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Abstract

Rechargeable batteries have been dominating the market for smart and portable
electronic devices. To keep pace with the changes in consumer preference, continuous
advances in material science research have powered innovation of battery technology and
have exceeded the previous limits of battery performance. In the last decades there has
been a large interest in application of vanadium-based nanomaterials in both lithium-ion
battery (LIB) and zinc ion battery (ZIB) due to a number of favorable properties: They
have multiple accessible oxidation states, a rich redox chemistry and the layered
structure facilitate ion diffusion. With the pursuit of high-performance electrode
materials, a variety of new discoveries have been revealed. This PhD project comprises
three main parts; 1) the investigation of the carbon coating effects on the oxidation state
of the vanadium and the LIB performance; ii) studying the orientation effects on zinc ion
storage process; iii) the efficient fabrication of vanadium oxides and discovery of the phase

transition during zinc ion storage process.

In the first study, nitrogen-doped carbon coated zinc vanadate nanoflowers with a high
specific surface area is fabricated by a facile method consisting of direct precipitation and
a subsequent calcination process. By systematic investigations, it is proved that the V5*
from Zn3(OH)2(V207)(H20)2, the intermediate obtained from precipitation, is largely
converted to V3* in ZnV204 and some of ZnO, accompanied with a vanadium loss of about
9%, leading to increased Zn/V ratio. When applied as anode of LIB, the as-prepared
ZnV204/ZnO@N doped C exhibits a considerable reversible specific capacity of 620 mAh
g1, In-depth electrochemical analysis including testing in a three-electrode system shows
that the carbon shell is crucial in maintaining the structural stability and enhancing the

capacity of the active material.

The poor electrochemical performance of the carbon coated porous zinc vanadate in ZIB
applications encouraged me to further explore the influencing factors on the Zn2* ion
energy storage. Two types of zinc pyrovanadate (Zn3V:07(OH)22H20, ZnVO) in
nanowires and nanoflakes were studied. They have the same crystal type but different
orientations. ZnVO nanowires expose mostly the (001) plane lattice, in contrast to (020)
and (110) lattice for ZnVO flakes. Interestingly, nanowires exhibit an excellent specific

discharge capacity of 108 mAh g1, contributed from Faradic and diffusion-controlled
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capacity. By comparison, nanoflakes deliver a very poor capacity of 2.2 mAh g'! with only
diffusion-controlled capacity. Density functional theory (DFT) reveals significantly

different Zn2* ion diffusion rates in ZnVO along different orientations.

The final work builds upon the two previous and considers both the effect of the carbon
additive and of the orientation. A V307 -H20 nanobelts/reduced graphene oxide (rGO)
composite is synthesized in high yield (85%) by a microwave approach and is shown to
expose the (020) plane lattice with a large spacing of 0.85 nm. The growth mechanisms of
the highly crystalline nanobelts have been thoroughly investigated, and the governing
role of the acid upon the morphology and oxidation state of vanadium has been revealed.
When used as the ZIB cathode, the composite delivers a high specific capacity of 410.7
and 385.7 mAh g at a current density of 0.5 and 4 A g, respectively, with a high
retention of the capacity of 93%. Extended cycling results in a gradual irreversible phase
transition, i.e., from the original orthorhombic V307-H20 to a stable hexagonal
Zn3(VO4)2(H20)2.93 phase. This electrochemical route for the phase transition is a new

discovery for V3O7 materials and provides new insight into the reactions of aqueous ZIBs.
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Abstract-Danish

Genopladelige batterier har veeret dominerede pa markedet for smarte og baerbare
elektroniske enheder. For at holde trit med eendringerne i forbrugeradfeerden har
materialeforskning lebende skabt fremskridt og innovation 1 batteriteknologi og har
endda brudt tidligere greenser for batteriydelse. I de sidste artier har der veeret stor fokus
pa vanadiumbaserede nanomaterialer til anvendelse som hgjkapacitetsbatterielektroder
i bade lithium-ion-batterier (LIB) og zink-ion-batterier (ZIB). Dette skyldes en raekke
attraktive egenskaber: Vanadium kan antage flere oxidationstrin, der er en rig redoxkemi
og de er opbygget af lagdelte krystalstrukturer, der faciliterer diffusion af ioner. I jagten
pa hejtydende elektrodematerialer er der gjort en reekke nye opdagelser. Dette ph.d.
projekt bestdr af tre hovedtemaer: i) undersogelse af effekten pa vanadiums
oxidationstrin og materialets ydeevne 1 LIB ved at overtraekke nanomaterialet med en
grafen  carbonoverflade; 11) studiet af  krystalorienterings effekt  pa
zinkionlagringsprocessen; iii) effektiv syntese af vanadiumoxider og opdagelse af en

faseovergang i forbindelse med zinkionlagringsprocessen i ZIB.

I den feorste undersegelse fremstilles nitrogendopede kulstofbelagte zinkvanadat
nanoblomster med et hejt specifikt overfladeareal ved en ligetil metode bestdende af
direkte udfeeldning og en efterfolgende calcineringsproces. Ved systematiske
undersogelser er det bevist, at V5* fra Zn3(OH)2(V207)(H20)2, mellemproduktet opndet
ved direkte udfeldning, stort set fuldsteendigt omdannes til V3* i det endelige materiale
som bestar af ZnV204 og lidt ZnO, ledsaget af et vanadintab pa ca. 9%, hvilket forte til
oget Zn/V-forhold. Nar materialet anvendes som anoden i lithium-ion-batterier (LIB'er),
udviser det en hgj reversibel specifik kapacitet pa 620 mAh gl. Grundig elektrokemisk
analyse, herunder test i et treelektrodesystem, viser, at carbon overfladebeleegningen er
afgerende for at opretholde strukturens stabilitet og forbedre kapaciteten af det aktive

materiale.

Den ringe elektrokemiske ydeevne for det kulstofbelagte porese zinkvanadat i ZIB-
applikationer tilskyndte mig til at undersege de pavirkende faktorer pa Zn2*
ionenergilagring mere dybdegdende. To typer zinkpyrovanadat (ZnsV207(OH) 2-2H:20,

ZnVO) 1 nanotrade og nanoflager har den samme krystaltype, men krystallernes
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overflade er domineret af forskellige krystalplaner For ZnVO nanotrade er det (001)
planet, mens det er (020) og (110) for ZnVO nanoflager. Af seerlig interesse er det, at ZnVO
nanotrade udviser en fremragende specifik afladningskapacitet pa 108 mAh g, med
bidrag fra bade Faraday og diffusionsstyret kapacitet. Til sammenligning leverer
nanoflager en ringe kapacitet pa 2.2 mAh g'! som kun skyldes diffusionsstyret kapacitet.
Density functional theory (DFT) afslorer signifikant forskellige Zn2* ion
diffusionshastigheder 1 ZnVO i de forskellige krystalretninger.

Det sidste arbejde tager bade effekten af kulstof og af krystalorienteringen i betragtning.
V307 ‘H20 nanobalter /reduceret grafenoxid (rGO) komposit materiale blev syntetiseret i
hejt udbytte (85%) ved brug af mikrobelge og har eksponering af (020) planetmed en stor
gitterafstand pa 0.85 nm. Veekstmekanismen for de hejkrystallinske nanobalter er blevet
underseagt grundigt og viser den styrende rolle af den tilsatte syre 1 forhold til morfologi
og oxidationstrin for vanadium. Nir materialet bruges som ZIB-katode, kan kompositten
levere en hgj specifik kapacitet pa 410.7 og 385.7 mAh g?! ved en stromteethed pa
henholdsvis 0.5 og 4 A g'l med en hgj retention af kapacitet pa 93%. Cykling over lang tid
resulterer i en gradvis faseovergang, fra den oprindelige orthorhombiske V307 ‘H20 fase
til en stabil hexagonal Zn3(VO4)2(H20)2.93 fase. Dette viser en irreversibel faseovergang
via en elektrokemisk rute og dette er en ny opdagelse for disse V3sO7-materialer. Denne

faseovergang giver et nyt indblik i reaktionerne i vandige ZIB'er.
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Acronyms and instructional notes

0-D: zero dimensional

1D: one dimensional

2D: two dimensional

3D: three dimensional

AC: alternative current

AFM: atomic force microscopy

AIB: aluminum-ion battery

Aw: Warburg coefficient

BET: Brunauer-Emmett-Teller

Car: double-layer capacitance

CE: coulombic efficiency

CMK: ordered mesoporous carbon
CNTs: carbon nanotubes

COFs: covalent organic frameworks
CV: cyclic voltammetry

CVO: calcium vanadate

DMC: dimethyl carbonate

DTU: Technical University of Denmark
EC: ethylene carbonate

EDS, EDX: Energy-dispersive X-ray

spectroscopy
EELS: electron energy loss spectroscopy

EIS: electrochemical impedance

spectroscopy

Ep: peak potential

EPR: electron paramagnetic resonance
ET: electron transfer
FFT: fast Fourier transform

FTIR: Fourier transform infrared

spectroscopy
GDC: galvanostatic charge and discharge

GITT: galvanostatic intermittent titration

technique

GO: graphene oxide

HAADF: high-angle annular dark-field
HAc: acetic acid

HRTEM: high-resolution transmission

electron microscopy

ICP-OES: inductively coupled plasma-

optical emission spectroscopy
IR: ohmic voltage drop

LIB: lithium-ion battery

LTO: lithium titanate

LVO: lithium vanadate

MOFs: metal organic frameworks
OCYV: open circuit voltage
PDA: polydopamine

ppm: parts per million

Rt electron transfer resistance
RE: reference electrode

Relectrolyte: €lectrolyte resistance
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rGO: reduced graphene oxide

RT: room temperature

SAED: selected area electron diffraction
SDD: silicon drift detector

SEI: solid electrolyte interphase

SEM: scanning electron microscopy
SHE: standard hydrogen electrode

STEM: scanning transmission electron

microscopy

TEM: transmission electron microscopy
TGA: thermogravimetric analyses
TMOs: transition metal oxides

UV-Vis: ultraviolet—visible spectroscopy

Instructional notes

WE: working electrode

XANES: x-ray absorption near edge

structure

XPS: x-ray photoelectron spectroscopy
XRD: X-ray diffraction

Z1B: zinc-ion battery

ZnVair: zinc vanadate obtained in air
ZnVAr: zinc vanadate obtained in argon
ZnVC: carbon coated zinc vanadate
ZnVF: zinc vanadate flowers

ZnVO: zinc vanadate

ZnVS: zinc vanadate precursor

ZnVW: zinc vanadate nanowires

Acronyms of terms ending in -microscopy, -chemistry, -voltammetry or -spectroscopy,

refer to -microscope, -chemical,

Abbreviations are used in plural form by adding

-voltammogram and -spectrum/spectra, as well.

“.
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Chapter 1

Background

The constant occurrence of extreme weather attracts much attention of the mankind to
climate change in recent years, and the experts in meteorological science attribute this
unusual phenomenon to global warming because of the greenhouse gas emissions. [1]
Thus, many countries signed the Paris agreement to ease global warming in 2015 by
reducing greenhouse gas emissions and deal with the impacts of climate change. Since
non-renewable fossil fuels supply about 80% of the global energy consumption, [2]
energy sector innovation is treated as the most possible way to achieve the aims, like

promotion of renewable energies to phase out fossil fuel.

To date, numerous countries developed variety of policies to explore the renewable energy
and also invested much on the relative projects to meet the targets. [3] In some pioneer
counties, solar and wind energy have become the commercial power supply. For example,
about 47% of Denmark’s total electricity consumption was supplied by wind power in
2019. However, it should be noted that the renewable energy production strongly depends
on location and local weather conditions. [4]This uncertainty will lead to an unstable and
interrupted power supply. A possible solution to this issue is to optimally combine various
renewable energy resources and energy storage system. Among the various type of energy
storage system, like supercapacitor, battery, fuel cell, etc, battery system has high

operating voltage, high energy density, and low maintenance requirements. [5]

Research into battery technologies have been going on for decades, like Ni-Cd batteries,
Pb-acid batteries and lithium-ion batteries (LIBs). Since the first commercial LIB entered
the market in 1991, it has become the most ubiquitous and the dominant mobile power
sources for various applications, such as portable electronic devices and vehicles. [6] With
the innovation and engineering in materials and designs during the last three decades,
the energy density of LIBs has been increasing over 150 W h kg1 at the cell level, close to
the theoretical limits. [7] Though battery technology has attained many breakthroughs,

there is an ever-growing demand for better battery performance. Even worse, there are
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still many critical challenges that should be overcome to meet the demand of emerging
applications, like safety issue, high cost, further improving the energy density and battery
life. As a result, the search for suitable electrode material for LIBs and alternative low-

cost aqueous multi-ion battery are ongoing studies.

Presently, the most current choices of cathode and anode materials for LIBs are lithium
metal oxides (lithium iron phosphate and lithium cobalt oxide) and graphite, respectively,
due to their flat working potential, low cost, and abundant material supply. [8] However,
the theoretical capacities for these cathode and anode electrode are lower than 200 and
372 mAh g1, respectively. [9] For further improving power and energy densities of LIB,
alloy-type and transition metal oxide anode has been intensively investigated because of
its high capacity. The alloying between lithium and electrode materials can reach
extremely high capacity up to 1000 mAh g'1. The extensive volume variation of over 300%
from the alloying of the electrode hinders the practical applications. However, collapse of
the structure, severe electrode pulverization and capacity loss are the result. [10]
Additionally, the pure metal substances like Sn metal and V metal are not in their natural
forms, resulting in high material processing fee. By comparison, the metal oxide
electrodes exhibit high capacity by storing lithium in reversible redox reactions and many
of them (e.g. MnOg, Fe203, and V205) can be used as electrode materials in their natural
forms (pyrolusite, hematite, and limonite). [11-13] Poor electronic and ionic conductivity
of the metal oxides are great challenges. Fortunately, nanotechnology can be introduced
to solve the above issue by designing the electrode on the nanoscale to shorten the
diffusion distance, provide more electroactive sites and more room to accept the volume
change. [14] Additionally, the lithium dendrite formation can be avoided in some metal
oxide. [15] Thus, high capacity, low cost and safety make metal oxides-based materials to

be promising electrode candidates for next-generation LIBs.

However, the use of toxic organic electrolytes, as well as the high cost of the lithium metal
and recycling for LIBs also motivates us to investigate the aqueous rechargeable
multivalent-ions batteries as alternatives. These include aluminum-ion batteries (AIBs)
and zinc-ion batteries (ZIBs). [16-18] Aqueous electrolytes possess over 100 times higher
ionic conductivity than the organic counterparts. [19] Besides, multivalent ions, in
principle, enable a very high specific capacity due to the multiple electrons involved. The
aluminum ion battery can only be operated in acid solutions (pH < 4) due to precipitation

of Al2Os at neutral pH. ZIBs, on the other hand, exhibit unique advantages: i) the aqueous
2



Chapter 1 Background

electrolyte is either pH neutral or mildly acidic with a high ionic conductivity; ii) the zinc
anode has a quite negative redox potential (-0.78 V vs. standard hydrogen electrode),
leading to a high battery voltage (0.7-2.0 V) [20] and a high theoretical capacity of 820
mAh gl. [21] Unfortunately, hydrated Zn2* cation has a large radius of 0.43 nm and
exhibits sluggish transport kinetics in the active cathode materials, resulting in
insufficient rate performance and low coulombic efficiency. [22] It is thus an urgent task
to find a suitable cathode material with favorable capacity and stable structure during
Zn?* insertion and desertion. To date, the cathode materials of ZIBs can be divided into

two categories: tunnel-type and layer-type structures.
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Chapter 2

Battery system

2.1 Introduction

In current market, there have been amount of rechargeable batteries in different shapes
and sizes, including some coin cells, flexible batteries and megawatt systems to stabilize
the electrical distribution network. [1] But batteries all consist of electrolyte, current
collectors, a cathode where reduction occurs, and an anode where oxidation takes place
along with the electrons transferring to an external circuit via an electronic conductor
(discharging mode). The electrochemical reaction can be followed by counting the number
of electrons released per unit of time, i.e. I, as shown in the equation 2.1. Battery capacity
is measured by counting the amount of charge, normalized to weight, released during
discharge or absorbed during charge. For certain material, there is a relationship between
the mass of the material and the charge passed in the reaction, described in equation 2.2.

Therefore, the theoretical capacity of an electrode is calculated by equation 2.3: [2, 3]

_ do
1= (2.1)
= MiQ
m; = oF (22)
_ nm;F
Q=" 2.3)

where ‘n’ is the number of electrons involved in the reaction; ‘mi’ is the mass of a specie;
‘My’ is the molar mass of the specie; ‘F’ is Faraday’s constant. It is obvious that the more
electrons are involved during the battery reaction, the higher capacity that can be
achieved. Metal oxides with high oxidation states can thus exhibit an excellent specific
capacity. [4] Actually, the total achieved capacity of a battery is often limited by the
electrode (either the anode or cathode) that delivers the smaller capacity, highlighting the

importance of matching the capacity of cathode and anode.

The power density of a cell is restricted by the current and voltage. The voltage in a

battery is the potential difference between two half-cells. While standard potential U° in
5



each cell is thermodynamically determined at equilibrium. For standard conditions

(activities = 1; T = 298 K; P = 1 atmosphere), U° is described as following:[5]

AGY
nF

Ul = (2.4)

where ‘AG? is the free energy of a reaction. The reaction will be spontaneous if the ‘AG,’ is
negative. For a battery system, the reactions during the discharge process are
spontaneous. Fig. 2.1 collects standard redox potentials (vs. standard hydrogen electrode,
SHE) for various chemical substances at 25 °C. [6] It ranks the standard reduction
potentials according to their oxidizing and reducing abilities. The strongest reductant in
the table is metallic lithium, with the lowest U° of about -3.05 V vs. SHE. Considering the

lightest metal of Li, LIB possesses considerable energy density and power density.

Half Reaction Potential
F, + 2 = 2F- +2.87V
E Pb* + 2 = Pb** = +1.67V
Fooa, o+ 22 = 20 § +1.36 V
%” Ag + le =  Ag I +080V
fg Fe* + le = Fe G +0.77V
s Co o+ 20 = Cu u% +0.34V
2 2H + 2 = H & 0.00 V
£ F* + 3¢ = Fe ¢ -0.04 V
E_j Pb* + 2 = Pb 2 013V
Eﬂ Fe* + 2e = Fe § -0.44V
o + 2 = n = -0.76 V
g AFF + 3¢ = Al 8 -1.66 V
Mg + 2e” = Mg -236V
Li* + 2 = Li -3.05V

Fig. 2.1 Lists of half-cell reactions written as reduction reactions with potentials at standard
conditions.

2.1.1 Principle of LIB

LIB, one of the promising energy storage techniques, has been widely applied in some
electronics, because of the high energy density and excellent cycling performance. [7] A
rechargeable LIB consists of the cathode, anode, separator, electrolyte, and current

collectors, see Fig. 2.2, where Al is for the cathode and Cu is for the anode. In the discharge
6
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process, Li* ions will be extracted from anode, diffusing through electrolyte, and inserted
into cathode. This is accompanied by electrons flowing from anode to cathode through the
external circuit, which is a reverse of the charging process. It is also described as a
“rocking-chair” battery indicating the lithium ions “rock” forth and back between two
electrodes during charge/discharge process.[8] The working principle of the LIB based on
intercalation has been widely used since the discovery of intercalation compounds
proposed by Goodenough et al. [8] Along with the discovery of the highly reversible
carbonaceous materials, the first-generation LIB is a layered Li1.xCoOsz/graphite LixCs cell.

Detailed redox reactions during discharge process are described as follows: [9]

Cathode:Li; _4Co0, + xLi* + xe™ — LiCoO, (2.5)
Anode:LiCq4 — xLit + xe™ + Cq4 (2.6)
Full cell: LiC4 + Co0O, = Cg + LiCoO, 2.7
Charge
Electron O—I

Electron

Discharge
Li*

o gy grmTne

T e

451
LiCoO, ) Graphite
Cathode Separator enode

Fig. 2.2 Schematic illustration of LIBs. Reproduced with permission from [9]
In LIBs, the cathode is often lithium intercalated transition metal oxide, hydrogen
phosphates and metal phosphates with layered structure due to the flexibility and ability
to adapt to the geometry of the guest ion intercalation. [10] Despite the difference in
chemical composition, the reaction mechanism can be described as in Equation 2.5. For
anodes, the crystalline structure will be more complicated due to the various choices, such

as intercalation/deintercalation, conversion, and alloy/de-alloy materials. [11] The
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carbon-based materials with layered structure have high stability in thermal and high
electronic conductivity sharing the same electrochemical mechanism with that of the
above cathodes, and it can be described as the equation 2.6. [12] Materials reacting with
lithium according to alloy/de-alloy mechanism consist of silicon oxide, tin oxide, silicon,
and zinc efc., showing the reaction example in equation 2.8. [13] The conversion-type
electrode materials include metal compounds like phosphides, oxides, nitrides. [14] Take
metal oxide as an example, these compounds react with lithium in a redox reaction along
with formation of lithium compounds, showing in equation 2.9. In recent researches, the

electrodes are generally designed to be composites with mixed mechanisms. [15]
(x + 2)Li + SnO = Li, Sn+Li,0 2.8)

M, 0, + 2yLi = yLi;0 + xM (2.9)

2.1.2 Principle of aqueous ZIB

Unlike LIB, the components of the rechargeable aqueous ZIB are zinc metal anode, Zn2*
host-type cathode, and aqueous electrolyte. There are various attractive features: i) near-
neutral or slightly acidic electrolyte; ii) highly negative U° of zinc compared to other metal
based anodes; iii) high abundance of Zn; iv) safety and non-toxicity of aqueous ZIB; v) low
requirement to the environment where the battery is assembled in comparison to LIB.
[16] Therefore, there is a great potential for the commercialization of ZIB, and it is gaining
considerable research attention. [17] To date, there are six main types of cathode
materials: Mn-based materials; Prussian blue analogs; V-based materials; polyanion
compounds; Chévre phase compounds; sustainable quinone. [18] Though various cathode
materials for ZIB have been studied, the energy storage mechanism of the ZIB is still
debatable and ambiguous. Currently, there are four kinds of mechanisms that have been
proposed: i) traditional Zn?* ion intercalation process; ii) dual ion insertion in the host
materials, like H* and Li*; iii) reversible chemical conversion reactions with charge

transfer; iv) coordination reactions with organic cathodes (Fig. 2.3). [19]
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Fig. 2.3 Schematic illustration of ZIBs.
The energy storage mechanism of the reversible Zn?* insertion/extraction in the cathode
materials is the most typical one. In the discharge process, the zinc metal anode will be
oxidized to release zinc ions, which will intercalate into the cathode to reduce the host

materials. The process is summarized as follows: [18]

Anode:Zn = Zn2* + 2e” (2.10)
Cathode: M + xZn?* + 2xe™ = Zn,M (2.11)
Overall:xZn + M & Zn,M (2.12)

Where ‘M’ represents the cathode materials, which often show tunnel-type, layered-type,
or open-framework structures, possessing sufficient room for the intercalation of Zn2*.
Examples include manganese oxides with various sizes of tunnels, vanadium oxides with

layered structures and Prussian blue analogs displaying 3D open-framework structures.

Theoretically, the host materials with large tunnels or large lattice spacing allow a
simultaneous insertion of large hydrate zinc ion and other ions (such as H*) with a high
diffusion kinetics. This mechanism has been observed in both manganese oxide and
vanadium oxides. For example, the co-insertion of H* and Zn?* into MnOz2 cathode, leading
to a transition from MnOsz to MnO2Ho.25Zno.1 to MnO2Ho.45Zno.2. [20] Besides, enriching
the electrolyte composition by adding other metal ion salt can also achieve the dual/multi

ions co-insertion process.

If the intercalation process is considered as the diffusion-controlled capacity contribution

without changing the crystal structure of the host materials, the chemical conversion



reaction mechanism with electron transfer (ET) involved will be attributed to the
Faraday’s capacity contribution. Hence, ET related conversion reactions exhibit higher
capacity than pure intercalation reactions. An example of this kind reaction include both
the guest ions inserting into the host material of MnOg, and the H* reacting with MnOs2
to form a new crystal phase MnOOH to release more electrons. [21] This chemical
conversion mechanism is an effective and promising method to design a high-performance

ZIB.

The fourth reported mechanism is the using of coordination reactions to store energy. It
is observed on the organic polymers including some linkers on metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs). Organic polymers as the cathode
electrode have abundant functional groups, such as N-H and C=0, which can coordinate
with Zn2* to with C=0---Zn interactions. [22] These kinds of interactions are reversible to

form and break, accompanied by the storage and release of energy.
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Chapter 3

Vanadium-based materials

3.1 Vanadium oxides

3.1.1 Introduction for vanadium oxides

Vanadium is widely distributed in the earth crust, but it is never found in a simple
vanadium metal substance. It is often combined with other minerals, including
vanadinite, carnotite, and mottramite. [1] Pure elemental vanadium is difficult to produce
due to the easy contamination by other elements. Instead, vanadium oxides are relatively
easy to obtain by melting and precipitation. Vanadium can form various oxides with
oxidation states of V5, V4* V3+ and VZ*. All types of vanadium oxides can be clarified into
two categories. They are described as ViOszn1 and VinOzn+1 family, [2, 3] covering all the
reported vanadium oxides including V307 and VeO11. The representative oxides for each
oxidation state are V2Os, VOz, V203, and VO with pure oxidation states in each structure.
The different oxidation states, d-d transitions and lattice systems lead to unique

properties, like the different colors of vanadium ion solution, [4] as shown in Table 3.1.

Table 3.1 The properties list of the four common vanadium oxides

Oxidation state V2 V3t V4 V3t
Chemical formula VO V203 VO2 V205
Lattice system Octahedral Trigonal Monoclinic/ Orthorhombic
tetragonal
Color of ion solution Violet Green Blue Yellow

The aqueous solution of the ion V5+, V4 V3+ and V2* are yellow, blue, green and violet,
respectively, corresponding to different d-d transitions and optical characteristic
wavelengths. Hence, the oxidation state changes can be identified by the colors. There are
also some vanadium oxides with different oxidation states of the vanadium, and the
crystal structures are also various. It is believed that the mixed oxidation states in the
same material can bring a high electron conductivity. Besides, the vanadium oxides are
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generally formed with some polyhedra in the crystal to exhibit in tunnel-type or layered-
type structures. Therefore, vanadium oxides with mixed oxidation states and fascinating
crystal structures make them to be the promising electrode candidates for batteries work

in the intercalation mechanism.

3.1.2 Vanadium oxides in LIB

In terms of the battery performances, parameters like capacity and cell potential are
crucially related to the intrinsic property of the positive and negative electrode materials.
In practice, capacity determines the function time of the battery and high cell potential
leads to smaller number of electrons to power the electronics. [5] Fig. 3.1 gives the
potential and capacity of the reported electrode materials. For rechargeable LIB in half
cell assembled testing with Li metal are generally treated as the reference and counter
electrode. It is noted that vanadium-based materials either have a high cell potential

(vanadium oxides) or deliver high capacity (vanadate with ternary metal oxides).
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Fig. 3.1 Potential vs. capacity for both anode and cathode maerials for rechargeable Li-based cells.
Reproduced with permission from [5)]

Vanadium (V) oxide (V205) is the most common vanadium oxide, displaying a unique
layered crystalline structure serving as the insert space of lithium-ion. V205 is cheap, and
easy to synthesize. It also has high theoretical capacity of 443 mAh g1, indicating 1 mol
V205 accommodating 3 mol of Li* insertion and extraction. [6] Nevertheless, it also

provides a wide working potential window of about 3.5 V vs. Li/Li*, endowing it as a
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promising positive electrode candidate for LIB. Fig. 3.2 presents the V3205 crystal
structure that is often investigated as the electrode in LIB. Its crystalline structure in the
3D sketch with three axes, with an orthorhombic phase with lattice parameters of a =
11.4985 A, b = 3.5502 A, and ¢ = 4.3432 A. It is obvious that the V205 is constructed by a
series of VOs pyramids forming the layered structure. The oxygen atoms in the pyramids
are bonded with two or three vanadium atoms, and the V-O bond interaction in the
adjacent layer is weak. [7] Li* has an ionic radius of about 0.76 A [8], and supposedly to
intercalate perpendicularly into the c-axis with the layered character of the host materials
maintained. And the Li* insertion leads to a series of phase transformations even
irreversible changes, which may make the energy storage performance decay. It
highlights that the repeatable charge and discharge process requires stable structure.
The low electronic and ionic conductivity of V205 also limit its performance. Besides, the
toxicity of V205 to humans should also be taken seriously. Inhalation and exposure to the
materials will lead to damage to the respiratory system and the skin. Herein, caution is

needed when dealing with V20s.
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Fig. 3.2 The crystalline structure of the V20s.

For the reaction mechanism of the V205, several phases of LixV20s5 can be obtained from
e-Li05V20s, 8-LiVa0s, and y-Li2V20s5 and finally to the o-LisV20s5 phase with 3 units of Li*
intercalations with increased puckering in the crystal phase layers.[9] The corresponding
phase transformation process is shown in Fig. 3.3. However, the rock-salt w-Li3V205 phase
formation is irreversible because amount of lithium cannot deintercalate from the
structure, leading to a decay in battery capacity. In the initial lithium intercalation
process, a-LixV20s5 (x<0.1), £-LixV20s5 (0.35<x<0.7), and the 3-LiV205 (0.9<x<1) have small
energy differences, making it difficult to distinguish the transition process in

electrochemical method. [10] Additionally the transition voltage plateaus are very close
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at 3.4 and 3.2 V for a to ¢ and ¢ to 8 respectively, and the intercalation process maintains the
V205 skeleton without alteration of the matrix. When more than one Li is intercalated,
an irreversible structure will be formed, leading to the transition from §-LiV2Os to y-
Li2V205 with a potential plateau shown at 2.3 V. The double chain of the V205 framework
will be slightly puckered with the pyramids alternating up and down individually and
tilting the apical oxygen atoms on two pyramids closer to each other. With increased
cycling, the amount of y-LiV20s increases as well. This formation process also depends on
some parameters, like crystalline morphology and discharge depth. When the V205 is
deeply discharged lower than 2 V, the deintercalation reaction is severely hindered due
to the formation of w-LisV2Os5 phase. Accordingly, to avoid the irreversible reactions, the
potential range of the V205 is generally set at 2-4 V involving intermediates with stable
morphology which supports reversible intercalation/deintercalation. In this case, there

are 2 units of Li*involved with a capacity of 294 mAh g-!.

Li" insertion
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Fig. 3.3 Schematic illustrating the different amount of Li inserted in V20s.

Apart from V205, the metastable VO2 with a vanadium oxidation state of +4 is
investigated as the cathode materials as well. It is made of a double-shear derivative
structure with distorted VOs octahedra sharing both corner and edge, as shown in Fig.
3.4a. The monoclinic phase constants are a = 9.06 A, b=5.772 A, ¢=4.520, a0 =89.99°, y
=91.4°, B = 89.83°. VOq has perovskite-like cavities with four capped faces, allowing the
Li* diffusion parallel to the [010] crystal orientation. The edge-sharing in the expansion
direction prevents V-O bond cleavage, creating a relatively stable structure.[11] There are
also some other vanadium oxides with mixed oxidation states of vanadium confirmed to
be the promising cathode materials for LIBs. For example, the structure of V307 is
described as layers, consisting of VOe octahedra and VOs trigonal bipyramids with mixed

vanadium oxidation states of V4* and V5* in a ratio of 1:2. With the insertion of crystal
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water in the layer, VsO7H20 exhibits high capacity retention, due to the large lattice
spacing. Its crystal structure is shown in Fig. 3.4b, with an orthorhombic crystalline phase
(a=16.930 A, b=9.359 A, c = 3.644 A, a =y = B = 90°). V6013 as another mixed-valence
oxide (V> and V#*: the mol rate 1:2) is studied as the electrode materials, composed of
single and double vanadium oxide layers. Fig. 3.4c represents the 3D crystal structure of
the V6013 with monoclinic phase (a = 11.922 Ab = 3.68 A, ¢ = 10.138 A, a =y = 90°, B =
100.87°). The adjacent layers provide the active sites for lithium intercalation. With all of
the vanadium reducing to V3*, there will be 8 units of Li* involving in the redox reaction
of per unit, suggesting a high capacity of 417 mAh g1. The energy storage mechanism is
in agreement with the Li-ion intercalation process, but the phase transition process

during the intercalation process is still ambiguous.

To pursue an excellent electrochemical performance of the vanadium oxides, various
strategies have been reported, such as morphologies engineering, size controlling to

nanoscale, synthesizing composites and doping with other ions.
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Fig. 3.4 Crystalline structure of VO2, V307 and V¢O1s.
3.1.2.1 Morphologies Engineering

The morphologies of the pure vanadium oxide nanomaterials used as the cathode
electrode of LIB vary from 0- to 3-dimensional. To date, many researchers are committed
to designing the electrode materials with fancy morphologies, such as core-shell, porous,
and nanoscale. It cannot be neglected that the morphology effect on the electrochemical
performance is also sensitive to the lithiation mode, determined by the potential window
difference. If one Li* is transferred per V205 unit, the potential window is typically 2.5-
4V, and the two Li* transfer mode needs the potential window of 2-4 V. For a much
broader potential window like 1.5-4 V, there will be three electrons/ Li* transferred during
the intercalation process. Table 3.2 summarizes the V205 cathode materials in different
morphologies from 0D to 3D. As listed, the V205 materials with three electrons
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transferred typically exhibit much high capacity but low capacity retention, due to the
irreversible reactions. Zhai and coworkers [12] synthesized centimeter-long V205
nanowires by the hydrothermal method. When used in the three-electron transfer mode,
the initial discharge capacity can reach up to 351 mAh g1, but it declines to 175 mAh g1
already after 20 cycles, leading to capacity retention of 43%. Herein, o phase formation is
an irreversible reaction process. Two-electron transfer mode is the most typical
mechanism with a capacity of 294 mAh g1. Although the morphology of V205 varies, its
reversible capacity exhibited in all morphologies is over 200 mAh g but less than 300
mAh g1 along with relatively high capacity retention. The V205 with one electron
transferred delivers low capacity due to the theoretical capacity of 147 mAh g1, but with
excellent cyclic stability even at a high current density. Thus, the morphology effect on
the energy storage performance should be investigated in the same insertion mode. For
example, Wang et al. [13] fabricated V205 in porous nanotubes, nanofibers, and nanobelts
morphologies in 1-D by electrospinning techniques and subsequent annealing. The
morphology can be tailored by adjusting the annealing temperature: 400 °C for porous
nanotubes, 500 °C for hierarchical nanofibers, and 600 °C for single-crystalline nanobelts.
When used as the cathode electrode of LIB, porous nanotubes show an initially discharge
capacity of 114.1 mAh g due to the porous structure providing efficient electron transfer,
short Lit* diffusion distance, exposing a high area of the active sites. But the porous
structure shows limited stability, which is more obvious for two-electron transfer mode.
In comparison, the solid single crystal nanobelt exhibits superior cyclic-capacity retention
in the same insertion mode. The authors explained that it is because of the crystal
orientation of the V20s. If the intercalation plane is perpendicular to the long propagation
axis, significant stress can be withstanded without disintegration, leading to an excellent

tolerance of the intercalation process.

Table 3.2 The summary of V205 cathode electrode for LIB in various morphologies.

Morphology Synthesis Reversible  Cycl  Current  Voltage Capacity  Ref.

method capacity e density Windo  retention
[mAh g''] mAg'] w[V] [%0]
0-D Template 229 50 300 2-4 92 [14]
nanoparticle
(150 nm)
0-D Sol-gel 244 50 300 2.1-4 83 [15]
nanoparticle
(1-5 nm)
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1-D Electrospun 95 250 2000 2.5-4 80.5 [13]
nanotubes
(560 nm)
1-D Stirring 242 50 60 2-4 86 [16]
nanobelts (5- treatment
50 nm)
1-D nanorod Thermal 240 30 147 2-4 90.2 [17]
(100-200 decompositi
nm) on
1-D hydrotherma 175 20 50 1.5-4 43 [12]
nanowires 1
(80-120 nm)
2-D hydrotherma 210 50 44 1.5-3.8 60 [18]
microflakes 1
(2 um)
2-D thin Deposition 142 50 50 2.6-4 100 [19]
film (3-30
nm)
2-D Ultrasonicati 206 100 500 2-4 78 [20]
nanosheets on
(60-80 nm)
2-D Liquid 250 300 294 2-4 93.8 [21]
nanosheets exfoliation
(2.1-3.8 nm)
3-D hollow  Precipitation 200 100 2400 2-4 89.7 [22]
microsphere at room-
(300 nm) temperature
3-D flower  Hydrotherma 210 100 29 1.75-4 84 [23]
structure 1
(microscale)
3-D Sol-gel 214 60 200 1.5-4 46 [24]
hierarchical
starfish-like
(100-300
nm)
3-D yolk- Solvotherma 227 50 300 2-4 89 [25]
shelled 1
microsphere
(1 um)
3-D yolk- Hydrolyticall 218 100 300 2-4 79.3 [26]
shell (1 pm) y
3-D Hydrotherma 96 500 2000 2.4-4 98.5 [27]
octahedrons 1
(2 pm)
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Fig. 3.5 shows the representative vanadium (V) oxides (V205) morphologies applied in LIB
cathodes. Besides V205, other types of vanadium oxides (VOx) also can be applied in LIB
as the cathode electrodes. Due to the complicated crystal structure and fabrication
process, a few research groups are focusing on fabricating pure VOx as LIB cathode
electrodes. Three representative examples are summarized: VOs, V307, and VeO13. Mai et
al. [28] fabricated hybrid VO2 composite in 1-D morphology of nano-scrolls, nanobelts, and
nanowires by a hydrothermal process. By investigating the stability of the VOgz in
different potential windows, the energy storage mechanism is proposed to be the same as
that in V20s. In a potential window of 1.5-4V, 1D hybrid VO delivers 248 mAh g1, which
dramatically decreases 52% after 100 cycles. While in a voltage range of 2-3 V, the
capacity retention can reach 85% (134 mAh g'1), which can be explained by irreversible
reactions occurring at low voltages due to disorder and destruction of the layered
structure, ultimately leading to the capacity fading. In comparison, the nanowire-
assembled 3-D hollow microspheres [29] in the same potential range exhibit 90% capacity
retention (about 175 mAh g'1) because the 3D morphology provides higher specific surface
area. As for V307 and VsO13, the voltage potential window is confined into a range of 1.5-

4V generally with low capacity retention and the morphology is 1D nanowire and nanorod.

Fig. 3.5 Example of V205 electrode materials in a) 0-D nanoparticles; [14] b) 1-D nanowires; [18] (c)
2-D nanosheets; [20] and d) 3-D porous architecture. [30] Reproduced with permission from [14, 18,
20 and 30]

To summarize, although the lithium-ion insertion mode can affect the electrochemical
performance, the morphology effects are also verified. Innovative architectures are
promoted by many researcher groups, such as porous structure with high specific surface

area, but lack of stability for some of these materials needs to be considered. Making full
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Chapter 3 Vanadium-based materials

use of the architectures and combining them with the intercalation mechanism will help

to design the practically useful cathode materials.
3.1.2.2 Composite materials

Preparing V205 composites is another common strategy to get excellent electrochemical
performance, and this include various carbonaceous materials, conductive polymers,
sulfide or phosphate, and other metal oxides. The synergistic effects between two different
components can enhance the lithiation and intercalation process. Table 3.3 lists some
representative examples of V20s-based composite electrodes. Carbon and carbonaceous
materials are good additives because of their high abundance distribution, excellent
electron conductivity, environmentally friendliness, and mechanical stability. There are
different kinds of carbonaceous materials available, like reduced graphene oxide (rGO) or
graphene, carbon nanotubes (CNTs) and graphite. The introduction of carbonaceous
materials and conductive polymers (polyaniline and pyrrole) can be considered together,.
They can enhance the electrode performance of pure V205 by providing more active sites,
improving the electron conductivity, and stabilizing the structure. For example,
Mohammad and coworkers [31] fabricated V20s/mesoporous carbon by synthesizing the
mesoporous carbon template first and then using an ultrasonically assisted method. The
obtained composites have a high specific surface area of 77.2 m2 g1, and exhibits an
excellent reversible capacity of 291, 265, and 247 mA g'! at a current density of 100, 250,
and 500 mA g'! respectively when used as the cathode electrode of LIB. In comparison,
V205 nanoparticles only show a capacity of 275, 235, and 182 mA g! at the same current
densities. The capacity of the composite decays significantly during cycling testing but it’s
still higher than for the pure V205 nanoparticles. The authors suggested that the better
performance of the V20s5/C nanoparticle is due to the fast transport channels for Li* in the

porous composite materials.

Carbonaceous addictive in V307-H20 have been thoroughly investigated as well. Zhang et
al. [32] synthesized V307H20@C core-shell structured composites by a hydrothermal
process, where the carbon is derived from glucose. By changing the amount of glucose, the
thickness of the coating layer can be controlled. When used as a cathode electrode of LIB,
it delivers a reversible capacity of 151.2 Ah gt after 45 cycles at the potential window of
1.5-4 V. While the V307-H20 pure nanobelts only exhibit 100 mAh g1 after 30 cycles,

indicating an effective coating process. There are also some other strategies to produce
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composites. For example, Zhang et al. [33] designed a V307-H20 electrode with carbon
materials of multiwall CNTs and graphene-like sheets in 3D porous network. The
graphite sheets link the CNT's into porous networks. Then a modified Hummer’s method
is applied to the carbon network to create active groups on the surface to attract metal

ions. After a facile hydrothermal method, V307-H20 arched carbon composites are

achieved.
Table 3.3 The summary of the V20s composite cathode electrode for LIB.
Component Synthesis Reversible Cycl  Current Voltage  Capacity  Ref.
method capacity e density Window  retention
[mAh g'] [mA g''] [V] [%o]
V20s/C Ultrasonically 163 100 500 2-4 59 [31]
nanoparticle assisted
method
V20s@C Capillary- 296 50 1000 2-4 99 [34]
nanoparticle induction
V20s/polyan  Electrochemic 263 60 300 1.5-4 - [35]
iline al method
V20s/pyrrol Sol-gel 225.4 50 30 1.8-4 91 [36]
e
V20s/multi-  Hydrothermal 133 200 300 2-4 78 [37]
wall carbon
nanotube
V20s/graphe  Solvothermal 153 100 100 2-4 60.3 [38]
ne
V205 Solvothermal 102 160 600 2-4 52 [39]
nanosheet/r
GO
FeF3/V20s Liquid-phase 209 30 30 2-4.5 83.5 [40]
nanoparticle method
V205-NiO Laser reactive 340 500 150 1-4 61 [41]
film deposition (0.5C)
V205-Sn0O2 Sol—gel 165 50 100 2-4 44 [42]
microtube
LiVOPO4@  Hydrothermal 135 200 30 3-4.5 90 [43]
V20score-
shell
nanosphere

Some transition metal compounds are also applied to form V20s-based composites. Among
the listed examples, introducing transition metal compounds can lead to either special
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Chapter 3 Vanadium-based materials

morphologies or wide potential windows. Li et al. [42] synthesized V205/SnO2 microtube
composites by a sol-gel method employing natural cellulose microfiber as a template.
Different concentrations of Sn2+ is used to obtain different loading of SnO2 in the final
product. The initial discharge capacity of SnO2-12.1 %-V205 composite reaches 375 mAh
g1, much higher than the theoretical capacity of V205 (294 mAh g1), suggesting a
significant capacity contribution from SnQO2. Zhang et al. [43] obtained an orthorhombic
LiVOPOq4 core with a tetragonal V205 shell via a hydrothermal route followed by surface
oxidation treatment. Used as cathode of LIB, its potential can be up to 4.5 V. The
reversible capacity delivered is much higher than other V205 with one electron transfer

mode.
3.1.2.3 Doping materials

Foreign element doping into the electrode materials can produce some defects or replacing
some of the metal ions in the host crystal structures, which is considered the most
prevailing and effective way to improve the electrochemical performances. The electronic
structure of V also can be modified. The intrinsic conductivity and lithium-ion diffusion
coefficient during the intercalation process can be improved. There are some doping
examples summarized in Table 3.4, showing outstanding capacity retention. Li and
coworkers [44] prepared Sn-doped V205 microspheres by microwave-assisted
solvothermal synthesis. The addition of Sn** ion makes the a- and c-axes of the V205
crystal structure slightly expand and the b-axis compressed. The doped ion stays between
the VOs layers and forms a SnOs octahedron with the oxygen atoms in the structure.[45]
Used as a cathode in LIB, Sn-doped V205 microspheres exhibit a capacity of 212 mAh g1,
and the charge transfer resistance (185 Q) is lower than for pure V205 (263 Q).
Nanostructured Mn-doped V205 is another example of doping by replacing the V ion. The
effect of the doping method on the electrochemical performance of the V205 cathode is
obvious when testing rate performance. The as-prepared Mn-doped V205 by Zeng et al
[46] delivers the discharge capacities of 251, 214, and 171 mAh g at 300, 600, 1500 mA
g1, respectively, which are about 16% higher than the pure V20s.

Table 3.4 The summary of guest ion doped V205 cathode for LIB.

Component Synthesis Specific Cycl  Current  Voltage Capacity  Ref.
method capacity e density ~ window  retention
[mAh g'] [mA g'] V] [%]
Sn-V20s Microwave- 212 50 200 2-4 82 [44]
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assistanted

Cu-V20s Solid-state 258.7 50 300 2-4 89.5 [47]
chemical

Mg-V20s Magnetron 473 1 150 pA 1.5-4 B [48]
reactive cm?
sputtering

Ce-V20s Solid-state 239 50 150 2-4 85.1 [49]
chemical

Mn-V20s Microwave 201 50 300 2-4 80 [46]
reactions

Co-V20s Hydrotherma 395 50 30 2-4 69 [50]
1 method

Other representative examples of cation ion-doped vanadium oxides are listed as follows.
W-doped VOz nanosheets in 3D networks fabricated by hydrothermal route [51] have a
very fast Li* diffusion coefficient (2.62 *10-14 cm2 s1), about 5 times higher than the pure
VO: electrode (4.94 *10-15 cm? s'1). The 3D-flower-like Al/Na co-doped VeO13 cathodes [52]
obtained by a hydrothermal method show a lower electron transfer resistance (268.6 Q)
than the pure VeOi13 (465.1 Q). Co-doped V203 nanospheres [53] exhibit an excellent
reversible capacity of 923.9 mAh gt after 800 cycles, in comparison to 328.2 mAh g1 of
the pure V203. The above examples prove that cation doping can effectively enhance the

electrochemical performance.

3.1.3 Vanadium oxides in ZIB

Unlike Li based electrode, Zn electrode is air- and water stable, which is considered to be
the promising anode of ZIB. Finding a suitable cathode electrode for practical applications,
remains as a challenge for aqueous ZIB. The limitation is the low capacity and the poor
structure stability during the guest ion storage process. It is not surprising that most of
the research literature on aqueous ZIB are focusing on exploring and designing cathode
materials. The high discharge voltage and high specific capacity are the two main
requirements for the cathode materials. The relationship between the operating potential
and specific capacity is summarized in Fig. 3.6. Vanadium oxides have become important
cathode materials in the ZIB due to their low cost, high abundant resource, and the many
accessible oxidation states of vanadium. The vanadium oxides and vanadate have a
relatively low average operating voltage (about 0.8 V) compared to other candidates but

they have a high capacity.

24



Chapter 3 Vanadium-based materials

Z"A|o.s7':?1 330a ZnNi M, Cop 04 V307-Hp0 Manganese-Based

Spinel nanobelts oxides
~ ; : Vanadium-Based
ks oxides
| NagV,(POj),/C Zinc (M=Li, Na) P an b |
cathode N russian blue analogs

2.5F .
| NagV(PO,)5/C",

g
=)

Polyanionic materials

ZIBs based on organic

[ ZnHCF
g o electrolyte

-
a

Potential (V)

-
o

:-.,_v307-H201?.'-.
" rGo oG

nanorods  ; VO3,

0.5¢ im0, 1 2 Zng 55V20. Ho':l
. Ja-MnOy o g 25V205 N0
:"nanofibersi{(z;vso1S 2'?”2? % nanobelts
/' V404 nH,O bilayer :V30g fanowires : i
panLi 6 ; vO,(B) V205
0.0r L V05nH0 g eo 2
intercalated MnO, Vs, flake 2/r
1 1 1 1 L 1 1 1 L
0 100 200 300 400 500

Specific capacity (mAh g=*)

Fig. 3.6 Operating potential vs. capacity for various cathode materials. Reproduced with permission
from [54]

Layered vanadium oxides are the most studied vanadium-based materials as cathode
materials for ZIB. The stable crystal structure and diversity of vanadium are their key
advantages. Generally, the V-O coordination polyhedra in vanadium oxides can be
assembled into larger different units as is also known from the polyoxometallates. The
common polyhedra in vanadium oxides are octahedra in distorted and regular form,
tetrahedra, trigonal bipyramid, and pyramid. With the insertion of the Zn2* ion in the
crystal structure, the VOx polyhedra share the corner or edge with other polyhedra to
stabilize the framework while the oxidation state can change from V> to V4* or even V3*
to fit the extra cation. Take the simplest and lowest-molecular-weight of V205 as an
example, Zn2* inserts into its layers by sharing the oxygen atoms from vanadium
polyhedra to form fourfold coordination environment around Zn2*. The reactions are

summarized as follows: [55]
V3*0g + Zn?* - ZnVy+ 0, (3.1)
V5+0s + 2Zn%* - ZnV3+* 0, (3.2

The number of Zn2* inserted into the vanadium oxides depends on the natural properties
of the materials, such as the size, conductivity and morphology. One unit of Zn?* inserted
into V205 results in 295 mAh g, when vanadium is reduced from V5* to V4*, this is

generally treated as the reference when comparing the capacity of vanadium oxides,

25



because V205 has the highest oxidation state and lowest molecular weight per unit of

vanadium.

Table 3.5 gives a comparison between the Zn?* and Li* charge carrier ions. It is noted that
Zn?* possess a similar ionic radius as Li*. However, the radii of the hydrated Zn2" ion is
about 4.3 A, which leads to sluggish transport kinetics in the active cathode materials,
and results in higher requirements for the material design. The typical cathode materials
with tunnel-type and layer-type structures are expected to have large lattice spacing,
which provide rich active sites to increase the contact area between the electrolyte and
electrode, resulting in fast mass diffusion and reaction. [56] For example, the
orthorhombic V205 crystal structure is constructed by single layered VO5 pyramids, where
the interlayer spacing is about 5.77 A. It allows the guest Zn2* to be easily transported
during intercalation process. But the layered structure of V205 is interestingly unstable
with the insertion of many Zn?* ions, reaching a rapid capacity decline. The issue also
occurs on other vanadium oxides. Thus, the design of vanadium oxides with stable
structures is in high demand. Strategies are summarized in the following sections.

Table 3.5 Comparison of Zn?* and Li* charge carrier ions.

Charge carriers Zn* Li*
Electrode potential vs. SHE (V) -0.76 -3.04
Specific gravimetric capacity (mAh g!) 820 3862
Relative atom mass 65.38 6.941

Tonic radii (A) 0.74 0.76
Specific volumetric capacity (mAh cm™) 5855 2066

3.1.3.1 Insertion of other molecules or cations

The sluggish ion diffusion kinetics and collapse of the lattice structure are main issues
for the aqueous battery system, causing serious electrostatic repulsion between the guest
ions and the host lattice. Introducing other molecules or ions into the interlayers of the
vanadium oxides has been adopted, which can enlarge the lattice spacing or change the

structure type from a layered structure to a stable tunnel framework.

H:0 is one of the most commonly used pre-intercalation molecules in an aqueous battery
system, exhibiting the potential to achieve low cost and fast diffusion properties. The

guest molecule is intercalating into the vanadium oxide crystal structure layers during
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the synthetic process to form structural water, leading to a large [VOx]n interlayer d-
spacing by weakening the van der Waals force between the layers. Therefore, the presence
of water in the crystal structure can effectively reduce the electrostatic interaction
between the V-O polyhedra and the Zn?* ions. The abundant structural water also
facilitates the Zn2* ion diffusion in the structure forming hydrogen bonds. Lai et al. [57]
have developed Ve013:nH20 hollow micro-flowers by a hydrothermal process. As a control
experiment, dehydrated VeO13 has also been prepared by calcinating the material in Ar
at 400 °C. Used as a cathode electrode of ZIB, VeO13:nH20 delivers a high capacity of 292
mAh g1 after 1000 cycles at 5 A g1, in comparison to 151 mAh g1 of the dehydrated VeO1s.

Pre-intercalation of cations into vanadium oxides interlayers can also significantly
enhance the electrochemical performance by increasing the structural stability, ion
diffusion kinetics, and electron conductivity. Cations can be Li*, [68] Na*, [59] Fe?*, [60]
Zn2*, [61] and Ca?*. [62] Taking Na* as an example, layered-type V205 will transform into
a tunnel-type with the insertion of Na*.[59] The VOs octahedra in V205 are connected into
a two-dimensional [V4O12]a layers linked by sharing oxygen atoms. VOs square pyramids
serve as the linkers between the layers to form the new 3D tunnel-type crystal structure.
The Na*ion is located between the [V4O12]n layers acting as “pillars” to increase the tunnel
structure stability during Zn?* insertion and extraction. Another example is NH**, a
typical cation applied to expand the interlayer space. The intercalated NH4* ion shares
the same function as structural water by forming a hydrogen bond between the top and
bottom layers of the V205.[63] As a result, the interlayer distance of the NH4*
preintercalated V205 nH20 is about 10.9 A, larger than that of the pure V205 with 5.77

o

A.

Although the chemical intercalation of guest molecules or cations has been successful, it
will also lead to some issues. For example, if there are too many water molecules, the van
der Waals’ force between the layers are weakened as well, leading to an unstable
structure. Besides, guest ions will block the Zn2* transfer channel to hinder the
intercalation process. Therefore, optimizing the amount of water and guest ions is very

important to achieve a favorable structure and fast kinetics simultaneously.

3.1.3.2 Conductive additives
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Combining vanadium oxides with highly conductive materials is a useful way to reduce
internal resistance and ameliorate charge transfer efficiency, consequently achieving

enhanced electrochemical performance.

For example, carbon black is generally mechanically mixed with active material and
binder to prepare the slurry for battery assembly. However, the carbon black is commonly
in a nanoparticle morphology and the mechanical mixing process leads to poor contact
between the carbon and active materials. Moreover, the volume variations in the
vanadium oxides during the Zn2?* ion insertion and desertion process will further disturb
the contact. Therefore, carbon black added during the battery assembly process will not
be considered the best or most effective alternative. It will not be discussed further in this

chapter.

In terms of the other carbonaceous additives, CNTs, rGO, and conductive polymers are
popular choices to be introduced into vanadium oxides electrodes. Yin and coworkers [64]
have proposed two-dimensional CNT paper/V205 composites as the cathode of ZIB,
delivering a specific capacity of 312 mAh g1. When increasing the current density by 10-
fold, capacity retention is 75% due to the random stacking arrangement of the scaffold
CNT, offering great electrolyte infiltration from all directions. Graphene nanosheets with
a large specific surface area are highly flexible and can support a wide range of active
materials. Zang et al. [65] have compared the performance of the V205 active materials
arched on graphene nanosheets composites (about 300 mAh g1 after 5000 cycles at 2 A g
1) and pure V205 active materials (about 50 mAh g?1). They explain the excellent
performance of the composites is mainly due to the large surface area and the fast electron
transfer channels provided by the high conductivity of the graphene nanosheets. Besides,
the heteroatom-doping (like P-, N-, and S-) on the carbonaceous additives can further
improve the electron conductivity of the vanadium oxide composites. Another important
additive is conducting polymer, which can not only provide high electronic conductivity
but also serve as a protective interface to vanadium oxides. Xu et al. [66] proposed the
poly(3, 4-ethylene dioxythiophene) coated V205 composites as a Zn-ion energy storage
material with a high specific capacity of 360 mAh g1. The polymer shell is likely to

increase the Zn?* transport kinetics and prevent the structural collapse during cycling.
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3.2 Ternary vanadate

3.2.1 Introduction for ternary vanadate

Ternary vanadate compounds (MxVyO,, M = NH4*, Li, Ni, Cu, Co, Mn, Fe, Zn) attract
considerable attention as intercalation-type electrode materials for both LIB and aqueous
ZIB, due to the low cost, wide availability, stable lattice structure, and high theoretical
capacity. The ternary vanadate has both the vanadium and other oxides synergistic
features such as multiple oxidation states and superior electrochemical conductivity. The
oxidation state of M takes values from +3 to +1, and vanadium from +5 to +2. Similar to
V205, vanadate compounds consist of various VOx polyhedra, which are linked together
to form different crystal structures. Here, I summarize some representative compounds
in Table 3.6. It is challenging to directly correlate the crystal structures of the materials
with their electrochemical properties due to other effects such as morphology and crystal
orientations. Therefore, the detailed energy storage mechanism difference is summarized
below. The effect of crystal water on vanadate-based materials structure is generally
regarded as enlarging the layer spacing and is rarely discussed in literature. Herein, I
classify the vanadate with and without crystal water as the same crystal structure type.

Table 3.6 The summary of the crystal system, crystal structure, and cell parameters of the various
MXVyOZ-

Material Crystal system Crystal structure Unit cell parameters Ref.

O Vanadium @Oxygen

LiV;0s Monoclinic 6.68%3.60x12.03 [67]

Q 1? # Q 90x107.83x90
# h 11 1?

(NH4)2V308 Tetragonal A )"" ".’X"L "“'\ 8.89x8.89%5.58 [68]
AN 90%90x90
L ALIAAN.
NizV20s Orthorhombic g2 2¢e f" “‘Y 5.04x11.42x8.24 [69]
N0 A6 e
90x90%90

PV V5
LAk Ay .
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CoV206 Monoclinic 9.25%3.50%6.62 [70]

90x111.62%90
CusV20s Triclinic 5.20x5.35x6.50 [71]

69.22%88.69x68.08

Mn2V207 Monoclinic 6.18%8.72x4.96 [72]

90%103.6x90
Fe2V4O13 Monoclinic P 8.31x9.40xx14.57 [73]

I s 90x102.23x90

.. <, ®
L’ ) ‘ L3 o
ZnV204 Cubic 8.41x8.41x8.41 [74]
< % b o 90x90%90
. b
. / &Y
A £ AzA, .

ZnV206 Monoclinic . 9.26%3.52%6.59 [75]

. > 90x111.37x90

R

Zn3(OH)2(V20 Hexagonal “ 6.05%6.05x7.19 [76]

7)(H20)2 N AN 90%90% 120

o ®

3.2.2 Ternary vanadate in LIB

3.2.2.1 Mechanism in ternary vanadate

The electrochemical active voltage region of vanadate is 0-3 V (vs. Li/Li*). During the Li*
insertion process, the uptake of lithium ions is accompanied by the reduction of metal ions
(i.e. M2*—M0O, or even MO—LiM, as well as the reduction of vanadium V', V4*'—=V3* V2 to
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maintain the overall charge balance. A previous study reveals that the ternary vanadium
oxides in general exhibits an irreversible reaction during the first lithium insertion
process to form MxOy and LixVyO, composites. In the following lithiation/delithiation
process, the reversible reactions occur for MxOy and LixVyO: individually, along with the
oxidation state changes. The lithiation mechanism in ternary vanadate is still unknown,
however, due to the different formation of lithium vanadate phases in the discharge

process.

Ternary vanadate materials are proposed to undergo an intercalation process
accompanied by phase transition during the energy storage process. In 2003, Morcrette
et al. [77] reported a new layered electrode material of copper vanadate Cuz.33V4011, which
reversibly reacts with Li through a displacement reaction. The following energy storage
mechanism is based on this principle. The a-CuV20s nanowires fabricated by Ma et al.
[78] in 2008 are used for the anode of LIB. The Cu extrusion mechanism (eq 3.3) is

proposed to explain the accommodation of lithium in copper vanadate.
CuV,04 + xLi* + xe™ - Li,CuV,04 (3.3)

As a result of several years of research, it has been proven that the first discharge process
of the vanadate is an irreversible decomposition, and the vanadium in vanadate
undergoes the same mechanism as that in V205, with the formation of LixV2Os phases,
including 8-LiV20s, y-Li2V20s or even ®-LisV20s5 phases. Taking CoV20s as an example,
Ni and co-workers [79] have investigated the Li* ion insertion mechanism by ex-situ XRD.
The Co3V20s phase appears with upon discharge to about 2 V. The metallic Co shows up
at about 0.02 V. Therefore, the possible electrochemical reactions for CoV20s is

summarized as follows:

2Li* + 2e™ 4 3CoV,04 — Co3V,0g + 2LiV,05 (3.4)
xLit + xe™ + Co3V,0g5 — 3Co0 + LiyV,05 (3.5)
Co0 + 2Li* + 2e~ = Co + Li,0 (3.6)
LiyV,05 + yLi* + ye™ = Liyy,V,05 (3.7

The same LixV205 phase is observed during the lithiation process of Co3V20s, [80]
Mn2V207[81], and NiV30s [82] electrode with Li* insertion. Soundharrajan et al. [83] and
Yang et al. [80] applied ex-situ XRD and TEM to elucidate the electrochemical lithium
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storage mechanism of the CosV20s anode. The decomposition of the active materials is
confirmed by the absence of the Co3V20s phase and the generation of §-LiV20s5 and Li20.
The observations of amorphous LixV205 and crystal Co further proves the above lithiation
mechanism. Sambandam and co-workers [84] proposed a novel anode of B-Mn2V207 for
LIB. The (002) plane of y-LixV205 and (221) plane of metallic Mn are observed in a
discharged state.

On the other hand, some researchers have proposed formation of a new type of lithium
vanadate rather than the LixV205 phase in the ternary vanadate. For example, Luo et
al.[85] fabricated the hierarchical Co2V207 nanosheets by using graphene oxide (GO) as
the template. In-situ XRD is applied to investigate the lithiation process in the materials.
The authors proposed that Co2V20r is first decomposing to form CoO and V205 at 0.4 V.
Upon further lithiation, the new peaks at 2 theta of 21.5°, 43°, and 51.5° appear, which is
assigned to (111), (311) and (400) planes of LiVOz2, respectively. Finally, Co is obtained

from CoO and LixVO2 from LiVOa2. The reactions are summarized as follows:

Co,V,0; = 2C00 + V,05 (3.8)

V,05 + 4Li* + 4e~ > 2LiVO, + Li,0 (3.9)
LiVO, + xLi* + xe™ 2 Li;1,VO, (3.10)
CoO0 + 2Li* + 2e~ 2 Co + Li,0 (3.11)

Zhu et al. [86] also proposed a novel Co2VOs4 anode for LIBs, and the Li* storage
mechanism is assumed in multiple steps with the formation of LiVOz on the basis of XRD
evidence. Hu et al. [87] fabricated pure single-crystalline e-Cuo.05V20s5 by a solvothermal route
for LIBs, which can react electrochemically with 2.64 units of Li in reversible fashion with the
generation of LiVO: observed by XRD. Zhu and co-workers [88] have used ZnV204 as Li
insertion electrode. The authors prove that the lithiation phase for vanadium is LixV204
(Li2V204 or LiV204) by both XRD and SEAD. Besides the one type of lithium vanadate
formation, Yin and co-workers [89] synthesized the hollow precursor-derived ZnsV20s
nanocages for anode material of LIB. Ex-situ XRD, XPS and TEM confirm the presence
of both LixV205 and LiVOg, with the insertion of Li* ion.

In terms of the M in MxVyO,, the most generally accepted energy storage mechanism is
the formation of metallic M. However, there is still an exception: Zn. Jo et al. [90]
synthesized carbon-coated Zn3V2Os nanoflower as LIB anode material. According to the
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in situ XRD, simultaneous conversion of zinc vanadate to lithium vanadate and lithium

vanadate to lithium ion to lithium oxide occurs above 0.8V according to the in situ XRD:
ZnV,0g + 7Li* + 7e~ > 3Zn + LiV,05 + 3Li,0 (3.12)
3Zn + 2Li* + 2e~ = Li,Zn, (3.13)

It is noted that the produced zinc undergoes an alloying reaction with lithium, suggesting
the zinc has the same alloy/de-alloy mechanism as ZnO for the lithiation process. The
alloying reactions also occur on other types of zinc vanadate, like ZnV204 [88], Zn3sV3Os,
[91], and Zn3V207(0OH)2-2H20. [92]

In summary, the vanadate-based materials undergo decomposition in the first discharge
process and form lithium vanadate and metallic metal or metal alloy with Li. After that,
reversible reactions take place like Li* intercalation in lithium vanadate and redox

reaction of metal oxides to pure metallic metal or metal alloys.
3.2.2.2 Electrochemical performance of ternary vanadate for LIB

Benefiting from the multiple oxidation states of the vanadium, ternary metal oxides show
impressive physical-chemical properties and complex electrochemical process, which
attract great attention as anode materials for LIB. Typical vanadates are M3V20s, MV20e,
M3V30s, MV204 (M = Co, Cu, Mn, Zn, Ni, Fe). Table 3.7 depicts the LIB performance of
various vanadate-based materials in different morphologies from the literature. Due to
the capacity contributed by the redox reaction contributed, vanadates with the highest
oxidation state of vanadium show the highest reversible capacity. Based on the above
energy storage mechanism described in section 3.2.2.1, M3V20s (M = Co, Cu, Mn, Ni, Fe)
with M2+ and V5* involve a maximum of 12 units of electron transferred during Li*
intercalation process in the first discharge cycle, suggesting a reversible capacity of 762
mAh g1in the first cycle regardless of irreversible reactions such as the formation of solid
electrolyte interface (SEI) film. In the following cycles, one vanadium in M3V20y4 is limited
to V4t as the highest oxidation state, suggesting the maximum number units of electron
transferred decreases to 11 with a theoretical capacity of 746 mAh g1. In comparison, the
alloying reaction in zinc vanadate makes the ZnsV2Os achieve the highest reversible
capacity in both the initial cycle (946 mAh g! with a maximum of 15 units of electron)

and the following cycles (883 mAh g1).
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In practice, the electrochemical performance measured may differ from the theoretical
value. It is noted that the reversible capacity after many cycles can still maintain a high
value, which can be even higher than the theoretical capacity. For example, Lv et al. [93]
fabricated amorphous NisV20s wires encapsulated in crystalline tubular nanostructures
obtained by electrospinning followed by calcination to introduce oxygen vacancy defects.
The loose amorphous nanowires possess a specific surface area of 20.05 m?2 g1 along with
a dominant pore size of 7 nm. Used as an anode electrode of LIB, it can deliver a high
capacity of 962 mAh g even after 300 cycles at a current density of 300 mA g1. The
authors suggest that the excellent performance is due to the fast electrode kinetics due to
the amorphous structure and porous morphology alleviating the volume expansion, and
oxygen vacancies facilitating the ion diffusion in the structure. Nie and co-workers [94]
designed a grass-like Zn3V3Os nanobelts array coated on three-dimensional carbon fiber
cloth by a hydrothermal process with a subsequent heat treatment. The mass loading on
the carbon cloth is about 1.3 mg cm2, 10 wt% of the composite. The as-prepared electrode
delivers the highest capacity of 1723 mAh g reported so far in vanadate-base materials
and the capacity retention after 30 cycles is still 95%. The authors demonstrate that the
outstanding cyclic stability is attributed to the nanobelt structure and providing the fast
electron and Li* diffusion in and out of the electrolyte and materials. The contribution of

the carbon fiber to the capacity cannot be neglected.

Table 3.7 The summary of the vanadate-based electrode applied in LIB.

Anode Synthesis Reversible  Cyc Current Initial Ref.
method capacity le density capacity
[mAh g''] mAg'] [mAhg']
Porous Zn3V20s Liquid 648 100 800 1415 [95]
nanospheres/graphite reflux and
calcination
Hollow hexagonal Hydrotherm 847 255 500 1224 [96]
prismatic pencil al synthesis
Co3V20s8-nH20
Amorphous NizV20s  Electrospinn 962 300 300 1312 [93]
wire ing and
calcination
CusV20s Co- 773 50 50 1157 [97]
nanoparticles precipitation
MnV:06 nanobelts Hydrotherm 468.1 50 100 875.8 [98]
al
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Single-phase NiV20s Sol-gel 750 400 800 1210 [99]
Microporous CoV206 Template 623 500 500 1067 [100]
nanosheet and
calcination
Zn3V3Os/carbon fiber ~ Hydrotherm 1723 30 100 1798 [94]
composites al
Spinel-based CoV204  Solvotherma 953 100 100 545 [101]
nanoparticles 1
Spinel-based Solvotherma 971 100 100 591 [101]
C0025Mno.75V204 1
nanoparticles
Porous ZnV204 Hydrotherm 473 100 5000 584 [102]
nanowires al

Therefore, choosing suitable electrode materials and designing reasonable morphologies
are both important for battery applications. The excellent electrochemical performance
can be achieved by designing the crystal structure such as forming amorphous or creating
defects on the vanadate, fabricating the porous morphologies, and adding additives to

obtain composites.

3.2.3 Ternary vanadate in ZIB

3.2.3.1 Reaction mechanism in ternary vanadate

There are various V-O types of coordination polyhedra present in the unknown ternary
vanadate materials due to the different oxidation states. These polyhedra can bind to each
other in different ways to form various types of vanadates, and further create the tunnel-
type and layer-type structures, allowing reversible Zn?* intercalation and deintercalation.
Based on the available literature, the most common reaction mechanisms of ZIB in
vanadate-based materials can be classified into the insertion and extraction of Zn?*, see
Fig. 8.7. It demonstrates that the insertion of Zn%" results in a reversible structure
evolution from MxVyO; to ZniMxVyO. both in tunnel-type and layer-type. The guest Zn2*
is located in the interlayers or tunnels of the structures. Taking the layered

Na2Vs010xH20 as an example, the half-cell reaction can be described as follows: [103]
Anode:Zn = Zn?* + 2e” (3.14)

Cathode: yZn?* + Na,V404¢ - xH,0 + 2ye™ = ZnyNa,Vs0,¢ - xH,0 (3.15)
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Fig. 3.7 Typical examples of vanadate-based electrodes based on Zn?" insertion/extraction mechanism
in both layer-type and tunnel-type materials.

Apart from the typical Zn2* intercalation energy storage mechanism, some new
mechanisms have also been proposed. For example, the replacement and co-intercalation
mechanisms have also been confirmed the vanadate Mgo.34V205 by multiple
characterizations. [104] The first discharge process obeys the typical Zn2+ intercalation
reaction mechanism, but most of Mg is deintercalated and further displaced by Zn?* ion
to form ZnosMgxV20s5 after the charging process. In subsequent cycles, Zn?" and Mg?*

achieve co-intercalation reactions, described as follows:
The first cycle on the cathode:
Discharge: Mg 34V,05 + yZn?* + 2ye™ — ZnyMg 34V, 05 (3.16)
Charge: ZnyMgg 34V, 05 = Zng 3Mg,V,05 + (v — 0.3)Zn** + (0.34 — x)Mg?* +
(2y —2x 4+ 0.08)e™ 3.17)
The subsequent cycles:
Zng3MgyV,05 + zZn?* + 8Mg?* + 2(z 4 8)e™ = Zn(y40.3)ME(x+5) V205 (3.18)
y<1.66; x<0.34; z<1.4; 6<0.34

Despite the rapid development of ZIB, most of the researchers in the field rely on trial
and error for the development of new cathode materials with high capacity and rate
performance, without sufficient understanding of the fundamental mechanisms. The
energy storage mechanism of different cathode materials, and the work reported here will

reflect this approach to the research.
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3.2.3.2 Electrochemical performance of the vanadate

The introduction of different cations, to form vanadates result in more attractive
electrochemical performance compared to the pristine vanadium oxides by improving the
structural stability and the size of the ion diffusion channel. There are four main
categories reported for vanadates applied in ZIB: alkali vanadates, alkaline earth
vanadates, transition metal vanadates, and ammonium vanadates. More details are

given below.

Alkali vanadates including lithium vanadate, sodium vanadate, and potassium vanadate,
have been applied in Li and Na ion storage systems for decades, but they are still new in
the ZIB field. Muhammad et al. [58] initially reported an intercalated cathode of the
layered LiV30s (LVO) for ZIB with a storage capacity of 173 mAh g'' at 133 mA g''in 2017.
The ex-situ X-ray absorption near edge structure (XANES) and in situ synchrotron XRD
reveal the Zn?* storage mechanism in LVO: the oxidation state of vanadium provides
electron transfer and intercalation of the guest ion occurs in the (100) plane with
formation of a metastable ZnLiV3Os phase. This observation makes alkali vanadate
promising for application as ZIB cathode material and offers opportunities for the use of
electrochemically induced metastable materials for energy storage applications.
Consequently, Yang et al. [105] proposed an effective strategy by chemically intercalating
Li* ion into V205 to synthesize LixV205 as ZIB cathode materials, demonstrating an
excellent cycling performance (232 mAh g1 at 5 A g1 after 500 cycles). Meanwhile, sodium
and potassium vanadate are also reported to have outstanding Zn2* storage capability
via the same intercalation mechanism. For example, Hu et al. [103] fabricated a
highly durable ZIB system with Na2VeOi16°1.63H20 nanowire as the cathode,
delivering a high capacity of 352 mAh g! at 50 mA g'. Balaji et al. [106] proposed
1D nanorods of the layered KaVeOi6°2.7H20 as the ZIB cathode, showing a capacity of
296 mAh gt over 100 cycles at 200 mA g1

Alkaline earth vanadates are another type of vanadates with inserted metal ions of Mg,
Ca, Ba, etc. Recent studies reveal that the alkaline earth vanadates can also provide a
superior electrochemical performance towards Zn2?" storage sharing the same
intercalation mechanism as of alkaline vanadates. For example, the layered
MgxV205°nH:20 reported by Ming et al. [104] has a much large interlayer spacing of 13.4
A (against 11.07 A for Li*), due to the larger radius of Mg?* 4.3 A compared to that of Li*
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(3.8 A). Thus, the obtained MgxV205*nH20 presents a high capacity of 353 mAh g at 100
mA gl. Ex situ XRD and XPS are applied to confirm the reversible (de)intercalation of
Zn2* ion in the (100) plane, along with the reduction of the vanadium from V5+ to V3*, Xia
et al. [62] demonstrate a double-layered Cao25V205°nH20 (CVO) for ZIB cathode
materials, displaying a high capacity of 340 mAh g! at ca. 600 mA gl. The excellent
performance is attributed to the large CaO7 polyhedra in CVO expanding the size of the
cavity between V4010 layers and high electrical conductivity of the CVO.

Common transition metal ions (Zn, Mn, Cu, Co, Ni, etc.) can react with vanadium oxides
to form transition metal vanadate that are also relevant as cathode materials for ZIB.
Due to the various structures, compositions, and properties, this type of vanadate has a
large number of family members, and can exhibit a surprising performance as energy
storage materials and reveal new mechanisms. For example, Liu et al. [107] proposed a
typical spinel ZnV204 as the cathode electrode of ZIB, delivering a high reversible capacity
of 312 mAh g1 at 10 C. In contrast to other vanadate materials, the oxidation state of
vanadium in ZnV204 of V3* is very low. Thus, it will be oxidized to V4* in the first charge
process by the extraction of Zn?* to form the Zn-poor ZnxV204 phase to allow the Zn2*
intercalation process in the following cycles. A triclinic CuVz2Os cathode is reported with
an impressively high specific capacity of 427 mAh g1 at 0.1 A gl [108] This super
excellent performance is assigned to the divalent cation replacement between Cu?* and

7Zn2* which is less destructive for the structure.

Ammonium ions can offer the same function as metal ions to form ammonium vanadates,
such as (NH4)2V10025, [109] (NH4)2V30s [110] and NH4V4O10, [111] all of which have a
layered structure allowing Zn?* storage. Compared to the metal vanadates, ammonium
vanadates have low density and molecular weight, leading to high gravimetric and
volumetric capacities. Besides, the network of N-H--‘O hydrogen bonds between the
ammonium ion and vanadium-oxide layer creates a stable structure that can result in a
great cycling performance. For example, Tang and co-workers [112] proposed an
NH4V4010 compound with a large interplanar spacing (9.8 A) showing a stable discharge
capacity of 255.5 mAh g for 1000 cycles at 10 A gl. The capacity is achieved by
embedding Zn?* ion into the layered NH4ViO10 to form ZniNH4ViO10 and a new phase
Zm3V207(0OH)2 2H20.
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To provide concise information about the materials and performance, a comprehensive
summary of more vanadate-based cathode materials reported recently is displayed in
Table 3.8. As elucidated, vanadate materials usually manifest high capacity and excellent
long-term cycling stability. However, the vanadate usually shows a low operation voltage

(Iess than 2 V), which will seriously limit their commercial applications.

Table 3.8 Brief summary of the electrochemical performance for the vanadate-based

cathode.
Cathode Reversible  Cycle Current Potential Ref.
capacity density range [V]
[mAh g''] [mA g']
LiV30s nanorods 200 4000 5000 0.2-1.6 [30]
NaV30s-1.5H20 150 1000 4000 0.3-1.3 [113]
nanobelts
K2Vs02: flakes 247 50 300 0.2-14 [114]
KV30s-0.75H20 379 10000 5000 0.2-1.3 [115]
nanobelts/carbon
nanotubes
MgV204 flowers 129 500 4000 0.2-14 [116]
CaVeOi6-3H20 170 300 500 0.2-1.6 [117]
nanowires
BaVO16-3H20 129 2000 5000 0.3-14 [118]
nanobelts
H11AV6O23.2 141 7000 5000 0.4-1.8 [119]
microspheres
Zn2V207 nanowires 138 1000 4000 0.4-1.4 [120]
AgVO3; nanowires 95 1000 2000 0.4-13 [121]
CuV206 nanowires 143 1200 5000 0.2-14 [122]
(NH4)2V409 sheets 125 2000 5000 0.3-1.3 [123]

3.3 Summary and perspective

This chapter mainly introduces the applications and energy storage mechanism
differences of vanadium-based materials including vanadium oxides and ternary
vanadates in LIBs and ZIBs. The chemical diversity, structural diversity and tenability
of the vanadium-based materials provide great advantages including excellent theoretical

capacity and super capability to allow large cation ions insertion/desertion. Although the
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bulk materials have some intrinsic drawbacks like poor electrical conductivity, poor
cycling stability and slow ion diffusion coefficients, researchers have proposed some
feasible strategies to overcome the above defects: i) designing micro or nano-structure
materials; 11) fabricating composites; 1ii) producing defects in crystal structures; iv)
developing a new type of vanadium-based materials. Based on the above solutions, the
electrochemical performances of the vanadium-based materials have been greatly
improved in recent years and the capacities are also much higher than the commercial

batteries.

Despite the impressive progress in the battery system, vanadium-based materials are still
far from commercial devices. Moreover, the detailed intrinsic electrochemical reaction
mechanisms in LIB and ZIB is still under debate. Thus, such efforts still need to be made

to promote the development of battery research:

1) The methods of synthesizing these compounds are complicated and expensive,
including the template and hydrothermal process. Simple and controllable methods are

needed.

2) Morphology and structure type are generally considered to be important factors
affecting the energy storage process. However, how they affect the intercalation process
is barely discussed, as well as the formation mechanisms for the morphology and crystal

structure. Therefore, further study also should concentrate on these parts.

3) Vanadium-based materials generally exhibit a low operating voltage for ZIB, which

should be improved further to achieve commercial applications.

4) The complicated chemical components of the vanadium-based materials might exhibit
novel reaction mechanisms, such as a replacement mechanism, compared to other
materials in both LIB and ZIB. Thus, it is necessary to explore the detailed information
for the reaction and make full use of the observation to reach a satisfying electrochemical

performance.

5) Recyclability of the battery still needs to be considered during the pursuit of the high-
performance electrode materials, especially for the ones with toxicity and safety issues.
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Chapter 4

Methods and characterization

4.1 Methods

4.1.1 Precipitation method

Precipitation occurs when anions react with cations to form an insoluble ionic solid in
solution. For some common ionic solids, the solubility rules are generally used to
determine the possibility of the reaction occurring. The prediction of the precipitation
reaction helps researchers to design the reactions to fabricate materials. Factors, such as
pH, time, pressure, temperature, surfactant and solution concentration, can affect the
precipitation reaction in terms of thermodynamics, kinetics and thus the structure and

yield of the reactant/product.

In this PhD project, the zinc vanadate flower was obtained by precipitation. Zinc cation
is from Zn(CH3COO)2 2H20 solution and vanadium anion from NH4VO3 solution. The
carbon coated zinc vanadate precursor is fabricated with starch as surfactant to restrict
the size of the product and stabilize the morphology. The formation of the solid zinc

vanadate precursor can be described as follows:
2V0~ + 3Zn2* + 5H,0 — Zns(0OH),V,0, - 2H,0 | +4H* (4.1)

After that, the solid precursor is coated by polydopamine (PDA) in a dopamine solution.
By calcining the precursor and PDA coated precursor in Ar and air, respectively, various
samples will be obtained. The detailed fabrication process is described in Chapter 5 and

6.

4.1.2 Microwave method

Microwave method has drawn much attention for synthesis of inorganic nanomaterials
due to high heating rates, fast fabrication and high-energy efficiency. It is based on

supplying energy directly to ions or polar solvent molecules. [1] This technique results in
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fast crystallization and uniform nucleation to provide products with small particle sizes
and a narrow particle size distribution. In comparison to conventional heating processes
using hydrothermal method, the microwave method also has a greater reproducibility and
the stirring can be maintained during the reactions. [2] Besides, the temperature and
pressure profiles can be collected during the fabrication process as a function of time and

this enhances the understanding of the reaction process.

In this PhD project, the zinc vanadate nanowires and the vanadium oxide (V3O7-Hz20)
nanobelts were obtained with a Biotage® Microwave Reactor. The reaction parameters
were monitored during the reaction. Zinc vanadate nanowires are obtained by heating the
solution of NH4VOs, Zn(NOs)2 6H20 and glycine at 100 °C for 6 h. While the vanadium
oxides are empolying VOSO4xH20 as the vanadium source, reacting at180 °C for 2 h by
using non-oxidizing acid to control pH. GO was obtained by a modified Hummers
method.[3] The details for the fabrication process for a representative synthesis are in

Chapter 6 and Chapter 7.

4.1.3 Electrode preparation and battery assemble

The working electrodes for both LIB and ZIB were prepared as follows. The active
material, carbon black and polyvinylidene fluoride were mixed to form a slurry in 1-
methyl-2-pyrrolidinone with a weight ratio of 8:1:1 and 7:2:1 for LIB and ZIB,
respectively. After that, the slurry was coated on current collector of copper foil (LIB
anode) and steel mesh (ZIB cathode) electrode with a geometrical area of 1.77 ¢cm?, and

then dried in a vacuum oven at 120 °C for 12 h.

The tested coin cells were CR2032 type bought from Hohsen in Japan and glass
microfibers were used as the separator. LIBs were assembled in an argon glove box with
1 M LiPFs in ethylene carbonate/dimethyl carbonate (EC:DMC = 1:1 by volume) as the
electrolyte and Li foil as the counter-/reference electrode. ZIBs were assembled in air with

a metallic zinc foil as the anode and 3 M Zn(CF3SOs3)z as the electrolyte.
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4.2 Material characterization techniques

4.2.1 X-ray diffraction

When electromagnetic radiation with a wavelength which is comparable to the
interatomic distances interacts with an ordered crystal without the exchange of energy,
diffraction occurs and the wave will be reflected and only propagate in specific directions.
In all, there are three common incident beams that can have wavelengths of around 1 A,
which is typical for interatomic distances in matter: X-ray, electrons and neutrons. Among
these, the X-ray is most widely used for identification of the crystalline materials, like X-
ray diffraction (XRD). In a crystalline structure, the scattered X-rays undergo
constructive and destructive interference, shown in Fig. 4.1. The reflections from the

planes obey the Bragg’s law:
2dsin® = nA (4.2)

where ‘n’ is a positive integer, ‘A’ is the wavelength of the incident X-ray, ‘d” is the spacing of the
crystal planes and ‘0’ is the incidence and reflection angle. The X-rays incident on the crystal at
an angle 0 will produce coherent diffraction at specific angles. When the travelled distance
difference (2dsin®) is equal to an integral number of the wavelength (n}), signal is detected.
Otherwise, the emergent beams are no longer in phase, and cancel each other, so that no
reflected intensity will be observed. The intensity of the diffracted beams is related to the
type and position of the atoms, while the width of the peak depends on the size and degree

of the crystallite’s perfection.
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Fig. 4.1 Bragg’s law.

4.2.2 Scanning electron microscopy

The scanning electron microscope (SEM) is a kind of electron microscope by using electron

beam to interact with atoms from the specimen to reflect the surface information of the
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sample, including the morphology and composition. The microscope is typically operated
at a vacuum atmosphere (ca. 1012 bar). The electron beam is produced from the electron
gun of a tungsten wire with a sharp tip, which is applied in this project. The electrons
then will be accelerated by the high voltage drop (0.2 to 40 keV) between the cathode of
the electron gun and the anode. Accelerated electrons are then focused by the condenser
and objective lens to form an electron probe, which will be controlled to scan the surface
of the specimen in a raster scan pattern. The position of the beam combined with the
intensity of the electron signal is used to produce an image. When the focused beam hits
the sample, various signals can be obtained, shown in Fig. 4.2, such as secondary electron
and X-rays. Secondary electrons are generated by ionization, which are collected by
Everhart-Thornley detector to present the standard SEM images. To obtain high quality
images, several parameters need to be considered, such as accelerating voltage, spot size,
and working distance. In this project, AFEG 250 Analytical ESEM was used for

investigating the morphology of the zinc vanadate and vanadium oxide materials.

Primary electron beam

Secondary
Auger electrons electrons

\ Characteristic
Backscatered X-ray

Continuum electrons
X-rays
Cathodo-

luminescence
Fliprescemt

X-rays

electrons electrons

Transmitted l \\ Seattered

S a mp le Diffracted

clectrons

Fig. 4.2 Schematic of electron beam interaction.
An atom contains ground state electrons in discrete energy levels, such as K, L and M
shells, see Fig. 4.3. When an incident beam electron excites an electron in a low-energy
shell (inner shell), the electron from high-energy shell (outer shell) will fill the hole and
release the energy difference to form an Energy-dispersive X-ray spectrum. The method
is called EDX, or EDS. Each element has its own unique energy shell structure resulting
in a characteristic X-ray. Hence, EDS is often used to determine the presence of the

chemical elements and their relative percentage in the sample, which is often integrated
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into SEM and STEM. The EDS detector in this project is a silicon drift detector (SDD),

having short processing time and allowing very high throughput.

M —

kicked-out

electron
N

o radiation
N energy

beam
Fig. 4.3 A brief principle of EDS.

4.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy method where a parallel
electron beam with high energy is transmitted through a thin specimen to generate
images. The electrons are generated by the electron gun by thermionic emission from
lanthanum hexaboride (LaBs) rods or tungsten filaments which is connected to a high
voltage source (200 kV), and then directed by lenses to form a parallel electron beam. [4]
There are two basic operations of the TEM: diffraction and image mode (Fig. 4.4),
controlled by adjusting the intermediate lens. TEM collects transmitted electrons for
imaging. Thus, the sample thickness is generally less than 100 nm. Scanning
transmission electron microscopy (STEM) mode can be achieved in the same instrument
by changing the electron beam from a parallel to a focused one as a probe to scan samples.
STEM is very useful for EDS mapping and electron energy loss spectroscopy (EELS). In
this project, TEM images were tested on a FEI Tenai T20 wit an operating voltage of 200
kV. The high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and EELS were obtained with a FEI Titan Analytical 80-300ST
TEM at 300 kV.
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Fig. 4.4 The two basic operation modes of the TEM imaging system. Diffraction mode (a) and image
mode. Reproduced with permission from [5]

4.3 Electrochemical techniques

4.3.1 Cyclic voltammetry

Cyeclic voltammetry (CV) is generally applied to investigate the kinetics and reversibility
of an electrochemical redox reaction, and to determine the intermediates during the redox
reaction and the stability of reaction products. A potential is applied over, the working
electrode in periodical sweep between low potential (Eiow) and high potential (Enigh), see
Fig. 4.5a. At the same time the current responds are collected versus applied potential to
give CV curves see Fig. 4.5b. The positive wave indicates that there is an oxidation
reaction occurring oxidizing R to O. The important parameters include anodic potential
(Ep?) and anodic peak current (Ip?). In reverse direction, the reduction reaction occurs from

O to R, including the parameters of cathodic potential (Ey°) and cathodic current (Ip°).
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Fig. 4.5 Profiles of potential versus time for CV (a), and a typical reversible cyclic voltammogram

(b).
An overall electrode reaction, O + ne- = R consists of a series of steps, see Fig. 4.6, including
electron transfer at the electrode surface and adsorption (diffusion). In an ideal reversible one
electron transfer reaction, the difference between the two peak potentials, AE, is 56.5 mV. The
relationship between the number of electron transfer and AE can be described by the following
equation: [6]

56.5 mV
AE = E,, — E,. = > (4.3)

n

However, the typical experimental values of the potential difference are greater than the
theoretical one, due to the polarization over-potential and the electron transfer rate. The
current is governed by the rates of the diffusion and electron transfer steps. The rate of
the slowest step defines the rate of the whole electrochemical reaction. If diffusion is the
slowest step the electrochemical reaction is called reversible. The peak current (ip) will

obey the Randles-Sevéik equation: [7]

1
ip = 0.4463nACF(-2): (4.4)

where ‘n’ is the number of transferred electrons, ‘A’ is the geometrical area of the
electrode, ‘¢’ the concentration of analyte, ‘F’ is Faraday’s constant, ‘D’ is the diffusion
coefficient of the species, ‘R’ is the gas constant and “T” is the temperature. For irreversible
reactions (where the electron transfer step is the slowest one), the peak current is smaller,
and the potential difference is greater than the reversible reaction. In this PhD project,
LIB coin cells were tested in a potential range of 0.02-3.0 V at scan rate of 0.1 mV s1. ZIB

coin cells were examined in a range of 0.2-1.8 V at scan a range from 0.1-0.8 mV g1,
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4.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a perturbative characterization of the
dynamics of an electrochemical process, which is generally employed to investigate the
diffusion coefficient of the metal ions in electrode materials. The electrochemical
impedance is measured under an AC potential with a small excitation signal, leading to
a pseudo-linear AC current response, like Fig. 4.7a. The sinusoidal current has a phase-
shit to the sinusoidal potential, and the electric impedance of the electrode based on

Ohm’s Law is described in the following equation: [8]
Z=|Z|e7i® (4.5)

where ‘|Z|” is the modulus of the applied potential divided by the current response, § is
the imaginary number and ‘®’ is the phase shift. When the electrochemical system

exhibits pure capacitor, ® equals to n/2. While the pure resistor behavior has ® equals 0.

Due to the complex behaviors, the electrode generally contains more than one element,
including electrolyte resistance (Relectrolyte), electron transfer resistance (Re), and
capacitance (Ca) in series and parallel configurations, see Fig. 4.7b. Faradic currents will
go the way of Ret, and non-faradaic currents go the way of Cai. Since the diffusion behavior
on the surface of the working electrode cannot be neglected, Warburg impedance is also
introduced into the circuit, which models semi-infinite linear diffusion. In this PhD
project, this versatile element is employed to calculate the metal ion diffusion coefficient

for both LIB and ZIB system.
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Fig. 4.7 Simusoidal curent response in a linaer system (a), and the impedance behavior on the surface
of an electrode (b).

4.3.3 Galvanostatic charge and discharge

Galvanostatic charge and discharge (GDC) is a standard technique to study the
electrochemical performance and cycle-life of a battery. The battery is conducted under a
constant current until reaching a set potential, and then employed a reverse constant
current, see Fig. 4.8a. A repetitive loop of charging and discharging is called a cycle. The
corresponding plots of potential vs. time are the GCD curves, see Fig. 4.8b. The specific
capacity is the amount of electric charge per gram of the active materials, which can be
calculated according to the GCD curves and Equation 4.6. The unit of the specific capacity
is ampere-hour per gram (Ah g1), where 1Ah = 3600 coulombs. There are some plateaus
observed along the potential plots in the GCD curves, see Fig. 4.8b. These occurs at the
redox potential of the active materials and are due to the metal ion intercalation and de-
intercalation process. The plateaus are very obvious at lower current density, and the
phase transition occurs at the same time scale. At higher current density, the time during
a charge or discharge is not long enough to complete inserting or deserting from the
electrode, leading to a polarization of the battery. Coulombic efficiency (CE) is another
important parameter, describing the charge efficiency, which is ratio of the total charge
extracted from the battery to the total charge into the battery over one cycle, see Equation

4.7.

Ixt

Q= 3600+m (4.6)
Qdischare
€coulombic = (;ch_a};ge (4.7)
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In this project, GCD testing of the cell was evaluated at various current densities on either

a Metrohm Autolab potentiostat or a Biologic Science Instrument VMP3.

o
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t2 t4

t/s

Fig. 4.8 Cyclic chronopoentiometry plots.

4.3.4 Galvanostatic intermittent titration technique

Galvanostatic intermittent titration technique (GITT) measures the changes in cell
voltage under period with and without current. When a constant current is applied to the
electrode material, the metal ion will be inserted into and deserted from the host material
during charging and discharging process. By using current step, the amount of charge
injected or withdrawn in each step can be controlled. Due to the metal ion concentration
gradient forming from the surface to the bulk of the active material during the period
with constant current, the voltage will be changed to reach a steady state when
interrupting the current. By calculating the rate of change in average metal ion

concentration, the diffusion coefficient of the metal ion can be determined.

Fig. 4.9 illustrates constant current and its response of this current during charge and
discharge process. In this PhD project, the measurements were performed on an Autolab
potentiostat at current density of 60 mA g! for 30 min and a relaxation duration of 120
min. Zn?* diffusion coefficient (D, cm? s!) in vanadium oxide and graphene oxide

composite materials can be obtained via:[9]

_ 4L? AE

D=1 (G2 48

where ‘t’ is the time (s) for an applied galvanostatic current; ‘L’ is the diffusion length of
Zn2* (cm), calculated by the electrode thickness of the coating layer; ‘AE’ and ‘AE.’ are the

quasi-equilibrium potential and the change of cell potential during the current pulse,

respectively.
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Fig. 4.9 Current as a function of time in an individual current step and the potential as a function of
time when a current is applied. The Ohmic voltage drop (IR) is the instantaneous chane in voltage
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Chapter 5
Nitrogen-doped carbon coating on zinc vanadate as

lithium anode

As described in the introduction, transition metal oxides are highly appealing candidates
for application as LIBs anode materials and have been widely investigated. Among these,
zinc vanadates with both conversion-type and alloying materials deliver a high theoretical
capacity. To further improve its electrochemical performance, carbon coating at the
nanoscale is introduced to stabilize the crystal structure during the Li* ion intercalation
process and thus to achieve a long cycling life, as well as by improving the ionic and
electronic conductivities. Similar to other metal oxides, however, the vanadium in zinc
vanadate experience partial reduction in the carbon coating process. Knowledge of the
oxidation state is important for the estimation of the number of electrons that can be
transferred. More interestingly, the coating process can also result in a change in the ratio
between the metals due to loss of vanadium during the annealing of zinc vanadate. This
effect is not widely recognized. Therefore, I designed an experiment to systematically
investigate the effect of the carbon coating on the oxidation states of the vanadium and
the changes of the zinc to vanadium ratio as described in the following published
publication, Paper I. Furthermore, the effects on the Li* ion storage are well studied by
comparing the zinc vanadate without carbon coating. I conceived and performed all
experiments described in the paper except the EPR analysis. The analysis and writing of
the paper were also performed by me with suggestions and proof reading by the other

authors.

This chapter is a published article: H. Cao, Z. Zheng, J. Meng, X. Xiao, P. Norby, S.
Mossin, Examining the effects of nitrogen-doped carbon coating on zinc vanadate
nanoflowers towards high performance lithium anode, Electrochemical Acta, 356 (2020)

136791. https://doi.org/10.1016/j.electacta.2020.136791.

61


https://doi.org/10.1016/j.electacta.2020.136791

This published article is given below and with reproduced here with the permission of

Electrochimica Acta which is an Elsevier journal:

62



Electrochimica Acta 356 (2020) 136791

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

Examining the effects of nitrogen-doped carbon coating on zinc
vanadate nanoflowers towards high performance lithium anode =l

Huili Cao®* Zhiyong Zheng?, Jie Meng?, Xinxin Xiao?, Poul Norby® Susanne Mossin®*

2 Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
b Department of Energy Conversion and Storage, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

ARTICLE INFO ABSTRACT

Article history:

Received 5 June 2020
Revised 15 July 2020
Accepted 15 July 2020
Available online 20 July 2020

Coating transition metal oxides with nitrogen-doped carbon is an efficient way to enhance lithium-ion
battery performance by improving the conductivity and stability of the electrodes. So far, little attention
has been paid to how the calcination process affects bimetallic oxides, such as zinc vanadate, with regards
to the oxidation state of the metal, the zinc/vanadium ratio and the specific surface area. In this work, we
report nitrogen-doped carbon coated zinc vanadate nanoflowers (particle size: 10 nm; coating layer thick-
ness: 20 nm) with a high specific surface area (115 m? g-') through a facile method. High-angle annular
dark-field scanning transmission electron microscopy, X-ray diffraction and electron paramagnetic reso-
nance spectroscopy reveal that V°* from the precipitated Zns(OH),(V,07)(H;0), is largely converted to
V3+ in ZnV,04. A vanadium loss of about 9% during calcination lead to increased Zn/V ratio and formation
of ZnO. When applied as anode in a lithium-ion battery, the as-prepared ZnV,04/ZnO@N doped C exhibits
a considerable reversible specific capacity of 620 mAh g=! at a current density of 0.1 A g=! after 50 cy-
cles, very close to the theoretical capacity (651 mAh g-!) and considerably higher than the non-coated
counterpart (306 mAh g-'). The material is stable during extended cycling (200 cycles at 0.5 A g~'). In-
depth electrochemical analysis including three-electrode system testing shows that the carbon shell is

Keywords:
Nitrogen-doped carbon
Oxidation state

Zinc vanadate

Anode

Lithium-ion battery

crucial in maintaining the structure stability and enhancing the capacity of the active material.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, transition metal oxides (TMOs) and carbon
composites in core-shell structures have been used in a wide range
of fields, including electromagnetic wave absorption [1], sensors
[2], supercapacitors [3] and lithium-ion batteries (LIBs) [4,5]. The
advantages are the low density and high conductivity of the car-
bon layer and the large fraction of void space. In a typical synthe-
sis, the metal oxides are fabricated first in a certain morphology
and then coated with a carbon layer to form a core-shell structure.
The carbon shell can come from various sources: glucose [6], starch
[7], polydopamine [8], metal-organic frameworks [9], pyrrole [10],
acrylonitrile [11], and pyridine [12]. Among them, starch is very at-
tractive given its wide availability, non-toxicity and low-cost. The
large amounts of hydroxyl groups in starch can coordinate well
with metal ions, allowing good dispersion and well controlled size
and shape of TMO nanoparticles. In order to improve the starch
carbon properties further, the doping method play an important
role [13-16]. Various doping strategies has been put up by dif-

* Corresponding authors.
E-mail addresses: hucao@kemi.dtu.dk (H. Cao), slmo@kemi.dtu.dk (S. Mossin).

https://doi.org/10.1016/j.electacta.2020.136791
0013-4686/© 2020 Elsevier Ltd. All rights reserved.

ferent research groups; this includes doping with metal ions [17-
19], B [20], and N [21-24]. Polydopamine [25,26] is a biomimetic
adhesive polymer that can easily coat on material surfaces by
self-polymerization in aqueous media. Additionally, calcination of
polydopamine results in a nitrogen-doped carbon layer with high
electrical conductivity [27-30].

For electrode material of LIB, commercial anodes are mainly re-
lying on carbon-based materials, such as graphite, with a theo-
retical capacity of 372 mAh g~!. There is a potential safety issue
when using carbon-based anodes since lithium insertion primarily
occurs at a low voltage of about 0.1 V vs. Li/Li* [31], which can
lead to an internal short circuit due to the formation of lithium
dendrites [32]. An alternative anode material is spinel lithium ti-
tanate (Li4TisOq3, LTO), exhibiting a high insertion potential about
1.55 V vs. Li/Lit for charge and discharge [33,34]. However, LTO
suffers from a poor electronic conductivity and a limited theoreti-
cal capacity of 175 mAh g~ [35].

Zinc vanadium oxide materials are among the most promis-
ing anode candidates, possessing a similar insertion potential
to spinel LTO and a much higher theoretical capacity over
500 mAh g-!. Zinc vanadate exists in several crystal forms in-
cluding a spinel-type. It can be converted to composite materi-

63



2 H. Cao, Z. Zheng and J. Meng et al./Electrochimica Acta 356 (2020) 136791

als with both conversion-type (zinc vanadate) and alloying ma-
terial (Zn). Alloying materials exhibit higher gravimetric capacity
compared to conversion-type materials, and suffer from more se-
rious volumetric expansion during Lit uptake [36,37]. Therefore,
the mixed conversion type and alloying type materials are ap-
plied in mixed-valence TMOs to give an excellent electrochemi-
cal performance. The complex chemical composition allows inter-
facial and synergistic effects between the multiple metal species
[38]. For example, Yin et al. [39] synthesized hollow Zn;V,0g
nanocages by a solvothermal method showing a capacity of
1400 mAh g~! at a current density of 100 mA g~! after 80 cy-
cles. Luo et al. [40] employed electrospinning to fabricate one-
dimensional Zn,V,0, nanofibers with a capacity of 700 mAh g~!
after 100 cycles at a current density of 50 mA g~'. It is hypothe-
sized that carbon coating is effective to improve the electronic con-
ductivity while maintaining a stable morphology of zinc vanadate.

Similar to some other TMOs, zinc vanadate is expected to
be reduced to a lower oxidation state due to the presence of
carbon during the calcination process. For example, Wang et al.
[41] calcinated porous Mn,03 microspheres coated with polypyr-
role and identified the product as MnO/NC by XRD. Similarly,
FeOOH nanorods [42], Ni/C composites [43], peapod-like V,03
nanorods [44], and VO,-carbon composites [45] with carbon coat-
ings were derived from metal oxide precursors with higher oxida-
tion states. Bimetallic oxides such as core-shell Zn;V30g/C com-
posite microspheres [46] were obtained from PVP encapsulated
Zn3V,0(0OH),, where V3 was reduced to V4* and V3+. These ex-
amples clearly demonstrate that carbon coating induces reduction
of the metal. It is important to understand the chemical composi-
tion of the electrode completely, because it will not only help us
to estimate the number of electrons that can be transferred, but
also to identify the chemical reactions during the charge and dis-
charge process. Analysis of the reduction process is often limited
to XRD and XPS, which might not be suitable for nano-scaled sam-
ples with broad XRD peaks or on particles encapsulated in thick
shells with week XPS signals. It's noteworthy, but not widely rec-
ognized, that the bimetallic oxide zinc vanadate might also experi-
ence a zinc to vanadium ratio change during calcination [46].

Herein, we report a facile method to synthesize nitrogen-doped
(N-doped) carbon-coated porous flower-like zinc vanadate by a
simple direct precipitation at room temperature and calcination
in an argon atmosphere. To investigate the effects of the calcina-
tion process on the ratio of metal ions and the vanadium oxida-
tion state, ICP-OES, EPR and HADDF-EELS are applied to obtain the
concentration of zinc and vanadium in the as-prepared products,
and the prevalent oxidation state of vanadium after the coating
process. The materials are applied as the anode of LIBs revealing
that the core-shell carbon-coated zinc vanadate with a high spe-
cific surface area (115 m? g—') exhibits a high stable specific ca-
pacity of 404 mAh g~! at 500 mA g~ after 250 cycles. We hypoth-
esize that the porous structure is well suited to accommodate the
volume expansion and extraction during the electrochemical pro-
cess. A three-electrode system is applied to study the contribution
of the anode to the impedance of the whole cell.

2. Experimental
2.1. Chemicals

Zinc acetate dihydrate (Zn(CH3C00),+2H,0, 99.0%, CAS:5970-
45-6), ammonium metavanadate (NH4VOs, 99.0%, CAS:7803-55-6),
and carbon black (99.9%, CAS: 1333-86-4) were bought from
Alfa Aesar. Starch ((CgH19Os5)n, CAS:9005-25-8), poly(vinylidene
fluoride) (PVDF, (CH,CF,),, average M, ~534.000), dopamine
hydrochloride  (2-(3,4-dihydroxyphenyl)ethylamine  hydrochlo-
ride, CgHy1NO,+HCl), tris base (2-amino-2-hydroxymethyl-1,3-
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propanediol, tris(hydroxymethyl)aminomethane, C4H;;NO3, 99.9%)
and 1-methyl-2-pyrrolidinone (CsHgNO, NMP, 99.5%) were pur-
chased from Sigma-Aldrich, Denmark.

2.2. Synthesis of Zn3V,03@N-doped carbon flowers

In a typical synthesis, 1 mmol NH4VO3; was dissolved in
20 mL Milli-Q water to form solution A at 80 °C. 1.5 mmol
Zn(CH3C00),+2H,0 and 0.5 g starch were dissolved in 30 mL Milli-
Q water to form solution B at room temperature (RT). Solution A
was added into solution B and stirred for 1 h at RT to form the
precursor in solid form (ZnVS). After filtration and washing with
Milli-Q water and ethanol several times, the precursor was stirred
in 80 mL tris-buffer with a pH of 8.5 (about 10 mM), into which
45 mg dopamine was added. After stirring overnight, the poly-
dopamine (PDA) coated precursor was isolated by filtration and
washed with water and ethanol. The PDA coated precursor was
calcinated at 550 °C for 2 h in Ar atmosphere at a ramping rate
of 5 °C min~! to obtain ZnVC. For comparison, the pure precur-
sor was also calcined in air (ZnVair) and Ar (ZnVAr) at the same
temperature.

2.3. Material characterization

X-ray powder diffraction patterns (XRD) of various samples
were recorded using an Image Plate Huber G670 Guinier diffrac-
tometer (Cu Kol radiation, transmission mode). Field emission
scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) characterizations were carried out on a FEI
Quanta FEG 200 ESEM. Transmission electron microscopy (TEM)
investigations and selected area electron diffraction (SAED) were
studied by a FEI Tenai T20 operated at 200 kV equipped with a
CCD camera. The high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images and electron en-
ergy loss spectroscopy (EELS) were obtained with a FEI Titan Ana-
lytical 80-300ST TEM at 300 kV. X-ray photoelectron spectroscopy
(XPS) was tested with a Thermo Scientific K-alpha spectrometer
using Al Ko radiation. Electron paramagnetic resonance (EPR) spec-
tra were collected on an EMX X-band continuous-wave (CW) EPR
spectrometer with an ER 4102ST cavity at RT. Thermal gravimet-
ric and differential thermal analysis (TGA, DTA) was measured in
air with a ramping rate of 5 or 10 °C min~! and heated up to
700 °C. Textural properties were determined via nitrogen sorp-
tion at —200 °C using a conventional volumetric technique on an
ASAP 2020. The surface area was calculated using the Brunauer-
Emmett-Teller (BET) method based on the adsorption branch of
nitrogen adsorption/desorption isotherms. The elemental composi-
tion of the sample was determined via inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analysis on a Perkin Elmer
3000 DV analyzer.

2.4. Electrochemical measurements

The active material, carbon black and poly(vinylidene fluoride)
(PVDF) with a weight ratio of 8:1:1 were mixed in 1-methyl-2-
pyrrolidinone (NMP) to form a homogenous slurry, which was then
coated on a copper foil current collector and dried in a vacuum
oven at 120 °C for 12 h. The coated copper foil was punched into a
circle with a diameter of 15 mm and used as the working elec-
trode. The loading of the active material was determined to be
about 1 mg cm~2. Glass microfiber filters dried at 120 °C in a vac-
uum oven overnight were used as the separator. The tested cells
were assembled in an argon glove box. A disc of fresh Li foil with
a diameter of 15 mm was used as the combined counter-/reference
electrode, with 1 M LiPFg in ethylene carbonate/dimethyl carbon-
ate (EC:DMC = 1:1 by volume) as the electrolyte. Galvanostatic
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testing of the cell was evaluated in a voltage range of 0.02-3.00 V
at various current densities. Cyclic voltammetry (CV) was mea-
sured in the same potential range at a scan rate of 0.1 mV s~! and
electrochemical impedance spectroscopy (EIS) at the open-circuit
voltage in a frequency range of 0.1-100 kHz were tested on either
a Metrohm Autolab potentiostat or a Biologic Science Instrument
VMP3.

3. Results and discussion
3.1. Morphology and structure characterization

The synthesis of N-doped carbon-coated zinc vanadate is illus-
trated in Fig. 1. The precursor (ZnVS) precipitates directly by mix-
ing solutions of the zinc and vanadium salts at RT in a flower-like
morphology. The formation of his morphology is thought to take
place through an Ostwald ripening process [47]. PDA coating is per-
formed by simply adding dopamine into the tris-buffer (pH 8.5)
suspension of ZnVS, undergoing spontaneous polymerization [48].
Zinc vanadate coated carbon composites (ZnVC) are obtained after
the carbonization of PDA coated ZnVS. By calcination the ZnVS in
air and Ar, the comparison samples ZnVair and ZnVAr can be ob-
tained, respectively.

The detailed morphology and the structural features of the
products were investigated by SEM and XRD. The as-obtained pre-
cursor ZnVS is well distributed and exhibits a uniform flower-like
structure with an average size of 500 nm, as shown in Figure S1.
The higher magnification image (Fig. 1a) shows that the flower
is assembled by nanosheets with smooth surfaces. All the peaks
of the precursor (ZnVS) can be indexed to Zn3(OH),(V,07)-2H,0
(ICOD: 00-087-0417), in Fig. 1b. A broad peak appears at around
10-20° after PDA coating, indicating that the amorphous polymer
dopamine is successfully introduced into the ZnVS.

When as-produced ZnVS is calcinated in air (to ZnVair), the
smooth nanosheets of the flower shrink into nanoparticles in the
same overall size (about 500 nm) as in ZnVS (Fig. 1d). XRD pat-
terns (Fig. 1g) display the highly crystalline peaks corresponding
to the orthorhombic crystal structure of Zn;V,0g (ICOD:00-034-
0378). TEM is used at low magnification in order to estimate the
average size of the nanoparticles, As shown in Fig. S2a and b, the
nanoparticles in ZnVair are well distributed with sizes of about
100-300 nm. The high-resolution TEM (Fig. S2c) recorded on the
particles shows clear lattice fringes, and the calculated interplanar
spacing is ca. 0.247 nm, assigned to the (311) plane of Zn3V,0g.

ZnVAr is a black powder obtained by calcination of ZVS in an
Ar atmosphere, the colour indicating carbonization of a remnant
of starch in the precursor. ZnVAr maintains the flower morphology
(Fig. 2e). The surface of the ZnVAr flower is rougher than that of
ZnVS. TEM images show a porous flake structure (Fig. S2d and e),
composed of nanoparticles with an average size of 10 nm. The lat-
tice fringes on the nanoparticle (Fig. S2f) indicate good crystallinity
of the product. In the corresponding converted fast Fourier trans-
form (FFT) pattern (inset of Fig. S2f), it is determined that the di-
ameter of the spot is ca. 3.96 1/nm, corresponding to an interpla-
nar spacing of 0.253 nm. This is assigned to the (311) plane in
the spinel structure of Zn,VO,4 or ZnV,04, which contains vana-
dium in lower oxidation states (V4* or V3+). It indicates that some
of the vanadium has been reduced to a lower oxidation state by
starch during calcination. Due to the small size of the nanopar-
ticles, there are some broad peaks in the XRD patterns (Fig. 1h).
The main diffraction patterns at 30.0°, 35.4°, 56.9°, and 62.5° (2
theta) can be assigned to the (220), (311), (511), and (440) crystal
planes of either Zn,VO, (ICOD:01-073-1632) or ZnV,0,4 (ICOD:01-
075-0318). Peaks at 31.7°, 34.4% and 36.2° correspond to the (010),
(002) and (011) crystal planes of ZnO (ICOD: 00-001-1136).

Fig. 1f shows that the ZnVC also maintains the flower structure
of the precursor. The XRD result (Fig. 1i) shows that ZnVC and Zn-
VAr primarily consists of the same crystal phase. A typical STEM
image of the ZnVC flowers is given in Fig. 2a, suggesting an uni-
form distribution of the samples. The carbon layer coats the flake
uniformly to form a core-shell structure. The thickness of the layer
is ca. 20 nm, with a porous inner core (of ca. 10 nm in diameter,
see Fig. 2b). The line scan EDS element analysis by HAADF-STEM
in Fig. 2c is used to confirm the core-shell element distribution.
Zn, V, and O are the dominant elements at the centre of the flake
and are uniformly distributed. The outside shell contains C and N.
Thanks to the supporting carbon layer, the flake keeps integrity
during the calcination process. The high-resolution TEM image of
the ZnVC clearly shows the crystalline structure. By calculating the
converted FFT spots (inset of Fig. 2d), the lattice fringes (0.253 nm)
again correspond to Zn,VO,4 or ZnV,04. Raman spectroscopy (Fig.
S3) is applied to investigate the presence of carbon in ZnVAr and
ZnVC. There are two peaks in the Raman spectrum at about 1340
and 1600 cm~!, which can be assigned to amorphous carbon (D-
band) and graphitic carbon (G-band), respectively [49,50]. This in-
dicates the presence of carbon in both ZnVAr and ZnVC.

3.2. The oxidation state of vanadium

Dopamine, a non-toxic and safe carbon source, can be easily
polymerized and coated on the metal oxide surface and forms an
N-doped carbon layer upon calcination. Vanadium in the compo-
nent metal oxides will be reduced from +5 to lower oxidation
states during the carbon coating process in an inert atmosphere
like what is observed for both Mn-based oxides and Fe-based ox-
ides [51,52]. The oxidation state of V after the calcination process
is difficult to predict, in particular as a ternary metal oxide. The
oxidation state of V in the spinel structure can not be determined
by XRD due to the low crystallinity of the materials. XPS is thus
applied to further investigate the products. As shown in Fig. 3a,
the precursor ZnVS contains Zn, V, C, and O. C might come from
starch or carbon contamination. The sharp peaks at 1020.87 and
1043.67 eV are assigned to Zn 2p1/2 and Zn 2p3/2 from Zn2+ [53],
with the small peaks between 527 and 512 eV assigned to V 2p.
The same peaks can be observed in ZnVair, ZnVAr and ZnVC. There
is an extra tiny peak in ZnVC at 399.37 eV which is assigned to
N 1s, due to the dopamine carbon source. In the high-resolution
XPS pattern of V 2p in Fig. 3b, the peaks of ZnVAr and ZnVC are
redshifted to lower binding energy position, indicating the reduc-
tion of vanadium during the calcination process [54]. The peak pat-
terns are analyzed by fitting with Gaussian shapes, as shown in
Fig. S4. The main peaks observed for ZnVS at 517.2 and 524.4 eV
originate from V5+ 2p3/2 and V> 2p1/2 [55]. The sharp peaks in
ZnVair are observed at the same position, indicating the presence
of V3+, Peaks assigned to V4t can be observed as well at 515.9
and 522.7 eV. ZnVAr and ZnVC both show peaks that can be as-
signed to V 2p3/2 at about 515.8 eV, corresponding to V4t and
clear shoulders that show the presence of V3+. Although XPS is
employed successfully in some vanadium-based materials, in this
particular case this method seems to be less useful due to the
proximity of O1s. Besides, the relevant peak in a V,03/carbon com-
posite might also blue shift compared to the peak in pure V,0s3.
For example, Wu et al. [56] fabricated amorphous V,03/C where
the V 2p3/2 peak is located at 517.2 eV. We concluded that an-
other approach is needed to confirm unequivocally the oxidation
state of vanadium.

Electron energy loss spectroscopy (EELS) is commonly used to
identify the oxidation state of transition metals in materials be-
cause the near edge features of the element are highly sensitive
to the local valence electronic structures [57]. Fig. 3c shows that
the vanadium L edge of ZnVC and the L3 energy loss peak is lo-
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Fig. 1. Schematic illustration of the three types of zinc vanadate synthesis process. SEM image and XRD patterns of precursor ZnVS (a) and (b), XRD pattern from ZnVS
coated with dopamine (c); SEM images and XRD patterns of ZnVair (d) and (g), ZnVAr (e) and (h), and ZnVC (f) and (i).
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Fig. 2. STEM images at low magnification (a); TEM image of the porous structure
(b), HAADF image and linear scan EDS elemental analysis of core-shell ZnVC (c), and
HRTEM image of ZnVC (d). Inset of (d) is the corresponding converted FFT spots.

cated at 518.5 eV. It is still difficult to confirm the oxidation state
of vanadium due to the use of different standards in various works
[58]. Nevertheless, the oxidation state of vanadium in ZnVC could
be limited to be either V3+ or V4* according to the combination of
all of the characterization efforts described above.

EPR spectroscopy is a very powerful method to identify V4+
species, due to its 3d [1] electron configuration with an electron
spin S=1/2. V>* is diamagnetic and always EPR silent. V3+ is an
integer spin system (S=1) that is not observed at room tempera-

Table 1

Percentage of V4*obtained from EPR
Sample ZnVs ZnVair ZnVAr ZnVC
Total Mass (ppm)  22.28 23.29 2495 19.89
v+ 0.056% 0.025% 0.032%* 0.167%*

2 The majority of the EPR signal in ZnVAr and ZnVC is due to a
C-centered radical

ture in X-band EPR spectroscopy due to a high zero-field splitting,
but it is possible to detect it by other types of EPR investigations.
EPR is applied here to detect and quantify V4*. The EPR spectra
of ZnVS, ZnVair, ZnVAr, and ZnVC at RT are given in Fig. 3d, con-
firming the presence of V4* ions in all samples. It is recognized by
the characteristic splitting pattern due to the interaction of the un-
paired electron with the >'V nuclei (natural abundance 100%) with
a nuclear spin of [=7/2. The sharp central peak in ZnVAr and ZnVC
confirms the presence of carbon residues and the broadening at
the base of the sharp peak in ZnVC indicates the presence of N-
doping (N has I=1). To quantify the amount of EPR active V4*
ions, the background-corrected spectra are integrated twice and
compared to the double integral of reference samples consisting of
VO0SO4-3H,0 diluted in K;SO4. The results are collected in Table 1.
In ZnVS, ZnVair, and ZnVAr, the concentration of V4* correspond
to less than 0.06% of the total vanadium content. The integration
of ZnVC shows a relatively higher concentration of about 0.167%,
but closer analysis of the spectra shows that most of the EPR sig-
nal is due to C and N-based radicals in the N-doped carbon shell.
The amount of EPR active V4t is comparable to the other samples.

Based on all data presented here, we suggest that the precursor
ZnVS mainly contains V>*, unchanged from the NH4VO; starting
material. ZnVair is obtained by calcination in air and is also con-
firmed to contain only V°+. On the other hand, vanadium in ZnVAr
and ZnVC is mainly reduced to V3, in a form of the spinel ZnV,0,.
The main crystalline phases in ZnVAr and ZnVC are ZnV,04 and
ZnO0.
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3 &
£ g vz
z 2
g e
= =
1200 1000 800 600 400 200 526 524 522 520 518 516 514 512
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ZnVAr
= ZnVC
: v
2 z
= =
& £
]
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Energy (eV)
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Fig. 3. XPS survey spectra (a), and V 2p (b) of ZnVS, ZnVair, ZnVAr and ZnVC; EELS spectroscopy at vanadium L edge of ZnVC (c); and EPR spectra (d).

67



6 H. Cao, Z. Zheng and J. Meng et al./Electrochimica Acta 356 (2020) 136791

Table 2

Zn and V mass concentration determined by ICP and residual mass after heating in air

determined by TGA

Samples ZnVsS ZnVair ZnVAr ZnVC
Zn concentration (w%) 34.26 47.13 46.67 34.87
V concentration (w%) 17.33 23.72 22.54 16.02
Zn/V atom ratio 1.540 1.547 1.613 1.695
Experimental TGA residual mass 68.80% - 96.25%  71.04%
Residual mass calculated from ICP data ~ 73.58%  101.02%  98.34%  72.02%

3.3. Loss of vanadium during calcination

It was reported in the literature that the ratio of Zn to V may
change during synthesis [46,59]. To confirm the composition of
the obtained materials, the elemental analysis is performed by ICP
analysis. All the samples are dissolved by heating in 70% HNO;
and then diluted to 3% HNOj. The corresponding concentrations
are calibrated using standard curves (Fig. S5a). The results are col-
lected in the first two rows in Table 2. In the precursor ZnVS,
Zn mass concentration is 34.26% and V ion mass concentration is
17.33%, giving a Zn/V ratio of 1.540 in accordance with the crys-
talline phase Zn3(OH),(V,07)(H,0), as suggested by XRD. For Zn-
Vair, the calcination process has converted the hydroxide to ox-
ide and removed crystal water. Thus, the Zn and V concentration
increases to 47.13% and 23.72%, but the ratio is the same (1.547).
The procedure performed during TGA in air will result in the loss
of water and carbon (giving a weight loss) and the oxidation of
all vanadium to V,0s5 (giving the possibility of a weight gain). It
is almost the same procedure that is performed in order to con-
vert ZnVS to ZnVair. The TGA results for ZnVS, ZnVAr and ZnVC
are found in Fig. S5b-d. For ZnVS (Fig. S5b) the residual mass is
68.80%. During the initial drying process, about 4.43% moisture is
lost and the more relevant value to compare is 72.0%. A value of
73.58% is calculated from the ICP results under the assumption that
the residual mass after the TGA experiment is only due to Zn%*,
V5+ and charge compensating 02-, see the bottom row of Table 2.
The TGA analysis of ZnVAr under air atmosphere (Fig. S5c) shows a
weight loss at the beginning due to the loss of absorbed water and
the combustion of carbon and weight gain at ca. 300-400 °C, in-
dicative of vanadium in a lower oxidation state in the sample [46].
If we compare ZnVAr with ZnVair, the Zn concentration is about
the same, but some V has disappeared during the calcination pro-
cess to make ZnVAr, leading to a higher Zn/V ratio (1.613). The ex-
perimental residual mass by TGA is 96.25%, close to the residual
mass calculated from the ICP data of 98.34%. For ZnVC the con-
centration of both Zn and V is lower (34.87% and 16.02%) due to
the presence of a significant amount of carbon, and the Zn/V atom
ratio is even higher at 1.695. The weight loss due to absorbed wa-
ter in the materials is 3.50% (Fig. S5d). The loss of weight during
thermal decomposition is about 25.56%, a combined effect of com-
bustion of the carbon to CO, and the oxidation of vanadium. The
residual mass is 71.04%, very close to the value calculated from ICP
data of 72.02%.

Therefore, the ratio of Zn to V increases from 1.54 to 1.695 after
the carbon coating process, indicating ca. 9% V loss, which might
be caused by the evaporation of V,05(g) at high temperature dur-
ing the calcination step. The ratio of Zn to V corresponds to a ra-
tio of ZnO to ZnV,04 of 2.39 in porous core-shell ZnVC. There is
about 25% carbon in ZnVC from starch in the precursor synthesis
and from dopamine in the coating process. Assuming that all vana-
dium is V3+ in the product, the stoichiometry of the calcination to
obtain ZnVC corresponds to:

Zn3(OH), (V507) (H,0); + 1.78 C — 2.11 ZnO + 0.89 ZnV,0;4
+0.11 V,05(g) + 3 H,0(g) + 1.78 CO(g) M
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3.4. Determination of porosity

The porosity and surface area are crucial for LIB electrodes. The
nitrogen adsorption-desorption isotherms and the corresponding
pore size distribution of the ZnVair, ZnVAr and ZnVC are mea-
sured to further investigate the porosity of the products. As shown
in Fig. 4a, The Brunauer-Emmett-Teller (BET) surface area of the
ZnVair nanoparticles is ca. 21 m? g~'. The corresponding Barrett-
Joyner-Halenda pore size distribution is displayed in Fig. 4d, with
an average pore size of ca. 40 nm and pore volume of 0.12 cm3 g~ 1.
The product ZnVAr (Fig. 4b and e) possesses a very high specific
surface area of 117 m? g~!, with many mesopores of up to 50 nm
and a high pore volume of 0.29 cm? g~!. Interestingly, the specific
surface area of ZnVC has the same high value of 115 m? g~! and
pore volume of 0.27 cm? g1, but contains more mesopores (Fig. 4c
and f). Literature values of the BET surface area of vanadium-based
metal oxides applied as lithium-ion batteries are collected in Table
S1. For example, Xue et al. [60] synthesized hierarchical lychee-like
Zn3V303@C/rGO nanospheres with a surface area of 20 m? g !.
Balaji et al. [61] fabricated porous Zn3V,0g sheets with a sur-
face area of 22 m? g~!, with improved diffusion kinetics due to
a shorter diffusion pathway. Compared to this, the porous ZnVC
material presented here has a significantly higher specific surface
area. We suggest that the high specific surface area and the high
porosity provide more active sites and facilitate Li-ion diffusion.
With the help of the carbon layer, the anode materials can more
efficiently accommodate the volume variation during the charge
and discharge process.

3.5. Electrochemical performance

The electrochemical performance as LIB anode materials is in-
vestigated in various electrochemical tests by using a CR2032 type
coin half-cell assembled with Li metal cathode. The typical cyclic
voltammogram (CV) curves during the second scan are recorded in
a potential range of 0.02-3.0 V at a scan rate of 0.1 mV s~! (Fig. 5).
For pure Zn3V,0g nanoparticles, the obvious reduction peaks at ca.
0.5 and 0.8 V are attributed to the reduction of V°* to V4*+ and
V3+ along with the reduction of Zn?* to metallic Zn [62]. The irre-
versible side reaction of solid electrolyte (SEI) interphase formation
with metallic Zn further alloyed to form Li-Zn occurs at ca. 0.02 V
[63]. For the oxidation process, there are three peaks at ca. 0.3 and
1.4V, corresponding to the de-lithiation of Li-Zn alloys and the oxi-
dation of Zn° to Zn%*, respectively [59,64]. The same peaks are ob-
served for ZnVAr and the capacity is mainly due to faradic capaci-
tance on the material [65]. For ZnVC, the same peaks as for ZnVAr
are observed and there is one clear oxidation peak at 2.5 V. The
extra peak is assigned to the extraction of Li* from LixVO,. The
porous core-shell ZnVC exhibits both double layer capacity from
carbon and faradaic capacity from redox reactions.

The charge/discharge profiles of the ZnVair, ZnVAr and ZnVC
anode materials for the initial two cycles and the 35th cycle at a
current density of 100 mA g=! are given in Fig. 6a-c. The charge
and discharge curves show plateaus at the same potential after the
initial cycle. The difference in the initial discharge curve is due to
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the different chemical compositions in the as-synthesized materi-
als. In the first discharge curve for ZnVair, a voltage decrease at
1.5 V indicates the decomposition of the active ZnVair into ZnO,
along with the formation of LixV,0s; the plateau at 0.8 V can
be assigned to the reduction of ZnO into Zn%; The two plateaus
at 0.3 and 0.1 V are related to the irreversible reaction of the
SEI layer by the formation of Li,O and Li-Zn alloy [66]. The first
charge curve shows a slope from 1.0 to 1.5 V, corresponding to
the broad peak in the CV curve Fig. 5. The crystal phase in ZnVair
is Zn3V,0g with V>*, which potentially can transfer 15 electrons
from 1 mol of Zn3V,0g, resulting in a high initial discharge ca-
pacity of 1320 mAh g~'. The coulombic efficiency is only 65%, due
to side reactions of the SEI layer formation at the surfaces of the
nanoparticles. In the following cycles, the plateaus are not obvi-
ous, indicating severe polarization, and the capacity decreases se-
riously to 267 mAh g~! at the 35th cycle. In the initial discharge
curve of ZnVAr a decomposition process takes place at 1.5 V, re-
duction of Zn at 1.0 V, and the formation of Li-Zn alloy at 0.1 V.
Since the main crystal phases in ZnVAr are ZnV,04 and ZnO, vana-
dium is in oxidation state V3+, leading to fewer electrons to trans-

fer compared to ZnVair. Thus the initial discharge capacity is sig-
nificantly lower (837 mAh g~1).The initial coulombic efficiency is
ca. 66% and the reversible capacity after 35 cycles is more stable
at a value of 306 mAh g~!. The same crystal phases are present
in ZnVAr and ZnVC, and the initial discharge capacity of ZnVC is
860 mAh g1, close to the value for ZnVAr. The initial discharge
curves follow the same trend. The reversible capacity is very stable
and the same value of 620 mAh g~! is found after both 2 and after
35 cycles of charging and discharging at 100 mA g~'. The plateaus
during charge and discharge of the ZnVC are obvious even after
35 cycles, due to the stability of the material [67]. In order to in-
vestigate the stability of the anode materials further, the cycling
performance is tested at a high current density of 500 mA g~ af-
ter 35 or 50 cycles (Fig. 6d-f). The capacity of ZnVair (Fig. 6d) de-
creases severely from 1320 to 267 mAh g~! at a current density
of 100 mA g~!. At a current density of 500 mA g-!, the capacity
is even lower, 70 mAh g~!. After 200 cycles, the capacity gradu-
ally climbs to 161 mAh g~!. For ZnVAr (Fig. 6e) the value at cy-
cle 35 is 299 mAh g~'. At a higher current density, the capacity
is stable at 225 mAh g~! even after 200 cycles. Very interestingly,
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ZnVC exhibits a super stable capacity of 620 mAh g-! in the ini-
tial 50 cycles at a current density of 100 mA g~!, (Fig. 6f) and a
reversible capacity of 404 mAh g~! in the following 200 cycles at
a high current density of 500 mAh g~'. Though ZnVair (Zn3V,0g)
and ZnVAr (ZnV,04/Zn0) are different initially and ZnVair has a
much higher theoretical capacity than ZnVAr, the ZnVAr still deliv-
ers higher capacity than ZnVair, indicating that the porous struc-
ture contributes to a better performance. ZnVAr and ZnVC have the
same metal oxide composition and morphology, but ZnVC shows
a much more stable electrochemical performance, which is sug-
gested to be the effect of nitrogen-doped carbon coating. According
to the CV curves and charge discharge curves, the reactions during
charge and discharge can be summarized as follows [39,68]: Egs.
(2) and (3) (describe the initial discharge, (4-6) are the reversible
charge (forward arrow) and discharge (back arrow) reactions. Com-
pounds written in bold are observed by PXRD:

InV,04 + (2x+Y) Lit + (2x+y) e — 2 LikVO, + LiyZn (2)

Zn0 + (y +2) Li* + (y +2) e= — LiyZn +Li,0 3)

Li,VO, = LiVO, + (x—1) Lit + (x—1) e~ (4)

LiyZn = Zn+ylLit+ye” (5)

Zn+ Li;0 = ZnO+2 Lit +2e” (6)
1<x<2 y<1

As written above, the ratio of ZnO to ZnV,04 in porous core-
shell ZnVC is about 2.39 with a weight percentage of about 25%
carbon, indicating 53% ZnO and 22% ZnV,04. The maximum num-
ber of electrons that could be transferred for ZnV,04 would be 5,
and for ZnO, there are 2 electrons for the reduction process and 1
electron for the alloying process. Thus the theoretical specific ca-
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pacity could be calculated by the formula [69]:
i
. w

where n is the number of the electrons that the material could
transfer, F is Faradays constant (96485 C mol~') and My, is the
molar mass (g mol~!). Using this, the maximum theoretical ca-
pacity of ZnVC is calculated to be 651 mAh g-! disregarding any
contribution from the carbon layer to the capacity. The initial dis-
charge capacity of the ZnVC is 860 mAh g-', and the coulom-
bic efficiency is 72%, due to the irreversible capacity formation of
the SEI film and incomplete restoration to original active materi-
als [70]. After the second cycle of the ZnVC, the value is stable
at 620 mAh g~! during the following 49 cycles at a current den-
sity of 100 mA g~!, very close to the theoretical capacity of this
material, indicating the full utilization of the material. The elec-
trochemical performance in terms of capacity and cycling perfor-
mance of the ZnV,04 is better than most of the reported ZnV,04
materials. For example, ZnV,0,4/ordered mesoporous carbon (CMK)
nanocomposite obtained by a direct precipitation and calcination
process exhibited 575 mAh g~ at a current density of 100 mA g~!
after 200 cycles [71]. The porous ZnVC also outperforms LTO and
other metal oxides, as shown in Table S2, such as TiO, nanoparti-
cles [72], HfNby40g, [73], Nb13049 [74].

In battery applications, it is generally observed that materials
consisting of particles perform worse than porous structures, due
to particles aggregating during the charge and discharge process.
Therefore, the morphology of the materials is investigated by SEM
and TEM after cycling. The ZnVair nanoparticles (Fig. 7a and d)
have aggregated to form large particles, but some of the porous
ZnVAr flakes and most of the porous ZnVC maintain the morphol-
ogy. Porous ZnVAr (Fig. 7b and e) breaks into nanoparticles. Inter-
estingly, ZnVC (Fig. 7c and f) still retains the flower morphology
with an unchanged size of ca. 500 nm. Moreover, the core-shell
structure is easily observed (Fig. S6a). Fig. S6b shows the linear
scan EDS element analysis by HAADF-STEM. Zinc and vanadium
are present in the centre and carbon at the edges, indicating that

Cn =
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~ ZnVair

Fig. 7. SEM and TEM images of ZnVair (a, d), ZnVAr (b, e) and ZnVC (c, f) after long-term cycling.

the core-shell structure is stable during the cycling process. XRD is
also applied to test the crystalline phases of the materials after ex-
tensive cycling. The results after the final discharge process (0.02
V) are shown in Fig. S7a. For ZnVair the peaks in the XRD are
very week after cycling compared to before cycling (Fig. 1g). The
XRD peaks observed for ZnVAr and ZnVC after extended cycling
are also weak, but there is less change from before the testing of
the materials. The peaks can be assigned to ZnjggLiggy (ICOD:96-
153-7986) alloy as well as the spinel phase ZnV,04 (ICOD:01-089-
7413), which was present also before testing. The ZnV,04 phase is
more apparent in ZnVAr than in ZnVC and the fact that it is still
present after discharge could indicate a less sufficient utilization
of the material. In the fully charged state (3.0 V), the vanadium is
primarily in a LiVO, phase (COD: 96-152-9720), and the zinc is in
a ZnO phase (ICOD: 00-001-1136), as shown in Fig. S7b. Due to the
irreversible reactions in ZnVair, the ZnO phase is hardly observed,
comparing to ZnVAr and ZnVC.

The samples are also tested by galvanostatic discharge/charge at
different current densities. As shown in Fig. S8, the reversible ca-
pacity of the ZnVair nanoparticles exhibits discharge capacities of
400, 243, 147 and 73 mAh g~ at current densities of 100, 200, 400
and 800 mA g !, respectively. In contrast, the porous ZnVAr and
ZnVC exhibit much better rate capacities. For ZnVAr the reversible
capacities are 594, 463, 343 and 221 mAh g~! and for ZnVC they
are 620, 477, 368, and 259 mAh g~! at these current densities, re-
spectively. The rate performance is also a significant criterion for
electrochemical performance. The ZnVAr and ZnVC both exhibit
great capacity, benefiting from the porous structure that facilitates
the diffusion of Li ions during the fast charge and discharge pro-
cess. We suggest that the relatively high reversible capacity of the
ZnVC material is due to the improved electrical conductivity from
the added carbon layer.

The electrochemical properties of all materials were investi-
gated by EIS which is a common method to reveal the electron
transfer resistance at the open-circuit voltage and the negative per-
mittivity [75]. In Fig. S9a, the plots reveal semicircles in the high-
frequency region and straight line in the low-frequency region. The
value of the intercept with the x-axis is the bulk resistance of the
cell, reflecting the conductivity of the electrolyte and the separator
resistance Rs in the range 10 to 13 2. The semicircle in the plot
is related to the Faradaic charge transfer resistance and its rela-
tive double-layer capacitance, and the linear part is related to a
combination of the diffusional effects of Li-ion on the interface be-

tween the active material and electrolyte. According to the diame-
ter of the semicircles, the charge transfer impedance (Rct) can be
obtained. A low Rct generally corresponds to fast kinetics of the
Faradaic reaction [76,77]. ZnVC (32 2) has a lower Rct than those
of ZnVAr (139 ) and ZnVair (118 2) anodes, indicating that the
conductivity of the ZnVC anode is superior. The Li* diffusion coef-
ficient can be calculated from the following formula [78]:

7 =Rs +Ret + Ayw? (8)

2
Vin dE
o [2)]

Here Z is the real impedance collected during the experiment;
Ay is the Warburg coefficient, which is the diffusion coefficient
of ions in solution; w is angular frequency; Vy, is the molar vol-
ume of the samples; dE/dx is the slope of the open-circuit volt-
age proportional to the concentration of Li*; A is the surface area
of the electrode; F is the Faraday constant [78]. As shown in Fig.
S9 b, the Warburg coefficient Ay, is equal to the slope of the Z’
vs. w12 line at low frequency and can be estimated according
to Eq. (8). The EIS parameters are collected in Table 3. Eq. (9) in-
dicates that Dj;, is mainly determined by (1/Aw) [2] and that a
small value of Ay, implies a high Li* diffusion coefficient [79]. As
shown in Table 3, the fresh ZnVair nanoparticles have the low-
est Aw (522 Q s~12) compared to fresh ZnVAr (414.5 Q s=1/2)
and ZnVC (149.3 © s~1/2), It is anticipated that ion conductiv-
ity in materials consisting of nanoparticles would be found to be
higher than for the porous structure-material ZnVC. The same phe-
nomenon has been observed in our previous work [80]. After the
cycling test, ZnVC (52 2) has the lowest electron transfer resis-
tance Rct compared to ZnVair (653 2) and ZnVAr (305 €2). In ad-
dition, the porous ZnVC also has the lowest Warburg coefficient,
about 61.9 Q s~1/2. ZnVC shows better ion conductivity than that
of ZnVAr and ZnVair nanoparticles because the porous structure
buffers the volume change during the cycling process, and the car-
bon layer helps to maintain the structural integrity.

However, the measured impedance of the cell has contributions
from all components, and if the cell is activated, the impedance
spectra will become more complicated. It is difficult to single out
the contribution of the working electrode because the impedance
spectrum in a two-electrode experiment is a combination of the
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Table 3
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EIS parameters of the anode electrode before and after cycling test.

Fresh electrode

Electrode after cycling

Rs (Q) Rct(Q) Aw (s '2) Rs(Q) Rct(Q) Aw (Qs12)
ZnVair 10 118 52.2 20 653 72.6
ZnVAr 13 139 414.5 52 305 1078.2
ZnVC 13 32 1493 28 52 61.9
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Fig. 8. Visualization of the setup of the three-electrode system with ZnVC coated on the working electrode (a); impedance spectra of the working electrode during charging
(b) and the corresponding linear fitting of the square root of Warburg impedance with real part Z' obtained for Nyquist plot (c); and the full cell impedance spectra (d); the
impedance spectra of the working electrode during discharge process (e) and the corresponding linear fitting (f).

contributions from the positive and negative electrode. Therefore, a
three-electrode system (EL-CELL GmbH, Germany) is applied to in-
vestigate the contribution of the active material in the second cycle
(Fig. 8a). The counter and reference electrodes are both Li metal.
In the three-electrode experiment the individual impedances of
the electrodes versus the reference electrode is determined giv-
ing impedance contributions at the same time: counter and refer-
ence, reference and working electrode, and counter and the work-
ing electrode (Fig. 8d). To understand the effects on the impedance
of the Li-ion insertion and extraction in the working electrode, the
cell is charged and discharged to a certain potential and the EIS
experiment is performed when the reactions reach equilibrium. In-
terestingly, the charge transfer impedance Rct (Fig. 8b) gradually
increases with more Li-ion extraction from the working electrode.
The oblique linear Warburg part is fitted in Fig. S9c, and the War-
burg coefficient (Ay) is equal to the slope to the Z' vs. w~1/2 line at
low frequency. The response is reversible during the discharge pro-
cess (Fig. 8e and f), indicating the stability of the porous core-shell
ZnVC.

4. Conclusions

In conclusion, porous ZnV,0,4/ZnO@N-doped carbon with a high
specific surface area of 115 m? g~! has been obtained from flower-
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like Zn3(OH);,(V,07)(H,0), coated with polymer dopamine by cal-
cination in Ar. During the calcination process, the ratio of Zn and V
is maintained at 1.695 after some loss of vanadium, and the vana-
dium is reduced from V5+ to V3* due to the presence of carbon.
When used as an anode electrode of LIBs, ZnV,04/ZnO@N-doped
carbon exhibits a very stable specific capacity of 620 mAh g-! at
a current density of 100 mA g~!. This excellent performance is
caused by the high electronic conductivity and ionic conductivity.
In addition, the charge transfer impedance of the ZnV,0,4/ZnO@N-
doped carbon increases at high potential, and the Li-ion diffusion
coefficient decreases.
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Fig. S2 TEM images of ZnVair (a-c) and ZnVAr (d-f) at different magnifications. Inset of (f) is the
corresponding converted FFT patterns.
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Fig. S3 Raman spectra of ZnVAr and ZnVC.
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Fig. S6 TEM image (a) and line scan of EDS element analysis (b) of core-shell ZnVC after cycling.

Fig. S7 XRD patterns of the ZnVair, ZnVAr and ZnVC in the discharge state (0.02 V) (a) and charge

Fig. S8 Rate performance of ZnVair (a), ZnVAr (b) and ZnVC (c) at various current densities of 100,
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Table S1 Comparison of specific surface area of the proposed vanadium-based metal

oxides.
Materials BET surface area (m? g'!) Reference
Zn3V308@C/rGO nanospheres 20 [1]
Porous Zn3V20s sheets 22 [2]
Zn3V20s/Graphite nanoplates 34 [3]
Zn3V207 nanoplates/Graphene 10 [4]
Co3V20s sponge network 8.0 [5]
Zn3V20s nanocages 13 [6]
SbVO4 nanospheres 22 [7]
ZnVair nanoparticles 21 This work
Porous ZnV204@NC 117 This work
Porous ZnV204@NC 115 This work

Table S2 Comparison of the reversible capacity of published ZnV204 and other metal oxides.

Morphologies Capacity Current density Cycles Reference
(mAh g') (mA g
ZnV204-CMK 575 100 200 [8]
Clewlike ZnV204 hollow 524 50 50 [9]
spheres
Nanophase ZnV204 181 500 12 [10]
Porous ZnV204 nanowire 460 1000 100 [11]
ZnV204 microspheres 460 100 50 [12]
TiOz2 nanoparticles 67.5 1675 100 [13]
HfNb240O62 nanocubes 182 400 100 [14]
Nb12029 hierarchical 297 1860 500 [15]
microspheres

Si@C nanospheres 868 100 500 [16]
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Mo02-MoC/C 845.2 100 200 [17]

Si/C composites 883 400 500 [18]

LisTisOn2@carbon cloth 150 200 300 [19]

Li4TisO12/Graphene 193.4 100 40 [20]

Porous Zn3V30s 541.2 120 200 [21]

Zn3V20s nanoplates 270 100 40 [22]

CuV206¢/PEDOT:PSS 536.6 50 100 [23]

nanobelts

AlV309 microspheres 373.5 100 100 [24]

Porous ZnO nanosheets 400 500 100 [25]
Porous ZnV204/ZnO@NC 620 100 50 This work
Porous ZnV204/ZnO@NC 404 500 250 This work
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Chapter 6

Zinc vanadate cathode applied in zinc-ion batteries

Zinc vanadate which can crystallize in various crystal structure types is also envisioned
to be applied as an excellent cathode material for zinc ion batteries. With the large
amount of morphologies being put forward, fancy and complex morphologies have become
an aim in itself during the exploration of electrode materials. On the basis of the
investigation presented in Chapter 5, the carbon coating of zinc vanadate with 3-D porous
structures and high specific surface area which was applied in Li* ion storage, the ionic
and electronic conductivities can be effectively improved and furthermore a stable
electrochemical performance can be achieved in a simple way I concluded that it would
also be expected to exhibit an excellent Zn?* ion storage performance. The carbon coated
zinc vanadate only delivers about 50 mAh g1, however, and have a poor stability, see
Appendix I. Therefore, this chapter, which is presented as a submitted manuscript, Paper
11, focus on exploring the factors influencing the Zn?* ion energy storage materials. Solid-
state nuclear magnetic resonance (ss-NMR) was performed during my external stay at
the University of Southern Denmark under the supervision of Professor Ulla Gro Nielsen
and Mr. Christian B. Jergensen and they helped me to conduct the experiments and to
analyse the results. Density functional theory investigations was performed under the
supervision of Chao Peng. The design and performance of all other experiments, the
analysis and writing of the paper were performed by me with suggestions and proof-

reading by the other co-authors.

This chapter is a submitted article of “New Insight into the Effect of the Orientation of
zinc vanadate on Zinc Ion Storage Performance” on Electrochemical Acta by Huili Cao,
Chao Peng, Zhiyong Zheng, Zhenyun Lan, Qinying Pan, Ulla Gro Nielsen, Poul Norby,

Xinxin Xiao, Susanne Mossin.

The article is given below:
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Chapter 6 Zinc vanadate cathode applied in zinc-ion batteries

Abstract: Rechargeable aqueous zinc-ion battery (ZIB) is considered as a promising
energy storage device due to the low cost, high obtainable output voltage, non-toxicity,
and environmental friendliness. To achieve an excellent energy storage performance,
morphology engineering of cathode materials for aqueous ZIBs has been widely reported
as an important strategy. The impacts of dimension and orientation of the cathode
material on the electrochemical performance are, however, less studied. Herein, we
compare two types of zinc pyrovanadate (ZnsV207(OH)z2 2H20, ZnVO) in nanowires and
nanoflakes with the same crystal type but different orientations. ZnVO nanowires expose
mostly the (001) plane lattice, in contrast to (020) and (110) lattice for ZnVO flakes.
Interestingly, nanowires exhibit an excellent specific discharge capacity of 108 mAh g1
after 700 cycles at 2 A g1, contributed from Faradic and diffusion-controlled capacity. In
a distinctive comparison, nanoflakes deliver a very poor capacity of 2.2 mAh g1 after 50
cycles at 0.1 A g'! with only diffusion-controlled capacity. Density functional theory (DFT)

reveals significantly different Zn2* ion diffusion rates in ZnVO along different orientations.

Keywords: zinc vanadate; orientation; density functional theory; cathode; zinc-ion

battery
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1. Introduction

The rapid development of electric vehicles and portable electronics pose a great demand
for energy storage devices.[1-4] Lithium-ion batteries (LIBs) have excellent energy
density and have long battery life. They are applied in a wide range of commercial
applications.[5-7] Battery safety,[8-10] the environmental concerns connected with the
use of toxic organic electrolytes, as well as the high cost of the lithium metal and recycling,
however, hinder their application and further development towards use in power grid
energy storage.[11, 12] Accordingly, aqueous rechargeable multivalent-ions batteries
have been put forward. These include ZIBs[13] and aluminium-ion batteries (AIBs).
Aqueous electrolytes possess higher ionic conductivity (101 - 6 S cm™!) than the organic
counterparts (103 - 102 S cm).[14] Besides, multivalent ions can, in principle, enable a
very high specific capacity due to the multiple electrons involved.[15] Among these, the
aluminium ion can only be operated in acid solutions (pH < 4) due to precipitation of Al2Os
at neutral pH. ZIBs can operate with pH-neutral electrolytes and hold a tremendous

promise as cheap and safe alternatives for grid-scale energy storage.[16]

The metallic zinc anode of ZIBs possesses a relatively low redox potential of -0.762 V vs.
standard hydrogen electrode and a high theoretical specific capacity of 820 mAh g.
Currently, the main challenges remain at the cathode materials that host Zn2*. The
radius of Zn2*is about 0.75 A, close to lithium ion (0.76 A), but rises sharply to 4.3 Ain
the hydrated form.[17] Two classes of cathode materials, including i) tunnel-type with a
tunnel diameter above 3.0 A and ii) layered-type with a large layer spacing (beyond 4.3
A), have been developed.[18] Tunnel-type materials suffer from a low reversible capacity
and a disappointing cycling performance. This is likely due to the narrow interlayer
distance that undergoes a significant structure expansion upon Zn%" insertion.[18] In
comparison, layered-type materials with a sufficiently large layer spacing to
accommodate Zn2* are promising. Vanadium-based materials, including zinc
pyrovanadate (ZnsV207(OH)z22H20, ZnVO), with integrated molecular water in the
crystal structure represent a classic layered-type material and enjoy significantly high

electronic and ionic conductivity.[19]

Morphology engineering of cathode materials has been regarded as an important strategy
for better ZIB. Specifically, Muhammad et al.[20] fabricated layer-type &-MnO2

nanoflakes, delivering a ZIB capacity of 122 mAh g! at a current density of 83 mA g
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Chapter 6 Zinc vanadate cathode applied in zinc-ion batteries

Meanwhile, Guo et al.[21] synthesized §-MnO2 microspheres with the same crystal phase,
exhibiting a similar capacity of 120 mAh g1 at 100 mA g!. This suggests that the
morphology may be not the most governing factor for ZIB capacity. Rather than

morphology, the orientation effect in ZIBs is rarely investigated.

In this work, we pursue the influence of the predominant crystal planes and facets in ZIBs
by rational design of two types of ZnVO materials. The different materials are fabricated
via facile reactions of direct precipitation and microwave-assistant growth, respectively.
Both types of ZnVO materials have been characterized by solid-state NMR, XRD and TEM,
providing conclusive evidence that the materials possess the same crystal phase but have
different preferred orientations. When used as the cathode material of ZIBs, the ZnVO
material with the highly preferred (001) facet orientation exhibits capacitive properties,
whose capacities are an order of magnitude better than a material where the same type

of crystal phase exists in a morphology where (020) and (110) plane lattices are preferred.

2. Experimental

2.1 Chemicals

Zinc acetate dihydrate (Zn(CH3COO)z 2H20), ammonium metavanadate (NH4VOs3), and
carbon black were bought from Alfa Aesar. Steel meshes were purchased from Lizhiyuan
Co., Ltd, China. Poly(vinylidene fluoride) (PVDF, (CH2CFz2),, average MW ~534.000), zinc
nitrate hexahydrate (Zn(NOs)z2 6H20), glycine (C2H5NOz2), zinc trifluoromethanesulfonate
(Zn(CF3S03)2), 1-methyl-2-pyrrolidinone (CsHsNO, NMP) and zinc foils (thickness: 0.25

mm) were obtained from Sigma-Aldrich, Denmark.
2.2 Synthesis of 2D Zn3(OH):(V207):2H,0 nanosheets in flower morphology,

ZnVF

In a typical synthesis, 1 mmol NH4VOsand 1.5 mmol Zn(CH3COO)z2 2H20 were dissolved
in 20 and 30 mL Milli-Q water, respectively, to form clear solutions. The two solutions
were mixed and stirred for 1 h. The resulting precipitates, 2D Zn3(OH)2(V207)-2H=20
nanosheets, were collected by centrifugation and subsequently dried in an oven at 50 °C

overnight.
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2.3 Synthesis of 1D Zn3;(OH)»(V207)-2H,0 nanowires, ZnVW

1D Zn3(OH)2(V207)-2H20 nanowires were synthesized by a simple microwave method.
First, 1 mmol NH4VOs was dissolved in 10 mL Milli-Q water at 80 °C; 1.5 mmol
Zn(NOs)2 6H20 and glycine were dissolved in 10 mL Milli-Q water. When the two
solutions were clear, they were blended at room temperature and stirred for 10 minutes.
The aged solution was then sealed in a microwave vessel with 20 mL volume and heated
at 100 °C for 6 h. The resulting brown precipitates were centrifuged and washed several
times with a few mL of Milli-Q and ethanol, subsequently, allowed to dry in an oven at 50

°C to obtain the final product.

2.4 Material characterization

XRD patterns were measured by an Image Plate Huber G670 Guinier diffractometer with
Cu Kal radiation in a transmission mode. Scanning electron microscopy (SEM) images
were obtained using an AFEG 250 Analytical ESEM under a high vacuum atmosphere.
Transmission electron microscopy (TEM) images were recorded by a FEI Tenai T20
operated at 200 kV equipped with a TVIPS XF416 CCD camera. The specific surface area
and pore diameter distributions were studied by the Brunauer-Emmett-Teller (BET)
method using a Micromeritics ASAP 2020. The thermal gravimetric and differential
thermal analysis (TGA) was measured in air with a ramping rate of 5 0oC min-1 and

heating up to 700 °C.

H and 5V MAS NMR spectra were recorded at 14.1 T on an Agilent 600 MHz NMR
spectrometer using a 3.2 mm HXY MAS NMR probe tuned to 'H and 5V in double
resonance mode. 'V MAS NMR spectra were recorded using a short (0.1 ps, ca 10°) pulse,
with 1 s relaxation delay and 833 kHz spectral width. Two or more spinning speeds in the
range of 15-20 kHz were used for 51V. Single-pulse (90° excitation pulse) and a rotor
synchronized Hahn echo (90°-1-180°-1-acquisition, t = 1 rotor period) were used. 1H MAS
NMR spectra were recorded with 20 kHz spinning speed. The magic-angle was set by
minimizing the linewidth of the spinning sidebands in the 22Na MAS NMR spectrum of
sodium nitrate. 51V MAS NMR spectra were referenced relative to neat VOCls3 (0 ppm)
using vanadium pentoxide as a secondary reference. The 'H MAS NMR spectra were

referenced against water (3(1H) = 4.6 ppm) as a secondary reference.
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2.5 Electrochemical measurements

The cathode electrode was fabricated by coating a mixture of active material (70%), carbon
black (20%), and poly(vinylidene fluoride) (PVDF, 10%) on a stainless-steel mesh followed
by drying in a vacuum oven at 120 °C for 12 h. The loading of the active materials was
about 1.3 mg cm2. The coin cells are assembled to CR2032 type with the Zn metal foil as
the anode, glass microfiber filters as the separator, and 3 M Zn(CF3S0s3)z as the electrolyte.
Cell performance was tested on a Metrohm Autolab potentiostat. The galvanostatic
testing of the cell was evaluated in a voltage range of 0.2-1.6 V at various current densities.
Cyeclic voltammetry (CV) was measured in the same potential range at various scan rates
ranging from 0.1 to 0.8 mV s and electrochemical impedance spectroscopy (EIS) was

recorded at the open-circuit voltage in a frequency range of 0.1 to 100k Hz.

2.6 Density functional theory (DFT) calculations

Spin-polarized DFT calculations were performed by using the Vienna Ab-Initio
Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation were used in this work.[22-24] We applied the
projector-augmented wave method to represent the core electrons.[25, 26] The valence
electronic states were expanded in plane-wave basis sets with cutoff energies of 450 eV.
For the ion migration, the climbing-image nudged elastic band (CI-NEB) method was
employed to search for the transition states with three images inserted between the initial
state and the final state.[27, 28] The force convergence criterion is 0.05 eV/A for structural
optimization. A k-mesh of (3x3%2) was used for geometry optimization of ZnVF supercell
(a=b=12.10 A, c=14.39 A, a=p=90°, y=120°). The DFT-D3 method was employed to
describe dispersion interactions.[29, 30] The GGA+U approach was applied to correct V
3d orbitals with Uetr=3.2 eV.[31]

3. Results and discussion

3.1 Morphology and structure characterization

The ZnVO materials in this work are fabricated via direct precipitation for flower-shaped
nanosheets (ZnVF), and microwave-assistant growth for the nanowires (ZnVW),
respectively. The crystalline features were investigated by XRD (Fig. 1a-b). The sharp
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diffraction peaks of the ZnVF (Fig. 1a) suggest good crystallinity, which are well-indexed
to the hexagonal ZnVO (ICOD: 01-087-0417). No other crystal phases appear in the XRD
patterns, indicating phase-pure materials. The identical peaks can be observed for ZnVW
(Fig. 1b), confirming the same layer-type crystal structure. The structure consists of ZnQOs
octahedra forming layers with V-O-V columns of the V207 group in the middle of a
sandwich-like structure (Fig. 1c). The crystal water is located between the layers. It is
noteworthy that the relative peak intensities are different for ZnVF and ZnVW, revealing

that the predominant crystal planes are not the same.
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Fig. 1 XRD patterns of ZnVF (a), ZnVW (b) and corresponding crystal structure of ZnVO (c); TGA
curves of ZnVF (d) and ZnVW (f); FT-IR spectra of ZnVF and ZnVW (g).

The thermal decomposition processes of both samples were investigated by
thermogravimetric analysis (TGA) in air at a ramping rate of 5 °C min'! (Fig. 1d). There
are three stages for the weight loss of ZnVF. The weight loss of about 1.6% in 30-100 °C
is attributed to the evaporation of physically absorbed water. The mass loss of ca. 12.3 %
in the temperature range 100-380 °C is assigned to the loss of crystal water and
decomposition of hydroxides, along with a phase transition from hexagonal ZnVO to
orthorhombic Zn3(VO4)z2. The same procedure applied to ZnVW reveals an approximately
four times higher amount of physically absorbed water on the surface of ZnVW (8.4%, Fig.
le).

The FTIR spectra of ZnVF and ZnVW (Fig. 1f) confirm the expected stretching and

bending modes from the functional groups. The IR band at about 480 cm™! is assigned to
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symmetric V-O-Zn stretch.[32] The appearance of a peak at about 780 cm'! is due to the
bond shared by corner atoms of a (VO4) tetrahedral structure.[33] The vibration at about
840 cm! is attributed to the tetrahedral rocking vibration modes of VO4.[34] The peaks
located at 3000-3600 and 1620 cm™! are assigned to symmetric stretch and bend vibrations
of H20, respectively.[35] Though the intensities of the bands in the spectra of ZnVF and
ZnVW are different, the peak positions are the same. Furthermore, the presence of the
peaks confirms that only zinc and vanadium metal oxides are present in the as-prepared
samples. It also indicates that the ZnVF and ZnVW share the same local environment of
vanadate and are nearly phase pure, but with slightly different amount of moisture and

crystal water.

The ZnVW was dried under vacuum at 200 °C for 2 h before remeasuring the TGA and
XRD (Fig. S1a). The moisture and decomposition weight loss approximately decrease to
the same value of ZnVF. This weight loss is due to the removal of the physically absorbed
water and some of the crystal water. The XRD patterns indicate that the drying process
does not change the crystal phase, which remains as hexagonal ZnVO (Fig. S1b).

'H MAS NMR spectroscopy was applied to probe the speciation of hydrogen and vanadium
in ZnVF and ZnVW. 1H MAS NMR spectra can be used to confirm the presence of the
hydroxide and water molecules inside of the framework, and the physically absorbed
surface moisture. Both single-pulse (sp) and Hahn Echo (echo) 'H MAS NMR spectra were
recorded on both ZnVF and ZnVW (Fig. S2). The spectra reveal several resonances. It is
noted that the crystal structure of ZnVO contains 6 crystallographic inequivalent H, 4
and 2 of which originate from interlayer water and hydroxide, respectively.[36] The
obtained spectra were deconvoluted with a minimum number of resonances. 'H MAS
NMR spectra of ZnVF and ZnVW are both fitted with 5 resonances. Taking the single
pulse 'H MAS NMR spectra as an example, the resonances are at 8iso(1H) = 3.7, 5.0, 6.2,
7.3 and 8.2 ppm, where three resonances are from interlayer water, one from
physiosorbed water and one from hydroxyl groups bonding to the ZnOs octahedron,
respectively. The intensity of the resonances has been listed in Table S1. There is a
significant difference in the central part of the resonances (around 5 ppm) between the
1H MAS NMR spectra recorded with a single pulse and with a rotor synchronized echo.
This intensity loss in the echo experiment is most likely due to the motion of the water

molecules on the time scale of the spinning speed (kHz range).
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The 51V MAS NMR spectra of both samples contained an intense central transition with
a center of gravity at -557.7 ppm and several spinning sidebands from the satellite
transitions. The spectrum is characteristic of an orthovanadate influenced by small
chemical shift anisotropy and moderate quadrupole interaction,[37] as illustrated in Fig.
S3. Both ZnVF and ZnVW have a small shoulder at -579.3 ppm of ca 9.4 % intensity as
compared to the main resonance. The resonance does not match previously reported
values for Zn3(VOa4)2 (-522 ppm),[38] ZnV20s (-494 ppm)[39], or Zn2V207 (-616 ppm)[40]
due to the different binding geometries in the various zinc vanadates. This suggests that
it is not due to a small impurity of a different zinc vanadate phase in the samples. The
presence of the hydroxide bond and the water molecules inside the framework leads to
distorted octahedral V-O environments.[41] Thus, according to the 5V MAS NMR
analysis, both ZnVF and ZnVW have the same local environment of the vanadate and the

samples are nearly phase-pure.

To ascertain the elemental composition, XPS analysis has been conducted for both ZnVF
and ZnVW. The XPS survey spectra in Fig. S4 show that both samples are composed of
Zm, V, and O. In the Zn 2p spectra, the two obvious peaks at 1022 and 1405 eV correspond
to Zn 2p3/2 and Zn 2p1/2 from Zn2*, respectively.[42] The high-resolution V 2p spectra
show two strong peaks at 524 and 517 eV from V 2p3/2 and V 2p %, respectively,
indicating that vanadium is in oxidation state +5 in both ZnVF and ZnVW.[43] Due to the
broad peak, a small amount of V4* can be observed as well. The O 1s peak is split into
various peaks due to the presence of M-O, O-H, and C-0.[44, 45] The M-O bonds in ZnVO
includes both V-O and Zn-O; the C-O is from carbon-containing surface contamination
and O-H is from the physically absorbed H20, crystal H20, and also hydroxide in the

structure, corresponding well with the solid state NMR results.

The morphology and orientation of the zinc vanadate products are examined by SEM and
TEM. The SEM image indicates that the synthesized ZnVF has a flower-like structure.
Each flower with a size of 1 pm is assembled by individual nanoflakes (Fig. 2a). The TEM
image shows the detailed nanostructure of the ZnVF (Fig. 2b). The thin flakes are of even
thickness and 200-500 nm in diameter. The lattice fringes can be observed in high-
resolution TEM images (inset of Fig. 2b). One lattice fringe with a d spacing of 0.26 nm
corresponds to the (020) plane of the ZnVO phase, and the other plane (110) having 30°
angles to the (020) plane has a 0.30 nm d spacing, in consistent to the XRD results.
Combining the SAED image (Fig. 2¢) with the information from high resolution-TEM and
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XRD, the axis zone of the structures in ZnVF is [001]. A view from the top is shown in Fig.
2d.

(220) (020)
+ (110)
“@00,

L]
(-2-20)

51/mm
—_—

——

Fig. 2 SEM image, TEM image, SAED, and top-view crystal structure of ZnVF (a-d) and ZnVW (e-
h).

In contrast to the dominating planar structure of ZnVF, ZnVW displays a nanowire
structure. The lengths of 1D wires are at micrometer-scale (Fig. 2e). The distribution of
nanowires is uniform with diameters of ca. 40 nm. The exposed lattice of the nanowire is
the (001) plane lattice, with a d spacing of 0.72 nm (inset of Fig. 2f). The SAED image also
confirm the layer structure of ZnVW (Fig. 2g). Fig. 2h shows the orientation of the
structure in top-view. The BET surface area analyses of ZnVF and ZnVW were performed
by N2 adsorption-desorption (Fig. S5). It is found that the ZnVW nanowire structure
exhibits a much larger specific surface area of 66.6 m2 g1, exceeding ZnVF flower
structure (15.6 m2 g'1). The pore size distributions of ZnVF and ZnVW indicate there are

no pores on the surface, in agreement with the observations from TEM.

3.2 Electrochemical performance

The electrochemical performance of both ZnVF and ZnVW was investigated in coin cells.
The cycling performance of ZnVF at 100 mA g!is shown in Fig. 3a. It delivers a very poor
capacity of about 3 mAh g1 in the third cycle. The electrochemical profile of ZnVF provides
evidence on the Zn?* insertion and extraction process during charge and discharge. It is
noted that the curves for ZnVF at 100 mA g! initially shows charge and discharge
plateaus at 1.2 and 0.8 V (Fig. 3b), which, however, disappear fast, suggesting the poor
reversibility of ZnVF. The morphology after cycling remains the flower morphology (Fig.

95



3c and Fig. S6). Furthermore, the high-resolution TEM image obtained after cycling show

that the interplanar spacing of 0.26 nm for (020) is maintained.
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Fig. 3 Charge-discharge cycling profile and coulombic efficiency of cathode electrode; galvanostatic
discharge/charge curves of the 1%, 2", and 50 or 700" cycle of ZnVF at the current density of 100
mA g (a-b) and ZnVW at a current density of 2A g'! (d-¢); TEM images of ZnVF (c) and ZnVW (f)
after cycling (insets are high-resolution TEM images).

In contrast, ZnVW initially delivers about 140 mAh g1 at a high current density of 2A g1
(Fig. 3d), about 50 times higher than that of ZnVF. After 700 cycles, the capacity is well
retained at 108 mAh g1, suggesting a high cycling stability. The initial coulombic
efficiency is 95%, outperforming ZnVF (76%). The galvanostatic discharge/charge curves
of ZnVW in Fig. 3e shows that there are two obvious plateau regions at 1.0/1.2 V, and
0.8/0.5 V, respectively, indicating more storage of the Zn?* ions compared to ZnVF. After
700 cycles, one pair of plateaus (0.8-1.2 V) still exists without shift. The stable structure
is further verified by TEM and SEM. Interestingly, the interplanar spacing of the exposed
(001) plane spacing increases from the initial value of 0.72 nm to 0.80 nm. This proves
the Zn?* ion insertion into the (001) plane lattice, with the crystalline phase maintained,
as evidenced by XRD (Fig. S7). The large amount of Zn2* ions insertion also causes the
reduction of vanadium (Fig. S8). The as-fabricated ZnVW material was tested by
galvanostatic charge/discharge (Fig. S9), exhibiting reversible capacities of 227, 198, 166,
118, 86, and 64 mAh g at current densities of 100, 200, 400, 800, 1600, and 3200 mA g1,
respectively. The electrochemical performance of the ZnVW in terms of capacity and

cycling performance is also better than other layer-type cathode materials. For example,
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Xia et al.[46] synthesized a porous framework ZnVO material delivering a capacity of 101
mAh g1 at 200 mA g after 300 cycles. Li et al.[47] fabricated a layer-type NasVa(PO4)2F3
cathode material and obtained a capacity of 50 mAh g at 0.2 A g1 after 600 cycles.
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Fig. 4 CV curves and the dependence of the peak currents at various scan rates from 0.1 to 0.8 mV s’
of ZnVF (a, b) and ZnVW (c, d); Capacitive contribution (pink part) and diffusion contribution (void
part) at 0.8 mV s™! (¢); Normalized contribution ratio of the capacitive capacity at different scan rates
(f); The possible diffusion pathways of Zn?* ion in the crystal structures (g); Projected density of state
(pDOS) of the Zn3V207(OH):2 bulk structure (h) and the corresponding diffusion energy in two
directions (i).

In general, the energy storage mechanism is a combination of Faradic capacitive behavior
and diffusion-controlled behavior. Cyclic voltammetry (CV) was performed to distinguish
the two types of charge storage mechanisms in both ZnVF and ZnVW. The CV curves of
ZnVF were measured in a potential range of 0.2 to 1.8 V (vs. Zn/Zn?*), with minimal
hydrogen or oxygen evolution reactions, and at different scan rates ranging from 0.1 to
0.8 mV s'1(Fig. 4a). The CV curves exhibit different peaks at a low scan rate, because the
low ion diffusion coefficient leads to an irreversible insertion and extraction of the Zn2*
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ion in the crystal structure at a high scan rate. ZnVW exhibits two distinct pairs of peaks
at around 1.0/0.9 V (peakl/peak2) and 0.75/0.5 V (peak 3/peak 4), assigned to Zn2*
intercalation and extraction in a two-step process (Fig. 4c). Based on the previous reports
and power law principles, the relationship between peak current and scan rate is i = a’v?’
(a’ and b’ are variable values), details given in the supporting information.[18, 48] The b’
values of ZnVW are 0.85, 0.86, 0.66, and 0.67 during charging and discharging process,
as compared to 0.47, 0.64, 0.51, and 0.56 of ZnVF, indicating complete diffusion-controlled
kinetics in ZnVF and a partial capacitive contribution in ZnVW. For example, 67% of the
current can be assigned to the capacitive response at 0.8 mV s! (calculation is given in
supporting information and Fig. S10), see Fig. 4e. With decreasing scan rate, the
diffusion-controlled contribution increases, consistent to previously reported materials

undergoing an intercalation mechanism.[49]

3.3 DFT calculation

Zn ion diffusion pathway in the crystal structure is proposed to be the main reason for
the significant difference, of nearly 50 folds, in the capacity of ZnVF and ZnVW. The
difference of the surface area by a factor of 4.3 is unlikely the governing factor (Fig. S5).
The possible diffusion pathways of Zn2* in the crystal structures in ZnsV207(OH)z are
given in Fig. 4g. The projected density of state (pDOS) of the Zn3V207(0OH)2 bulk structure
is shown in Fig. 4h. 2D flakes of ZnVF expose mainly the (001) basal plane, consisting of
compact layers of ZnOs octahedras (blue colour in Fig. 4g). Zn?" intercalating in that
direction has to go through the small lattice spacing between ZnOs octahedras with large
hinderance. In contrast, the ZnVW exposes the (010) non-basal plane (or (001) plane
lattice), comprising the ZnOs octahedron layers connecting with each other through an
oxygen bridge. The much larger interlayer spacing of 0.72 nm is identified between the

7ZnOg¢ layers, allowing facile Zn?* diffusion.

DFT calculations were carried out to investigate the migration barrier of Zn%* though each
of those two planes. As shown in Fig. 4i, Zn?* intercalation from the compact ZnOsg
octahedrons layer in ZnVF is regarded as the non-basal diffusion, while Zn?* migration in
between the ZnOsg layers in ZnVW is described as the basal diffusion (along the basal
plane). The climbing-image nudged elastic band (CI-NEB) calculations shows that the
basal diffusion of Zn?* in the ZnVW structure has a much lower energy barrier of 0.31 eV,
compared to the non-basal diffusion in the ZnVF of 0.89 eV. We compare the diffusion
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rates of Zn2* in the two systems further by using transition-state theory which can be

expressed as follows: [50]

r= Ve(_%) (1)
where v, Ea, k and T are pre-exponential factor, diffusion barrier, Boltzmann constant
(8.617x10% eV/K) and temperature (298 K), respectively. Zn?* diffusion in the b direction
(non-basal diffusion) is around a factor of 109 faster than that in the ¢ direction. It reveals
that ZnVO exposing a large enough lattice spacing can easily accommodate the
intercalation of Zn2*. In addition, electrochemical spectroscopy (EIS) (Fig. S11) reveals
that the electrical resistance of the ZnVW is about 9 times lower than that of ZnVF,
leading to a more efficient Zn2* transportation. Furthermore, the Zn?* diffusion coefficient
in ZnVW is determined to be in a range of 1011-10-10 cm2 s'1 using the galvanostatic

intermittent titration technique (GITT)[51] (Fig. S12-S13).

4. Conclusions

In conclusion, we have observed that ZnVF and ZnVW, in the same crystal phase and
chemical environment, show vastly different performance as the ZIB cathode material.
Using TEM and ss-NMR, we identify the differences between the as-prepared samples in
morphology, dimension, and crystal orientation. When used as the cathode electrode of
ZIBs, ZnVW exhibits lower polarization, higher electrochemical activity, higher electrical
conductivity, and faster ion diffusion capability than ZnVF. In addition, ZnVW has a
combined contribution of diffusion-controlled and Faradic capacitive behavior, leading to
the great Zn2* storage performance. The knowledge about the critical requirement for the

crystalline orientation is highly valuable for next-generation cathode materials.

Associated content

Supporting Information

Additional information and figures include TGA curve and XRD pattern of ZnVW dried
under vacuum; 'H ss-NMR spectra, XPS spectra, N2 adsorption-desorption isotherms,
SEM images, XRD patterns and XPS spectra of the charge and discharge states, EIS
spectra of the ZnVF and ZnVW. Rate performance, plots of v-/2 vs. i/v-12 at different
potential states, GITT of ZnVW.
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Fig. S1 Data for vacuum dried ZnVW. TGA curve (a) and XRD patterns (b) of ZnVW dried under
vacuum at 200 °C.
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Fig. S2 'H solid state-NMR. NMR spectra and Gaussian deconvolution with the minimum number
of peaks to reproduce the overall line width for the spectra of both ZnVF and ZnVW obtained by
single pulse and by echo.
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Table S1 8iso('H) and relative intensity (I) of the different 'H resonances obtained from
deconvolution of the single pulse (sp) and echo 'H MAS NMR spectra of ZnVF and

ZnVW.
iso('H) (ppm) ZnVF sp ZnVW sp ZnVF echo ZnVW echo
1(%) 1(%) 1(%) 1(%)
3.7 18 14 31 25
5.0 27 24 7 11
6.2 19 23 23 29
7.3 25 25 18 22
8.2 11 14 21 13
aryv 18 kuz| D[PV 18 kHz

-500 -5I50 -6I00 -650-500 -5I50 -6I00 -650
Chemical shift/ppm Chemical shift/ppm

Fig. S3 5'V solid state-NMR. NMR spectra of ZnVF (a) and ZnVW (b) in a 18 kHz spinning speed.
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Fig. S4 XPS spectra. Survey spectra of ZnVF and ZnVW (a), spectra for ZnVF at V 2p (b), and O 1s
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distributions (¢ and d) for both ZnVF and ZnVW.
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Fig. S6 SEM. Images of ZnVF (a) and ZnVW (b) after cycling.
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Fig. S7 XRD of cathode materials. Comparison of XRD patterns of ZnVF (a) and ZnVW (b) in the
charged (at 1.6 V) and discharged (at 0.2 V) state.
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Fig. S8 XPS spectra of cathode materials. High resolution XPS spectra of the V 2p region of ZnVF
and ZnVW in the discharged (0.2 V) and charged (1.6 V) state.

Note: XRD and XPS were employed to provide more insight into the structure evolution
and change of the oxidation state of vanadium during electrochemical cycling. The XRD
patterns show that the ZnVF maintains the hexagonal ZnVO (ICOD: 01-087-0417) phase
during the energy storage process and that only the intensity of the (100) plane changes,
see Fig. S7. In comparison, the crystal phase of ZnVW is unchanged between the fully
charged discharged stages, without the appearance of new peaks, indicating the

intercalation mechanism for the Zn2* ion storage process in ZnVO. Further insight is
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disclosed by XPS (Fig. S8). In the V 2p region of the spectra from the ZnVF cathode, there
is only one peak assigned to the V 2p2/3 component (518.5 eV) from the original V site in
ZnVO (V5*), even at a fully discharged stage (0.2 V). For the ZnVW cathode, there is an
obvious red shift of the V 2p2/3 peak from the V?* to V4 component during discharge.
This difference between the ZnVF and ZnVW implies the different amounts of Zn2+ ions

inserted into the host cathode materials.
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Fig. S9 Electrochemical performance. Rate performance of ZnVW applied as the cathode material
when assembled into a coin cell at various current densities of 100, 200, 400, 800, 1600 and 3200 mA
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Fig. S10 Determination of contribution to the capacity. Plots of v''"2 vs. i/v"'"2 for the ZnVW
cathode material at potentials of 0.6, 1.1 and 1.4 V; the scan rate ranges from 0.1 to 0.8 mV s’!
(Current data is from the CV curves).

Note: In CV curves, the peak current (i) is managed by both diffusion-controlled and

capacitive contributions. They can be described by a power-law:[1]
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i=a v” (1)

where a’ and b’ are adjustable parameters; v is scan rate. A b’ value of 0.5 indicates that
the reaction is controlled by a semi-infinite diffusion process, while a b’ value of 1.0
indicates that it is dominated by a capacitive behavior. For ZnVF, the four peaks have
fitted values of 0.47, 0.64, 0.51, and 0.56, respectively, reflecting that they follow
diffusion-controlled kinetics. In contrast, the peaks for ZnVW are fitted to values of 0.85,
0.86, 0.66, and 0.67, indicating a contribution from both storage mechanisms. The

following equation is used to quantitatively separate the contributions:[2]
i=kyv+ kv /2 )

To estimate the ki and ks values, the points are taken for every 0.1 V. k1, the capacitive
contribution factor, can be obtained as the slope of the linear relationship between i/v-12
and v'12 (Fig. S10).
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Fig. S11 EIS data. Nyquist plots forZnVF (a) and ZnVW (b); Associated linear fitting of the square
root of the Warburg impedance with real part Z (c). Inset of (a) and (b) are the equivalent circuits
used in the data collection.

Note: EIS is performed at the open-circuit potential to study the faradic electron transfer
resistance and the diffusion coefficient of ZnVF and ZnVW. The Nyquist plots consist of
two regions: i) a semicircle in the high-frequency region, reflecting the cell component
resistance and Faradic charge transfer resistance, and ii) a linear part in the low-
frequency region, reflecting the resistance of the ion diffusion on the surface of the
electrode, see Fig. S11. It can be observed that the resistance Rs of the cell component of
the ZnVF and ZnVW are both around 10 Q from the intercept with the x-axis. The charge
transfer impedances (Rct), however, are about 2800 Q and 100 Q, respectively, suggesting
fast kinetics of the Faradic reactions in ZnVW. The diffusion coefficient of the Zn?*ion can
be calculated by the following equations: [3]
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1
Zreal = Rs + Ret + A, w2 3)

where Zreal is the impedance collected during the experiment; Aw is the Warburg
coefficient; w is the angular frequency; A is the surface area; Vm is the molar volume of
the samples and dE/dx is the slope of the potential proportional to the concentration of
ions. Therefore, the slope of the Zreal and w-1/2 line reflects the ion diffusion coefficient
Aw. ZnVW has a Aw of 42 Q s-1/2; about 9 times lower than the value for ZnVF of 400 Q
s-1/2. Clearly, ZnVW exhibits a greatly increased ion conductivity during cycling.
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Fig. S12 GITT analysis. Measured potential response for ZnVW for a single step of a GITT
experiment at a current density of 50 mA g''. (Ohmic voltage drop: IR drop)
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Fig. S13 GITT results. GITT curves and the calculated chemical diffusivity coefficient (D) versus
the specific capacity for Zn>* in ZnVW electrode.

Note: The specific Zn?" ion diffusion coefficient value (D) is calculated from the
galvanostatic intermittent titration technique (GITT), see Fig. S12. The analysis is based

on the following equation:
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_ 4L AEs 4
_nt(AEt) )

where ‘L’ is the thickness of the mess loading on steel mesh; ‘t’ denotes the constant
current pulse time; ‘ AEs is the change of the voltage during a single-step GITT
experiment, and ‘ AE¢ is the voltage change during a constant pulse t. It is noted that the
average D values at charge and discharge are in the range 10-11-10-10 ¢cm? s! (Fig. S13).
This high value is ascribed to the exposed large lattice offering effective Zn2* diffusion
channels, suggesting a low Faradic electron transfer resistance and fast Zn2* ion diffusion

during the reactions.
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Chapter 7

V307 -H20 nanobelts/rGO cathode for zinc-ion batteries

Chapter 6 describe the discovery of the decisive effect of the orientation on the Zn?* ion
storage properties: The electrode material which expose the large lattice spacings will
exhibit a higher capacity than the one exposing small lattice spacings. Chapter 5 describes
the discovery of how the carbon additive effectively improve the electrochemical
performance. This knowledge is combined in this chapter, paper III, which describes the
design of a layered-type vanadium oxide with large lattice spacings exposed on the
surface, and reduced graphene oxide additive to improve the ionic and electronic
conductivities. The capacity of the resulting material is superior to most of the published
articles at high current density. More interestingly, a phase transition process is
discovered and investigated. This provides a new insight into the energy storage
mechanism of the vanadium oxides. All of the experiments, the analysis and writing of
the manuscript were conducted by myself. The other co-authors provided suggestions and

proof-read the manuscript.

This chapter is presented as a submitted manuscript titled “Electrochemically induced
phase transition in V307 ‘H20 nanowires/reduced graphene oxide composites for aqueous
zinc-ion batteries” by Huili Cao, Zhiyong Zheng, Poul Norby, Xinxin Xiao, Susanne
Mossin, which is currently under consideration for publication in the journal Small

published by Wiley.

The article is given below:
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Electrochemically induced phase transition in V307 H20 nanobelts/reduced graphene
oxide composites for a ueous zinc-ion batteries

Huili Cao,"* Dr. Zhiyong Zheng,® Prof. Poul Norby,” Dr. Xinxin Xiao,”" and Prof. Susanne
Mossin®"

2Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
®Department of Energy Conversion and Storage, Technical University of Denmark, 2800
Kgs. Lyngby, Denmark

Email: hucao@kemi.dtu.dk (Huili Cao); xixiao@kemi.dtu.dk (Xinxin Xiao);
slmo@kemi.dtu.dk (Susanne Mossin)

Keywords: Microwave-assisted; V3O7-H,O nanobelt; reduced graphene oxide; phase
transition; zinc-ion battery.

V307 ‘H20 nanobelts/reduced graphene oxide (rGO) composites (weight ratio: 86%/14%)
are synthesized by a microwave approach with a high yield (85%) through controlling pH
utilizing acids. The growth mechanisms of the highly crystalline nanobelts (average
diameter: 25 nm; length: ca. 20 pm; oriented along the [101] direction) have been
thoroughly investigated, with the governing role of the acid upon the morphology and
oxidation state of vanadium disclosed. When used as the ZIB cathode, the composite can
deliver a high specific capacity of 410.7 and 385.7 mAh g at the current density of 0.5
and 4 A g1, respectively, with a high retention of the capacity of 93%. The capacity of the
composite is greater than those of V307-H20, V205 nanobelts, and V5012:-6H20 film. Zinc
ion storage in V307-H20/rGO is mainly a pseudocapacitive behavior rather than ion
diffusion. The presence of rGO enables outstanding cycling stability up to 1000 cycles
with a capacity retention of 99.6%. Extended cycling shows a gradual phase transition,
i.e., from the original orthorhombic V307 -H20 to a stable hexagonal Zn3(VO4)2(H20)2.03
phase, which is a new electrochemical route found in V307 materials. This phase

transition process provides new insight into the reactions of aqueous ZIBs.
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1. Introduction

Lithium-ion batteries (LIBs) are commercially successful due to the high energy density
and low self-discharge. However, lithium dendrite formation, high activity of the metallic
lithium and the toxicity of the organic electrolytes cause safety and environmental
concerns.[1] Alternatively, rechargeable multivalent ion batteries with earth-abundant
elements (Mg, Al, Zn, etc.) are emerging. Among them, zinc-ion batteries (ZIBs) exhibit
unique advantages: i) the aqueous electrolyte is either pH neutral or mildly acidic with a
high ionic conductivity; ii) the zinc anode has a quite negative redox potential (-0.78 V vs.
standard hydrogen electrode), leading to a high battery voltage (0.7-2.0 V)[2] and a
considerable theoretical specific capacity of 820 mA g'1.[3] However, hydrated Zn2* cation
has a large radius of 0.43 nm and exhibits sluggish transport kinetics in the active cathode
materials, resulting in insufficient rate performance and low coulombic efficiency.[4] It is
thus an urgent task to find a suitable cathode material with favourable capacity and
stable structure during Zn?* insertion and desertion. To date, the cathode materials of

ZIBs can be divided into two categories: tunnel-type and layer-type structure.[5]

Multivalent manganese- and vanadium-based materials are promising cathode
candidates.[6] A range of oxidation states of the metal are involved. The well-
characterized MnOz undergoes stepwise reduction in battery reactions (i.e., 2Mn(IV)O2 +
Zn2t + 2e 2 ZnMn(I11)204; ZnMn(I11)204 + Zn2+ + 2e- 2 2ZnMn(I1)Oz2).[7] The stepwise
reduction is accompanied with phase transition. Tunnel-type MnO2 (a-MnOgz, 8-MnO2,
and y-MnOz2) transforms into layered Zn-birnessite (ZniMnOgz) upon ZnZ* insertion.
Layered-type 6-MnO2 and spinel MnO2 retain the same crystal structure during the
insertion process. In comparison to MnQO2, vanadium-based materials have more
oxidation states and crystal types, thus the insertion processes are even more
complicated. Taking V205 as an example, the cathode reactions can be summarized as:
V(V)205 + Zn%t + 2e 2 ZnV(IV)205 or V(V)2:05 + 2Zn2* + 4e 2 Zn2V(III)20s5[7]
corresponding to different theoretical capacities. To date, there are only a few reports
disclosing phase transformation in V-based ZIB cathodes: Yang et al.[8] observed the
formation of hexagonal Zn3(OH)2V207 2H20 among the orthorhombic V205 phase in the
initial discharging cycle. The transformation was irreversible and barely contributed to
the capacity in the following cycles. Recent reports only investigated the gradual phase
change of V-based ZIB cathode for the initial several charge/discharge cycles,[9] using

either in situ or ex situ characterizations. The gradual changes in the crystal phase during
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long-term cycles have not been investigated throughout, which are possibly responsible
for the poor cycling performance of the cathode materials. It’s proposed that i) the
development of stable vanadium oxide based ZIB cathodes that can withstand long-term
operation and ii1) the detailed investigations of the phase transition during extended

cycling which is one of key for making a significant progress for ZIB.

V307:-H20 has a two-dimension crystal structure and a high capacity, and thus is a good
candidate for the investigation. It is composed of layers of corner-sharing VOe octahedra
and VOs square pyramids, where the layers interact through hydrogen bonding to the
crystal water molecule, providing the position for the insertion and desertion of Zn%*.[10]
Furthermore, the presence of two oxidation states of vanadium (V4/V5*) in V307-H20
improves the electronic conductivity compared to vanadium oxides with only one
oxidation state,[11] due to the narrower bandgap (e.g. 2.0 eV for V20s5; 1.0 eV for V30r).
Most of the reported V3O7-H2O materials rely on a time-consuming hydrothermal process

taking days,[12] posing the demand for more efficient fabrication methods.

A fast and energy-efficient synthesis allows the scale-up of production. Microwave-
assisted heating is considered to be very efficient and energy-saving compared to
traditional hydrothermal methods.[13] Herein, a high-yield one-step synthesis of
V307-H20 and V307-H20 nanobelts/rGO composites by a microwave-assisted method is
presented. Ex situ investigations are applied to monitor the morphological evolution with
time. V307H20 nanobelts/rGO composite exhibited an ultra-long cycle life (99.6%
capacity retention after 1000 cycles) in a potential range of 0.2-1.6 V vs. Zn2*/Zn, making
it possible to investigate the phase transition systematically. Cyclic voltammetry (CV), ex
situ x-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) characterization
have been applied towards this purpose.

2. Results and discussion

2.1. Characterizations of V3:07:H20 nanobelts and V307-H20/rGO composites

The V307-H20 nanobelts and V3O07-H20/rGO composites are synthesized through a
microwave-assisted hydrothermal method by controlling pH with added acid (Figure S1).
The reaction is maintained at 180 °C (Figure Sla). The morphology of the as-prepared
products has been investigated by scanning electron microscope (SEM), atomic force
microscope (AFM), and transmission electron microscope (TEM), see Figure 1. The as-

prepared pure vanadium oxide exhibits a uniform nanobelt structure with a length of up
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to 20 pm in the SEM image (Figurela), and the mean width of the nanobelts is determined
to be about 35 nm by TEM (Figurelb). The strands are well-dispersed from each other.
The typical thickness of the nanobelts is 20 nm measured by AFM (Figurelc). The high
resolution TEM (HR-TEM) image reveals the detail of the nanostructure. The nanobelts
are highly crystalline, displaying lattice fringes with an interplanar spacing of ~0.36 nm

corresponding to the (230) lattice planes of V307-H20 (Figureld) ICOD: 00-028-1433).

During the fabrication process, graphene oxide (GO) is introduced to obtain a composite
of vanadium oxide/reduced GO (rGO). The vanadium oxide is anchored on the surface of
the rGO while retains the nanobelt morphology and the same dimensional features
(Figure 1e). The HR-TEM image shows two interplanar spacings with an angle of ~70°
with respect to each other (Figure 1f). The smaller interplanar spacing (0.36 nm) is
indexed to be (230) and the other (0.85 nm) is (020), suggesting that the nanobelts are

oriented along the [101] direction (b-axis oriented).

Figure 1 SEM (a), TEM (b), AFM (c), and HR-TEM images (d) of V307-H20 nanobelts. TEM (e)
and HR-TEM (f) image of V307-H20/rGO composite.

The typical XRD patterns of the V307-H20 nanobelts and VsO7H20/rGO have been
characterized (Figure S2a). The pure nanobelts sample exhibits sharp peaks
demonstrating high crystallinity, in consistency with the HR-TEM observation in Figure
1d. All peaks are in good agreement with the orthorhombic structure of VsO7-H20 (ICOD:
00-028-1433,2a=9.34 A, b=17.00 A, ¢ = 3.62 A, a =B = y = 90°). The peak at 20 = 24.7°
is assigned to (230) planes, as also observed in HR-TEM. V307-H20/rGO presents all the
characteristic peaks of the V307-H20 phase and an additional peak at 20-25°
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corresponding to the (002) plane of disordered rGO nanosheets,[14] confirming again the

successful preparation of the designed composite.

Thermogravimetric analysis (TGA) is performed to determine the weight ratio of rGO in
the composites by increasing the temperature from 25 to 600 °C in a flow of air (Figure
S2b and c¢). The TGA curve of V30O7-H20 shows a slight weight loss of ca. 2.56% at below
200 °C (Figure S2b), assigned to the release of adsorbed H20. [15] The weight loss of about
4.0% between 200 and 400 °C is due to the joint consequence of the crystal water loss in
the V307-H20 precursor and the weight gain due to the oxidation from V307 to V20s.
V307-H20/rGO exhibits a relative weight loss of 24% between 200 and 400 °C, with ca.
14% of the rGO decomposition, which is in consistency with the feed ratio for the

synthesis.

As another important benchmark material, V205 is obtained by calcining VsO07-H20
nanobelts in air using a temperature ramp of 5 °C min'! to 500 °C and maintaining 2 h at
500 °C. The nanobelts expand so that the diameter increases to 50-200 nm due to
calcination-induced ripening, see Figure S3a. HR-TEM presents a typical lattice fringe
spacing of around 0.58 nm, corresponding to the (020) crystal plane of V205 (Figure S3b).
XRD further confirms the phase purity of orthorhombic V205 (Figure S3c¢) (COD: 01-085-
0601).

2.2. Mechanism of the V307-H20 nanobelt formation

The V307-H2O nanobelts are produced via a facile one-step microwave treatment of
VOSO04xH:20 at acidic conditions. To investigate the governing factors for the formation
of nanobelt morphology, control experiments have been carried out by varying the time
and the identity of the acid used for the synthesis. First, the evolution in morphology with
time is examined. As shown in Figure 2a, the product obtained after 10 min microwave
reaction shows a cubic structure consisting of sheets with an average size of 1 pym. The
HR-TEM image shows sheets of uniform thickness with edges gradually rolling into
nanobelts with poor crystallinity (Figure S4). The interplanar spacing of sheets is
determined to be 0.36 nm corresponding to the (230) planes of the V307-H20 (Figure S4a).
After 60 min of reaction (Figure 2b), the cubic structure is stretched into sheets and the
nanobelts become more obvious. HR-TEM further confirms that the V307-H20 nanobelts
grow along the b-axis. Extending the reaction time to 80 min, more nanobelts are formed

and the boundaries of the sheet are shrinking into a needle-like morphology (Figure 2c).
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The final products, i.e., V3O7-H20 nanobelts with a length of 20 pm, are obtained after

120 min of reaction (Figure 1b).
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Figure 2 SEM images of V307-H20 obtained at 10 (a), 60 (b) and 80 min (c); time profiles (d) of the
corresponding VOSOa4 concentration and pH; XRD patterns (e) of the product at 30 and 60 min and
(f) converted XRD patterns obtained from Fullprof software.

Using ex-situ UV-Vis spectroscopy of the supernatant, it is straightforward to monitor the
reaction due to the prominent d-d transitions of oxidovanadium(IV), VO2* in the 760-780
nm range (Figure S5).[16] The absorbance of VO2* decreases as the reaction proceeded
(Figure S5a). The initial 40 min shows a consumption rate of VOZ2+ of about 0.08 mg min-
1, as referred to the standard calibration curve in Figure S5c. The reaction rate is doubled
in the following 20 min, whereas the final 60 min shows a rather slow reaction with [VO2]
concentration being almost constant. The pH decreases steadily and stabilized at 1.60 in
the final stage (Figure 2d). Up to 85% of the initially fed vanadium is converted into the

final product, implying that the microwave-assisted synthesis is a high yield method.

XRD is applied to investigate the phase transition (Figure 2e). The crystallinity increases
with the reaction time. Most of the prominent peaks can be assigned to VsO7-H20 (ICOD:
00-028-1433). To precisely identify the V307-H20 phase, converted XRD patterns
associated with lattice space are obtained using Fullprof software (Figure 2f).[17 The
analysis shows that the peaks at 3.45, 6.86 and 13.80 nm in the sample obtained at 30
min are due to the layer structure. After 60 min of reaction, the V3O7-H20 phase is
dominant and the interlayer spacing increased to 3.58, 7.14 and 14.36 nm. After 2 h of
reaction, the peaks due to the layer structure disappeared. Scheme 1 illustrates the

suggest nanobelt formation mechanism, where 2D sheets are obtained in the beginning,
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forming nanobelts while growing. As the reaction proceeds, the vanadium in solution is
nearly depleted, and pH drops and stabilizes at about 1.60. The suggested formation
process of the V307-H20 nanobelt morphology is illustrated in Scheme 1.

' p 7 /AN N
10 min flake structure 60 min flake structure 120 min nanobelts
+ nanobelts

Scheme 1 Diagram illustrating the formation process of V307-H20 nanobelts.
Based on the above ex situ investigation, the mechanism of V307-H20 nanobelt formation

via microwave treatment can be summarized as:
6VO** + 8H,0 + 0,22V;0,-H,0 + 12H" 1)

VO?* is oxidized by Oz in the atmosphere at high temperature, which produces H* and
thus reduces pH. The presence of Oz during the hydrothermal reaction is often necessary
to obtain metal oxides with high oxidation states.[18] This assumption is validated by the
control experiment showing that the reaction is hindered without Oz (Figure S6). It is also

hindered when the initial pH is lower than 1.8, regardless of the atmosphere (Figure S7).

The identity of the acid is also a key factor. Control experiments (Figure S8) with the
addition of HCl, CH3COOH (HAc) and H2SO4 resulted in dark cyan suspensions, while
the addition of HNOs3 leads to a dark brown suspension. The sample fabricated without
the addition of any acids (initial pH = 3.0) presents nanobelt morphology, but with a wide
range of diameter distribution and large particles with a size of 10 pm. When the pH is
controlled by HAc and HCI, more uniform and longer nanobelts are obtained (Figure S9b

and c¢). In comparison, the use of HNOs3 results in a pure film structure (Figure S9d).

XPS analysis of different acid-derived samples is applied for a detailed understand the
effect of acid on the chemical composition and oxidation state of vanadium. The survey
spectra of all the samples found three main elements (V, O, and C) present (Figure 3a).
The high-resolution spectra of V2p and Ols show that the samples obtained with HAc,
H2SO4, HC] have similar V2p peaks (Figure 3b). Taking H2SO4 as a representative, the
peaks at 517.2 and 525.0 eV are assigned to V2p2/3 and V2p1/3 from V5, with a peak
separation of about 7.8 eV.[19] The peaks at 515.7 and 523.5 eV are assigned to V**
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(Figure 3c).[20] In contrast, the HNO3 derived sample and V205 (Figure 3b) both display
strong peaks at 517.2 and 525.0 eV assigned to V5+ and only very weak peaks assigned

to V4, suggesting the majority of the vanadium are in the oxidation state +5.[21]
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Figure 3 XPS survey spectra (a), Ols, and V2p spectra (b) of all samples; high-resolution V2p
spectrum (c) and (d) Ols spectrum of the H2SO4 derived sample. Ols spectrum of the V3O7-H20/rGO
composite (e) and the HNO3 derived sample (f).

Based on the O1s spectra, the samples can be divided into three categories. The samples
obtained with strong acids, HCI, and H2SOys, presents peaks at 529.8, 531.0 and 532.5 eV
after deconvolution corresponding to V-O-V, C=0 and V-OH, respectively.[22] The C=0
peak might originate from COgz, and V-OH is from the crystal water in the product and
from moisture. For the V3O07-H20/rGO composite (Figure 3e), there is an additional peak
at 534.0 eV,[23] which is assigned to C-O. The weak acid HAc leads to the sample with a
stronger Ols peak from V-OH compared to the strong acid-derived samples (Figure 3b
and f). For the samples derived from V205 or HNOs, the V-OH peak shifts to a higher
binding energy, i.e., from 532.5 to 533.1 eV. This observation might be related to the
crystal water, especially in the film structure present in the HNOs derived sample. The
presence of a strong hydroxyl signal in the product is also reported in other film structure

materials.[24]

X-ray diffraction is applied to identify the crystal structure and phase purity of the as-
prepared samples. All peaks of the samples derived from H2SO4, HAc, or HCI are indexed
to be V307-H20 (ICOD: 00-028-1433) (Figure S10a). In contrast, the diffraction patterns
of the HNOs3 derived product are indexed to be the monoclinic phase of V5012-6H20

(JCPDS 45-1401) with C2/m(12) space group (Figure S10b). The strongest peak is at 20 =
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7.5°, corresponding to the (001) plane. V5012-6H20 has 4 out of 5 vanadium in oxidation
state +5, suggesting that the oxidizing property of HNOs affects the vanadium oxidation

states and thus the phase formation.

2.3. Electrochemical performance of V3:07-H20/rGO and V307-H20 nanobelt

The electrochemical properties of the as-prepared V3O7-H20 and V307-H2O/rGO nanobelts
are investigated by cyclic voltammetry (CV) at a scan rate of 0.1 mV s! in a voltage
window of 0.2-1.6 V. The first cycle of V3O7-H20 shows much broad peaks, which gradually
disapears in the following cycle. It might be due to either an initial activation process of
the fresh electrolyte or a phase transition similar to that found in LIBs (Figure 4a and
S11).[25] To explore the reactions in pure V3O7-H20, a narrow potential range of 0.4-1.1
V is used for following test, see Figure Sllc. There are two main pairs of redox peaks
(0.76/0.87 V and 0.51/0.61 V) for V307H20, demonstrating a multi-step
insertion/desertion mechanism.[26] The curves also confirms that the voltage window of
0.4-1.1V (vs. Zn/Zn?*) for V3O7-H20 nanobelts is suitable. In sharp comparison, the initial
cycle of V307-H20/rGO, however, well overlaps with the subsequent cycles. Additional
peaks can be observed at 0.96/1.04 V, 0.88/0.98 V, 0.72/0.81 V and 0.35/0.58 V in
V307-H20/rGO. These peaks are well known in pure V205 and VOz2 structures.[8, 27] In
comparison to V307-H20, V307-H20/rGO composites exhibit more peaks, which are
indicative of the importance of rGO for attracting more Zn2* ions to (de)insertion in the

host structure.
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Figure 4 Initial CV curves (a) of V307-H20 and V307-H20/rGO at a scan rate of 0.1 mV s’!;
galvanostatic charge/discharge profiles of V307-H20 (b), and V307-H20/rGO (c) at a current density
of 100 mA g''; cycling performance (d) and rate capability (€) of the V307-H20 and V307-H20/rGO;

long-term cycling performance (f) of the V307 H20/rGO at a current density of 4 A g,
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To investigate the electrochemical stability and capacity retention, the performance and
coulombic efficiency of V3O7-H20 and V307-H20/rGO are tested during extended cycling.
V307-H20 shows an initial discharge capacity of 243.6 mAh g1 with a coulombic efficiency
of 97.2%. Two obvious repeatable voltage plateaus are found in the potential range of 0.9-
0.7 V and 0.4-0.6 V, corresponding to the redox peaks of the CV curves (Figure 4a). The
specific capacity of V3O7-H20 decreases to 210.9 mAh g1 after 20 cycles at 100 mA g'!
(86.6% retention), which further gradually decreases to 198.8 mAh g1 at 35 cycles (Figure
4d). The degradation of capacity is likely due to the structure change upon Zn?* insertion
and consequent lattice distortion and loss of active sites.[28] In comparison,
V307-H20/rGO exhibits a much higher initial capacity of 404.7 mAh g! with a coulombic
efficiency of 99.0% (Figure 4c). In the subsequent cycles, the charge-discharge profiles are
almost identical, with a specific capacity of 391.9 mAh g1 (96.8% retention) after 20 cycles.
At a high current density of 500 mA g! (Figure 4d), V3O7-H20/rGO still delivers a high
specific capacity of 386 mAh g1 with a retention ratio of 95.3% of the initial capacity,
indicating excellent structural stability of the composite material. Additionally, the
coulombic efficiency of both V307-H20 and V307-H20/rGO are stabilized at approximately
100% during the cycling testing, suggesting a highly reversible reaction process. When
applied V307-H20 cathode in the wide potential range of 0.2-1.6 V, the voltage plateaus
disapear, and it only delivers ca. 100 mAh g1, compared to over 400 mAh g! with clear
plateaus of V307-H20/rGO (Figure S11d and e). After 20 cycles, the capacity decreases to
a level of lower than 100 mAh gL

The rate performance is given in Figure 4e. The discharge capacities of V3O7-H20
nanobelts are 227.3, 194.1, 173.9, and 126.1 mAh g at current densities of 80, 160, 320,
and 640 mA g1, respectively. The specific capacity shows a downward trend, and the
capacity at 640 mA g?! is only about 55% of that at 80 mA g!. Distinguishably,
V307-H20/rGO exhibits reversible capacities of 410.7, 401.1, 391.7, and 380.4 mAh g1 at
much higher current densities of 0.5, 1, 2, and 4 A g1, respectively. Impressively, the
capacity is 411.5 mAh g1 when the current density is returned to 0.5 A g'l. Even upon a
current density of 4 A g1, a considerable capacity of 385.7 mAh g1 is registered. The
retained capacity ratio is 94% when increasing the current density from 0.5 to 4 A g'1. It
is concluded that V3O7-H20/rGO composites exhibit a highly stable structure during the

significant current fluctuation, leading to a very stable performance during long-term
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cycling (Figure 4f). The V307-H20/rGO composite shows a retained capacity of 99.6% and
a coulombic efficiency at nearly 100% upon 1000 cycles at 4 A g1.

The electron transfer resistance of the active material interfaces is investigated by
electrochemical impedance spectroscopy (EIS) at the open-circuit voltage before and after
cycling testing (Figure S12). The Nyquist plots display two small semicircles in the high-
frequency region and a straight line in the low-frequency region. The diameter of the
semicircle reveals the charge-transfer impedance (Rct) from anode and cathode, while the
straight line at the low-frequency region is related to the Zn?* diffusion process in the
electrolyte. Before cycling, the Rct of V307-H20 is about 529 Q, twice that of
V307-H20/rGO. After cycling, V3O7-H20/rGO shows Ret = 21.6 Q, which is only ~10 % of
that of V307-H20 (206.3 Q). The linear fitting of the Warburg impedance with the real
part Z’ shows that V3O07-H20/rGO has a small slope of the line before and after cycling,
suggesting a low Warburg coefficient and a fast metal ion diffusion coefficient. Based on
the Warburg coefficient, the zinc ion diffusion coefficient in the interfacial region, D, can

be calculated using the following equations:[29]

R?T?
S b 2
D 2(An?F2Cz,0)? ( )
Zre = Ree + Rg + ow ™05 (3)

where R is the gas constant (8.314 J mol K1), T the temperature (298 K), A the surface
area of the electrode (1.77 cm?), F the Faraday constant (96500 C mol?), Cm; the
concentration of zinc ion (0.003 mol cm3), and o the Warburg factor obtained from Figure
S12b. Thus, the zinc ion diffusion coefficient for V3O7-H2O/rGO composite after cycling is
calculated to be ca. 6.5x101 cm? s'1, about 100 times higher than that of pure V307-H20.
It suggests that rGO can effectively enhance the kinetics of the electron transfer in

electrodes and facilitate electrolytic infiltration and diffusion of Zn?*.

For comparison, the other as-prepared vanadium oxides (V205 nanobelts and V5012-6H20
film), as well as pure rGO, are investigated as ZIB cathodes (Figure S13). CV curves of
V205 show multiple redox peaks, which become intensified after the initial cycle due to
the trapped Zn2* ions acting as interlayer pillars.[30] This matches well with the
galvanostatic charge/discharge curves with increased capacity upon cycling. Specifically,
the discharge capacity of the V205 nanobelts climbs from 36 to 286 mAh g1 after 30 cycles

at 100 mA g'l, implying that an activation process occurred during the first several
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cycles.[31] The rate performance is poor with only 31% capacity retention when
amplifying the current density from 100 to 800 mA gl. The coulombic efficiency is
approximately 86% at 800 mA g1. The discharge voltage plateaus of the V5012-6H20 film
during the charge and discharge process are ca. 0.95 V and 0.42 V, corresponding well
with the redox peaks in the CV curve (Figure S14a and b). Even after 20 cycles, the voltage
plateaus are still obvious, revealing a high reversibility during the reaction process.[32]
In the 50t cycle, the specific capacity at a current density of 100 mA gt is 46.3 mAh g1
The pure rGO material is obtained by the same microwave method, but without
introducing VOSOs4. There is no obvious voltage plateau in the charge-discharge curves,
neither peak, in the CV curve (Figure S14d and e), suggesting that the dominant
contribution to the capacity is from the electrochemical double layer. The specific capacity
of pure rGO reaches 62.8 mAh g! (Figure S14f), 6.5 times lower than that of
V307-H20/rGO. These control experiments indicate that the mixed oxidation state of
vanadium can help to overcome the sluggish Zn2* diffusion kinetics and lead to a high
coulombic efficiency. The electrochemical behaviors of the cathode are also possibly

affected by the morphology and the amount of crystal water.[33]

V307-H20/rGO also outperforms most reported vanadium oxide materials, see Table S1.
Benchmark materials such as hollandite-type Al-doped VO1.52(OH)o.77 obtained by
solvothermal synthesis delivered 105 mAh g! at a current density of 0.015 A g1.[34]
Freestanding graphene/VOs composites, fabricated via freeze-drying, high-temperature
reduction and subsequent mechanical compression, had a reversible capacity of 240 mAh
gl at a current density of 4 A g'1.[27] Ultrafine nanogrid-shaped layered V307 ‘Hz20 arched
on carbon synthesized by in situ electrochemical oxidation delivered 481.3 mAh g at a
current density of 0.1 A g1. The reversible capacity, however, decreased to 171.6 mAh g!
at a high current density of 5 A g'1.[35] In brief, the V307-H20 nanobelt/rGO composites
are a promising high-performance ZIB cathode candidate, featuring fast electron transfer
in the materials at high current densities.

2.4. Investigation of the reaction mechanism of V307 H20/rGO cathode

The multiple redox reactions of vanadium with more feasible Zn?* ion insertion is believed
to be the reason for the considerable specific capacity. To distinguish the capacity current
distribution from either diffusion or pseudocapacitance, CV is conducted at various scan
rates from 0.1 to 0.8 mV s'! (Figure 5a). It is noted that with increasing scan rate, the CV

curves feature broader peaks but still maintain the similar shape. The relationship
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between the peak current (f) and the scan rate (v) can be described by the following

equation:
i=avP 4

where b’ is a parameter between 0.5 and 1. When the results are fitted using this equation
and the resulting fitted ‘b’ parameter is close to 0.5, it is an indication that the process is
dominated by ion diffusion; when ‘b’ approaches 1, the reaction is best characterized as a
pseudocapacitance response.[36] Based on the fitting of log i vs log v, the values of ‘b’ for
the four main peaks can be calculated to be 0.99, 0.94, 0.88 and 0.86, respectively (Figure
5b). In addition, the reversible capacity contribution of the V307-H20/rGO composite is

further quantitatively evaluated according to the following equation:[37]
i= k117 + kzvl/z (5)

where ki’ and k2’ are constants, associated with the surface capacity contribution and
diffusion faradic contribution, respectively. The capacity contribution gradually increases
from 90% to 99% with scan rate in a range of 0.1-0.8 mV s! (Figure S15), suggesting the
dominant capacitive effect. The capacitive contribution of V3O7-H20/rGO composite is
much higher in comparison to other reported layered V-based cathodes, such as
V20s/polyaniline,[38] Mno.15V205 nH20,[39] (NH4)2V409,[40] which might be due to the

low electron transfer resistant and the fast diffusion coefficient in the electrode.

Very interestingly, it is found that the 11th CV curve shape obtained at 0.8 mV s'! differs
from the previous cycles, seeing that the major cathodic peak shifts from 0.57 to 0.67 V
and the minor peak at ca. 1.1 V disappear (Figure S16). The same changes are also visible
at 0.1 mV s'L. In addition, the shape of the forward scan (1.6 to 0.2 V) in the first cycle
differed from the following scans and also from the one found in the literature for
V307-H20/rGO. It can be concluded that, unlike the reported insertion mechanism for
vanadium oxides,[41] a phase transition during operation is the most likely explanation

for the observed CV characteristics of the VsO7-H20/rGO electrode.
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Figure 5 CVs of V307-H20/rGO at different scan rates from 0.1 to 0.8 mV s’! (a); log i vs. log v plots
of the oxidation and reduction peaks of the electrode (b); Zn?** coefficient of the V307-H20/rGO
cathode as a function of working potential during CD testing (c). ex situ XRD patterns of
V307-H20/rGO at different charge/discharge states of the 11th cycle (d, e); XRD patterns of
V307-H20/rGO after 1000 cycles (f). Oxidation state of vanadium in V307-H20/rGO during the
charge (C) and discharge process (D) at different voltages calculated from the V2p peak of the XPS

spectra (g).
Ex situ XRD and XPS are employed to investigate this hypothesis further in Figure S17
and18. For this investigation, a thin layer of 0.5 mg cm2 of the active materials has been
applied on the electrode to guarantee a full utilization. In comparison, 1.3 mg cm2 is used
for routine investigations. XRD patterns of V3O7-H20/rGO are obtained at different
discharge stages (1.0, 0.6 and 0.4 V) of the initial cathodic scan at 0.1 mV s'1. Overall, the
XRD peaks of V307-H20 transform from being sharp to broad, due to the collapse of the
original structure and the formation of a new phase. Upon initial discharge to 1.0 V, the
main peak at 10.4°, belonging to (020), disappears. Further discharging to 0.4 V, it results
in the appearance of new peaks at 12.3°, 30.1°, and 36.5° corresponding to (001), (012),
and (021) of hexagonal Zn3(VO4)2(Hz20)2.93 (a =b = 6.05 A, ¢ = 7.195 A, a= B= 90°, y = 120°,
ICOD:96-152-6372). Those results confirm the phase transition during Zn2* discharge/
insertion. The associated XPS V2p spectrum shows that at 1.0 V, +5 is the dominant
oxidation state of vanadium, see Figure S17a. Upon further discharged to lower potentials
(0.6 and 0.4 V), the amount of V4 and V3* increases (Figure S18b and c), verifying the
change in vanadium oxidation state in VsO7-H20/rGO alongside the phase transition. The
quantitative peak-fitting analysis of the V2p spectra from XPS show that the dominant
V5* decreases from 53% to 5% under a backward scan (from 1.0 to 0.4 V), corresponding

to the insertion of about 0.5 mol Zn?* into 1 mol V307-H20. The galvanostatic intermittent
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titration technique (GITT, the detailed measurements are shown in SI, Figure S20) is
also employed to calculate the Zn2* ion diffusion coefficient in V3O7-H20 /rGO composite
(Figure 5c¢). It is noted that the diffusion coefficient of Zn2* ion in the active material
during the entire insertion and desertion process is in the range of 10-10-109 cm2 s, which

is higher than the Zn?* diffusion in other vanadium-based cathode materials.[42]

To understand the different CV features of the 11t charge/discharge cycle, ex situ XRD
and XPS are applied. To obtain better XRD signals, an increased mass loading of the
active materials (1.3 mg cm2) is employed at a current density of 50 mA g1. The 11tk
charge/discharge cycle is not connected, and an obvious shift of the XRD peaks at different
charge/discharge status is observed, whereas the peak intensity at 12.3° corresponding to
the (001) plane becomes stronger under the charging process. The latter is associated with
insertion of Zn2* (Figure 5e). The evolution in the oxidation state of vanadium during the
charge and discharge process is also studied by ex situ XPS (Figure S19). In the Zn 2p
region, the Zn 2p1/2 and Zn 2p3/2 peaks in the discharge state (0.2 V) are obvious, due to
Zn?* insertion. Upon charging, however, these two peaks are still present but with lower
intensity, suggesting that residual zinc ions are present even after Zn2+ extraction. The
V2p spectra at the fully discharged state (0.2 V) display a strong V** peak and a weak V3*
peak, suggesting a significant reduction of V3O7. Upon recharge, the V5 peaks appear
and becomes gradually stronger, corresponding to the extraction of Zn2+, The discharge
process, on the other hand, shows the opposite trend, indicating that Zn2* insertion and
desertion in V307 are close to being reversible. The amount of vanadium in different
oxidation states during the charge and discharge process is quantified by analyzing the
V2p spectra (Figure 5g). By calculating the amount of Zn2* ions inserted, there is about
1.4 mmol Zn?* for each mol of V307-H20 participating in the redox reactions. This
corresponds to a high specific capacity of 265 mAh g-! by only considering the contribution
from the faradic capacity. It further confirms that the VsO7-H20/rGO for Zn2* storage
process is dominated by pseudocapacitive behavior rather than ion diffusion and the new
phase of Zn3(VO4)2(H20)2.93. It is likely due to the activation of the active materials and
the reversible phase transition. The composition of crystalline phases in V3O7-H20/rGO
is investigated after 1000 cycles. The initial orthorhombic V307-H20 phase is transformed
completely to a phase-pure hexagonal Zn3(VO4)2(H20)2.93 (Figure 5f). This development is
attributed to the presence of rGO, which enables a highly stable cycling performance.
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Both of V307-H20 (phase I) before phase transition and Zn3(VO4)2(H20)2.93 (phase II) after
phase transition undergo the Zn2* insertion mechanism without changing the crystal
structure. A hypothesis for the Zn?* insertion and desertion process in the host vanadium
oxide cathode, which is in agreement with all results, are summarized in Scheme 2. In
the initial discharge process, hydrated Zn2* ions intercalate into the V3O7-H20 (phase Ia)
structure layers forming phase Ib, and further discharge leads to a partial phase
transition to Zn3(VO4)2(H20)2.93 (phase Ila and b). During the initial charge process,
reversible Zn2* desertion takes place converting the phase Ib to phase Ia, and phase IIb
is transformed back into the phase ITa. With extended cycling, more of the phase II forms,
until the cycles are ultimately dominated by the reversible transition between the phase
IIa and phase IIb. Such a new discovery of phase transition is unique, which promotes

the understanding of underling mechanism of layered V3O7-H20 for long-term and stable

cycling.
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3. Conclusion

In summary, the combination of V307-H20 and rGO has been achieved by a facile
microwave-assisted approach. For the preparation of V3O7-H20 nanobelts material, it is
found that two-dimensional layered flakes form initially, which stretch into films and

finally into nanobelts. This process is independent of the choice of acid for pH control as

131



long as the acid is not oxidizing. When applied as the cathode electrode of zinc-ion
batteries, the V3O7-H20/rGO composite exhibits a much better retention of capacity and
rate performance, compared to pure V3O7-Hz20 nanobelts, V205 nanobelts, and V5012-6H20
films. This is mainly due to the presence of rGO, which improves the electron transfer
kinetics. The combination with rGO makes it possible to extend the cycling performance
of V307-H20 up to 1000 cycles, leading to the identification of the gradual phase
transition: from orthorhombic V307-H20 to hexagonal Zns3(VO4)2(H20)2.93. The final
reversible phase transition between an intermediate phase and hexagonal
Zm3(VO4)2(H20)2.93 paves the way for screening highly stable zinc vanadate (Zns(VO4)2).

4. Experimental Section

Chemicals: Potassium persulfate (K2S204, 99%) was bought from Ferak. Graphite,
phosphorous pentoxide (P20s5, 98%), sulfuric acid (H2SOs, 95%-97%), concentrated
hydrochloric acid (HCl, 37% w/w, diluted to 1.0 M), 1-methyl-2-pyrrolidinone (CsHsNO,
NMP, 99.5%), poly(vinylidene fluoride) (PVDF, (CH2CF2)n, average MW ~534,000),
vanadium oxide sulfate hydrate (VOSO4+xH20, 97%), nitric acid, zinc
trifluoromethanesulfonate (Zn(CFsS0s3)2, 98%), and zinc foil (thickness: 0.25 mm, 99.9%)
were purchased from Sigma-Aldrich, Denmark. Potassium permanganate (KMnOu,
99.9%) and hydrogen peroxide (H202, 30 wt%) were bought from Merck. Potassium
hydrogenphosphate (KeHPO4, 99.99%) and carbon black (99.9%) were from Fluka. Steel

meshs were obtained from Lizhiyuan Co., Ltd, China.

Synthesis of V307-H20 nanobelts/reduced GO: 0.5 mmol VOSO4xH20 was dissolved into
10 mL Milli-Q to form a clear blue solution, into which 0.1 M H2SO4 was added to adjust
the pH to 2.6-2.7. After stirring for 2 h, 1 mL as-prepared GO solution (see supporting
information) was added into the solution, which was sealed in a 35 mL microwave tube
and heated up to 180 °C for 2 h in a Biotage® microwave reactor. The reaction parameters
were monitored during the reaction. The as-synthesized product was collected by filtering
and washed with Milli-Q water. For comparison, the pure vanadium oxide product was
obtained using the same procedure without addition of GO. Besides H2SO4, various acids
including HCI, HAc, and HNOs3 were utilized during fabrication to investigate the effect
of the added acid on the morphology of final product.

Characterization: The morphology of the materials was investigated by field emission

scanning electron microscopy (FE-SEM) using a Quanta FEG 250 Analytical ESEM,
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transmission electron microscopy (TEM, Tecnai T20 G2, 200 kV), and a 5500 atomic-force
microscopy (AFM) system (Alignment Technology). The X-ray powder diffraction (XRD)
patterns were obtained using a Huber instrument with a monochromatized Cu Ka
radiation of A=1.5406 A. Thermogravimetric analysis (TGA) was performed using a
Thermogravimetric Analyzer (Mettle Toledo) to examine the weight percentage of rGO in
the composite under an air atmosphere from room temperature to 700 °C with a ramping
rate of 10 °C min'l. UV-vis spectra were recorded on an Agilent 8453 (Santa Clara, CA)
and X-ray photoelectron spectrometry (XPS) results were collected with a Thermo

Scientific K-alpha spectrometer using Al Ka radiation.

Electrochemical measurements: To prepare the working electrode, the steel mesh was
coated by a homogenous slurry containing active material, carbon black, and PVDF in a
weight ratio of 7:2:1. After that, the coated steel mesh was dried in a vacuum oven at 120
oC for 12 h. The zinc ion coin cells were assembled using active materials as the cathode,
metallic zinc foil as the anode, 3 M Zn(CF3S03)2 as the electrolyte and glass microfiber
filters as the separator. The mass loading (composite weight for the V307-H20/rGO
cathode) during the testing was in a range of 0.5-1.3 mg cm2. Electrochemical
performance of the cell was evaluated via an Autolab potentiostat, including galvanostatic
performance at various current densities, electrochemical impedance spectroscopy (EIS)
at the open-circuit voltage in a frequency range of 0.01 Hz-100 kHz, and cyclic
voltammetry (CV) in a potential range of 0.2-1.6 V at a scan rate of 0.1 mV s'1.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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I Experimental Section
Synthesis of graphene oxide (GO)

GO was obtained by a modified Hummers method.[1] 2.5 g K2S20s was added to 5.0 mL
of concentrated H2SO4 while stirring, into which 2.5 g P2Os was added and dissolved. 5.0
g graphite was added into the solution together with more concentrated HaSO4 until the
suspension turned to be non-sticky. The mixture was heated in an oil bath at 80 °C for
180 min. After the reaction, the pre-oxidized graphite was diluted by Milli-Q water and
then filtered, with further washing using Milli-Q water until pH of the washing water
tested to be neutral. 1.0 g pre-oxidized graphite and 3.0 g KMnO4 were slowly added into
23 mL H2SO0y4 in an ice bath. After 5 min reaction, the ice bath was changed to an oil bath
and the mixture was heated to 35 °C for 2 h. 46 mL Milli-Q was added slowly and left to
react for 15 min. Then, 140 mL Milli-Q water was added, followed by dropwise addition
of 2.0 mL H202 until no further bubble generation. Finally, the product was washed with
1.0 M HCl and filtered. The collected GO was redispersed in Milli-Q water with a

concentration of ca. 7.2 mg mL1.
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Figure S4 TEM images of V307-H20 obtained at 10 min (a), and 60 min (b) during the microwave-
assisted hydrothermal process.
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Figure S6 Digital photo of the samples obtained without pH adjustment by acid addition.
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Figure S7 Digital photo of the samples obtained at pH 1.8 by adding H2SOa.
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Figure S8 Digital photo of the samples obtained at pH 2.6-2.7 by adding HNOs, HCI, HAc, and
H2SO4, respectively.

Figure S9 SEM images of the samples obtained without addition of acid (a) and with additions of
HAc (b), HCI (c), and HNO3(d), respectively.

=,; HAce :
& =
= =~
£ £
z z HNO,
2 2
= =
- HCl | =™

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
2 Theta/* 2 Theta/®
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Figure S15 Contribution of capacitance and diffusion-dominated contributions at various scan rates
of the V307-H20/rGO composite.
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Figure S19 XPS survey (a) and Zn2p spectra (b) at various charge and discharge states; V2p spectra
of V307-H20/rGO electrode at charge states of 0.2 V (¢), 0.6 V (d), 1.2 V(e), 1.6 V (f), and discharge
states of 1.0 V (g), and 0.6 V (h). C and D in (c) to (d) indicate charge and discharge states,
respectively.
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IIT Supplementary discussions
Galvanostatic intermittent titration technique (GITT)

GITT measurements were performed on an Autolab potentiostat at current density of 60
mA g for 30 min and a relaxation duration of 120 min. Zn2* diffusion coefficient (D, cm?2

s'1) can be obtained via: [2]

_ 2 AE

D=-"-G5)° (S1)

where ‘t’ is the time (s) for an applied galvanostatic current; ‘I’ is the diffusion length of
Zn?* (cm), calculated by the electrode thickness of the coating layer; ‘AEs” and ‘AE;’ are the
quasi-equilibrium potential and the change of cell potential during the current pulse,

respectively (Fig. S20).
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Figure S20 Definition of AE;, AE and IR drop (a) for a single GITT during discharge process;
Charge—discharge GITT curves (b) for the V307-H20/rGO cathode at a current density of 60 mA g
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IV Supplementary table

Table S1 Specific capacity of vanadium oxides applied as zinc-ion battery cathode electrodes.

Materials Current density Specific Capacity References
Ag! mAh g!
Al-doped VO1.5500H)0.77 0.015 105 [3]
VOz hollow nanospheres 0.1 408 [4]
Graphene/VO2 composite 4 240 [5]
H2V30s Nanobelt 0.1 423.8 [6]
H2V30s 0.1/6 394/270 [7]
nanobelt/Graphene
Nanogrid-shaped 0.1/5 481.3/171.6 [8]
V307-H20/C composites
V307-H20/rGO 0.3/0.6/1.5/3 267/240/218/185 [9]
composite
V5012-:6H20 Nanobelts 0.05/1 328/146 [10]
Porous V20s 0.1 401 [11]
microspheres
PorousV20s nanoplates 0.1 300 [12]
rGO 0.1 62.8 This work
V5012-6H20 film 0.1 46.3 This work
V205 nanobelts 0.1/0.2/0.4/0.8 101.2/74.1/54.8/30.9 This work
V307-H20 nanobelts 0.08/0.16/0.32/0.64 227.3/194.1/173.9/126.1 This work
V307-H20/rGO 0.5/1/2/4 410.7/401.1/391.7/380.4 This work
composites
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Chapter 8

Conclusion and perspectives

Batteries are excellent energy storage systems and have been considered as an important
part of the solution for the increasing energy demand due to the sustained power delivery
and the capability of fast response. The design of electrode material with high-
performance and the reaction mechanisms exploration for batteries are important for the
society and have been the target for intense scientific research resulting in important
progress in recent decades. In this Ph.D. project, several types of vanadium-based
nanomaterials have been investigated in great detail from material fabrication
mechanism to energy storage mechanism, including different types of zinc vanadates and

vanadium oxides.

In terms of the electrode material formation process, three simple routes are put forward:
direct precipitation, calcination and highly-yield microwave methods, resulting in
different morphologies. To ascertain the chemical component and certain morphology
fabrication mechanism, some advanced techniques are applied, like high-angle annular
dark-field scanning transmission electron microscopy, electron energy loss spectroscopy
and electron paramagnetic resonance, combined with some ex situ studies. During the
carbon coating process for fabricating carbon coated zinc vanadate, the vanadium in zinc
vanadate is reduced to low oxidation state, accompanied with an interesting vanadium
loss. It gives a new insight into the understanding of the lower initial specific capacity

than the carbon-free zinc vanadate.

The vanadium oxide nanobelts fabricated by microwave method is proved to be a pH
derived mechanism. By applying ex situ techniques, the nanowire formation mechanism
is confirmed from nanosheet stretching into nanobelts affected by pH. Furthermore, the
oxidizing acid and non-oxidizing acid also have a big difference on the morphology
formation process. By making full use of the two fabrication skills, two types of zinc
vanadate were fabricated with the same crystal structures but different orientations. In

solid state nuclear magnetic resonance (ss-NMR) results, it confirms the vanadium phase
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is the same in the two samples, however, the protons show a subtle difference in the
predominant type due to the amount mobility of water molecules in the structures. This
technique, to the best of my knowledge, is first applied on investigating on this type of
zinc vanadate (ZnsV207(OH)z 2H20), which might give some new ideas for the other zinc

vanadate.

Used as electrode materials, carbon coated zinc vanadate exhibits a high and stable
capacity after a long cycling in Li* ion storage. This excellent performance is attributed
to the carbon layer providing stable structures and high electronic conductivities, as well
as the porous structure with amount of active sites. Though the initial capacity is lower
than other zinc vanadate due to the low oxidation state of vanadium, the stability is
superior. Using three-electrode technique reveals the high reversibility of the anode
material during Li* ion intercalation process, which can help to accurately evaluate the

energy storage performance of the material.

However, when used as cathode electrode in ZIB, carbon coated zinc vanadate exhibits a
poor cycling performance. By further investigation, the orientation of the crystal structure
is confirmed as an important factor to affect the ZIB performance. The zinc vanadate
exposing the large lattice spacing exhibit a high capacity by contributing from Faradic
(redox reactions) and diffusion (double layer capacity contribution) capacities, which is
much better than the one exposing planes perpendicular to the large lattice spacing with
only double layer capacity. This difference is due to the different energy barrier when the
Zn2* ion diffusion in different directions. Compared to the carbon-free cathode exposing
narrow planes on the surface, carbon coated zinc vanadate with the same orientation
exhibits a better electrochemical performance. It is suggesting the carbon addictive and

orientations are both important factors for energy storage process.

Therefore, the vanadium oxide exposing large spacing lattice on the surface and
compositing with reduced graphene oxide (rGO) exhibits a very fast Zn2* ion diffusion
coefficient and high capacity. The large lattice provides a fast path for Zn2* diffusing into
the active material to achieve the rich redox reactions for the vanadium from V5*+to V3+
with a high Faradic capacity contribution. Compared to the pure vanadium oxides, the
composite electrode also shows a large potential window with low polarization.
Additionally, a graduate phase transition mechanism is firstly observed in this type of

vanadium oxide (V307 ‘Hz20), which will give a new insight into aqueous ZIB reactions.
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Chapter 8 Conclusion and perspectives

Though the research on electrode materials has been a very hot topic in recent years, and
a large amount of new electrode materials with high capacity are put forward, there are
still some issues remaining to be figured out. Here, based on my best knowledge and

understanding, I will propose some perspectives to the development of the battery.

Firstly, the fabrication process for materials with attractive structural properties and
morphologies is generally complicated and inefficient. And the recycling of electrode
material and dealing with the toxic electrolyte are still insufficient. It is not following the
movement towards a more sustainable production as formulated in the 17 UN
Sustainable Development Goals. Some strategies may be able to solve the above issues: 1)
choosing abundant and non-toxic material as electrode; i1) proposing one step synthesis
method with low requirements, like ball milling or calcination process; iil) promoting

hybrid solid state electrolyte.

Secondly, though the 3-dimensional porous morphologies have been confirmed to provide
more active reaction sites than other morphologies, the formation mechanism is still
ambiguous. More ex situ and in situ techniques need to be developed to monitor the
reactions. Based on the investigations, controllable structures can be easily designed, like

designing crystals growing in a certain direction.

Thirdly, the combination between the experiment and theoretical calculation needs to be
strengthened. For example, designing defects in materials is a common tool to obtain a
high-performance electrode material. Variety of investigations focus on designing the
oxygen hole or other element holes to decrease the internal resistance, and further
achieving an excellent energy storage performance. The effects of the defect concentration,
however, are often ignored. By combining experimental and calculation means, designing

optimal defects concentration in electrode materials should be a useful way.

Finally, the fundamental investigations on the reaction mechanisms and the factors of
the battery potential decay are still lacking. It is my suggestion to perform more in-depth
studies of prepared electrode materials in order to achieve a deeper understanding of the
decisive factors behind the successful materials and even the reasons for the failure of the

electrode materials.
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Fig. 1 CV curves at 0.1 mV s’ (a) and cycling performance at a current density of 100 mA g™ (b) of
the nitrogen-doped carbon coated zinc vanadate applied as zinc ion battery cathode.

Note: The zinc-ion storage performance of the N-doped carbon coated zinc vanadate
(ZnVC, in Chapter 5) is also investigated. Fig. 1a shows the CV curves at a scan rate of
0.1 mV s, where two pairs of peaks appear during the Zn2* ion intercalation process. It
is similar to the zinc vanadate cathode in Chapter 6. In cycling testing (Fig. 1b), the initial
capacity can reach about 200 mAh gl. After only 20 cycles, it drops to 50 mAh g due to
the irreversible Zn2* ion intercalation, which is lower than that of zinc vanadate
nanowires (ZnVW, in Chapter 6), but much better than zinc vanadate flowers (ZnVF, in

Chapter 6). Therefore, besides the orientation effects, the carbon addictive also can

improve Zn2* ion storage for the cathode electrode.
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