially for the adsorbate CO*. The CO2RR free energy diagram
of all candidates with adsorbates on the most stable sites is displayed
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Fig. 3. (a) Adsorption sites schematic diagram on PdH𝑥(111) surface. (b) Binding energies of HOCO*, CO*, OH*, and H* as a function of H concentration. (c) Cutoff sphere
schematic diagram of adsorbate on PdH𝑥(111) surface. (d) Free energy diagram of CO2RR of candidates. The insets show HOCO* and CO* adsorption surface structures. The blue
spheres are Pd atoms, the small white spheres represent H atoms, the grey spheres are C atoms, the red spheres are O atoms and the small green spheres denote adsorption sites.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
in Fig. 3d, and the corresponding data can be found in Table S4. We
notice that most surfaces have very negative binding energies and thus
have strong CO* binding, which results in CO* poisoning, especially for
candidates with low H concentration. For example, the free energies of
Pd64, Pd64H2, Pd64H4, Pd64H8 and Pd64H10 at CO* step are −1.259,
−1.196, −1.189, −1.017 and −0.938 eV, respectively. They have so
strong CO* binding that CO* is very hard to release from the surface,
which is the reason why CO* poisoning happens. This can also be
found in Figure S13e. On the other hand, for candidates with high H
concentration, their free energies at HOCO* are very high. For example,
the free energy of Pd64H62 at the HOCO* step is 1.121 eV, which is too
weak to bind HOCO* at low overpotential. Therefore, the ideal CO2RR
candidate should have strong HOCO* binding and weak CO* binding.
It is worth noting the PdH surface with full H occupation does not
have too high HOCO* free energy step (0.79 eV), and weak CO* free
energy (0.22 eV) and thus no CO* poisoning. Besides, Pd64H63 has very
weak CO* binding, 0.392 eV of CO* free energy, and acceptable HOCO*
free energy. Pd64H39 has weak HOCO* binding free energy (0.686 eV)
and acceptable CO* adsorption. Thus, Pd64H64, Pd64H63 and Pd64H39
are possible candidates of CO2RR, which is consistent with the activity
volcano in Fig. 5a.

To further understand the catalytic performance of PdH𝑥(111) sur-
faces, the scaling relations between different adsorbates are shown in
Fig. 4 and the binding energy relations with error ellipsoids can be
found in Figure S13. The relations 𝐸CO∗ vs. 𝐸HOCO∗, 𝐸OH∗ vs. 𝐸HOCO∗,
𝐸H∗ vs. 𝐸HOCO∗, 𝐸OH∗ vs. 𝐸CO∗, 𝐸H∗ vs. 𝐸CO∗ and 𝐸H∗ vs. 𝐸OH∗ are
displayed in 4a–f, respectively, and their 𝑅2 values are given, which is
a statistical measure to illustrate how well the linear scaling relations
5

are fitted. For the ideal scaling relation, the 𝑅2 value is close to 1.
Otherwise, it is worse if the 𝑅2 value is close to 0. We can see that
their 𝑅2 values are 0.72, 0.65, 0.68, 0.87, 0.77, and 0.60, respectively,
which demonstrates that they have good scaling relations. However, it
can also be noticed that there are some obvious outliers. For example,
Pd64H39 and Pd64H53 in Fig. 4a are far from the best-fit line. This might
be attributed to H segregation or/and an electronic effect as shown in
Figures S8, S9, S20, and S22, which breaks the scaling relation. For both
surfaces above, the H concentration distributions of the slab without
adsorbates and the slab with CO* show that there is H segregation,
where a small part of H atoms in the first layer moves into the second
layer for the slab with CO* as displayed in Figure S8 and S22b. It is,
however, difficult to precisely quantify how the H distribution affects
the binding of reaction intermediates as multiple geometric variations
are present between slabs with different H concentrations and adsor-
bates. Considering the electronic effect, the d-band center for Pd64H39
with CO* slightly increases, while d-band center for Pd64H53 with CO*
slightly increases compared to clean slab as displayed in Figure S18,
and S22a. This is consistent with the weak CO* binding on Pd64H39,
and strong binding on Pd64H53.

A kinetic model explores the CO2RR activity for the PdH𝑥(111)
surfaces. Fig. 5a shows the activity volcano at −0.5 V overpotential
at room temperature. The current density depends on both 𝐸HOCO∗
and 𝐸CO∗, which is more accurate than a single descriptor. We notice
that PdH𝑥 with low H concentration is far away from the apex of the
volcano due to the strong CO binding, which means they have poor
kinetic activity. The completely H-filled Pd64H64 is the closest to the

apex, illustrating that it has the best activity. In addition, Pd64H39 and
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Fig. 4. Scaling relations for adsorbates on PdH𝑥(111) configurations on the convex hull.
Pd64H63 also exhibit good kinetic activity for higher H concentration.
In order to consider the effect of the lattice constant on the activity,
the HOCO* and CO* binding energies of Pd64H39 are studied as an
example. The lattice constant change of bulk PdH𝑥 can be seen in
Figure S23, and the lattice constant of bulk Pd64H39 is approximately
98.3% of bulk Pd64H64. After calculating the binding energies of the
Pd64H39 surface with 98.3% lattice constant, we find that both HOCO*
and CO* binding energies are slightly weaker than on Pd64H39 without
considering the variable lattice constant (from 0.272 to 0.324 eV for
HOCO*, and from −0.756 to −0.659 eV for CO*). This is well consistent
with the previous paper [37]. Therefore, Pd64H39 is more active (87.6%
improvement) for the CO2RR when the lattice constant is allowed to
vary. Besides, according to Fig. 4b, we can see that the OH* binding
energies on Pd64H64, Pd64H39 and Pd64H63 are weak, so OH* will not
poison them. Fig. 5b shows the selectivity of all candidates toward CO
and H2. We compare the binding energies of the first step of the CO2RR
and the HER. If the binding energy of H* is lower than that of HOCO*,
it means HER is thermodynamically preferred over CO2RR and the
catalyst tends to produce more H2. We notice that all of the candidates
tend to generate more H2 as shown in Fig. 5b. Besides, Pd64H64 is very
close to the black dashed line and can produce more CO, and thus
6

its CO/H2 ratio is closer to components of syngas compared to other
candidates.

The statistical distribution of all candidates is calculated to reveal
the effect of H and Pd on binding energies. Here, the statistical data
of binding energies includes all possible adsorption sites on all the
candidate surfaces. Fig. 6a-d display the frequencies of H, Pd, and
the total atoms within a sphere with a 2.8 Å radius centered on the
adsorbate as a function of the binding energies of HOCO*, CO*, H* and
OH*, respectively. In addition, Fig. 6a–b indicate the most favorable
binding energy for HOCO* and CO* marked in blue, respectively.
We see the tendency that the binding energies for all adsorbates are
weaker when there are H atoms within the cutoff sphere of adsorbates.
The fitted Gaussian distributions of H are also shown in the yellow
curves in Fig. 6. Their positions at the center of the peak are 0.60,
−0.15, 0.44, and 1.52 eV, respectively, which are relatively weak in
their corresponding binding energy distributions. Therefore, it can be
concluded that H atoms weaken the binding energies of all adsorbates
on PdH𝑥 surface. To further verify the conclusion, the partial density
of states (PDOS) of the d-band is calculated. Figure S17 shows the
PDOS of the bare surfaces of all candidates, and the corresponding d-
band centers are given. It can be seen that d-band centers gradually
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Fig. 5. (a) Activity volcano plot of PdH𝑥(111) candidates for CO2RR at −0.5 V overpotential. (b) Selectivity plot toward CO and H2. (c) Stability of ground state structures at pH
7.3. (d) The concentration of H as a function of potentials. The dashed line shows the saturation of H if the surface is in equilibrium with H2 at 1 bar.

Fig. 6. Distribution of atom Pd and H of all candidates within the cutoff sphere as a function of HOCO*, CO*, OH*, and H* binding energies. The yellow curves are fitted Gaussian
distribution of H. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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decrease as H concentrations increase. The linear fit between d-band
centers and H concentrations is also shown in Figure S18. The R-
squared value is used to describe the degree of their linear relation. The
linear relation will be stronger if the R-squared value is closer to 1. The
R-squared value is 0.87 in Figure S18 and thus they have strong linear
relation. The lower d-band center means weaker binding energy [39].
We further calculate d-band centers for surfaces with HOCO* and CO*
to support this. Figure S19 and Figure S22 show the PDOS and d-band
center for all candidate surfaces with HOCO* and CO*, respectively.
Their corresponding linear fits between H concentrations and d-band
centers and between adsorbate binding energies and d-band centers
for all surfaces with adsorbates are shown in Figure S20 and Figure
S22, respectively. It can be noticed that there are still very good scaling
relations between H concentration and d-band centers for surfaces with
adsorbates. And their binding energies have a good linear relation
with d-band centers. This can be further concluded that increased H
concentration can weaken the binding energy.

4. Conclusions

In this work, the effect of H concentration on PdH𝑥(111) surfaces
n the CO2RR and the HER has been studied using theoretical methods.
ctive learning cluster expansion equipped with Monte Carlo simulated
nnealing has been implemented to find stable PdH𝑥(111) surface
andidates. We have obtained 12 stable candidates from converged
FT convex hull, which are Pd64, Pd64H2, Pd64H4, Pd64H8, Pd64H10,

Pd64H13, Pd64H31, Pd64H39, Pd64H53, Pd64H62, Pd64H63 and Pd64H64.
We have carried out a method to find adsorption sites and then calcu-
late the binding energies automatically. Their free energies are further
calculated, illustrating the PdH𝑥(111) surfaces with low H concen-
tration have CO* poisoning. The scaling relations between different
adsorbates show there are still good linear relations, but the segregation
of H may have an influence on their scaling relations. According to
the activity volcano, Pd64H64, Pd64H63 and Pd64H39 corresponding H
concentrations of 1, 0.97, and 0.60 respectively, show high current
densities at an overpotential of 0.5 V. The Pd64H39 surface is stable
when the surface is in equilibrium with H2 gas, and the H concentration
match well with the experimentally determined 60% H concentration
of Pd hydride [20]. Due to the existence of the competitive reactions
between CO2RR and HER, the selectivity plot toward CO and H2
is calculated and illustrates these three candidates have better CO
production compared to others, especially for Pd64H64. The statistical
distribution of Pd and H atoms in all candidates reveals that H atoms
can weaken the binding energies of all adsorbates, which may provide
good guidance to tune the binding energy.
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