N

N

Electrochemical properties of vanadium oxide-based
cathode materials for Li/Na-ion batteries and aqueous
rechargeable zinc batteries
Dauren Batyrbekuly

» To cite this version:

Dauren Batyrbekuly. Electrochemical properties of vanadium oxide-based cathode materials for
Li/Na-ion batteries and aqueous rechargeable zinc batteries. Mechanics of materials [physics.class-ph].
Université Paris-Est Créteil Val-de-Marne - Paris 12; Nazarbayev University, 2021. English. NNT:
2021PA120034 . tel-04071118

HAL Id: tel-04071118
https://theses.hal.science/tel-04071118
Submitted on 17 Apr 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-04071118
https://hal.archives-ouvertes.fr

UNIVERSITE
PARIS-EST CRETEIL
VAL DE MARNE

Connaissance-Action

These pour obtenir le grade de
Docteur de I’Université Paris Est Créteil Val de Marne
Ecole doctorale : SIE-Sciences, Ingénierie ét¢ Environnement

Spécialités « Sciences des Matériaux »

Présentée publiquement par
Monsieur Dauren BATYRBEKULY
Le 15 décembre 2021

Titre:

Electrochemical properties of vanadium oxide-based cathode materials for
Li/Na-ion batteries and Aqueous Rechargeable Zinc Batteries

Jury :
Thierry Djenizian, Professeur, EMSE Rapporteur
Sylvain Franger, Professeur, Univ. Paris Saclay Rapporteur
Vanessa Pereira Pimenta, Maitre de conférence, ESPCI Examinatrice
Rita Baddour-Hadjean, Directrice de recherche CNRS, Examinatrice
Christine Cachet-Vivier, Professeur, UPEC Examinatrice
Zhumabay Bakenov, Professeur, Univ. Nazarbayeyv, Codirecteur de these
Jean-Pierre Pereira-Ramos, Directeur de recherche CNRS Directeur de theése
Dr Barbara Laik, Maitre de conférence, UPEC Examinatrice

:ICMPE

Institut de Chimie et des Matériaux Paris-Est



Acknowledgements

This thesis work was carried out in the Group of Electrochemistry and Spectroscopy of Materials
— GESMAT (BATTion) of the Institute of Chemistry and Materials Paris Est Créteil (ICMPE-
CNRS, Thiais, France) and National Laboratory Astana (NLA, Nur-Sultan, Kazakhstan).

This thesis work was directed by Professor Jean-Pierre Pereira-Ramos, CNRS Research Director
at BATTion group. I would like to thank him for continuous support, guidance and valuable advice
during my PhD study and allowing me to work in this team. I got a lot of knowledge in related to
the structural investigation and electrochemical properties of cathode materials for M-ion batteries.
I thank him for the strong impact on my thesis writing. I appreciated his encouragement as well as

his vision of the research profession.

I would like to thank Dr. Rita Baddour-Hadjean, CNRS Research Director and Head of BATTion
group, for their support, enthusiastic encouragement, valuable guidance, thoughtful suggestions
and discussion as well as so much patience to teach me “How to use Raman equipment and how
to analyze the obtained data”.

Moreover, I would express many thanks to Professor Jean-Pierre Pereira-Ramos and Dr. Rita
Baddour-Hadjean for their support and much patience from both experimental part and many
discussions for analyzing the data, for their support from the scientific part, technique part, and
daily, harmonious and warm atmosphere in the laboratory.

I also would like to express thankfulness to the Professor Zhumabay Bakenov, Director of Center
of Energy and Advanced Materials Science of National laboratory Astana, for his strong support
and guidance from scientific part and strong help during my PhD and allowing me to make

experiments in the laboratory in Nur-Sultan.

I would like to thank Dr. Barbara Laik, CNRS Researcher, for her help in experimental work,
discussion, instruction how to properly make electrochemical investigation by using Biologic and
how to KaleidaGraph to make a graph, how to make Impedance measurements.

Thank also Nicolas Emery, CNRS Researcher for his help on Rietveld refinement and thoughtful

discussion and answers related to crystal structure aspects and the training in the GSAS software.



I would like to thank the Director of ICMPE-CNRS, Dr Daniel Grande for allowing me to work
in the ICMPE institute.

I also thank Bernari Gladys, for administrative support during my stay in France.

I want to thank the PhD students in BATTion group, Ankush Bhatia and Yanlong Zhou, for their
strong help, support and good time spent during my PhD.

I want to thank the thesis committee members: Professeur Thierry Djenizian, Professeur Sylvain
Franger, Dr Vanessa Pereira Pimenta, Dr Rita Baddour-Hadjean, Professeur Christine Cachet-
Vivier, Professeur Zhumabay Bakenov, Dr Jean-Pierre Pereira-Ramos, Dr Barbara Laik.

This thesis work was supported by French Embassy in Kazakhstan, Campus France and National
Laboratory Astana. I would like to thank Alexandra Thirciur-mens, Attachée de coopération (ex
Attachée a la Science et la Technologie), for her support and help with visa and financial support

from French Embassy in Kazakhstan.

In conclusion, I obviously want to thank my family, who make everything possible. I want thank
my parents, my sisters for their support. I wouldn't be there where I am today, without their help.
Finally, I want to thank my wife, my daughter and my son for their endless love, confidence,

support and encouragement to me in my life.



CONTENTS

General Introduction 9

CHAPTER 1: Concise overview of the main positive electrode materials for Li- and Na-ion

batteries 18
L1 INEEOAUCTION ..ttt ettt e b e et e bt e st e e s beeeabeesaeesabeenaeeens 18
1.2 Positive electrode materials for Li-10n Datteries ........cccevueeriiriiiinieniieieeieee e 20
1.3 Positive electrode materials for SOdium-10n DAETIES .......cecuvervveeriieriienierieenieeeenee e 24
1.4 Interest of the V205 cathode material and objectives of the thesis.......ccccceevieiviiiiniieiniienn. 35
RETEIEICES ...ttt ettt et e e bt e st e e e bt e e sabeeeeaeeeenas 39

CHAPTER 2: Electrochemical and structural study of y’-V20s polymorph synthesized by a

solution technique as cathode material for Li-ion and Na-ion batteries 43

2.1 Electrochemical and structural study of Li insertion in y’-V20s polymorph synthesized

by a solution technique 43
2,11 INETOAUCTION ...ttt et ettt ettt e et e et e e st e e e bt eesabeeeeabeeesnteesneeenans 43
2.1.2 SYNTNESIS ..eeenivieeeiiieeeiie ettt ettt et e ettt e sttt e s et e e s bt e e s bt eesabeeeenbeeesabaeesabeeeeabeeenabeeennbeeenns 44
2.1.3 Structural CharacCteriZAtiOn ...........c.eerteeiuieriieiienie ettt ettt ste e st e bt et eseeesreesaeeeas 46
2.1.4 Electrochemical StUAY .........cccooouiiiiiiiiiiiiiieeeceeee et s 50
2.1.5 Structural investigation upon discharge-charge..........c.cccooceriiiiiniiiniiee 53
2.1.6 Cycling properties2.1.7 CONCIUSION. ........eieriieeriieeiiieeiieeeeeeeieeeeieeesieeesaeeesbeeesneeesaneeenns 56
Supporting INFOrMAtION ........ccuiiiiiiiiiie et tee et e e sbeeesebeeesabeeenes 59
RETEIEICES ...ttt ettt et e et e e bt e st e e e bt e e sabeeesabeeenas 62

2.2 Improved electrochemical performances of y’-V20s prepared by a solution technique as

cathode material for Na-ion batteries 64
2. 2.1 INEFOAUCTION ....eeiniiieiiite ettt ettt ettt ettt e ettt e ettt e et e e st e e s bt e e sabaeesabeeesabeessaseesnnbeesnns 64
2.2.2 SYNTNESIS ..veeeuriieiiieeiiieeeteeesteeesteeesteeesteeessteeesteeasseeassseeassseeassseeasseeesssaeessseeessseesnnseesssseesnns 66
2.2.3 Structural CharacCteriZAtiOn ...........c.eeeieriueerieeiienie ettt sttt e sttt e st et e e sbeesbeesieeeas 67
2.2.4 Electrochemical STUAY .........cccoooiiiiiiiiiiiieiiieieeeeee ettt s 68
2.2.5 Structural investigation upon discharge-charge..........c.cccooeriiiiiiniiiniiiieeee 69



2.2.6 CYCHNG PIOPETTIES ..uvvveeiiieeiiieeeeteeeiteeesteeestteeessseeessseeasseesssseesssessseeessseessseesssseessseesnseesnns 75

2.2.77 KINEUC STUAY ...ttt ettt ettt ettt et e et e b e st e e bt e et e e beesabeeabeeeabeenbeesabeenbeeens 76
2. 2.8 CONCIUSION ...ttt ettt et ettt et s bt e b e st e e bt e eabeebeesaneenneeeas 81
Supporting INFOrMAtiON .........cc.eiiiiiiiiiii ettt e et e s eabee e 83
RETEIEIICES ...t ettt ettt esbt e b e sabesbeesaeeens 86

CHAPTER 3 : New MxV20s5 bronzes as competitive cathode materials for sodium-ion

batteries (M = Na, K) 88
3.1 Introduction 88
3.2 The sodiated bronze y-Nao,96V20s as cathode material for Na-ion batteries........cccceeue. 89
T BN 111 151 TSRSt 90
3.2.2 Structural CRaraCterIZAtION «...ceune.eeeeeneeeeeeee e e e e e e eee e e e et e e e eeeeeeeeaeeeeneaeeeenanans 91
3.2.3 Electrochemical STUAY ........ccccooiiiiiiiiiiiiiiiiieecee et 95
3.2.4 Structural investigation upon discharge-charge............c.cocooiiiiiiiiiiiiee 95
3.2.5 CYCHNE PrOPETTIES . ... eeiiiiieiiiieeitie ettt et e sttt e et e st e e st e e s bt eesabaeesaseeesabeeesabeesnaseesnns 96
3.2.0 CONCIUSION ..oeeeiiiieieee ettt ettt e e e e e e e ettt e e seseeetesaaresesesetessaasaneseeesesasanannesesaeens 98
R CIEIICES oot e et e e e et e e e e e e e e e e e s e e eaee s e eeaaeseeenaaaaes 99
PUDIICALION <. e e e e e e e e et e e e e e e e e e e e e e eeneeeeenans 102

3.3 Bilayered Potassium Vanadate Ko.5V20s as Superior Cathode Material for Na-ion

Batteries 103
33,1 INETOAUCTION ...ttt ettt et e sttt e et e e sttt e eabe e e sabeeesabeeesaseesanneens 103
3.3.2 SYNENESIS .t et e et es 103
3.3.3 Structural charaCteriZation ..............coveerieeriiiiieriieeie ettt ettt sarees 104
3.3.4 ElectrochemicCal STUAY .......ccccuiiiiiiieiiieeiiee ettt et e et e saee e saeeesbeeesnbeeesnseeesnnee s 106
3.3.5 Structural investigation upon discharge-charge...........cccocveviiriiiniiniiiniiiccececee, 109
3.3.6 CONCIUSION ...ttt ettt ettt e et e et e e st e e s bt e e sabeeesabeeesabeeesabeesnnee s 111
RETEIENCES ...ttt st ettt et e st e bt e e 113
PUDIICATION ...ttt ettt ettt e b e et e bt st e e saeesaneeeee 114



CHAPTER 4: V205 polymorphs as cathode material in aqueous rechargeable Zinc

DALLETICS .eeeueerueesencsuesannsaecsunsnnssecsancenssecsanssassseessessasssessasssasssesssessaessasssssssessasssessaessassasssasssasssassases 115
4.1 Aqueous rechargeable Zinc batteries : a state of the art 115
4.1.1 INErOAUCTION ...ttt ettt ettt ettt bt et e b sane e b e sane e e 115
4.1.2 Aqueous Rechargeable Li-i0n Datteries .........ccoeeriiiiiiiniieiiienieeite et 115
4.1.3 Rechargeable Aqueous Zinc-10N DALETIS .......c.eeruueiiiieriiiiiieeieeite ettt 120

4.1.3-1 Mn-based cathode materials ..........cccceeeuiriiiriiiiiiiiiececeee e 122

4.1.3-2 V-based cathode materials.........c.cceveeriiriiiiieiiieeeeeee e 132
4.1.4 Rechargeable Aqueous hybrid-10n DAtIeries ........ccovueiiriiiiiiiiiiiiceieeeeeeeecee e 151

4.1.4-1 Water-is-salt hybrid electrolytes........coccueiriiiiriiiiiiiiiiiieieceeeeee e 154
RELEIEICES ... 161

4.2 Electrochemical and structural investigation of a-V20s in hybrid Li*/Zn>* aqueous

electrolyte for rechargeable aqueous Zn batteries 174
i W 1115 (016 11 o1 5 10 ) 1 RSP RS 174
4.2.2 Structural CharaCteriZAtION ..........cccvveeeeriireeeeriiteeeeesiteeeesseteeeeesraeeeessssaeeesenssseeessssseeesssseees 175
4.2.3 ElectrochemiCal StUAY .......ceeruiieiiiiieiiiieeiiee ettt ettt e et eeiaeesaaeestaeesabaeesabeeesanee s 178
4.2.4 Structural investigation upon discharge-charge...........ccccceevvieeiiiiiniieniiieeieeeeeeeee e 180
4.2.5 CYClING PIOPEITIES .....eeerieniieeiiieiee ettt ettt et ettt e et e e sneesneesaneesaeeeaneenee 185
4.2.6 CONCIUSION ...ttt ettt e et e ettt e e bt e e et eesabteesabeeesabeesanneens 188
Supporting INfOrMAatioN.........cccuiiiiiiiiiie et sbee et ee e bee s sabeeeanee s 189
RETEIENCES ...ttt sttt et e e e 192
PUDIICATION ...ttt sttt st ettt ettt e bt st e b e saaeeaee 194

4.3 Electrochemical and structural investigation of y’-V20s in hybrid Li*/Zn** aqueous

electrolyte for rechargeable aqueous Zn batteries 195
G TR 0315 (06 11 o1 10 ) 1 WSS 195
G TN 4 111 1 L) (PSPPSR 196
4.3.3 Structural CharaCteriZAtiON ............ceeviieeiuieeeiieeeiieerteeesieeesteeeseaeeeeaeeeaaeessreesseeesaseeennneens 197
4.3.4 Electrochemical study in the 1.6-1V voltage range ..........cccccecveeveiniiienieniienicneceeeeeee 201



4.3.5 Structural investigation upon discharge-cCharge...........ccccceevvieeniieeniieeieece e 203
4.3.6 Cycling properties in the 1.6-1V ..o 207
4.3.7 Optimization of the SPecifiC CAPACILY .......eevviiiriiiiiiiiiiiie ettt 210
4.3.8 Structural Investigation of Zn || Li2SO4-ZnSO4|| y’-V20s system at wide voltage

TATIZC -t eevteeette ettt e et e ettt ettt e sttt e e ettt e s ab et e e a b et e ab et e ab e e e ab e e e bt e e ettt e et b e e ettt e e bt e e eabeeeeaaeeeeareeean 212
4.3.9 Cycling properties at in the 1.6-0.7V .....cccccociiiiiriiniiiiiiiiirceeece e 216
4.3.10 CONCIUSION ...ttt ettt ettt s e e st e bt et e b e saneesaeeeaneenee 219
Supporting INfOrmMatioN.........cc.iiiiiiiiie ettt et s 220
RETEIEIICES ...ttt et sttt e st b e st e b e eaneeae 226
PUDBIICALION ...ttt ettt e et e et e e et e e eateeeeanee s 228
5. General Conclusion 229




General Introduction

The renewable energy integration into the electric grids is one of the key factors for the
global economy to continuously grow through “smart industrialization” even under difficult
economic circumstances. Almost all the countries currently heavily rely on the fossil fuels for
energy, which are non-renewable finite resources that will eventually dwindle, and will become
too expensive in the near future. The Government of Kazakhstan supports and encourages the
development and investments in this field. The Law “About support of use of renewable energy
sources” (June 4, 2009) has been accepted to provide the support and preferences for the
development of renewable energy in Kazakhstan. This project directly meets the requirements of
this measure.

The major concern restricting a wider application of renewable energy is the energy storage
systems (Figure 1). Renewable energy sources are intermittent sources and cannot be directly
integrated to electric grids without using energy storage systems. However, so far there are no
energy storage systems that can satisfy the requirements for renewable energy connection to the
grids mainly because of low energy density, poor durability and high cost. Therefore, the high
energy density and highly durable storage systems are indispensable. Rechargeable batteries are
the promising candidates for such energy storage systems.

Lead-acid rechargeable batteries (LARBs) are mostly used currently in large energy storage
(renewable sources). Among other commercialized systems, nickel-cadmium (Ni-Cd), nickel-
metal hydride (Ni-MH), lithium-ion batteries (LIBs), and redox flow-cells (RFCs) have been
applied. However, these technologies have serious drawbacks such as:

e Ni-Cd and LARBSs batteries are toxic due to use of toxic metals, lead and cadmium; in
addition, LARBs have low energy density due to the use of heavy lead electrodes and hence
poor gravimetric energy density limiting its use to wheeled applications;

e Ni-MH system is expensive due to less available anode material;
e flow cells are complicated and of low energy densities (very large in size) and cannot be
considered for the transportation use.

e Compressed air and pumped hydro are low efficient, complicated and have many difficulties

to implement.



Intermittent,
variable, unstable
load

Stable load,
high power

quality, Noon
controlled ...

| Discharge

“Peak shaving effect”

Figure 1. Role and place of Battery Energy Storage System in connecting grids with renewable resources.

One of the most prevalent rechargeable batteries in use today is the Lithium-ion battery (LIB).

Lithium-ion batteries (LIBs) are leading power sources for various portable applications, such as

laptops, cellular phones and even hybrid-electric and electric cars, due to their high energy density:

- 100 Wh/kg, conventional Graphite/LiCoO»;

- 250 Wh/kg, Panasonic Hard Carbon/Li(Nio.8Coo.15Al0.05)O2, used for Nissan Leaf;

- 400 Wh/kg, Envia Si-C nanocomposite/Li(Nii;3Co13Mni/3)02-Li2MnO3, used for Tesla
Roadstar.

However, the increasing demand for lithium associated with these large-scale applications is

expected to increase the price of lithium, affecting reserves as well, as it is not a naturally abundant

element in earth crust. For these reasons, other battery technologies are being explored around the

world. The unlimited resources of sodium, an alkaline ion with chemical properties similar to

lithium (Table 1), justify research into the chemistry of insertion of this element into various host

networks.

Table 1. A comparison of different ions in the ionic radius, standard potential, theoretical gravimetric and volumetric
capacity, crustal abundance and cost, adapted from [1]

Characteristics Li* Na* K* Zn*
Tonic radius [A] 0,76 1,02 1,38 0,74
Standard potential [V] vs SHE | -3,05 2,71 -2,92 -0,76
Theoretical gravimetric | 3829 1165 685 820
capacity (mAh g'!)

Theoretical volumetric | 2044 1128 610 5854
capacity (mAh cm™)

Crustal abundance [ppm] 18 23000 21000 79

10



Cost of metal anode (USD) | 19,2 3,1 13,1 2,2
kg!

Sodium-ion batteries (NIBs) were originally developed in the early 1980s, approximately over the
same time period as LIBs [2]. In recent years, NIBs have drawn increasing attention for large-scale
energy storage, because of the natural abundance, low cost, and environmental friendliness of
sodium [3]. NIBs are considered to be one of the most appealing alternative rechargeable batteries
to LIBs. Nonaqueous NIBs, such as the “18,650”-type battery developed within the French
framework of RS2E, are characterized by high-energy density (90Wh kg1 ) and excellent cycling
behavior for up to 2000 cycles [4]. The electrode materials in LIBs provide the best library for
research on NIBs because many Na-ion insertion hosts have their roots in Li-ion insertion hosts.
Layered NaxCoO: is known as the oldest layered oxide studied as sodium insertion host. The early
NIBs were demonstrated by Shacklette et al. with P2- and P3-type NaxCoO; as positive electrode
materials in 1988 [5]. Maximum reversible capacities of 140 mAh g for O3, 130 mAh ¢! for a
P3 phase sample, and 120 mAh g! for P2 phases were observed. Other pioneering work on
transition metal chalcogenides (NaxTiS2, NaxTaS2) has been reported by K.M. Abraham [6], with
interesting voltages and reloadability.
ow— —

- X! 1
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B
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~ c
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Figure 2. Classification of Na—Me—O layered materials with sheets of edge-sharing MeO6 octahedra and phase
transition processes induced by sodium extraction [7].

In 1993, J. P. Pereira-Ramos et al. studied the insertion of sodium into the layered manganese
birnessite [8]. In 1989, the same group became interested in bronze Nao33V20s [9], showing
interesting specific capacities, of the order of 80 mAh g™ but an unsatisfactory lifespan.

In 2011 Komaba et al. [10] demonstrated the NaNipsMno 502 (120 mAh g'l) / hard carbon (240
mAh g') system in IM PC/NaClOs electrolyte. The hard-carbon/NaNiosMnosO: cell,
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demonstrates steady cycling performance as next generation secondary batteries and an alternative
to Li-ion batteries.

Today SIB technology represents the most serious alternative to lithium, as evidenced by research
on this system which is now emerging again globally, with an exponential number of publications
since 2010 [7], [11]. A wide variety of positive and negative electrode materials have been
proposed. Many oxides have been studied as potential cathodes of SIBs: NaxCoO: [12], Nazs3
(Fe12Mn12)O2 [13], NaMnO:z [14], NaCrO: [15], NaxVO: [16], [17], Na1 54y VO3 [18], Nao33V20s
[9], [19]. However, a good compromise between a satisfactory capacity, a good stability of this
capacity in cycling and a high working voltage has not yet been reached.

Since LIBs and NIBs have very close insertion chemistry [7], [20], V205 has been regarded as a
potential cathode material for sodium insertion. A few years ago, our group reported for the first
time the structural changes of electrochemically formed NaxV20s samples at room temperature.
After the irreversible electrochemical formation of a’-NaV20s, 0.8 Na per mole of NaV20s could
be reversibly inserted at a working potential of around 2.0 V, at room temperature (120 mAh g'!),
over several tens of cycles [21]. Results in literature suggest that nano-structuring the material is
beneficial in terms of capacity and cycling. For instance, V20s hollow nanospheres exhibit a
capacity about 150 mAh g'! for cycling, at 20 mA g!, in the wide 1.0-4.2 V potential window [22].
Another way to increase V20s electrochemical performances is to consider polymorphs such as
the €’ bilayered V205 [23], [24] or y’-V20s. The v polymorph, characterized by a puckered layer
stacking, has already been studied in our team as cathode material in LIBs [25] and more recently
in NIBs [26]. Sodium insertion, occurring at c.a. 3.3 V vs. Na*/Na (~0.6 V vs. NHE), takes place
practically at the same potential as lithium insertion. This suggests that Na* insertion is facilitated
in the v’ polymorph due to its original puckered and flexible structure with a large interlayer

spacing (5.02 A in y’-V20s against 4.37 A in 0-V20s).

a'VZOs

Figure 2. Crystal structure of a-V20s and y’-V20s
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After a concise overview of the main positive electrode materials for Li- and Na-ion batteries

developed in chapter 1, we propose a low temperature solution technique for preparing reduced
sized y’-V20s in order to optimize its cathode properties in Li-ion and Na-ion batteries (Chapter
2). The polymorph is obtained from a homemade a-V20s precursor produced through a polyol
process, leading easily to an homogeneous pure fine nanosized powder. In addition to the evidence
for improved electrochemical properties with the polyol y’-V20s towards Li and Na, a detailed
study by X-ray diffraction and Raman spectroscopy allows us to describe the structural response

of the host material.

In Chapter 3 we decided to chemically synthesized the y’NaV20s bronze in order to have a positive
active material directly usable in Na-ion batteries with the hope of keeping the attractive
performances known for the y’-V20s oxide. Moreover, we extended our study to the investigation

of Ko5V20s5 (named KVO) as a potential candidate for cathode material of SIBs.

Lithium-ion technology is a serious contender for smart grids applications and large-scale
stationary systems connected to renewable power plants. However, safety of LIBs is one of the
major issues which is not solved as yet due to the high risk of flammability of organic electrolytes
and the thermal runaway caused by the reactivity of electrode materials with electrolytes. In
addition, the cost of LIBs is high. Adopting LIBs technology to aqueous system could solve the
mentioned and disadvantages, providing a high performance inexpensive and very safe energy
storage system. Therefore, aqueous rechargeable alkali-metal ion (Li*, Na*, Zn**) batteries are
promising alternatives for large scale applications, which could solve several challenges of LIB in
terms of safety, low-cost manufacturing conditions, huge improvement of electrolyte conductivity,
power improvement, environmentally friendliness, and recycling conditions. In particular, Zinc
ion batteries are considered now as the most promising candidates for grid energy storage.

Vanadium oxide (V20s) material was widely investigated for aqueous zinc ion batteries, however
according to literature, only few papers can be found related to the Zn>"/Li* hybrid electrolyte
system (water in salts). Promising results reported for LiFePO4 by Prof. Z. Bakenov from National
Lab in Astana University, prompted us to investigate the V205 system in same conditions. In
addition, little attention has been paid to the structural behavior of cathode materials. Therefore,

in Chapter 4, our goal was to deeply examine the electrochemical properties of V205 polymorphs

13



(a and y’ phases) in aqueous hybrid electrolyte (Li*, Zn**) focusing on reaction mechanisms,
structural evolution upon discharge/charge, and comparison with the obtained results in organic

(non-aqueous) electrolyte.
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CHAPTER 1

Concise overview of the main positive electrode materials for Li- and Na-ion batteries
1.1 Introduction

Energy-storage devices are now powering our world due to concerning the climate change.
Sustainable energy resources such as solar and wind have entered the global spotlight, triggering
the search for reliable, low-cost electrochemical energy storage. An ideal energy-storage device
that is characterized by high capacity, fast charge/discharge capability, safety, environmental

friendliness, and low cost is of vital important for today’s society.

Due to their high energy density, Lithium-Ion Batteries (LIBs) are the best candidates among all
batteries to power various portable equipment and large-scale applications like electric vehicle. In
addition, the Lithium-ion technology is a serious contender for smart grids applications and large-

scale stationary systems connected to renewable power plants.

Batteries convert chemical potential energy into usable electrical energy. Basically, battery have
three main components: positive electrode (cathode) containing Lithium metal oxides, negative

electrode (anode) comprised of graphite and the electrolyte (containing lithium ions) (Figure 1).

€«
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and anode

Electrolyte
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the movement of ions

-

Cathode Anode

As the source of lithium ions, Stores and releases lithium ions
determines the capacity and the average from the cathode, allowing the pass
voltage of a battery of currents through an external circuit

Figure 1. Schematic illustration of Li-ion battery
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Lithium-ion batteries usually use lithium cobalt oxide (LiCoQ») as positive electrode and graphite
(C) as negative electrode. During the charge, lithium ions and electrons move from positive
electrode to the negative electrode. During discharge, electrons go through the external circuit and
lithium-ions moves through the electrolyte (Figure 2). The essential characteristic of this system
is its operation ensured by a reversible transfer of lithium ions between the positive and negative
electrodes by using of an ionic conductive electrolyte, this is the principle of so-called “rocking-

chair” batteries. or "lithium-ion".

The electrochemical reaction follows below:
On positive side: LiCoO2 <> Li1xCoO2 + x Li* + x
On negative side: 6C + x Li* + x e" <> LixCe

Overal reaction: LiCo0O:2 + 6C < LixCe + Li1xC00O2

©; O -0 -0
o o ® -0
®— <o

Figure 2. Schematic illustration of lithium insertion/extraction mechanism during discharge/charge process

The energy delivered by such a battery corresponds to the change in free enthalpy AG of this
reaction. The operating voltage of the most popular LiCoO / graphite system with an organic
electrolyte is close to 3.8 V. Generally speaking, the stable form of the positive electrode material

is its reduced form. Therefore, the battery must be charged before use.

In a lithium-ion battery, the choice of positive and negative electrode materials is critical to the
energy and power density characteristics. The main criteria for electrode material: stable

electrochemical and structural reversibility, high capacity and ionic conductivity. Furthermore, to
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be integrated into marketable systems, the electrode materials must meet the following

specifications: low cost, easy to use industrially non-toxic and safe. The voltage-capacity diagram

in Figure 3 illustrates the issue in solid-state chemistry of the appropriate choice of a redox couple

and a structure in order to modulate the voltage and the capacity of lithium ions in the structure

[1].
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Figure 3. Electrode materials and electrochemical performance in LIB technology [1]. Copyrights reserved

1.2 Positive electrode materials for Li-ion batteries

The materials of positive electrodes have a solid host network, which can intercalate/deintercalate

the guest ions (Li*). Metal chalcogenides, transition metal oxides, and polyanion compounds were

studied as intercalation cathode material for Li ion batteries. However, most of the research works

are based on the transition metal oxides and polyanions, due to their high operating voltage and

energy capability. Typically, these materials have specific capacity of 100-200 mAh/g and 3 — 5

V working voltage (vs. Li/Li"). In Li-ion batteries, intercalation compounds can be classified by

crystal structure: layered, spinel, olivine and tavorite (Figure 4).
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(d)

Figure 4. Crystal structure of intercalation cathodes: (a) layered (LiCoO,), (b) spinel (LiMn,Os), (c) olivine
(LiFePOQ,) and (d) tavorite (LiFeSO4F) [2]

Layered LiCoO2 (LCO) is the first cathode material which widely used in portable electronics.
Mizushima and Goodenough et al. introduced LixCoO; (LCO) with an ordered rock-salt structure
as a new cathode material for batteries in the early 1980s. The advantages of LCO are high energy
density, good electrical conductivity, high operating voltage (~4.0 V vs Li/Li+) and low self-
discharge. The octahedral array of edge-shared CoQOg plays the main role in good conductivity. In
addition, the LCO has high theoretical capacity (274 mAh/g) when 1 mol of Li* is extracted.
However, the major limitations of LCO are high cost, toxicity, instability of the material at
complete charged state and limited practical capacity (~135 mAh/g) have prevented its large-scale

application in transportation.
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Figure 5. Discharge-charge profile of positive electrodes at C/5 [3]

LiNiO2 (LNO) has same crystal structure with LCO, gains high theoretical capacity (275 mAh/g)
and lower cost in comparison to Co. The main benefit of LNO from LCO, it doesn’t undergo
changes in the lattice oxygen at complete discharged state. However, the drawback of LNO is the
synthesis of the material with pure Ni** element at high temperature, due to the instability of Ni**
at high temperatures (>250 °C) leading to Ni** and disordering between Li and Ni sites. It was also
found that LNO undergoes phase transformation at different state of charge. The LNO can be
electrochemically activated when it exists as a trigonal structure, however, when 0.5<x<0.75, LNO
transforms to monoclinic phase, which leads to fast capacity fading. The partial substitution of Ni

and Co was to effective way to stabilize the structure.

LiNio.sCo00.15Al0.0s02 (NCA) cathode was used in Panasonic batteries for Tesla EVs. The NCA has
high specific capacity (~200 mAh/g) and long cycle life. However, it was reported that at elevated
temperature (40 — 70 °C) capacity fading can be observed due to the solid electrolyte interphase

(SEI) growth and formation of microcracks at grain boundaries [2].

LiMnO:2 (LMO) can replace the LCO due to the high theoretical capacity (~285 mAh/g). In
addition, LMO is less expensive and environmentally benign compared to LCO and LNO. The
structure of LMO is not identical to the layered O3-structure as it crystalizes in orthorhombic phase
(Pmmm space group). However, LMO has a tendency to change crystal structure, from layered to

spinel structure (LiMn2Os), resulting poor cyclability. In addition, Mn dissolution occurs when
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Mn?* undergoes disproportionation reaction to form Mn?** and Mn**, and this process is observed

for all cathodes containing Mn.

LiNio.sMno.s02 (NMO) could be attractive cathode material, due to the similar energy density to
LCO. The presence of Ni allows higher Li extraction. However, cation mixing cause the low Li
diffusion resulting on rate capability. The addition of Co in NMO can enhance the structural
stability of material. LiNio.33C00.33Mn0.3302 (NCM or NMC) has similar operating voltage and
less cost due to the lower content of Co and widely used in battery market. It benefits from the
high charge capacity of LiNiO, rate capability of LiCoO, and structural stability of Mn*". The
microporous NMC exhibits high specific capacity of 234 mAh/g and stable cyclability at 50 °C.

On the one hand, the presence of Co>* appears to be useful in suppressing the structural distortion
stemming from the Ni** Jahn-Teller effect by disrupting the Ni**/Mn** cation ordering to some

extent.

Spinel LiMn204 (also LMO) has several benefits, like abundance, low cost and environmentally
friendly. Li occupies tetrahedral (8a) sites and Mn located in octahedral (16a) sites of the cubic
arrangement of O lattice in spinel structure. Li ions can migrate through vacant tetrahedral (8a)
and octahedral sites (16c), offers 3D diffusion network. LMO has two operating voltage plateau:
at high voltage ~4.0 V Li intercalate/deintercalate from/into tetrahedral (8a) sites, maintaining the
cubic structure, at lower voltage (~3.0 V) Li* migrates from/into the vacant (16c) sites, which leads
to the phase transition from cubic to tetragonal structure, resulting the capacity fading. On the other
side, Mn disproportionation reaction (2Mn** — Mn?* + Mn*"), causing the dissolution of the

cathode into the electrolyte with LiPFg salt (contains HF traces).

Another class of cathodes is olivine type LiFePO4 (LFP). In 1997 by Padhi and Goodenough et
al., demonstrated the reversible Li extraction/insertion with operating plateau ~3.45 V vs. Li/Li".
LFP is the polyanion material crystallized in orthorhombic system (Pnma space group) with
slightly distorted hexagonally close-packed (HCP) oxygen arrangement. P is located in tetrahedral
sites, whereas Li* and Fe’* occupy octahedral sites. The strong P-O bond in (PO4)*" is the key
factor that stabilizes the whole olivine structure, reducing O: release during cycling. However,

LFP suffers from low Li* diffusion and electronic conductivity.
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Other olivine structures include LiMnPQ4 (LMP) which offers ~0.4 V higher average voltage
compared to olivine LFP (Table 1), reach higher specific energy, but it suffers from lower
conductivity [4]. LiCoPO4, LiNi0.5C00.5P0O4, and LiMn0.33Fe0.33- C00.33PO4 (LCP, NCP,
MECP) have also been developed and shown promising results, but further improvements in

power, stability and energy density are required.

Novel materials like LizV2(PO4)3 (LVP) or LiFeSO4F (LSF) exhibits high operating voltage and
specific capacity of 151 mAh/g. In comparison to LVP, LSF has better electronic/ionic
conductivity and can be prepared from abundant resources. The characteristics of different cathode

materials are shown in Table 1.

Table 1. Electrochemical characteristics of positive electrodes for Li-ion batteries, adapted from [2]

Crystal Compound Specific Average Level of
structure Capacity voltage development
theoretical/ V)
experimental
(mAh/g)
Layered LiCoO2 274/148 3.8 Commercialized
LiNiO» 275/150 3.8 Research
LiMnO; 285/140 33 Research
LiNio33Mno.33C00.330> | 280/160 3.7 Commercialized
LiNio8Co0.15Al0.0sO2 | 279/199 3.7 Commercialized
LixMnOs3 458/180 3.8 Research
Spinel LiMn2O4 148/120 4.1 Commercialized
LiCo0204 142/84 4.0 Research
Olivine LiFePOg4 170/165 3.4 Commercialized
LiMnPOg4 171/168 3.8 Research
LiCoPOq4 167/125 4.2 Research
Tavorite LiFeSO4F 151/120 3.7 Research
LiVPO4F 156/129 4.2 Research

1.3 Positive electrode materials for Sodium-ion batteries

As we have seen previously, Li-ion battery technology is the most efficient battery system, and its
growth is explained by its ability to meet different applications from the smallest module for

sensors, microelectronics to computers. and now to electric vehicles. However, the increasing
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demand for lithium associated with these large-scale applications is expected to increase the price
of lithium, affecting reserves as well, as it is not a naturally abundant element in earth crust (Table
2). Sodium resources are more globally available and include Na>CO3, Na;SO4 and NaCl, which

are all low-cost and highly abundant salts that can be obtained from minerals and brine (Table 2).

Table 2. A comparison of different ions in the ionoc radii, abundance, price etc.

Abundance Price Mass/e” (g) Ionic radii E°
/1000 ppm (euros kg ™) (A) (V vs. Li*/Li)
Li 0,01 6,40 6,94 0,76 0,00
Na 26 0,22 23 1,02 0,33

However, there are some main differences between these systems. Na* ions (1.02 A) are larger
compared to Li* ions (0.76 A), which affects the phase stability, transport properties, and
interphase formation [5]. Sodium is also heavier than lithium (23 g/mol compared to 6.9 g/mol)
and has a higher standard electrode potential (-2.71 V vs. SHE as compared to -3.02 V vs. SHE
for lithium); thus, SIBs will have less energy density. However, the weight of cyclable Li or Na is
a small fraction of the mass of the components, and the capacity is determined primarily by the
characteristics of the host structures that serve as electrodes. The research investigation in Na-ion
batteries have been built and evaluated with hard-carbon anodes and cathode materials selected
from layered transition metal oxides, transition metal fluorophosphates, and Prussian blue and its

analogues (Figure 6).[6]-[10]

€ — ~~. Discharge ¢ —> (+)

NaCo0, Cathode

Carbon Anode Porous
Separator

Figure 6. Schematic illustration of Na-ion battery
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Layered transition metal dioxides, NaMO», where M = Fe, Ni, Mn, Co etc., exist in O3 and P2
crystallographic versions. In the O3-NaMO2 phase, Na resides in octahedral sites, while in the P2-
phase Na is in prismatic sites. The electrode reactions in a Na-ion battery utilizing hardcarbon (Ce)
anode and a layered transition metal oxide, NaMOa, cathode is depicted in eq 1. The discharged

electrodes are on the right-hand side of eq 1.

NaxCe + Na;xMO; <> NaMO; + C¢s  Eq. 1

The positive electrode materials are mainly categorized into oxides, polyanions such as
phosphates, pyrophosphates, fluorosulfates, oxychlorides, and NASICON (Na super ionic
conductor) types, and organic compounds (Figure 7). These materials exhibit stable structural
changes during deintercalation/intercalation of Na* ions with stable cyclability. However, sodiated
transition metal materials are highly hygroscopic, even with brief exposure to air,[11] and caution
is necessary to avoid hydration of the material, particularly the surface, which results in formation
of NaOH that degrades electrode performance due to its insulating properties. Therefore, the
preparation of sodiated cathode materials and batteries requires meticulous handling and moisture-

free conditions.
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Figure 7. Positive electrode materials for Na-ion batteries [5]

The NaCoO: cathode, like LiCoOg, is initially brought into the Na-ion cell in the discharged state,
and the cell is activated by charging first to form the Na intercalated anode and Na deintercalated

cathode in the fully charged cell. The charge and discharge profile of Li/Lii—xCoO; and
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Na/Na;—xCoO» half-cells compared in Figure 8 reveals stepwise voltage profiles for the Na cell

[12].
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Figure 8. Comparison of discharge/charge curves of Li/LiCoO2 and Na/NaCoO2 half-cells.

Komaba et al. [13] have shown that the NaNigsMno 502 (120 mAh g!) / hard carbon (240 mAh g°
1Y system in 1M PC / NaClO4 electrolyte (Figure 9). NaNiosMno sO/hard carbon cells at current
densities between 25 and 300 mA g!' over more than 80 cycles with specific capacities ranging
between 150 and 200. mAh g! [13]. The structural change and passivation for hard-carbon are
investigated to study the reversible sodium insertion. The hard-carbon/NaNiosMnosO> cell,
demonstrates steady cycling performance as next generation secondary batteries and an alternative

to Li-ion batteries.
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Figure 9. Discharge/charge profile and cyclability of Na/NaNi0.5Mn0.502 and HC/ NaNi0.5Mn0.502 cell at
various C-rate
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In the family of layered oxides, it is necessary to underline the performances of the compounds
NaFeO,, NaCoO., Na2;3Co0., NaFei,Co1,, and NaysFe12Mni120: (Figures 10 and 11). Specific
capacities between 80 and 150 mAh g™! are obtained depending on the composition [6], [14]. These
are already interesting capacities compared to lithium systems and available at high voltages. As
illustrated in Figure 10, it is remarkable to note that significant capacities are still available at high

C rate (120 mAh g'1 at 20C for the compound NaFe( 5sCoo50> for example) [6], [14].
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Figure 10. Comparison of the performances of Na/NaFeO,, Na/NaCoO» and Na/NaFe;,,Co1,0; cells [14].
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Figure 11. Comparison of the performances of (a) Na/NaFeO,, (b) Na/NaysFe12Mn20, (¢) Na/Nay3CoO,, et (d)
Na/NaFe12Co120; [6]

The layered NaNi13Co13Mni/3 (Na-NMC), isostructural of NaCoOz, and which corresponds to its
Li-NMC analogue for the Li-ion battery, has also been studied [15]. Reversible extraction of 0.5
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sodium ion per mole is possible, which provides capacity of 120 mAh g™! in the voltage range of
3.75 V and 2 V with phase transformation (mono and two-phase) involving a reversible hexagonal-
monoclinic transition for 30 cycles at C/10. In addition, this material exhibits good rate-capability
with specific capacity of 80 mAh g at 1C (Figure 12). The maximum voltage cannot exceed 4 V
in an EC / DMC NaClOy electrolyte.

38F
a) >% b) 120} 9000 00000
= 3.6 - C/10 rate / C10 rate

[ C/5 rate
E 34, 'co"m i C/2 rate /OOOOO
‘o 32 i3 Fadd L
Z ol i 99009
! E 1C rate e €10 rate

w } 120
- S’ | @ i
2 2" g
26} o B
g:)D | 8_ 40 | Z w0
S 24 s -
= ! @] =
§ 22 20 - ~ 20

20 L (C) % 10 20 30 ) 50

1 L . 1 . L A 1 . '} N L 0 L L o Cyele number 1
0.5 0.6 0.7 0.8 0.9 1.0 0 5 10 15 20 25
xinNaNi Mn Co O Cycle number
X' 033 033770352

Figure 12. Discharge/charge profile of NaNi;;3Coi3Mnys; at 0.1C and rate-capability.

C. Johnson et al. [56] demonstrated attractive performance for a full Na-ion cell using hard carbon
and the layered NaNi;3Fe13Mni302: working voltage of 2.75 V vs. Na*/Na for a capacity of 100
mAh g! over 150 cycles at 1C (Figure 12)
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Figure 12. The performance of NayC/Na,- y(NiisFe13Mni3)O0z; (~ 0 <y < 0.7 (charge)) [16].
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Vondrak et al. reported electrochemical sodiation at RT in y-MnO> (tunel structure) with a
maximum ratio of Na/Mn = 0.16/0.17 [17]. Besides, interesting results were obtained with 3D A-
MnO; with spinel structure. Indeed, electrochemical investigation demonstrated that ~0.6 Na* ions
can be inserted at RT. In addition, sol-gel prepared birnessite pointed big interest as intercalation
material for Li, Na-ion batteries [18]. The main advantage of the material is low cost due to the
manganese. Zhou et al. reported the electrochemical performance of Nao33MnOj.66 (dehydrated)
treated at 200 °C [19]. However, Nam et al. underline the importance of inter-sheet water
molecules for rate-capability of Nag71MnO, * 0.25H>O with large interlayer space of 7.16 A
(Figure 13) [20]. The hydrated material exhibits higher capacity at C/15 over 30 cycles (Figure
13 a-b). At 2C/5 hydrated material reveals 120 mAh g™ and reaches 100 mAh g™! after 100 cycles
(Figure 13c). The rate capability was improved in comparison to anhydrous compound (Figure

13d).
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Figure 13. Cycle performance of hydrated and anhydrous Na-Bir (a), (b) at C/15; (c) at 2C/5; (d) rate-capability

NaFePO4F is the promising cathode material has been studied for Na-ion batteries [21]-[23]. The
synthesis carried out by solid-state with addition of carbon precursors for coating [23]. The
electrochemical properties are illustrated in Figure 14. Na;FePO4F gains high working potential
~3V (vs. Na*/Na) with specific capacity 110 mAh g™, which corresponds to 90% of theoretical
capacity (Fe**/Fe** redox). Two well-defined plateaus can be observed at 3.06 and 2.91V with low

polarization (Figure 14).
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Figure 14. Discharge-charge profile of Na/ Na,FePO,F at current density of 6.2 mA g'! [23]

The attractive electrochemical characteristics was obtained with NaV(PO4)F by Barker et al. [24]
The material prepared by mixing NaF and VPO4 with two polymorphs: monoclinic at low
temperature and tetragonal phase at high temperature. The specific capacity of 100 mAh g!
reached is based on V*/V** redox couple with working voltage of 3.7 V. However, capacity decay
of 50% after 30 cycles can be observed, due to the irreversible reactions on the surface of carbon
anode. The cycling stability can be improved by substitution of vanadium with aluminum or
chromium at low temperature.

Even more recently, NazV2(PO4); (NASICON type) [25] and Na3V2(POs)2F3 [26] materials with
polyanionic structure (Figure 15) were described. The electrochemical performance of
Na3V2(PO4); exhibits good capacity retention at high C-rate, 50% of initial capacity still available
after 30 000 cycles at 40C (Figure 16a) [25]. The Na3V2(POa4):F3 exhibits specific capacity of 120
mAh g! with two working plateaus at 4.1 and 3.6 V (Figure 16b) [26].
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Figure 15. Structures of (a) Na3zV2(PO4)3 (b) NazV2(PO4):F3 [6].
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Figure 16. Comparison of performances of the (a) NazV2(PO4)3; [25]; (b) NazV2(PO4):F3 [26].

In 2015, a French team developed the first battery using sodium ions in the "18650" format
delivering an energy density of 90 Wh kg™' over 2000 cycles and fast recharging [27]. This
announcement demonstrates the real potential offered by Na-ion batteries. In the prototype cited,
the positive electrode would consist of Na3V2(POs),Fs.

J.P. Pereira-Ramos et al. reported -Nao.33V20s5 bronze prepared by sol-gel method as cathode
material for Na-ion battery [28]. Sodium occupancy inside the ~ Nao33V20s lattice proceeds in a
similar manner to that of Li intercalation, i.e., in the available sites of the tunnel structure of the
bronze, which corresponds to a maximum uptake of about 1.6 Na* per mole of sodium bronze. The
specific capacity of 80 mAh g™! was obtained at 30 pA/cm? in potential range of 3.6 —2.4 V (Figure
17a). Liu et al. reported NaVsO1s nanorods synthesized by low temperature hydrothermal method
[29]. It was found that the NaVsOis nanorods exhibited stable sodium-ion insertion/deinsertion
reversibility and delivered 142 mAh g ! sodium ions when worked at a current density of 0.02 A

g ! (Figure 17b).
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Nai 5:xVO3 [30] and NaxVO> [31] bronze with specific capacity of 120 mAh g-1 at C/10 — C/50

has been reported. However, operating voltage of the material is 1.8 V vs Na+/Na for Na; 5:xVO3

[30] and cyclability was studied only for 8 cycles (Figure 18a). In the case of Na,VO; [31]

discharge/charge profile is more complex, which consist of several working plateaus with more

than 50% of the capacity can be reached at 1.6/1.7 V vs Na*/Na (Figure 18b).
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Figure 18. Discharge-charge profile of (a) Na; 5.xVOs3[30] at C/50 and (b) Na,VO, [31] at C/20

On the other hand, the team of J.P. Pereira-Ramos very recently demonstrated that orthorhombic

oxide V20s can be reversibly cycled in Na-ion battery at room temperature [32]. After

electrochemical formation of NaV.,0s bronze, the orthorhombic structure exhibits inter-sheet

spacing increased by 10% and cycled at voltage range of 4 — 1 V vs Na*/Na. The material can

intercalate/deintercalate 0.8 Na+ which corresponds to the capacity of 120 mAh g'! (Figure 19).

The working voltage of NaV,0s is around 1.4 V (vs. Na*/Na) in comparison to discharge potential

33



at 2V (vs. Li*/Li) as reported for a’-NaV,0s in Li-ion battery [33]. The same value of discharge
potential was reported by West et al. for insertion of sodium in V205 at 80 °C [34].
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Figure 19. Discharge-charge profile of NaV,Os bronze at C/10 in 1M NaClO4/PC

Tepavcevic et al. reported vanadium pentoxide xerogel films by gaining specific capacity of 200
mAh g'! at current density of 20 mA g and working potential at 2.75 V [35]. Indeed, V205 xerogel
nanoparticles synthesized by solvothermal method, reaches capacity of 230 mAh g™! with operating
voltage of 2.05 V with stable cyclability (Figure 20) [36]. The obtained results can be explained

due to the lamellar structure, which allows for easy sodium diffusion.
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Figure 20. Cycling performance of Na/V,0s Xerogel nanoparticles (bilayer structure) at current density of
80 mA g [36].
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1.4 Interest of the V205 cathode material and objectives of the thesis

Vanadium-based cathodes sparked a great interest due to the rich redox chemistry of vanadium
enabling high specific capacities to be reached, and to various open host structures promoting
insertion reactions. High-valent oxides (V205 and V20s xerogel) as well as mixed-valence oxides
(V6O13, LiV30g) were extensively investigated as cathode materials in the 70-80s. This is why
vanadium oxides were studied very early and participated to the birth of the rechargeable lithium

battery [37].

Vanadium pentoxide is still the objective of many works as positive electrode. Its open structure
(orthorhombic symmetry Figure 21) combined with a theoretical high specific capacity of 450
mAh g ! has prompted a great effort to consider closely related forms like V2Os xerogel [38], [39]
and high surface area aerogels [40], [41] either to modify the discharge—charge profile, or to
enhance the lithium insertion capacity and to improve the rate capability. One main feature of the
system is the fairly complex structural behavior of the host material upon lithiation as illustrated

by the phase diagram (Figure 22).
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Figure 21. Crystal structure of V,0s
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Figure 22. Discharge/charge profile of V,0s and structural behavior of the host material -upon lithiation
Nanosizing effect has been also evaluated by many groups to optimize the electrochemical
properties especially by shortening the lithium diffusion pathway [42]-[44].

Another way was applied by using derivative forms of the orthorhombic V20s. For instance,
divalent cations were incorporated in the V205 framework to give Mo.16V205 mixed oxides with
M = Ni?*, Cu?*, Co*" and Ba®* respectively prepared by a solution technique and a sol—gel process
[45]. These cathode materials were evaluated without any improvement in comparison with that
known for the V,0s parent oxide. However, our group reported the sol—gel chemistry offers a new
approach to get new orthorhombic Mo.11V20s.16 mixed oxides where M is a trivalent metallic ion
M = AP*, Fe**, Cr*") [46]-[48] with a structure very close to that of the parent oxide but
characterized by original and improved electrochemical properties. Among them, the chromium—
vanadium mixed oxide was reported to be the most attractive electrode material with a specific
capacity of 260 mAh g! stable over 20 cycles at C/10 in the 3.8-2 V potential range. This

corresponds to a gain in the range 10-15% in comparison with the pristine oxide.

An alternative way to identify new attractive stable V20Os-based cathode materials consists in
considering the chemical removal of metallic species from vanadium pentoxide bronzes MxV20s.
Such approach allows benefiting from the availability of new types of structures combined with a
low amount of metallic species, thus optimizing the possible specific capacity. This strategy has
been successfully applied to synthesize the two-dimensional €’ -V20s5 [49], [50] and vy’ - V205

polymorphs [51]. These polymorphs were obtained from the chemical removal of Cu or Li from
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the e-CuooV20s5 and y-LiV20s bronzes respectively by means of strong oxidizing agents. The
original structure of the bronze precursors is kept upon the removal of metallic species and as a
result, original bilayered stacking was reported by Garcia-Alvarado et al. for the & -V20s
polymorph [49], [50] and puckered layer stacking for y’ -V20s (Figure 23a) [51]. Promising
performances for both materials were found toward lithium insertion: the €’ -polymorph was
reported to reversibly accommodate up to 1.8 Li ions in the 4 V-1 V potential range [49], [50]
whereas the electrochemical lithium insertion in y’ -V20s5 was shown to occur at a higher voltage

(3.6/3.5 V vs. Li+/Li) (Figure 23b)[52], [53].
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Figure 23. (a) Crystal structure of vy’ -V,0s and (b) discharge/charge of o and y’ -V,0sin Li cell (IM LiClO4 in PC
at C/10)
The latter has been deeply investigated in the thesis of M. Safrany [54] who particularly described

its electrochemical features and structural response as cathode material in a Li- and Na cell in the
3.8V-2.5V potential range.
However, this work revealed two major drawbacks

1- alow-rate capability towards Li and Na insertion

2- alow charge-discharge efficiency limited to 50% in the case of sodiation

The material was prepared via a solid-state reaction at high temperature and characterized by
micrometric particles with heterogeneous sizes.

In the present work we will address these two aspects using an original solution technique
producing homogeneous nanosized particle of the y’-V20s polymorph with a notable improvement

of electrochemical performance. The corresponding chapter, Chapter 2, is entitled

37



“Electrochemical and structural study of y’-V20s polymorph synthesized by a solution technique

as cathode material for Li-ion and Na-ion batteries”.

Our efforts to propose new cathode materials for Na-ion batteries will be summarized in Chapter
3 where two different solution techniques will be used to produce a new sodiated YNaV2Os phase
and a potassiated vanadium bronze (Ko.5V20s). Chapter 3 is entitled “New MxV,0s bronzes as

competitive cathode materials for sodium-ion batteries (M = Na, K)”.

The last chapter will be a contribution to the research of new cathode materials for rechargeable
aqueous zinc batteries. The growing demands for large-scale energy storage devices have put a
spotlight on aqueous batteries which possess a number of highly desirable features such as low
cost, safety over organic electrolytes, environment-friendly. In particular, Zinc ion batteries are
considered now as the most promising candidates for grid energy storage. The low price,
nontoxicity, and abundance of zinc make combined with good cycling properties in mild
conditions (pH = 4) make it very attractive. A previous work performed by Professor Z. Bakenov
from Nazarbayev University demonstrated the excellent cycling properties of a LiFePOu4//Zn
battery using an hybrid ZnCL-LiCl aqueous electrolyte [55]. The Li ions were involved in

intercalation reactions at the positive side while zinc cations ensure a good cycling behavior of Zn.

This finding prompted us to evaluate the electrochemical features of the a-V20s and y’-V20s
polymorphs in Zinc aqueous batteries using a Li*/Zn>" hybrid electrolyte in the last chapter,
(Chapter 4) entitled “V>0s polymorphs as cathode material in aqueous rechargeable Zinc

batteries”.
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CHAPTER 2

Electrochemical and structural study of y’-V20s polymorph synthesized by a solution

technique as cathode material for Li-ion and Na-ion batteries

2.1 Electrochemical and structural study of Li insertion in y’-V20s polymorph synthesized

by a solution technique
2.1.1 Introduction

V205 is a model lithium intercalation compound and the a-form has been very early identified as
a promising cathode material for secondary lithium batteries [1]. The electrochemical lithium
insertion-extraction process corresponds to the following reaction:

a-V20s + xe” + xLi" <> Lix V205 with 0 < x < 3.

The structural and electrochemical behavior of the LixV20s system has been studied in details [2—
19]. For 0 < x < 2, three successive (o/€), (¢/0) and (8/y) biphasic regions along the three well
defined voltage plateaus at 3.4 V, 3.2 V and 2.3 V, respectively are described [2,7, 20-22], with a
maximum lithium uptake of 1.8 Li per mol of oxide corresponding to a high specific capacity of
265 mAh g~ !. While the LixV,0s system is highly reversible in the 0 < x < 1 composition range
(4 V- 2.3 V voltage window), cycling experiments in the extended 0 < x <2 composition range (4
V - 2.1 V) produce irreversible structural change due to the formation of the highly puckered y-
LiV20s phase [7, 22]. Therefore, the voltage profile is modified with additional plateaus occurring
at higher voltage of 3.5 and 3.6 V [7]. The y-LiV20s formation is governed by the temperature, the
number of cycles, the depth of discharge, the grain size and crystallite size. For instance, it does

not take place at 100°C [23] or by using a nanosized V20s [24].

Cocciantelli et al. identified the y’-V20s polymorph as the irreversible charge product of the -
LiV20s phase formed along the third potential plateau at 2.3 V, responsible for the voltage

enhancement upon cycling [6].

Soon afterwards, the same team reported that y’-V,0s can also be obtained through the chemical
oxidation of y-LiV20s in a solution of bromine in acetonitrile [4]. In spite of its potential interest,

the electrochemical lithiation mechanism in y’-V20s had not been investigated before the
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contribution of our laboratory. Indeed, most efforts were focused on the study of y-LiV20Os as a
cathode for Li-ion batteries [6, 25-30]. The y-LiV20s material is mostly prepared by carbothermal
reduction at 600°C [25], precipitation techniques [26], hydrothermal [27] or solvothermal routes
[28, 29] with controversial and scattered results showing that y-LiV20s electrochemical features

are not easy to control.

Therefore, the GESMAT team (now BATTion) deeply investigated for the first time the
electrochemical lithium insertion in the micrometric y’-V20s powder synthesized from chemical
oxidation of the y-LiV20s bronze obtained by carboreduction. A comprehensive structural study
has allowed to establish the y'-V20s/Li phase diagram up to 2 Li per mole of oxide while the
corresponding kinetic behavior has been described in details [31]. The layered structure of y’-V20s
consists of infinite ribbons made of VOs edge-sharing distorted pyramids leading larger interlayer
spacing than in a-V20s (5.02 A in v’-V20s against 4.37 A in a-V,0s). It makes easier the

accommodation of guest cations with a gain in working potential of around 200 mV vs a-V20s.

However, poor rate capability and cycling properties of micrometric y’-V20s5 were found using
this high temperature synthesis showing that additional efforts are required to optimize this new
cathode materials for Li-ion batteries. To solve this drawback, a possible alternative could consist
in mastering the particle size of y’-V20s in order to benefit from the shortening of Li diffusion

pathway leading an improvement of y’-V20s insertion properties.

In this work we present a new synthesis way to achieve smaller and homogeneous particle size of
v’-V20s hoping to combine the higher working voltage of the cathode material for 0 < x < 1 with
an expected higher rate capability and cycling properties than in the case of the same oxide
obtained from the carboreduction process at 600°C. The structural response of the cathode material

is also investigated upon lithiation-delithiation.

2.1.2 Synthesis

The polyol synthesis of y’-V20s consist from several steps which is illustrated in Figure. 1. First,
the 0-V20s the precursor is prepared by a solution technique in ethylene glycol promoting

nanosized particles. This step is followed by a lithiation procedure and moderate heat treatment
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leads to the y-LiV20s bronze while the last step consists in the final oxidative reaction in

acetonitrile as explained below.

Step 1. Synthesis of 0-V20s. Ammonium metavanadate (NH4VO3) and ethylene glycol (EG) were

used without purification. NH4VO; (7 gr) was dispersed in 500 ml of EG under stirring. The
resulting mixture was heated to 110 °C under continuous stirring to obtain yellow colored solution,
then refluxed at 340 °C for 3 hr until solution become blue color and cooled to room temperature.
At the end of the reaction excess EG was removed and precipitant (vanadium ethyleneglycolate)
was washed with ethanol and dried at 110 °C for 2 hr. To synthesize a-V20s powder, vanadium

ethyleneglycolate was annealed at 490 °C for 3 hr in air.

Step 2. Synthesis of y-LiV20s. a-V20s was dispersed in 40 ml of acetonitrile under continuous

stirring. Lithium iodide in excess (molar ratio 1:2) was slowly added to obtain 6-LiV20s and mixed
for 4 hrs. The obtained powder was washed 4 times with acetonitrile and acetone to remove iodide.
After drying at 70 °C powder was heat-treated at 300 °C for 3 hrs under vacuum in Buchi furnace

to form distorted y-type layers (8-LiV205— y-LiV20s).

Step 3. Synthesis of y’-V20s. y’-V20s is obtained by chemical oxidation of y-Li1V20Os. Deinsertion

of lithium from y-LiV20s5 was performed with strong oxidizing agent NO2BF4 (molar ratio 1:1.5)
in acetonitrile. The solution was stirred at room temperature for 4 hrs. The obtained powder was
washed 4 times with acetonitrile and acetone and dried at 80 °C. The color of powder changed

from dark green to orange, which confirms complete delithiation of the product.
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Figure 1. Scheme of polyol synthesis to obtain y’-V,0s

2.1.3 Structural characterization

The obtained powder after oxidation of y-LiV20s examined by XRD and Raman. All the reflection
lines in Figure 2 can be indexed with expected orthorhombic symmetry of Pnma space group and
calculated unit cell parameters using Bragg’s law [a=9.94 A, b=3.58 A, ¢=10.05 A] are in a good
agreement with the literature *. Sharp and intense diffraction peaks illustrate high crystallization

degree. The Rietveld refinement does not reveal the presence of impurity. (Figure S1)
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For the calculation of d-spacing, Bragg’s law was used, d =

Intensity
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Figure 2. X-ray diffraction pattern of y’-V,0s powder
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where, A=1.7889 A (wavelength of X-ray Co source), 0 = Peak position (°), n=1 (Order of

difraction), d= interplanar spacing (A); d values, Miller indices, and 23 values of diffraction

lines are gathered in Table 1.

Table 1. The calculation of Peak position, interplanar spacing, kkl indexes, FWHM, Crystallite size from XRD data

of y°-V,05
No. Peak position Interplanar Miller FWHM Crystallite

spacing indices size

2 Theta (°) Theta (°) d(A) (hkl) (0) nm
1 20,493 10,246 5,028 002 0,23984 39,085
2 20,727 10,363 4,972 200 0,13165 71,232
3 23,036 11,518 4,479 102 0,29284 32,148
4 29,323 14,661 3,533 202 0,16776 56,838
5 30,711 15,355 3,377 011 0,18548 51,575
6 32,476 16,238 3,198 111 0,14759 65,099
7 32,668 16,334 3,180 103 0,61662 15,589
8 33,018 16,509 3,147 301 0,14349 67,052
9 35,803 17,901 2,909 210 0,00632 37.040
10 37,286 18,643 2,798 112/211 0,26262 37,071
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11 37,700 18,850 2,768 203/302 0,2633 37,020
12 41,636 20,818 2,516 212 0,22336 44,184
13 47,335 23,667 2,228 402 0,27842 36,175
14 51,938 25,969 2,042 410 0,22971 44,668
15 53,123 26,561 2,000 304/411 0,33246 31,021
16 54,055 27,027 1,968 105 0,27272 37,972
17 56,174 28,087 1,899 214 0,30788 33,962
18 59,888 29,944 1,791 020 0,25538 41,686
The calculation of lattice constant Values% = Z—z + :—z + i—z

As an example, to estimate a, b, ¢ values the most intense ikl peaks will be chosen (002, 200,

011 peaks) in a first approach.

1

22 2
> =—:;¢c=10.05A
5.028 c

For calculation of lattice constant ¢ (002 peak)

2 o
L =2 .4=9944

For calculation of lattice constant a (200 peak) — = =

. . 2 2
For calculation of lattice constant b (011 peak) - 31782 = ;—2 + 101052 ;

b =3.5864

The y’-V20s5 has layered structure consist of infinite ribbons with VOs edge-sharing distorted
pyramids oriented alternatively up and down. The following ribbons are connected each other
along the a-direction by one pyramid corner oxygen, which leads to formation of puckered layers

located perpendicular to the c-axis. (Figure 3)

Figure 3. Crystal structure of y’-V20s
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The average crystallite size of y’-V20s is ~ 45 nm, which is calculated by Sherrer equation (see

below).

The calculation of crystallite size and average crystallite size from XRD by using Sherrer

equation (see Table 1)

k2
~ Bcosb

where, D = crystallite size (nm), K = 0.9 (Sherrer constant), A = 0.17889 nm (wavelength of Co

X-ray source), p = FWHM, 0 = Peak position

The Raman spectrum of synthesized powder fully agrees with typical fingerprint of y’-V20Os,
showing bands in the 90 — 1050 cm™! wavenumber range (Figure 4). All vibrations of the chains
can be identified: stretching of shortest bonds Va-O1a and Vp-O1p at 1037, 1021, 1003 cm’!, bond
stretching vibrations localized within V,-O3-Vy bridges at 752 and 603 cm™, V,-02,-V, and Vp-
O2p-Vy bridges at 722 and 694 cm™. Modes involving the V — O» ladder step bonds at 532 and 500
cm™. The lower frequency modes at 92, 126, 138, 153, 171, 190, 238, 266, 282, 299, 349, 390 cm"

Iare related to the complex distortions of ladders.

Intensity
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Figure 4 Raman spectrum of y’-V,0s powder
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The morphology of the obtained powder was characterized by scanning electron microscopy
(SEM) at different magnifications (Figure 5). It reveals that obtained product consists of
agglomerated particles with uniform size. The average particles size is around 100~500 nm. The

high sharp intensity from XRD indicates the good crystallinity of the y’-V20s powder.

Figure 5. SEM micrographs of y’-V,0s powder at different magnifications.

2.1.4 Electrochemical study

Figure 6 clearly illustrates the main advantage provided by the puckered layers of y’-V20s
polymorph and its large interlayer spacing (5.02 A). Indeed y’-V20Os allows reversible Li insertion
in higher voltage window (3.6/3.5 V vs. Li*/Li) than a-V20s (3.4/3.2 V vs. Li*/Li) for the same
specific capacity of 145 mAh/g. Therefore it attracts the current attention as cathode material for

Li, Na-ion batteries in organic electrolyte.
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Figure 6. Discharge-charge curves of a-V,0s and y°-V,0s in organic electrolyte at C/10
Cyclic voltammetric experiments were performed to determine the optimal battery voltage window
at different scanning rate (16 uV/s — 0.196 mV/s). As seen from Figure 7a, the lithium
insertion/extraction can be characterized by two separate highly reversible process with two well-
defined cathodic peaks located at 3.55 V and 3.4 V and two anodic peaks at 3.54 V and 3.65 V.
During the reduction, the sharp peak at 3.55V is probably related to a two-phase behavior
(0<x<0.4), while the relatively broad peak at 3.4V could indicate a single-phase of the lithiation
process (0.4<x<1). The intensities of anodic and cathodic peaks are nearly same showing the high
reversibility of y’-V20s as shown also from 1 cycle at C/50 (Figure 7b). It can be seen that the

increase of scan rate leads to a higher polarization.
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Figure 7. (a) Cyclic voltammetry at different scan rate and (b) 1* cycle at C/50
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The discharge-charge cycle at low C rate nicely illustrates the maximum Li uptake is 1 for a cut
off voltage of 2.5V and the two well defined steps also shown in Figure 7a at 3.6 V and 3.5V. The
potential E-x dependence indicates a two-phase behavior for the first part of the process with a
potential plateau at 3.6V followed from mid-discharge by a step with a decreasing potential
suggesting a single phase region. This C/50 rate can be considered as an equilibrium curve due to

the very symmetric shape and minimum hysteresis between reduction and oxidation curves.

The discharge/charge profile of y’-V20s at C/10 in the 4.0-2.5 V voltage range is shown in Figure
8a. From discharge curve two plateaus can be observed at 3.6 and 3.5V with total faradic yield of
1 F/mol which is consistent with CV results. The discharge/charge capacity exhibits 150 mAh g,
indicating reversible insertion/extraction process. The initial discharge capacity slightly reduced
to 138 mAh g! after 50 cycles with a good capacity retention and keeping the same voltage profile
shape without increasing hysteresis (~15 mV). By increasing the C-rate from C/10 to 1C (with pre-
cycling at C/10) the discharge capacity reaches 141 mAh g with Faradic yield of 0.95 F mol™!
with typical two working plateau (Figure 8 ¢, d). The polarization is slightly increased from ~15
mV to ~70 mV at C/10 and 1C respectively. The discharge capacity slightly decreases by 8% after
50 cycles, from 141 to 131 mAh g! at 1C with stable polarization in discharge/charge shape

(Figure 8c).
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Figure 8. Discharge-charge and cycle perfromance of y’-V,0s at (a, b) C/10 at (¢, d) 1C (with pre-cycling at C/10)

in 4 — 2.5V voltage range

2.1.5 Structural investigation upon discharge-charge

Further, structural changes of y’-V20s were examined during lithium insertion process on 1*

discharge at C/10 at different value of x (0<x<1) (Figure 9). The XRD patterns and Raman spectra

of y’-V20s electrodes are shown in Figure 10 and 11. Before discharge, the pristine electrode

indicates the typical XRD pattern of y’-V20s, cell parameters [a=9.94 A, b=3.58 A, ¢=10,04 A]

are consistent with the orthorhombic structure of Pnma space group.

Figure 9. The first discharge of y’-V,0s at C/10 in 4 — 2.5V voltage range

E (V vs. Li'/Li)
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From x=0.2, a new set of 002, 200, 102, 103, 214 diffraction lines at 19.9°, 20.95°, 22.5°, 31.9°

and 55° appears and coexists with initial y’-V20s material. This new set of lines, also indexed in
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an orthorhombic cell with Pnma space group, belongs to lithiated host lattice. The unit cell
parameters for y’-LixV20s is [a=9.81 A, b=3.6 A, ¢=10,43 A] and for y’-V20s [a=9.91 A, b=3.59
A, ¢=10,05 A].

For x=0.5 diffraction patterns are indexed according to the orthorhombic lithiated single phase
(Pnma space group) with significant shift of the most reflections. This variation is typical to the
solid solution behavior with progressive lithium enrichment into y-LixV20s. The unit cell
parameters for the fully lithiated phase: a=9.69 A, b=3.60 A, ¢=10.67 A are in good agreement
with reported data for synthesized y-LiV20s [31].
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Figure 10. Ex-situ XRD of y’-V,0Os at state of discharge at C/10
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Ex-situ Raman spectra at different state of discharge (x = 0.25, 0.5, 1) are shown in Figure 11.
The Raman spectrum of pristine electrode exhibits typical fingerprint of y’-V20s showing 21 bands
at 92, 126, 138, 153, 171, 190, 238, 266, 282, 299, 349, 390, 500, 532, 603, 694, 722, 752, 1003,
1021, 1037 cm™. During discharge the most intensive band at 138 cm™ disappear at x=0.25, while
intensity of y’-V,0s Raman features located at 153, 171, 190, 238, 282, 390, 532, 603, 1037 cm™!
gradually decreased with x. At the same time, additional bands arise at 160, 544, 625, 730 cm™
For x=0.5 a new band at several shifts toward lower wavenumber are observed: 349 cm™ to 343
cm™, 390 cm™! to 380 cm™, 1003 cm™! t0 990 cm™, 1015 cm™! to 1010 cm™.

For x=1 the Raman fingerprint of the new system, which bands are located at 101,125, 171, 207,
272, 331, 374, 462, 531, 727, 966 and 990 cm™ can be seen. The Raman spectrum of for fully
discharged electrode matches with reported y-LiV20s [32].
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Figure 11. Ex-situ Raman spectra at different state of discharge of y’-V,0sat C/10

In addition, the structural reversibility of the y’-V20s material was examined after 1 cycle. The Ex-
situ XRD pattern and Raman spectrum of charged electrode in potential range 4 — 2.5V at C/10 is
shown in Figure 12. The obtained results after 1 cycle correspond to the initial y’-V20s,
demonstrating the complete Li insertion/extraction from the y’-V2Os structure. The additional peak

or band was not detected.
55



g J | / I ) l:
7] i I/ L Pty kool @ ! |
5 e “’I:'M':u_,..y,*'ﬁu‘\.,../"._ﬂ"J\\':'-‘i"‘wl‘-‘v‘:\«mv‘-\m-.m- 1 cycle S | f :r 1 i . l
£ C R e £ P A e e A —1oycle
—_ Bl i [ | ity V—" 1 It ! | 1 1 |
P § T L SR i
! ' o : oy by kL PE B e b it é,
‘ TE o o I [P it
\J '|‘\‘ f i Iy ; ‘ [CE T I \;‘; —_
By 1 WAL B A T — — FpAF=1]
E Swg:ué 'wﬁ/@_‘ : LWM initial ) f e i) .!
= 8 E RIFZ®m 's¥zas
Il 1 24 1 2 1 iy 1 1 1 1 1 1
10 20 30 40 50 60 70 200 400 600 800 1000 1200
20/ ° (CoKa) Raman shift (cm™)

Figure 12. Ex-situ (a) XRD pattern and (b) Raman spectrum y’-V,0s electrode material after 1 cycle at C/5 in
potential range of 4 —2.5V.

2.1.6 Cycling properties

The cycling properties of the polyol nanosized y’-V20s (~200nm) compound were determined at
C/10 between 4V and 2.4V and compared with that of y’-V20s (carbo, micrometric platelets),
obtained through the carbothermal reduction. Such comparative study should provide information
on the relationship of a possible size and morphology effects on electrochemical performance. The
discharge-charge profiles and cycle performance of y’-V20s compounds at C/10 are shown in
Figure. 13. The both samples show same voltage shape during discharge with two steps at 3.6 and
3.5V vs Li*/Li, with initial discharge capacity of ~150 mAh g™'. During the charge, symmetric
profiles can be observed with small hysteresis values of ~40 mV. After 50 cycles both materials
exhibit discharge capacity of 138 mAh g with Faradic yield of 0.92 F/mol. At C/10, both

compounds exhibit the same cycling performance.
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Figure 13. (a) Discharge-charge profile and (b) cycle performance of polyol and carbored y’-V,0s at C/10.

The electrochemical performance of the y’-V20s was further investigated in terms of its rate
capability (Figure 14). For y’-V20s (carbo.), the initial discharge capacity exhibits 147 and 142
mAh g! at C/10 and C/5, with low hysteresis (~50mV) while, at C/2 the discharge capacity of 134
mAh g can be recovered. However, by increasing the C-rate in the range (1C — 10C) a huge
increase of polarization can be observed. The hysteresis of 300 mV at 1C greatly increased to 540
mV at 2C and 1200 mV at 5C. In the same time, the discharge capacity decreased to 103, 79, 40,
5mAh g!at 1C, 2C, 5C, 10 C (Figure 14a).

For y’-V20s (pol.) the initial discharge capacity displays 144 and still 140 mAh g! at C/10 and
C/5, respectively. The polarization for low C-rates (C10 — C/5) is only around 30 mV and slightly
increases to 70 mV at C/2 (Figure 14b). The discharge capacities at C/2, 1C, 2C, 5C, 10C reach
136, 133, 129, 125 and 108 mAh g'!, respectively (Figure 15b). In addition, the capacity is fully
recovered upon charge with a symmetric profile at all C-rates which indicates a high reversibility
in line with the highly reversible structural changes shown in our structural study. Compared with
carbored-y’-V»0s, the hysteresis found for polyol oxide is limited to only 100 mV at 1C, 150 mV
at 2C and 300 mV at 5C.

From Figure 14 and 15, the huge difference in the rate capability behaviour of both samples
clearly reveals a positive nanosize effect promoting the electrochemical properties of the polyol
v’-V20s material from the 1C rate. Even after applying 20C (discharge capacity 47 mAh g!), the

specific capacity is fully recovered when C-rate switched to C/5 (discharge capacity 133 mAh g
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1 with stable cyclability. The better rate capability found for the polyol material can be understood
in terms of a faster and more efficient lithiation process due to a shortening of diffusion pathway

for lithium ions. The electrochemical surface area of polyol oxide is probably enhanced compared

to microsized material.
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Figure 14. Discharge-charge profiles of y’-V,0s (carbo.) and y’-V,0s (pol.) at different C-rate

58



_b)150 s —
c/5] _8) ‘ : H ® i f
2 alk BE
& 1 S NN
; 3100 ®
S & s |
© o : !
Q. @ :
S 60 v 3
8 i 20C o 50
= 40| El ¢
S 3 ¢ Polyol synthesis :
a 20 —’—B:fg*gge e Carbothermal
w ] ‘ ‘
O | L I I I | I I b
0 10 20 30 40 50 C/10 C/5 C/2 1C 2C 5C 10C

Cycle number C-rate

Figure 15. Rate-capability of y’-V,0s (pol.) and comparison of discharge capacities at different C-rates

2.1.7 Conclusion

The electrochemical properties of polyol synthesized y’-V20s toward Li was investigated with high
working potential in comparison to a-V20s. This voltage enhancement, related to the specific
structure, represents a key improvement in term energy density. The corresponding discharge
capacity of 150 mAh g! at C/10 was achieved, with well-defined two working plateaus at 3.6 and
3.5V with Faradic yield of 1 F/mole. A stable cyclability was achieved over 50 cycles at C/10 and
1C, with discharge capacity of 138 and 131 mAh g!, respectively. The structural evolution of y’-
V205 was investigated by Ex-situ XRD and Raman spectroscopy during first discharge and one
complete cycle showing the existence of a diphasic region for the first half discharge while the
second part corresponds to a single phase whose interlayer distance increases with Li content. The
obtained results on the rate capability of pol. and carbo. synthesized y’-V20s illustrate the
correlation between particle size, morphology and electrochemical performance of the material.
The smaller particle size (~200 nm) against micrometric pellets, leads to the enhancement of rate
capability of material with minimized hysteresis. High specific capacities of 136, 133, 129, 125
and 108 mAh g‘1 are achieved at C/2, 1C, 2C, 5C, 10C. Even after 20C, by switching C-rate to
C/5, discharge capacity gains 133 mAh g for over 5 cycles. Finally, polyol y’-V20s has been
proved to be is one of the best cathode materials among vanadium oxides due to its high

performance even at 10C with 108 mAh g™! available at 3.2V upon cycling.
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SUPPORTING INFORMATION

Electrochemical characterization

v’-V20s positive electrodes were prepared by mixing 90wt%% of active material, 6wt%
polyvinylidene fluoride (PVDF, Kynar, HSV900) as a binder, 4wt% ketjen black (Ketjen Black
International Co., Japan) as conductive agent dissolved in 1-methyl-2- pyrrolidinone (NMP,
Sigma-Aldrich). The prepared slurry was casted on carbon paper (Alfa Aesar Co.), vacuum dried
at 70 °C for 3hr and punched into the disks of 8 mm in diameter. The mass loading of active
material was ~ 5 mg/cm? (2.7-2.8 mg of active material). Zinc foil (Goodfellow, USA) was used
as negative electrode. The electrolyte was prepared by dissolving 4 mole L' of ZnSO4 and 3 mole
L of Li»SO4 in distilled water and pH was adjusted to 4 by titration with 0.5 mole L' of H>SO..
Prepared electrolyte was bubbled with nitrogen gas (N2) to remove dissolved oxygen. AGM
(Absorptive Glass Mat NSG Corporation) was used as separator. The structural investigation of
Zn/Li2S04-ZnS04/y’-V20s5 system was investigated by using two-electrode split cell (MTI
company). The cells were discharged to the required composition by electrochemical reduction
using VMP3 Biologic tester at C/5 rate. After reduction, cells were diassembled in air, electrodes
were rinsed in distilled water in order to remove the traces of salt and separator. Cyclic
voltammetry (CV) was performed with VMP3 potentiostat/galvanostat (Bio-Logic Science

Instrument Co.)

Structural investigations

XRD measurements were carried out using a Panalytical X'pert pro diffractometer equipped with
an X'celerator detector and a Co Ka radiation (wavelength 1.7889 A). All the diffraction patterns
were collected with a 20 step of 0.0167°. The Raman spectra were measured with a LaBRAM HR
800 (Jobin-Yvon-Horiba) Raman micro-spectrometer including Edge filters and equipped for
signal detection with a back illuminated charge coupled device detector (Spex CCD) cooled by
Peltier effect to 200 K. A He:Ne laser (632.8 nm) was used as the excitation source. The spectra
were measured in back-scattering geometry. The resolution was about 0.5 cm™!. A 50X LWD
objective was used to focus the laser light on sample surface to a spot size of 1 pm?. To avoid local
heating of the sample, the power of the laser beam was adjusted to 0.2—0.5 mW with neutral filters

of various optical densities. Raman spectra were recorded on ten different spots of each electrode
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to check the homogeneity. The powders were characterized by scanning electron microscopy

(SEM), Zeiss, Merlin-type microscope.
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Figure S1. Rietveld refinement of y'-V,0s XRD pattern
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2.2 Improved electrochemical performances of y’-V20s prepared by a solution technique as

cathode material for Na-ion batteries.
2.2.1 Introduction

Nowadays, lithium-ion batteries (LIBs) are widely used in portable equipment like smartphones,
laptops, cameras, power tools, etc.. Moreover, they are gaining popularity in automotive,
aerospace, marine, medical, etc., applications. This success is due to high-energy density, a tiny
memory effect and low self-discharge. Global LIBs market is expected to reach USD 107.6 Billion
by 2025 [1]. Despite these growth forecasts, considering the low natural presence of lithium in the
upper crust and mining and refining expenses, the scientific community is moving towards the
discovery of alternative systems to LIBs. This context prompted researchers to transfer the LIBs
technology to sodium ion batteries (NIBs), because of sodium low cost, its abundant resource and
environmental friendliness. Moreover, contrary to lithium, sodium does not alloy with aluminum,
which enables its use as current collectors instead of copper that is heavier and more expensive,
with the benefit of gravimetric cell energy and power density. Consequently, and despite a larger
radius (0.102 nm vs. 0.076 nm for Na* vs. Li*), a heavier molar mass (22.99 g mol™! vs. 6.94 g mol-
! for Na* vs. Li*) and a more positive potential (-2.71 V/ENH vs. -3.04 V/ENH for Na* vs. Li*)
causing loss of energy and power density, NIBs have recently gained commercialization status,
and the market is expected to grow with an impressive annual growth rate of 24 % for the forecast
period of 2017 to 2025 [2]. Based on the intended applications, including the stationary storage of
intermittent clean energies, one of the most challenging problems remains the identification of

suitable electrodes materials.

Among various candidates, the layered orthorhombic transition metal oxide V20s, with high
theoretical capacity (442 mAh g for three moles of lithium per mole of V20s) and large
abundance, has been intensively investigated as positive electrode in LIBs [3]. Lithium-ion
intercalation capacity and cyclability can be optimized by playing on the structure, crystallinity,

morphology, grain size of the material of the material thanks to different synthesis [4].

Since LIBs and NIBs have very close insertion chemistry [5,6], V2Os has been regarded as a
potential cathode material for sodium insertion. After the pioneering works of West [7] and
Pereira-Ramos [8] carried out respectively at 80°C with a solid electrolyte and at 150°C in molten

dimethylsulfone in the late 1980s, few papers have been devoted to the study of the Na
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electrochemical insertion in this open structure material and no structural evolution under
sodiation/desodiation was provided to explain the mechanism. A few years ago, our group reported
for the first time the structural changes of electrochemically formed NaxV20s samples at room
temperature. After the irreversible electrochemical formation of o’-NaV20s, 0.8 Na per mole of
NaV20s could be reversibly inserted at a working potential of around 2.0 V, at room temperature
(120 mAh g''), over several tens of cycles [9]. Results in literature suggest that nano-structuring
the material is beneficial in terms of capacity and cycling. For instance, V205 hollow nanospheres
exhibit a capacity about 150 mAh g! for cycling, at 20 mA g’!, in the wide 1.0-4.2 V potential
window [10].

Another way to increase V20s electrochemical performances is to consider polymorphs such as
the ¢’ bilayered V205 [11,12] or y’-V20s. The y’ polymorph, characterized by a puckered layer
stacking, has already been studied in our team as cathode material in LIBs [13] and more recently
in NIBs [14]. It is noticeable, that 1 Li* is reversibly inserted per mole of oxide at a higher working
potential than a-V20s, (3.55 V vs. Li*/Li for y’-V20s vs. 3.35 V vs. Li*/Li for a polymorph) [13].
On the other hand, in the case of sodium insertion, the y* polymorph exhibits one single reduction
step with a plateau extending up to ~1 Na* per mole of oxide [14]. Sodium insertion, occurring at
c.a. 3.3 Vvs. Na*/Na (~0.6 V vs. NHE), takes place practically at the same potential as lithium
insertion. This suggests that Na* insertion is facilitated in the y’ polymorph due to its original
puckered and flexible structure with a large interlayer spacing (5.02 Ain v’-V20s against 4.37 A
in o-V205).

Synthesized by lithium removal from y-LiV20s obtained by carbothermal reduction method
requiring high-temperature treatment (2 hours at 600 °C) [15], y’-V20s exhibits a high discharge
rate capability for sodiation with a slight decrease from 145 mAhg' at C/60 to 135 and
120 mAh g! at C/2 and 1C respectively. However, the charge process itself has a strong kinetic
limitation since a low 60 % efficiency at RT (C/20) is observed while a full Na extraction is only
achieved at higher temperature (50 °C) combined with a lower C rate (C/60) [14]. To overcome
this kinetic limitation probably due to the micrometric platelets size of pristine material, ball-
milling has been firstly considered [12]. This strategy was proved to be successful with a clear
improvement in the charge efficiency (= 90 %) allowing a stable capacity about 120 mAh g™! to be

achieved upon cycling. Nevertheless, its implementation is done at the expense of an additional
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step in the synthesis and a strong modification of the charge/discharge profile with a significant

lower working potential.

Therefore, we decided to develop another way for mastering the grain size in order to benefit from
i) the high available capacity of 145 mAh g’!, ii) the high working potential about 3.2 V vs. Na*/Na,
iii) an enhanced kinetics of sodium insertion/deinsertion and iv) a high rate capability and good
cycle life. We propose here a low temperature solution technique for preparing reduced sized y’-
V20s. The polymorph is obtained from a homemade a.-V20s precursor produced through a polyol
process, leading easily to an homogeneous pure fine powder, with a mean grain size of 100—200
nm [16]. Contrary to the y’-V20s usually obtained via a high temperature synthesis, we show here
this down-sizing approach enables an excellent sodium insertion / deinsertion efficiency. In
addition to the evidence for improved electrochemical properties with the polyol y’-V20s, a
detailed study by X-ray diffraction and Raman spectroscopy allows us to describe the structural
response of the host material. Finally, a kinetic study performed using electrochemical impedance
spectroscopy reveals the great enhancement of the electroactive surface area as the key-point for

explaining the optimized behavior of polyol y’-V20s.

2.2.2 Synthesis

The synthesis of y’-V20s developed in the laboratory is already described in literature [16]. The
a-V20s precursor is synthesized according to the polyol method [17], whose characteristic is to
lead to very fine powder with a narrow particle size distribution. By reaction with an excess of
lithium iodide in acetonitrile, the intermediate 0-LiV20s phase is formed. After washing in
acetonitrile and drying at 70 °C, the obtained powder is heat treated at 300 °C for 2 hours under
dynamic primary vacuum in a Biichi® furnace to allow the phase transition towards y-LiV20s. A
chemical oxidation is then carried out in presence of an excess of NO2BF4, at room temperature,
in acetonitrile and under stirring. This step entails the removing of lithium ions from the interlayer
structure of the y phase without altering the distorted framework consequently kept in the final y’-

V205 product, labelled as y’-polyol.
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2.2.3 Structural characterization

Both y’-V20s compounds that are compared in this work were synthesized in our lab. They were
obtained by chemical oxidation of y-LiV20s, by addition of nitronium tetrafluoroborate (NO2BFa)
at room temperature in acetonitrile. The only difference was in producing y-LiV20Os. In one case it
is prepared by carbothermal reduction method that consists in intimately mixing carbon,
commercial micrometric alpha-pentoxide vanadium (c-V20s) and lithium carbonate (Li2CO3)
before a high temperature heat-treatment (2 hours at 600 °C under primary vacuum) [15]. In the
other case, it is synthesized according to a polyol soft chemistry route described in the experimental
section. For convenience, the resulting polymorphs will be referred to as y’-carbo. and y’-polyol

in the following.

y’-carbo. and y’-polyol powders are presented with the same magnification on the SEM image in
Figure 1. y’-carbo. exhibits aggregates with various sizes up to several hundred nanometers in
thickness and several micrometers in plane. In contrast, y’-polyol presents porous aggregates made
of grains with homogeneous size distribution in the 100 - 200 nm range. While both polymorphs
have crystallite sizes (estimated from the Scherrer equation from the ikl diffraction peaks) of the
same order of magnitude (about 100 — 150 nm), it is also pointed out that the synthesis way has a

strong impact on the grain size and distribution.

Figure 1. SEM images of y’-V20s synthesized from commercial a-V,0s (on left) and from o-V,0Os obtained by
polyol process (on right).

The X-ray diffraction pattern of y’-polyol (Figure 2a) exhibits the characteristics ikl reflections
corresponding to an orthorhombic structure (Pnma space group) with unit cell parameters
a=9.9484(2) A, b=35863(1)A and ¢=10.0459(3) A in agreement with previous
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studies[18,19]. The structure of ¥ -V2Os (inset in Figure 2a) retains the layered V205 framework
although puckering of the layers is observed. Besides, the Raman spectrum (Figure 2b) fully
agrees with the previously reported fingerprint of y’-V20s [19], composed of 21 peaks in the 90-

1050 cm ™! wavenumber range. All the vibrations of the chains can be identified: the stretching of
the two vanadyl bonds at 1036, 1023, and 1001 cm™', the bond stretching vibrations localized
within the V,—O3—V, bridges at 753 and 602 cm ', and those of the Va—02:—Va and Vy—O2—Vp
bridges forming the rails of the ladders at 721 and 694 cm™'. Modes involving the V-0, ladder
step bonds are observed at 530 and 497 cm™!, while lower-frequency modes observed at 91, 126,

138, 152, 170, 190, 236, 266, 282, 297, 349, and 388 cm™! are related to the complex distortions

of the ladders.
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Figure 2. X-ray diffractogram (a) and Raman spectrum (b) of y’-polyol V»0s. In inset: crystal structure and its
projection along the b-crystallographic direction.

2.2.4 Electrochemical study

Figure 3, registered at C/10, illustrates the strong impact of the particle size and morphology on
the electrochemical behavior of y’-V20s in sodiated electrolyte. Indeed, while y’-polyol- and y’-
carbo. show similar first discharge profile, i.e. one single step at c.a. 3.3 V vs. Na*/Na involving
the insertion of 1 Na* per mole of V>Os (discharge capacity = 147 mAh g!), the charge reaction

1s greatly improved in the case of y’-polyol. The poor charge efficiency limited at 51% during the
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first cycle of y’-carbo. was previously reported [14]. Conversely, y’-polyol exhibits a fully
symmetric first discharge-charge cycle with a charge efficiency close to 100 % and a low
hysteresis (about 100 mV). This remarkable result suggests highly reversible structural changes

upon sodiation/desodiation.
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Figure 3. First discharge/charge cycles of y’-polyol (red curve) and y’-carbo. (blue dashed line) at C/10 in 1 mol L!
NaClO4-PC-2 vol. % FEC in the 4.0V — 1.75 V potential range.

In the case of y’-carbo., sodium ions trap in the structure was explained by a poor deinsertion
kinetics [14]. This finding was confirmed by an increase of the charge efficiency when the cycling
temperature was raised to 50 °C and/or when the C rate was lowered to C/60. Clearly, the high
electrochemical reversibility achieved in the case of y '-polyol confirms the benefit of the reduction
in grain size shown in the SEM images (Figure 1) on the kinetics of the charging process. In order
to understand the structural answer upon electrochemical sodiation of polyol-y'-V20s, ex-situ X-
ray diffraction and Raman spectroscopy investigations were performed during the first discharge-

charge cycle in the 4.00 V- 1.75 V potential range.

2.2.5 Structural investigation upon discharge-charge

The XRD patterns of discharged Na,V»Os electrodes in the 0 < x < 1 composition range are gathered in
Figure 4. The diffractogram of an electrode prior to reduction (in black, at the bottom) is indexed
using the Pnma structure of y’-V20s. As soon as 0.1 Na is inserted in the y’-V20s

structure, a new set of peaks (highlighted in Figure 4 by red vertical lines located at 20 = 17.3,
20.3, 21.2, 27.4, 28.2, 32.0, 34.0, 35.4, 36.5, 37.0, 40.1, 45.6, 46.7, 47.7 and 48.0°) appears,
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suggesting the emergence of a new phase. It can be noted that, for higher sodium contents, these
peaks increase in intensity at the expense of peaks intensity of y’-V20s. This behavior is
characteristic of a diphasic domain. When x = 0.4, the pristine phase has completely disappeared.
The single sodiated phase, Nao4V20s, can be indexed like the fully discharged electrode
Nao.06V20s, with the same Pnma space group [14,16]. For 0 < x < 0.4, the shifts of the 002 line
towards lower angles (20.5° to 17.3°) and 200 peak towards higher angles (20.8° to 21.1°) in the
diffractograms indicate a higher interlayer distance along the ¢ axis, and a contraction along the a
axis in the sodiated Naop.4V205 compound. The subsequent patterns, i.e. for x varying from 0.5 to
1, do not exhibit new peaks and indicate a solid solution domain. In this composition range, very
slight 002 and 200 peaks shifts are observed, indicating that both increase of the interlayer distance
and contraction along the a axis are continuing but very mildly. To quantitatively illustrate these
observations, the cell parameters and volume of both phases have been determined upon sodiation.
They are gathered in FigureS. The cell parameters of y’-V20s (a=9.94 A, b=358A,
¢=10.04 A) and Na,V20s (a=9.79 A, b=3.61 A, ¢ = 11.91 A) are constant within the diphasic
domain, ie for 0 <x <0.4. Then, for x > 0.4, the a parameter slightly decreases gradually (from
9.79 A for x = 0.4 to 9.755 A for x =1) while b and c faintly increase (from b=3.61 A and
c=11.91 A for x=0.4 to b=3.63 A and c=11.94 A for x = 1). These evolutions, which are
almost linear, confirm the existence of a solid solution domain for 0.4 < x < 1. The volume
expansion, about 17 %, mainly takes place in the diphasic domain. It is indeed very remarkable
that the electroformed y-NaxV20s (x> 0.4) bronze does not undergo any significant lattice
parameters variations in the 0.4 <x < 1 composition domain. This sodiated phase is characterized
by a highly expanded interlayer ¢ parameter (+1.9 A between y'-V20s and y-NaV»0s) which
probably allows insertion of Na ions for x > 0.4 without any further structural changes. It is worth
also noticing the lowering of the a parameter in y-NaxV20s (-0.2 A between v-NaV20s and vy'-
V20s). This trend reveals an extra folding of the V20Os sheets as a consequence of the shortening
of the vanadium-vanadium distances upon reduction. Besides, at the end of the reduction process,
the obtained lattice constants are in excellent agreement with those reported for electrochemically

and chemically formed Nao.96V20s [14,16].
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Figure 5: Evolution of the cell parameters and unit cell volume of the identified phases (e and ® respectively for y'-
V,0s5 and y-Na,V,0s) during the first discharge of y’-polyol.

The Raman spectra of the y-NaxV20s (0 < x < 1) electrodes recorded during the first discharge
process are shown in Figure 6. Note that for each Na uptake, similar spectra were found for the
10 investigated points, which indicates the good homogeneity of the electrode. Sodium insertion
in polyol y'-V20s leads to the following spectral changes. For x = 0.1, five new bands are seen
(indicated by red circles), located at 86, 473, 960, 990 and 1015 cm’!, that coexist with the Raman
fingerprint of the pristine oxide (peaks indicated by black stars). For x = 0.25, the new bands are
more intense and two additional peaks are observed at 110 and 323 cm™!. For x = 0.4, the Raman
spectrum is dominated by bands belonging to the new system while the presence of y'-V20s is only
revealed by small Raman features located at 92, 138, 170, 190 and 266 cm™. From x = 0.5 and up
to the end of the discharge, the Raman signature of single phase y-NaxV20s phase is observed, with

bands at 86, 110, 155, 195, 216, 248, 295, 323, 389, 473, 546, 670, 715, 736, 960, 977 and 1004
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cm™. This Raman fingerprint is also in excellent agreement with that previously reported for
electrochemically and chemically formed Nao.osV20s [14,16].

In summary, the evolution of the Raman spectra indicates the appearance of a new sodiated phase
from x = 0.1 which coexists with the pristine y'-V20s in the 0.1 < x < 0.4 composition range and
is pure in the 0.4 <x < 1 domain (Figure 6). These findings are in line with the XRD study and
confirm also that the sodiated y-NaxV20s phase does not undergo any structural variation at the

atomic scale, as revealed by its invariant signature in the 0.4 <x < 1 composition range.

This structural study during the discharge process points to the existence of a two-phase
mechanism involved during sodium insertion in polyol y'-V20s. A sodiated phase is produced from
the early Na content (x = 0.1) that coexists with y'-V20s up to x = 0.4. Then a single phase domain
is observed in the 0.4 < x < 1 composition range. Such mechanism exhibits a strong similarity with
that previously reported for y’-carbo., characterized by a two-phase mechanism for 0 < x <0.7
followed by a narrow single phase region for 0.7 < x < 0.97 [14]. However, in the present case, the
wider solid solution domain found for y'-polyol V205 probably results from a downsizing effect.

Such a finding should impact the electrochemical properties of y'-polyol.
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Figure 6. Raman spectra of discharged Na,V»0Os electrodes in the 0 < x < 1 composition range. *: Raman bands of
v’-V20s; °: Raman bands of the sodiated phase

During the consecutive charge, both XRD and Raman spectroscopy indicate a complete reversible
structural behavior since pristine y’-V20s diffractogram and Raman spectrum are recovered at the
end of a complete cycle (Figure S1). The first sodiation/desodiation cycle exhibits high
electrochemical and structural reversibility. Clearly, the ability to restore the pristine material after
one cycle indicates the sodiation/desodiation processes concern the whole electrode material in the
case of y'-polyol contrary to y'-carbo., probably due to reduction in grain size and more

homogenous distribution promoting electronic and ionic transfers.

74



2.2.6 Cycling properties

The rate performances of y’-polyol has also been investigated. Various current densities varying
from C/10 until 10 C have been applied. For each C rate, one typical cycle has been extracted and
is reported in Figure 7a. Whatever the C rate, the shape of the curves is maintained with a single
voltage plateau located at 3.36 V vs. Na*/Na and an excellent electrochemical reversibility. When
the applied current increases from C/10 to 2 C, the capacity decreases by less than 30 %, from 145
to 103 mAh g'l. In the same time, the hysteresis doubles from 100 mV to ~ 320 mV, which
represents much lower values than those observed with y’-carbo. (173 mV at C/10 and 664 mV at
1 C) [14]. These findings and the absence of huge polarization indicate the sodium ions diffusion
is favored in the case of smaller active material particles and is not drastically impacted in this
current range. For higher C rates, gravimetric capacity rapidly decreases while hysteresis increases
(70 and 34 mAh g! — 600 and 1180 mV respectively at 5 C and 10 C). The subsequent imposition
of a lower current density (C/10-presented in dashed line in Figure 7a) leads to the typical curve
shape obtained during first cycles. The material has not been impacted by the high C rates.
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Figure 7. (a) Galvanostatic cycles registered for y’-polyol at different C rates, in 1 mol L' NaClO4-PC-2 vol. %
FEC in the 4V — 1.75 V potential range. (b) Charge rate capability performance of y’-carbo. (black squares) and of
for y’-polyol (black dots). Coulombic efficiency is presented on the right scale only for y’-polyol (red empty
markers).

Whatever the C rate, for all cycles, recovered capacities and corresponding coulombic efficiencies
are reported as a function of cycle number in Figure 7b. Capacities higher than 100 mAh g! for
C rates increasing from C/10 until 2 C with an excellent 100 % coulombic efficiency are
confirmed. For higher C rates, lower capacities about 70 and 34 mAh g"! respectively are achieved

at 5 C and 10 C. Only these high current densities lead to coulombic efficiencies < 100 % due to
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a high polarization. From comparison with the rate capability achieved for y’-carbo, (Figure 7b),
a huge improvement of capacity is allowed with y’-polyol whatever the C rate. At C/10, the
achieved capacity is twice than that found for y’-carbo., while at 1 C, an enhancement factor of 3

is obtained.

2.2.7 Kinetic study of y’-V20s

In order to fully describe the electrochemical sodiation process, its kinetics has been examined
during the first reduction. Typical impedance spectra of y-NaxV20s (0 <x < 1) electrodes are
reported in Figure 8. These impedance diagrams are strongly dependent on sodium uptake. First,
the sodium free pristine electrode exhibits a high impedance value (936 ), largely higher than for
any sodiated one. As soon as a few sodium ions (x = 0.02) are inserted in the material, a huge
decrease of impedance is observed, to reach ~ 180 Q. Then |Z] slightly decreases up to x = 0.2 (60
Q) before increasing to 185 Q for x = 0.8. Such high |Z| value for the sodium free host lattice
could explain the overpotential observed at the very first beginning of discharge curve (Figure
3). In other respects, the electrode impedance variation vs. x in polyol-NaxV20s is strongly limited

compared to the tremendous growth by a factor 5 found for |Z| in carbored y-NaxV20s [13].

Whatever the x value, the impedance spectra (Figure 9a) present a similar shape: two depressed
semi-circles at high and medium frequencies, with characteristic frequencies about f; = 1000-
1500 Hz and f> = 50-100 Hz. The first one, practically unchanged with x, is directly followed by a
second one whose size is x dependent. This latter can be then safely ascribed to the charge transfer.
At low frequencies, a straight line with a phase angle of 45° corresponding to the Warburg region
(when o >> 2Dno/L?, Dna and L being respectively the apparent diffusion coefficient of sodium
and the maximum length of the diffusion pathway) followed in some cases by a quasi-vertical line
(when o << 2Dno/L?) at low frequency are observed. All the spectra can be fitted with the
equivalent electrical circuit presented in Figure 8b [20]. The deduced characteristic parameters

are discussed below, and R» and f> variations with sodium content are reported in Figure 9b.v

As expected with the three-electrode cell and such an electrolyte, the electrolyte resistance, Ro, is
low and stable around 2 Q. The characteristic frequency (i.e. frequency at which the top of the
semicircle is reached, f1) and the resistance (i.e. the diameter of the fitted semi-circle, Ry) of the

first semi-circle located at high frequency keep quite the same values in the whole composition
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range, respectively 1.10°-1.5.10° Hz and 3.3 Q. Therefore this first x independent semi-circle can

be attributed to the presence of a stable oxide film on the current collector.

The second semi-circle observed at medium frequency is x dependent and can be then ascribed to
charge transfer. A moderate increase of the charge transfer resistance, Ra, (R¢) is observed with
the sodium content from 10 to 28 Q2 (Figure 8b and 9b) while at the same time, the characteristic
frequency slightly decreases from 100 to 46 Hz for x =0.02 to x =0.8. The charge transfer
resistance increases between x = 0.02 and 0.4 when y'-V20s and y-Na-04V20s5 coexist, and more
significantly (80 %) in the monophasic domain (0.4 < x <0.8). This slowdown in charge transfer
kinetics can be related to the localized character of electrons in the fully sodiated phase [16]. The
resulting double layer capacity (Cpr = CPE; here) is kept quite constant (~170 uF cm™) for x < 0.4
and decreases by 30 %, to reach 128 uF cm™ for x = 0.8. Hence the exchange current density j° is
found to be 2.6 mA cm for polyol y’-V,0s and still 1 mA cm™ for x = 0.8. It is important to note
the present Cqi values obtained are five-fold higher than in the case of y'-carbo [11]. This finding
reveals the effective electrochemical surface area is significantly higher than in the case of y'-
carbo. Such crucial difference explains the better behavior found with y’-polyol in terms of charge

efficiency and rate capability.

The moderate impedance variation upon sodiation (100-200 €2) compared to that observed with
y’-carbo. (100-700 Q) [13] may also indicate a better accommodation of volume change (17 %,
Figure 7d) allowed by the lower particle size of polyol y’. Hence the loss of inter-particles contact

can be minimized.
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From the Warburg domain present in all spectra (Figure 9a), the apparent Na chemical diffusion

coefficient Dna has been calculated according to equation (1).

- (o () L)Z
D = (\/EnFS dx/ 5 Aw M
Ay is the Warburg prefactor (which was, for each x value, calculated based on the linear relation

Vo

and Vi = 63.2 cm?® for y-Na,V20s (0.4 < x) — a linear variation of the volume is considered in the

1
between (—) and Re(Z) ), Vm is the molar volume of the compound (Vi = 58.7 cm® for v'-V20s
X

sodium content varying from 0 to 0.4), n the electron number in the considered redox reaction

(n=1), F the Faraday’s constant (F = 96500 C mol™!), S is the geometric surface area of the

electrode (1 cm?), (_dx) the slope, at fixed x, of the equilibrium potential composition curve.
X

On the other hand, the galvanostatic intermittent titration technique (GITT) has been carried out

and the different values of Dna has been calculated according to the equation (2):

_4 mBVm)Z (@)2
Dra = nt( MpS AEt 2)

In equation (2), t is the duration during which the current is applied (30 mn), mg is the active
material mass in the electrode, Mg is the molar weight of V20s, AEs is the difference between the
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equilibrium potential reached at the end of the relaxation scheduled after the galvanostatic step
and the one obtained at the end of the previous relaxation (measured when dE/dt < 0.1 mV h!),
AEt is the potential variation registered during the galvanostatic step after ohmic drop subtraction.
As shown in Figure 10b, values from EIS measurements and from GITT are of the same
magnitude order, increasing from 3.10'* and 10 cm? s! with x. In the sodium content range
corresponding to biphasic domain (x < 0.4), the apparent chemical diffusion coefficient is roughly
constant around 7.10"3 while it significantly increases up to 10" cm? s in the monophasic region
(0.4 <x <0.8). The high Dna values found for the Na rich compounds indicate the typical interlayer

space of puckered layers in y’-polyol promotes a high mobility of sodium ions in spite of their size.

Cycling performance of y’-polyol has been examined for an applied current density of 147 mA g
'(1 C rate). Some of the first two hundred cycles are presented in Figure 11. The evolution of the
gravimetric capacity as a function of cycle number is presented in inset. It slightly decreases by
9 % after 200 cycles, from 126 mAh g! to 115 mAh g! while galvanostatic cycles keep the same
shape, without increased hysteresis. The electrochemical performances obtained with the y’-polyol
polymorph differ from those presented in the literature at various points. To begin, most of the
studies on the Na*/ V2Os system presents a working voltage between 1.9 and 2.7 V [10,21,22]
while it reaches a significantly higher value of 3.36 V in the case of y’-polyol. Then, the achieved
capacities are often less than 200 mAh g!, although the range of potential scanned is wider: for
example D. Su et al obtain from 110 mAh g!' to 150 mAh g!, respectively with V20s hollow
nanospheres and bilayered V20s nanobelts, after 100 cycles for cycling between 4 and 1V at
160 mA g [10,22] while sponge-like V205 xerogel prepared by K. Zhu et al exhibit a capacity of
~90 mAh g! after 100 cycles for cycling between 4 and 1.25 V at 100 mA g™ [21]. A more recent
study reports 78 mAh g! at the 100™ cycle for V2Os single-crystalline nanowires cycled between
4and 1V at 100 mA g (0.6 C) [23]. Finally, considering capacities reached by these different
kinds of nanomaterials (nanospheres, nanobelts, nanosheets, nanowires), during the sodiation step
at a potential of 1.75V, value which corresponds to the lower limit in the present study, and the
working potential discussed above, specific energy densities delivered by those systems are less
than the some 400 Wh kg™! of the Na* / y’-polyol V2Os system. This characteristic constitutes an

undeniable asset for the y* polymorph prepared according to this synthesis route.
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Figure 11. 20™, 50®, 100, 150" and 200" cycles for y’-polyol cycled in 1 mol L' NaClO4-PC-2 vol. % FEC in the
4V —1.75 V potential range with a current density of 147 mA g! (1 C). Evolution of the discharge capacity as a
function of the cycle number in inset.

2.2.8 Conclusion

In this work, we have reported the electrochemical features of y’-V20s polymorph, prepared by
the polyol process, as negative electrode material for NIBs. This route to synthesize the a-V20s
precursor allows to get the y’-V20s polymorph made of nanoparticles 100-200 nm long against big
platelets a few microns long and thick using the conventional carboreduction synthesis (carbored
7°-V20s). The latter exhibited an appealing discharge capacity of 145 mAh g'! available at a high
potential 3.3 V vs Na*/Na, but a charge efficiency limited to 50 % at C/10. We have demonstrated
here this huge drawback limiting the effective capacity to only 70 mAh g'! is solved with the use
of polyol y’-V20s characterized by a quantitative charge process. We have provided evidence for
enhanced electrochemical performance with a specific capacity of 145 mAh g! at C/10, i.e. twice
that found for carbored y’-V20s and a superior rate capability allowing to benefit from a capacity

of 100 mAh g! at 2 C. A detailed picture of structure changes upon electrochemical sodiation has
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been also provided by XRD and Raman spectroscopy. We show the nanosizing approach has
induced a significant shortening of the diphasic region (0 < x < 0.4) and an expansion of the single-
phase region y-NaxV20s5 (0.4 < x < 1). Impedance spectroscopy data reveal a moderate change in
electrode impedance upon sodiation and a low decrease of charge transfer kinetics due to the highly
localized character of electrons in the sodiated phase. A significant CpL. increase by a factor 4-5 vs
microsized polymorph illustrates the significant nanosize effect on the electrochemical surface
enhancement. The evolution of the chemical diffusion coefficient Dna shows a faster diffusion in
the single-phase region than in diphasic domain. The present work shows that optimized
electrochemical properties can be achieved using polyol-y’-V20s : a high-performance cathode
material working at high voltage 3.3 V vs Na*/Na with a high capacity of 140 mAh g!, a high rate

capability, an excellent charge efficiency and good cycle life.
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SUPPORTING INFORMATION

Structural characterization. The morphology of the synthesized y’-V20s powder is investigated by

using a field-emission scanning electron microscope (SEM) (Zeiss, Merlin-type) operating at 5
keV. The X-Ray Diffraction (XRD) experiments are performed using a PANalytical X-Pert Pro
diffractometer equipped with a X’celerator linear detector and Co Ko source. Data are then
processed on Eva software to identify peaks and adjusted the cell parameters of the identified
phases. The Raman spectra are measured with a LaBRAM HR 800 (Jobin-Yvon-Horiba) Raman
micro-spectrometer including Edge filters and equipped for signal detection with a back
illuminated charge coupled device detector (Spex CCD) cooled by Peltier effect to 200 K. A He:Ne
laser (632.8 nm) is used as the excitation source. The spectra are measured in back-scattering
geometry. The resolution is about 0.5 cm™’. A long distance 50X LWD objective is used to focus
the laser light on sample surface to a spot size of 1 um?. To avoid local heating of the sample, the
power of the laser beam is adjusted to 0.2—0.5 mW with neutral filters of various optical densities.
The structural study was performed on electrochemically formed y-NaxV20s samples prepared at
C/10 discharge/charge rate. After 2 hours of equilibrium time, the positive electrode was removed
from the cell in the Ar-filled glove box, rinsed with DMC, and placed in appropriate airtight sample
holders to be analyzed by X-ray diffraction and Raman spectroscopy. Raman spectra have been
recorded on 10 different spots of each electrode. This led to similar spectra for all the investigated

points, whatever the Na uptake.

Electrochemical experiments. All the electrochemical measurements were performed with a

VMP3 Biologic Multipotentiostat-Galvanostat apparatus. The electrolyte was a solution of
1 mol L' NaClO4 in propylene carbonate (PC) containing a fluoroethylene carbonate (FEC)
additive (2 Vol %). The positive electrode was made of a mixture of active material (y’-V20s
80 wt %), acetylene black (7.5 wt %), graphite (7.5 wt %) and teflon as binder agent (5 wt %)

pressed on a stainless steel grid under a pressure of 5 tons per cm?.

Cycling experiments and galvanostatic intermittent titration technique (GITT) were carried out in
two-electrode coin cells (CR 2032) with sodium disk as reference and auxiliary electrodes. The
separator consists of three glass Whatman microfiber filters and acts as an electrolyte tank. All the
coin cells were assembled in the argon-filled glove box where water and oxygen concentrations

are kept less than 1 ppm. The GITT measurement was programmed to supply a constant current
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of 14.7 mA g for 30 min followed by an open circuit stand until the deviation dE/dt reaches

values lower than 0.1 mV h'l.

A conventional three-electrode cell is used in the glove box for impedance measurements.
Reference and counter electrodes were made of Li wires in separate compartments filled up with
electrolyte during charge / discharge steps while a gold wire was used as reference electrode during
impedance acquisition. EIS spectra (frequency range: 10* - 2.10° Hz; excitation signal: 10 mV
peak to peak) were measured on equilibrated working electrodes (S = 1 cm?) at different discharge
/ charge rates. Equilibrium was considered to be reached when the open circuit voltage remained
stable (potential variations lower than 0.1 mV per hour) and the working electrode compositions
were adjusted by coulometric titration using a low current density corresponding to a C/20 rate

(7.4 mA g'l).
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CHAPTER 3

New MxV20s bronzes as competitive cathode materials

for sodium-ion batteries (M = Na, K)

3.1 Introduction

With the rapid development of renewable energy sources, the deployment of new Electrical Energy
Storage solutions is highly desired. Lithium-ion batteries (LIBs), which dominate the portable electronic
market, are expected to answer this requirement [1]. However, the use of Li is impeded by its high cost,
limited reserves and uneven distribution [2]. As a result, research has turned to batteries composed of
low-cost and earth-abundant elements, among them Na-ion batteries have been highlighted as one of the
best alternatives to LIBs because their reaction mechanism is similar to that of LIBs and Na sources are

essentially unlimited [3-13].

To date, a large variety of Na-insertion frameworks have been proposed as cathode materials [14-19].
Similar to LIBs, highly reversible cathode materials based upon the intercalation reaction are needed for
high capacity and good cyclability of SIBs. These cathode materials are mainly categorized into oxides
and polyanion types [14]. A major obstacle is the difficulty to get a sodium host material with
comparable operating voltage and capacity to LIBs analogs. Among the transition metal oxides
investigated as cathode materials the group of vanadium oxides and bronzes has been screened, most of
them in the last years: V2Os polymorphs [20-22], bilayered V205 [23, 24], Nao.33V20s5 [25-27], NaxVO»
[28, 29], NaVOs3 [30], NaV30s [31]

In previous chapter we have reported the attractive electrochemical features exhibited by the y’-V20s
polymorph, prepared by the polyol process, as negative electrode material for LIBs and NIBs. This
solution technique allows to get homogeneous nanoparticles 100-200 nm long. We outlined the high
interest of the polyol-y’-V20s host lattice in particular toward Na insertion. Indeed, this oxide can be
considered as a high-performance cathode material working at high voltage 3.3 V vs Na*/Na with a
high capacity of 140 mAh g'!, a high rate-capability, an excellent charge efficiency and good cycle
life.
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A few years ago, we described a novel Li intercalation compound, the potassium vanadium bronze
Ko.5V205 (KVO) synthesized via a fast and facile solution route [32]. This cathode material was found
to exhibit outstanding electrochemical performance, one of the best among the vanadium bronzes, with
a specific capacity of 210 mAh g™ at an average voltage of 2.9 V vs. Li*/Li, without any significant
structural changes after extended cycling experiments. An excellent capacity retention was also reported,
with still 200 mAh g! at C/10 after 70 cycles and a good rate capability with 140 mAh g™ at 1C. This
attractive behaviour originates from the unusually large d-spacing of 7.7 A practically twice that of the
parent oxide V20s, and the presence of interlayer K*ions that stabilize the stacking of double-sheet V205

layers.
Motivated by these two recent works, we put some efforts in two directions:

I- we decided to chemically synthesized the y’NaV20s bronze in order to have a positive active
material directly usable in Na-ion batteries with the hope of keeping the attractive performances
known for the y’-V20s oxide.

2- we extended our study to the investigation of Ko5V205 (named KVO) as a potential candidate for

cathode material of SIBs.

3.2 The sodiated bronze y-Nao,9V20s as cathode material for Na-ion batteries

The stable high temperature phase y-LiV20s, characterized by a puckered layered framework with
Li ions located between the (VOs), layers [33, 34], was reported to exhibit a promising behavior
as cathode material for LIBs [35-36]. The oxidation of y-LiV20s leads to the y’-V20s polymorph,
which keeps the memory of the pristine y-LiV20s structure [39, 40]. Electrochemical lithium
insertion in y'-V20s was reported to occur at a higher voltage (3.6-3.5 V vs. Li*/Li) than in a-V20s
(3.4-3.2 V vs. Li*/Li) [35].

When M =Na and x = 1, only the a’-NaV,0s layered phase with an a-V20s isotype orthorhombic
structure was obtained through solid-state reaction of NaVO3 and VO, precursors around 600°C
[41, 42]. More recently, this a’-NaV20s bronze was electrochemically prepared and investigated
as a sodium intercalation compound. An interesting specific capacity of 120 mAh g at C/10 rate
near 1.6 V vs. Na*/Na was reported [43]. A novel structural variety of sodium vanadium bronze

belonging to the y-system, namely y-Naoo7V20s, was described as the discharge product of a
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composite 7’-V20s electrode near 3.2 V vs. Na*/Na in a 1M NaClOs propylene carbonate
electrolyte [44, 45]. However, this sodium bronze has never been synthesized as pure powder nor
investigated as cathode material for SIBs. In spite of an interesting first discharge capacity of 145
mAh g ! reported for y’-V20s, a strong kinetic limitation was shown during the first charge limiting
the cycling efficiency to only 60% even at a low rate of C/20 with merely 80 mAh g~ ' recovered
[45]. The use of a polyol synthesis leading to nanosized particles allows to solve the poor
charge/discharge efficiency. Another crucial drawback of y’-V20s is that this Na-free material is
not directly suitable as cathode in a SIB.

Herein, we present y-Nao.oe V205 as a directly usable cathode material for sodium-ion batteries.
This paper describes the first chemical synthesis of this sodium vanadium bronze, from chemical
sodiation at room temperature of the y’-V20s polymorph. We synthesize y-Nao.o6V20s from a
home-made a-V20s precursor obtained through a polyol process, leading easily to pure, fine and
porous powders with homogeneous grain size distribution. As a result, a quantitative initial
desodiation is obtained. The main electrochemical properties of y-NaposV20s as well as its
structural behaviour upon the sodium insertion-extraction reactions are reported and discussed in

details.

3.2.1 Synthesis

The polyol synthesis of YNao.osV20s consist of 4 steps illustrated in Figure 1.

Step 1. Synthesis of a-V20s5. Ammonium metavanadate (NH4VO3) and ethylene glycol (EG) were
used without purification. NH4VOs3 (7 gr) was dispersed in 500 ml of EG under stirring. The
resulting mixture was heated to 110 °C under continuous stirring to obtain yellow colored solution,
then refluxed at 340 °C for 3 hr until solution becomes blue color and cooled to room temperature.
At the end of the reaction excess EG was removed and precipitant (vanadium ethyleneglycolate)
was washed with ethanol and dried at 110 °C for 2 hr. To synthesize a-V20s powder, vanadium

ethyleneglycolate was annealed at 490 °C for 3 hr in air.
Step 2. Synthesis of y-LiV20s. a-V20s was dispersed in 40 ml of acetonitrile under continuous
stirring. Lithium iodide in excess (molar ratio 1:2) was slowly added to obtain 8-LiV20s and mixed

for 4 hrs. The obtained powder was washed 4 times with acetonitrile and acetone to remove iodide.
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After drying at 70 °C powder was heat-treated at 300 °C for 3 hrs under vacuum in Buchi furnace

to form distorted y-type layers (3-LiV205— y-LiV20s).

Step 3. Synthesis of y’-V20s. y’-V20s is obtained by chemical oxidation of y-LiV20s. Deinsertion
of lithium from y-LiV20s was performed with strong oxidizing agent NO2BF4 (molar ratio 1:1.1)
in acetonitrile. The solution was stirred at room temperature for 4 hrs. The obtained powder was
washed 4 times with acetonitrile and acetone and dried at 80 °C. The color of powder changed

from dark green to orange, which confirms complete delithiation of the product.

Step 4. Synthesis of y-NaV20s. y’-V20s5 was dispersed in 40 ml of acetonitrile under continuous
stirring. Sodium iodide in excess (molar ratio 1:2) was slowly added and mixed for 4 hrs. The
obtained powder was washed 4 times with acetonitrile and acetone to remove iodide. The obtained

v-NaV20s powder was dried at 70 °C.

NH,VO;in ethylene
glycol

I / I\al in ACN ﬁ

o NaV2°5

Figure 1. Scheme of polyol synthesis to obtain y’-V,0s and y-NaV,0s

3.2.2 Structural characterization

The obtained powder after oxidation of y-NaV2Os has been examined by XRD and Raman
spectroscopy. All the reflection lines in Figure 2 can be indexed with expected orthorhombic

symmetry of Pnma space group (Table 1). Sharp and intense diffraction peaks illustrate high
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crystallization degree. The Rietveld refinement does not reveal the presence of impurity and the

calculated unit cell parameters are: a=9.7806 A, b=3.6299 A, c=11.8872 A.
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Figure 2. (a) X-ray diffraction pattern, (b) crystal structure, (c) local structure of y-Nao.9sV20s powder

Table 1. Peak position, interplanar spacing, hkl indexes, FWHM, Crystallite size from XRD data of y-NaV,0s

No. Peak position Interplanar Miller FWHM Crystallite
spacing indices size
2 Theta (°) Theta (°) d(A) (hkl) (0) nm
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1 17.19122 8.59561 5.984561 002 0.21363 43.67
2 20.20105 10.10053 5.100192 102 0.19954 46.96
3 21.09154 10.54577 4.887146 200 0.16536 56.74
4 27.36424 13.68212 3.781471 202 0.21401 44.36
5 28.07536 14.03768 3.687542 103 0.21703 43.81
6 31.7304 15.8652 3.271879 111 0.18231 52.60
7 33.10029 16.55015 3.140025 301 0.20148 47.76
8 33.70553 16.85277 3.085233 203 0.21509 44.81
9 35.23118 17.61559 2.955597 112 0.19538 49.54
10 36.49104 18.24552 2.85685 302/104 0.21375 45.44
11 36.85969 18.42985 2.829255 211 0.19438 50.02
12 38.97902 19.48951 2.68093 013 0.20401 47.97
13 39.97083 19.98542 2.617027 212 0.20409 48.10
14 45.37053 22.68527 2.319218 105 0.24946 40.08
15 46.67079 23.3354 2.258069 402 0.22964 43.75
16 47.99869 23.99935 2.199145 304 0.24143 41.82
17 50.86149 25.43075 2.082927 214/403 0.29103 35.10
18 53.27013 26.63507 1.995176 411/015 0.26435 39.04

Similar to the y'-V20s and y-LiV20Os lattices, y-Nao.o6 V205 structure consists of puckered layers
stacked perpendicular to the c-axis. A common characteristic of these y-type structures is that the
layers are built of infinite V20Os chains running in the b-direction and interconnected by the ladder

step V—02 LS contact linkages (Figure 2).

The Raman spectrum of y-Nao.96V20s is consist of 15 peaks at 85, 110, 155, 191, 221, 250, 297,
323, 388, 470, 546, 655, 717, 959 and 1005 cm™' (Figure 3). The highest frequency bands at 1005
and 959 cm™! correspond to the stretching vibrations of the shortest Va—O1a and Vs—O1p s bonds

respectively; the bands at 717, 655 and 470 cm™! are due to the related to the stretching vibrations
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within the Vi;=02.—Va, Vu—02—Vp, and V,—03—Vy, bridges respectively while the intense
component observed at 546 cm™! corresponds to the vibration of the V-0 LS bonds. The lower
frequency modes at 85, 110, 155, 191, 221, 250, 297, 323, 388 cm’! are assigned to the complex
distortions of V20Os ladders [46] Raman vibration and assignments have shown in Table 3 can be

found in [46].

Intensity (a. u.}

100 200 300 400 500 600 700 800 900 1000

Raman shift (cm™)

Figure 3. Raman spectra of y-Nag 96 V205 powder

The morphology of the obtained powder was characterized by scanning electron microscopy
(SEM) at different magnifications (Figure 4). It reveals that obtained product consists of
agglomerated particles with uniform size. The average particles size is around 100~200 nm. On
the basis of a Scherrer analysis of the XRD pattern (Figure 2), the average crystallite sizes were

evaluated to ~140 nm along the c-axis and ~85 nm in the a—b plane.

Figure 4. SEM micrographs of y-Nag.¢6V20s powder at different magnifications
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3.2.3 Electrochemical study

The discharge/charge profile of y-Nao.o6V20s at C/5 in voltage range of 4 — 1.75V is shown in
Figure 5. From discharge/charge curve single plateau can be observed at 3.3/3.4V with total
faradic yield 1 F/mol. The initial discharge/charge capacity exhibits 124 mAh g’!, indicating
reversible insertion/extraction process. The discharge capacity slightly decreased to 118 mAh g

after 50 cycles with good capacity retention without impact on hysteresis of voltage profile shape
(~100 mV).
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Figure 5. (a) Discharge/charge profile and (b) cycle performance of y-Nag9sV20s at C/5 in 4 -1.75V voltage range

3.2.4 Structural investigation upon discharge-charge

The cycled electrode at C/5 after 50 cycles at voltage range of 4 — 1.75V has been examined by
XRD and Raman (Figure 6a). It was found that after 1** oxidation XRD and Raman results show
the typical fingerprint of y-Nao.osV20s with following unit cell parameters [a=9.94 A, b= 3.58 A,
c=10.04 A], which is in a good agreement with the literature [47]. This reveals an efficient initial
extraction process of sodium ions form the bronze structure. After 1 complete cycle, the initial y-
NaV;0s structure is restored without additional peaks or bands. The unit cell parameters on
discharged state [a=9.75 A, b=3.62 A, ¢=11.95 A] fully agreed with that of sodiated y-NaV2Os
phase [47] which is confirmed by Raman results (Figure 6b). The XRD pattern and Raman spectra

of cycled electrode (after 50 cycles) illustrate the unchanged lattice parameters and completely
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superimpose with initial y-NaV20s, indicating a high stable structural stability upon

electrochemical reaction.
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Figure 6. Ex-situ XRD and Raman study of y-Nao.9s V205 electrode after 50 cycles at C/5 at 4.0 — 1.75 V voltage range

3.2.5 Cycling properties

The rate capability of y-Nao.osV20s is reported in Figure 7a. At C/10 and C/5, similar discharge
capacities are achieved at 140 and 134 mAh g’!, respectively, with stable hysteresis of 100 mV.
The discharge capacities at C/2, 1C, 2C, 5C gain 122, 110, 91, 50 mAh g’!, respectively. In
addition, the charge capacity is systematically fully recovered with symmetric voltage shape at all
C-rates (Figure 7b), indicating a high electrochemical reversibility of the cathode material. After

high C-rate (5C), the discharge/capacity fully recovered to 137 mAh g™ at C/10 with stable cycling.
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3.2.6 Conclusion

In conclusion, a new sodium vanadium bronze (y-NaoosV20s) has been prepared by chemical
sodiation using polyol synthesized y’-V20s at room temperature. This low-cost soft chemistry
route leads to fine particles with high purity and high crystallinity. The crystal features of the y-
Nao.96V205 material upon charge and discharge have been characterized by X-ray diffraction and
Raman spectroscopy. This sodiated bronze can be directly used as a high voltage positive electrode
(3.4V) for Na-ion batteries with attractive attractive properties. A reversible specific capacity of

124 mAh g! at C/5 is available at 3.4V vs. Na*/Na and still 112 mAh g after 50 cycles at C/5.

The high stability of the structure after charge and discharge has been shown from XRD and
Raman spectroscopy which explains a good cycle life upon cycling. However it appears an

improvement is still required in terms of rate capability especially at C rate higher than 2C

This work clearly confirms the interest exhibited by insertion properties of y’-V20s toward Na
insertion since the new y-Nao.9sV205 vanadium bronze competes with the well-known cathode

materials for sodium-ion batteries such as NaNii;3sMn1,3Co1/302 and NaFePOq4
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ABSTRACT: A new cathode material for sodium-ion
batteries, the sodium vanadium bronze y-Na¢sV,Os, is easily
synthesized by chemical sodiation of the y’-V,O polymorph at
room temperature. This low-cost soft chemistry route leads to
fine particles with high purity and high crystallinity. The crystal
features and morphology of the y-Naj¢sV,0 material have
been characterized by X-ray diffraction, Raman spectroscopy,
and scanning electron microscopy. It exhibits a layered
structure with orthorhombic symmetry (Pnma space group)
isomorphic to that of the lithiated y-LiV,O5 bronze. This
cathode material is evaluated by charge—discharge experi-
ments. Promising electrochemical performance is outlined. A
quantitative Na extraction process is observed at a high voltage
of 3.4 V versus Na*/Na, and a reversible electrochemical
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behavior is demonstrated with an initial specific capacity of 125 mAh g™, which remains at 112 mAh g™ after 50 cycles at C/S.
The structural reversibility of the sodium extraction—insertion reaction in y-Nag¢4V,05 is demonstrated upon cycling. This new
vanadium bronze competes with the well-known cathode materials for sodium-ion batteries such as NaNi, ;;Mn, 3Co,,;0, and

NaFePO,.

B INTRODUCTION

Worldwide large-scale integration of renewable energies will
require the deployment of new electrical energy storage (EES)
solutions. Lithium-ion batteries (LIBs), which dominate the
portable electronic market, are now considered as a key energy
storage technology for electric vehicles and, in parallel, are also
evaluated for EES.'™ However, large-scale applications of
these batteries require that they be cost effective, sustainable,
and environmentally friendly.” In particular, concerns about
the scarcity of Li and its uneven geographical distribution’™”
have prompted intense research activities beyond LIB
technology. Room-temperature sodium-ion batteries (SIBs)
are considered as promising alternatives to LIBs. Indeed, Na
sources are practically inexhaustible and ubiquitous, which is
extremely favorable for large-scale stationary EES.'"~"? Hence,
the discovery and development of new promising positive and
negative electrode materials for SIBs are actively being
pursued.'' ™ To date, a large variety of Na insertion
frameworks have been proposed as cathode materials.”’™>
Similar to LIBs, highly reversible cathode materials based upon
the intercalation reaction are needed for the high capacity and
good cyclability of SIBs. These cathode materials are mainly
categorized into oxides and polyanion types.”” A major
obstacle is the difficulty of obtaining a sodium host material

-4 ACS Publications  © 2018 American Chemical Society
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with an operating voltage and a capacity comparable to those
of LIB analogues. Layered sodium transition metal oxides
Na,M,0, (M, = transition metal such as Co, Ti, V, Cr, Mn, Fe,
or Ni) are regarded as promising candidates,” " and their
electrochemical performance has been shown to depend
largely on the structure and the transition metal chosen.''

Vanadium oxide bronzes of the general formula M, V,0; (M
= Li, Na, etc.), with a mixed valence of vanadium ions (V** and
V*), are semiconductor or metallic conductor compounds that
possess extended homogeneous composition ranges resulting
from a nonstoichiometric intercalation of M cations within the
[V,Os] network. These compounds have attracted much
attention because of the great number of lamellar phases
enabling accommodation of a large amount of guest
cations.””>*

When M = Li and x = 1, three orthorhombic &-, §-, and y-
LiV,0; bronzes are found in the V,0:/Li phase dia-
gram.32’35’36 The stable high-temperature phase y-LiV,Os,
characterized by a puckered layered framework with Li ions
located between the (VO), layers,”™*” was reported to exhibit
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promising behavior as a cathode material for LIBs.”*~*" The
oxidation of y-LiV,0Oj; leads to the y’-V,05 polymorph, which
retains the memory of the pristine y-LiV,O; structure.*”*’
Electrochemical lithium insertion in y’-V,0O was reported to
occur at a higher voltage (3.6—3.5 V vs Li*/Li) than in a-V,0;
(3.4-3.2 V vs Li*/Li).*

When M = Na and x = 1, only the a’-NaV,0O; layered phase
with an a-V,QOj isotype orthorhombic structure was obtained
through solid-state reaction of NaVO; and VO, precursors
around 600 °C.***> More recently, this a’-NaV,O5 bronze was
electrochemically prepared and investigated as a sodium
intercalation compound. An interesting specific capacity of
120 mAh ¢! at a C/10 rate near 1.6 V versus Na*/Na was
reported.*® Another novel structural variety of sodium
vanadium bronze belonging to the y-system, namely p-
Nayy,V,05, was described as the discharge product of a
composite y’-V,O; electrode near 3.2 V versus Na*/Na in a 1
M NaClO, propylene carbonate electrolyte.””** However, this
sodium bronze has never been synthesized as pure powder or
investigated as a cathode material for SIBs. In spite of the
interesting first discharge capacity of 145 mAh g™ reported for
7'-V,0Os, a strong kinetic limitation was shown during the first
charge, with acycling efficiency of only 60% even at a low rate
of C/20 with merely 80 mAh g_1 recovered.*® Another crucial
drawback of y’-V, Qs is that this Na-free material is not directly
suitable as a cathode in a SIB.

Herein, we present y-NajosV,0Oj5 as a directly usable cathode
material for SIBs. This paper describes the first chemical
synthesis of this sodium vanadium bronze, from chemical
sodiation at room temperature of the y’-V,0Og polymorph. We
synthesize y-Nag¢sV,0;5 from a homemade @-V,0; precursor
obtained through a polyol process, leading easily to pure, fine,
and porous powders with a homogeneous grain size
distribution.” As a result, a quantitative initial desodiation is
obtained electrochemically. Then, the y-NayoV,0;5 cathode
material exhibits a reversible electrochemical behavior and can
deliver an interesting specific capacity of 125 mAh g™ at a high
voltage of 3.4 V versus Na'/Na, with 112 mAh g™ still
available after 50 cycles at C/5. Raman and X-ray diffraction
(XRD) measurements of cycled electrodes demonstrate the
high structural reversibility of the sodium insertion—extraction
reactions in this new cathode material for SIBs.

B EXPERIMENTAL SECTION

Synthesis. The synthesis pathway used to prepare the sodiated
bronze is illustrated in Figure 1. The first step aimed to prepare the y-
LiV,05 phase under mild-temperature conditions: the chemical
lithiation of a-V,05 was performed using lithium iodide in excess
(molar ratio of 2:1) in acetonitrile at room temperature, leading to &-
LiV,04.> The obtained powder was washed with acetonitrile before
being dried at 70 °C and then heat-treated at 300 °C for 2 h under
dynamic primary vacuum using a Biichi furnace. This heat treatment
allowed the formation of the distorted y-type layers via the 6-LiV,O;
— 7-LiV,0O; phase transition.”® The second step consists of removing
lithium ions from the interlayer spacing without altering the distorted
framework, leading to the y’-V,0O5 polymorph. This chemical
oxidation reaction was performed at room temperature in acetonitrile
under continuous stirring, using NO,BF, in molar excess (2:1). The
obtained powder was dried at 80 °C. The last step consists of
reducing chemically the y’-V,05 powder at room temperature in
acetonitrile under continuous stirring using anhydrous sodium iodide
(2:1 molar excess). The resulting compound was washed with
acetonitrile and then dried at 70 °C. The elemental analysis of the
final compound, performed by ICP-OES measurements (PerkinElmer
Optima 8300 DV), led to the y-Nagg6(,)V,05 composition.
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7-Nag g6V,05

Nal in ACN, RT,

(1) Lil in ACN,
RT - 5-LiV,04
(2) 2h at 300°C

NO,BF, in ACN, RT under primary vacuum

Figure 1. Scheme of the synthesis pathway leading to y-NaysV,O5
from a-V,0;.

The a-V,05 precursor was prepared through the polyol method
described in ref 49, which led to very fine powder with a narrow
particle size distribution. Typically, NH,VO; powder (Alfa Aesar,
99%) was slowly dissolved into ethylene glycol (Alfa Aesar, 99%) at
110 °C under continuous stirring. Once a yellow solution was formed,
the temperature was increased to reach reflux conditions for 1 h. The
vanadyl glycolate precipitate was then washed with ethanol and dried
at 80 °C. A thermal treatment at 450 °C in air for 2 h was performed
in a box furnace to obtain the V,O5 powder.

Structural Characterization. XRD patterns were collected using
a Panalytical X'Pert pro diffractometer equipped with a Co Ka X-ray
source (A = 1.7889 A) and an X'celerator linear detector. Collected
data were analyzed within the Rietveld method using the GSAS
ExpGUI package.””*" All the diffraction patterns were collected with a
20 step of 0.0167°.

Valence states of the vanadium atoms using the bond valence sum
(BVS) method and bond valence energy landscape (BVEL) maps
were calculated with the BondStr program implemented in the
FullProf Suite,”>** using the soft bond valence parameters defined by
Adams.>* The BVEL method derives from the BVS method,>® which
is based on the analysis of the bond lengths extracted from the crystal
structure. This approach usually gives coarse but reliable results
compared to those of ab initio calculations on activation energies
estimated for ionic conductors and energy storage materials.’ Tt is
recognized as a quick and simple tool for analyzing the possible shape
and dimensionality of diffusion paths within the crystal structure for a
given mobile ion and has been applied to estimate the Li and Na
conduction paths in several cathode materials.>’ =’

The Raman spectra were measured with a LaBRAM HR 800
(Jobin-Yvon-Horiba) Raman microspectrometer, including edge
filters and equipped for signal detection with a back-illuminated
charge-coupled device detector (Spex CCD) cooled by a Peltier effect
to 200 K. A He:Ne laser (632.8 nm) was used as the excitation source.
The spectra were measured in backscattering geometry. The
resolution was ~0.5 cm™'. A long distance 50X LWD objective was
used to focus the laser light on the sample surface to a spot size of 1
um?®. To avoid local heating of the sample, the power of the laser
beam was adjusted to 0.2—0.5 mW with neutral filters of various
optical densities.

The powder morphology was investigated by using a field-emission
scanning electron microscope (Zeiss, Merlin-type) operating at S kV.

Electrochemical Tests. Electrochemical experiments were
conducted in sodium half-cells consisting of CR 2032 coin-type
cells. The positive electrode was prepared by mixing y-Nay¢sV,0O5 as
the active material, acetylene black, graphite, and PTFE as a binder
[80:7.5:7.5:5 (w/w)]. Approximately 8 mg cm™ of this mix was
pressed on a stainless steel grid current collector. A Na foil acted as
both negative and reference electrodes. Consequently, all the potential
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Table 1. Structural Parameters of a-V,0O;, y-LiV,0s, 7'-V,0;, and 7-Na, ¢sV,04

phase (space group) a (A) b (A)

a-V,05 (Pmmn) 11.5054(3) 3.5563(1)
y-LiV,05 (Pnma) 9.6947(2) 3.6062(1)
¥'~V,0; (Pnma) 9.9484(2) 3.5863(1)
7NaggeV,05 (Prma) 9.7806(3) 3.6299(1)

“Unit cell parameters and unit cell volumes.

¢ (A) unit cell volume (A3) molar volume (cm?® mol™")
4.3765(2) 179.42(3) 54.00
10.6780(2) 373.32(2) 56.18
10.0459(3) 358.42(2) 53.94
11.8872(5) 422.03(4) 63.52

values were expressed versus Na*/Na without further precision except
when the reference was mentioned. The electrolyte was 1 M NaClO,
in propylene carbonate (PC) containing a fluoroethylene carbonate
(FEC) additive (2% by volume). The positive electrode was separated
from the negative electrode by Whatman glass fiber disks soaked with
the electrolyte. Coin-type cells were assembled in an argon-filled
glovebox with controlled levels of oxygen and water of <1 ppm. After
being cycled, the electrodes were removed from the coin-type cell in
an argon-filled glovebox, rinsed with DMC, and further analyzed by
X-ray diffraction and Raman spectroscopy, using specific airtight
sample holders. Galvanostatic experiments were performed at room
temperature in the voltage range of 1.75—4.00 V, using a VMP3 Bio-
Logic apparatus.

B RESULTS AND DISCUSSION

The chosen synthesis pathway lies on two singularities
reported in the V,05/Li system. 84362 (§) The reconstruction
mechanism leading to y-LiV,Oj from 6-LiV,0Oj is irreversible;
(i) the y-LiV,0Og phase can itself be oxidized into y'-V,Oq
while maintaining the y-type structure.

Interestingly, electrochemical insertion of Na into y’-V,05
was recently reported to take place at nearly the same potential
as Li insertion (—0.5/—0.6 V vs the normal hydrogen
electrode).”® Hence, the chemical reduction of y'-V,05 with
sodium iodide in acetonitrile at room temperature is expected
to be successful to produce a Na-intercalated bronze that
maintains its y-structure. The synthesis pathway leading to the
new structural variety of sodium vanadium bronze belonging to
the y-system is illustrated in Figure 1. After synthesis of the a-
V,O;s precursor through the polyol route, y-LiV,05 and y'-
V,0; intermediates are successively prepared to obtain the
final product y-NajV,0s. As detailed below, this protocol
interestingly retains the specific morphologic features of the a-
V,05 polyol precursor. The structural parameters of all the
products, including lattice cell parameters, V-0, Li—O, and
Na—O bond lengths, and the oxidation states of the vanadium
atoms estimated from BVS, are listed in Tables 1 and 2.

Characterization of the a-V,0; Precursor. a-V,0q
obtained through the polyol route® has been characterized
by XRD (Figure Sla), Raman spectroscopy (Figure S2a), and
scanning electron microscopy (SEM) (Figure 2a). Atomic
positions, listed in Table SI, lead to the V—O bond lengths
reported in Table 2. The Rietveld refinement of XRD data
(Figure Sla) does not indicate the presence of any impurity,
and the cell parameters [a = 11.5054(3) A, b = 3.5563(1) A,
and ¢ = 4.3765(2) A (see Table 1)] are consistent with the
expected orthorhombic structure of the Pmmn space
group.’”®" The Raman spectrum of the obtained product
(Figure S2a) fully agrees with the well-known fingerprint of a-
V,05,°7% showing 10 bands at 103, 145, 195, 285, 304, 405,
482, 527, 701, and 994 cm™!. The four highest-frequency
modes above 450 cm ™" correspond to the different V—O bond
stretching vibrations in the a-V,Ojs structure. Indeed, each
vanadium atom in the chains forms four valence bonds (Figure
S3 and Table 2): a vanadyl V=0, bond (d,), a V=0, bond
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Table 2. V-0 Bond Lengths (in angstroms) in @-V,0j, 7-
LiV,0q, 7'-V,0q, and ¥-Na; 4,V,0;; Na—O and Li—O Bond
Lengths (in angstroms) in y-Nay4.V,0;5 and y-LiV,0y,
Respectively; V, and V, Valence States Estimated Using the
BVS Approximation; and VOg Pyramid Volumes (in cubic
angstroms)

a-V,04 7' -V,05 y-LiV,05  7-NaggsV,05

(V.)Os

V,—0y, 1.575(3)  1.560(6)  1.595(S) 1.548(7)

V,—0, 1.763(2) 1.749(7) 1.737(5) 1.794(9)

V,—0,, (x2) 1.876(1)  1.893(2)  1.892(2) 1.909(3)

(V,—0,,)LS 2.016(3)  1.968(6)  1.975(4) 1.970(7)
volume of (V,)O; 4423 4.461 4.675 4.649
BVS V, +5.17 +5.29 +5.15 +5.15
(V)05

Vy—Oqp 1.576(7) 1.576 1.587

V,—0; 1.827(7) 1961 1.882

V,—0y, (X2) 1.880(2) 1937 1.953

(Vy—0y,)LS 2.028(6)  1.967 1.949
volume of (V},)Oq 4.531 S5.114 5.042
BVS V, +4.99 +4.30 +4.37
(Na/Li)—0y, - - 2.047 2415
(Na/Li)—0y, - - 2.044 2275
(Na/Li)—05 (Xx2) - - 2226 2425
(Na/Li)—0,, (x2) - - 2.357 2459

(d,) in the V—0;—V bridge lying in the x—z plane, and two
V-0, bonds (d;) resulting in the V—0,—V bridges oriented
along the y-axis. The chains in the layers are linked to each
other by interchain V—O, contacts (d,;) named “ladder steps”
(LS) and shown by dashed lines in Figure S3. As first noted by
Abello and co-workers,*® the frequency sequence v (d;) > v
(dy) > v (ds) > v (d,) is in line with the relationship d; < d, <
dy < d, (see Table 2). Peaks below 450 cm™" are due to angle
bending vibrations. The peak at 405 cm™ is attributed to a
mode consisting of a §(V—0;—V) angle bending vibration,
whereas atomic displacements in modes below 400 cm™" are
assigned to the LM ladder modes, mostly localized within the
ladder steps, as detailed in ref 64.

SEM micrographs displayed in Figure 2a exhibit coral-like
agglomerates of several micrometers composed of small rods,
themselves made of small crystalline grains of 100—200 nm.
The present crystallites are isotropic, as described in ref 49,
with an average estimated size of ~85 nm from the diffraction
peak width (Figure Sla).

Characterization of y-LiV,0s5. The chemical lithiation of
a-V,0; at room temperature using Lil as a reducing agent
leads to the 6-LiV,O; phase, as previously described by
Murphy et al.*® Then, the complete transformation of &-
LiV,0js into y-LiV,0y involving a reorganization of the V,04
layers themselves is achieved by a heat treatment at 300 °C
under primary vacuum.’***

DOI: 10.1021/acs.chemmater.8b02066
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(d) y-Nag g6V,05

Figure 2. SEM micrographs of the obtained products: (a) a-V,0Os, (b) y-LiV,0s, (c) 7'-V,0s, and (d) y-NagesV,0s.

Both the XRD pattern (Figure S1b) and the Raman
spectrum (Figure S2b) of the resulting heat-treated product
show the presence of a pure y-LiV,0O; phase, which indicates a
homogeneous chemical lithiation and a full subsequent 6 — y
phase transformation. Atomic positions, listed in Table S2, lead
to the V—O bond lengths reported in Table 2. The cell
parameters [a = 9.6947(2) A, b = 3.6062(1) A, and ¢
10.6780(2) A (see Table 1)] are consistent with the expected
orthorhombic structure of the Pnma space group.”’ The
Raman spectrum of the obtained powder (Figure S2b) fully
agrees with the previously reported fingerprint of y-
LiV,04,°"°* showing 16 peaks at 99, 122, 171, 204, 254,
271, 311, 327, 374, 459, 532, 550, 643, 733, 964, and 988
cm™'. Because two vanadium environments exist in the layered
y-type structures (see Table S2), the number of expected active
modes is twice as large as that in the a-structure.”**® Our
previous vibrational dynamic analysis has allowed the assign-
ment of the whole Raman spectrum of y-LiV,Os, corroborated
by the computation of the Raman spectrum.®® Then, the bands
at 964 and 988 cm™! correspond to the stretching vibrations of
the two shortest V,—O;, and V;—O, bonds (see Table 2); the
peaks at 733, 643, and 459 cm™' are due to the stretching
vibrations within the V,—0,,—V,, V;,—O,,—V}, and V,—O5—
Vy, bridges, respectively, while the two components observed at
532 and 550 cm™" are assigned to the vibrations localized in
the V=0, ladder step bonds. Finally, peaks below 400 cm™"
have been described as distortions of the ladders.*

SEM micrographs (Figure 2b) clearly show that the coral-
like morphology of the a-V,Oj precursor is maintained, even
after a complete reorganization of the layer shape, as shown by
the schematic structure representations in Figure 1. Only
smoother crystallite edges can be observed, suggesting limited
sintering between particles. The crystallite size and shape were
also estimated from the XRD pattern (Figure S1b) with the
Scherrer formula. The mean crystallite size of ~100 nm is in
line with that of the pristine a-V,Os. A slight anisotropy of the
crystallites can nevertheless be distinguished, with an average
size of ~105 nm along the c-axis and ~95 nm in the a—b plane,
probably because of the low-temperature heat treatment.

Characterization of y’-V,0s. The y-LiV,O; structure
allows topotactic lithium removal. Indeed, chemical oxidation
of y-LiV,O5 at room temperature using a strong oxidizing
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agent leads to the full leaching of Li ions and to the formation
of y'-V,0,.*** The obtained product after oxidation by
NO,BF, is a fine orange powder, which provides evidence that
all the vanadium ions are in the V** oxidation state. The
resulting XRD pattern (Figure Slc) and Raman spectrum
(Figure S2c) confirm the complete oxidation of y-LiV,0O5 into
the metastable polymorph y’-V,O;s. Atomic positions, listed in
Table S3, lead to the V—O bond lengths reported in Table 2.
The cell parameters [a = 9.9484(2) A, b = 3.5863(1) A, and ¢

10.0459(3) A (see Table 1)] are consistent with the
43,64

expected orthorhombic structure of the Pnma space group.
This phase is characterized by a ¢ cell parameter (10.05 A) that
is smaller than that of the lithiated phase (10.68 A). In
addition, the Raman spectrum (Figure S2c) fully agrees with
the newly reported fingerprint of y’-V,04,%" composed of 21
peaks in the 90—1050 cm™" wavenumber range. In the same
manner as outlined above, all the vibrations of the chains can
be identified: the stretching of the two vanadyl bonds at 1038,
1023, and 1004 cm™, the bond stretching vibrations localized
within the V,—O,—V,, bridges at 753 and 604 cm', and those
of the V,—0,,—V, and V,—O,,—V,, bridges forming the rails of
the ladders at 723 and 695 cm™'. Modes involving the V-0,
ladder step bonds are observed at 534 and 501 cm™!, while
lower-frequency modes observed at 93, 126, 138, 153, 172,
190, 239, 267, 282, 299, 349, and 392 cm™" are related to the
complex distortions of the ladders.”*

SEM micrographs show that the coral-like shape of the
aggregates is still present but slightly less pronounced,
composed of smoothed shorter sticks (Figure 2c). In addition,
the mean grain size of 100—200 nm is maintained. The
crystallite sizes estimated from diffraction peak widths (Figure
Slc) remain almost constant after the oxidation process, with
~10S nm along the c-axis and ~85 nm in the a—b plane.

Characterization of the Final Sodiated Product. As
detailed above, the chemical reduction of solid y’-V,04 with
sodium iodide in acetonitrile at room temperature is expected
to produce a Na-intercalated bronze that maintains its y-
structure.

Nal used as a reducing agent reacts with the powder
dispersed in acetonitrile (2:1 molar excess) according to the
following reaction with x ~ 1:

DOI: 10.1021/acs.chemmater.8b02066
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Y-V, + #Nal — Na,V,0; + glz

The reaction is rapid and spontaneous, leading to a dark
blue powder. Elemental analysis of cationic species (ICP-OES)
leads to an x content of 0.96(1) sodium ion for 2 vanadium
atoms.

The XRD pattern and Raman spectrum of the obtained
product are displayed in Figure 3a and 4, respectively. The
Rietveld refinement of the XRD pattern indicates the presence
of a pure and well-crystallized single phase, indexed using the
same orthorhombic symmetry used for y’- and y-LiV,O4
(space group Pnma). The sodium site occupation refinement
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Figure 3. (a) Rietveld refinement of the X-ray diffraction pattern. (b)
Crystal structure of y-Naj 94V,0O; and the Na octahedral site. (c) Local
structure showing the two vanadium environments. Ladder step
bonds are indicated by a LS label.
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Figure 4. (a) Raman spectrum of y-Nag¢sV,Os. (b) Raman spectrum
of y-LiV,0y for comparison.

of diffraction data is in good agreement with the content of
0.96 sodium ion for 2 vanadium atoms.

Like the y'-V,0s and y-LiV,04 lattices, y-NajosV,05
structure consists of puckered layers stacked perpendicular to
the c-axis. A common characteristic of these y-type structures is
that the layers are built of infinite V,0O; chains running in the
b-direction and interconnected by the ladder step V—O, LS
contact linkages (Figure 3b,c; ladder step V,—O,;, bonds are
indicated by LS labels in Figure 3c).

Atomic positions, listed in Table 3, lead to the V—O and
Na—O bond lengths listed in Table 2. The cell parameters [a =

Table 3. Atomic Positions and Thermal Motion Parameters
Extracted from the Rietveld Refinement of y-NayosV,05 (¥
= 0.25 for all positions)”

Wyckof

atom type (label) position x z Uy, (A?)
Na [occupancy of 4c 0.1578(5)  0.2302(4)  0.027(3)

0.96(1)T
V(V.) 4 0.0684(3)  0.5881(2)  0.011(1)
vV (V) 4c 0.3759(2)  0.5011(2)  0.011(1)
0 (0,,) 4c 0.4900(7)  0.7987(6)  0.029(1)
0 (Op) 4¢ 0.2873(8)  0.3892(7)  0.029(1)
0 (0,,) 4c 0.4387(6)  0.0387(5)  0.029(1)
O (Oy) 4c 0.5685(7)  0.4591(5)  0.029(1)
0O (0y) 4c 0.2479(9)  0.6193(6)  0.029(1)

“Orthorhombic space group Pnma; a = 9.7806(4) A, b = 3.6299(1) A,
and ¢ = 11.8872(3) A; 4% = 1.597; wR, = 5.14%; R, = 4.00%; Ry =
3.77%; background, Shift Chebyschev 10 parameters.

9.7806(3) A, b = 3.6299(1) A, and ¢ = 11.8872(5) A (see
Table 1)] are in fairly good agreement with those reported for
the electrochemically formed y-Nayy,V,0s, the discharge
product of a y’-V,05 electrode in a sodiated electrolyte.””**
However, a thorough comparison reveals some differences in
the atomic positions, leading to discrepancies in the bond
lengths (Table S4). This is due to the quality of the employed
data, i.e, to the fit accuracy. Indeed, the structural data

DOI: 10.1021/acs.chemmater.8b02066
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obtained for the present pure and isotropic y-NayesV,05
powder are more precise than those collected on a highly
oriented composite y-Nag¢,V,05 electrode. For the latest data,
a preferential orientation correction was applied, implying the
refinement of additional parameters.” Furthermore, the
angular domain of data collection is extended in this case. As
a result, the Ry is greatly improved and reaches 3.77%
compared to 9.1% in the case of the electroformed sample.

The comparison of y’-V,0g, y-LiV,0s, and y-NayesV,05
unit cell parameters calls for comment (Table 1). Once the y-
type V,O5 layers are formed, the deformation induced by
alkaline species intercalation (Li or Na) differs with the nature
of the intercalated species. It is noteworthy that accommoda-
tion of Na in the interlayer spacing of y’-V,0; provokes a layer
folding that is less important than Li insertion (—1.7% for y-
NagV,05 vs —2.5% for y-LiV,O;) but a larger increase in the
¢ interlayer parameter (+18% for y-Nay4.V,05 vs +6% for y-
LiV,05).

The valence states of the vanadium ions have been estimated
using the BVS approach. BVS values calculated for y-
Nayo6V,05 (Table 2) reach +5.15 and +4.37 for V, and V,
valences, respectively. This result reveals a localized character
comparable to that also observed for the lithiated analogue
(+5.1S for V, and 4.30 for V,,) and suggests that the V,, site is
the redox center.

As determined by examination of the V,—O,, and V,—Oy,
bond lengths in the three y-type structures (Table 2), it
appears that they lie in the narrow range of 1.54—1.59 A. It is
noteworthy that the V,—O,, bond length is shorter in y-
Nag6V,05 (1.548 A) than in y’-V,0; (1.560 A).

The comparison of the structural data obtained for lithiated
and sodiated analogues calls for the following comments.
Indeed, the effect of Na/Li intercalation on the (VOjy)
polyhedral shape must be considered in light of the (Na/Li)—
O interactions. In the interlayer space, Na/Li ions are located
in octahedral sites, with two O, and two O; atoms forming the
square basis and O, and O, in apical positions (Figure 3b).
Because of a size effect, (NaOg) and (LiOy) sites exhibit quite
different shapes (cf. the Na—O and Li—O distances in Table
2). As a consequence, VOs polyhedra present different charge
distributions on V—O bonds, especially on the apical V-0,
and bridge V—Oj; bonds. It is noteworthy that when the V,—
O, bond is shorter, the V,—Oj; bridge is longer, because of a
charge compensation effect. Indeed, in the V,O; polyhedron,
the V,—O,, bond length of the sodiated compound (1.548 A)
is shorter than that of the lithiated analogue (1.595 A) but the
bridging V,—O; bond is longer (1.794 A vs 1.737 A).
Conversely, in the V,Og polyhedron, the bridging V,—O;
bond is shorter (1.882 A vs 1.961 A) while the V,—Oy,
bond is longer (1.587 A vs 1.576 A) than that of the lithiated
analogue. These discrepancies do not affect the VOj
polyhedral volumes that are similar in the Li and Na analogues
(see Table 2). Volumes are linked to only the oxidation state of
the vanadium ion according to the relationship (V°*Oy)
volume < (V*O;) volume. These observations demonstrate
the versatility of the y-type V,0; layers and their ability to
accommodate intercalated species.

The Raman spectrum of y-Nag 94V,O5 is shown in Figure 4a,
with that of y-LiV,O; also reported for comparison (Figure
4b). Figure 4 shows that the general shapes of both spectra are
similar, with several band shifts reflecting the influence of the
intercalated cation at the scale of the chemical bond. The
Raman spectrum of y-Naj¢sV,05 is composed of 15 peaks at
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85, 110, 155, 191, 221, 250, 297, 323, 388, 470, 546, 655, 717,
959, and 1005 cm™'. Because of the similarity of the two
spectra, one can propose a consistent assignment by relying on
our previous vibrational dynamic analysis performed on y-
LiV,04:° the two highest-frequency bands at 1005 and 959
cm™' correspond to the stretching vibrations of the shortest
V,—O,, and V,—Oy;, bonds, respectively, the peaks at 717, 655,
and 470 cm ™" are due to the stretching vibrations within the
V,—0,,-V, V,—0,4—V,, and V,—O;—V, bridges, respec-
tively, while the intense component at 546 cm™" should come
from the vibration of the V—0O, LS bonds. Finally, peaks below
400 cm™! are assigned to the distortions of the ladders.

It is noteworthy the Raman fingerprints of the lithiated and
sodiated analogues reveal some spectral changes that are in line
with the bond length variations highlighted above. First, the
v(V,—0,,) stretching mode is observed at 988 cm™' in y-
LiV,0; versus 1005 cm™ in y-NagoesV,0s. This blue shift
clearly indicates a strengthening of the V,—O,, bond in y-
NagesV,05, in line with a shortest bond length of 1.548 A in y-
Nay46V,05 versus 1.595 A in y-LiV,0s. Conversely, the v(V,—
Oy,) component is observed at a lower wavenumber (959
em™ in y-NagesV,05 vs 964 cm™ in y-LiV,05), which is in
agreement with the lengthening of the V,—Oy;, bond (1.587 in
¥-NagesV,05 vs 1.576 A in y-LiV,O;). Another relevant
spectral indicator of bond length variation between the
lithiated and sodiated analogues is the pure v(V,—O;)
vibration, identified at 459 cm™ in y-LiV,05.°® A blue shift
to 470 cm™ is observed for y-NagosV,0s, in line with the
shortest V,—O; bond (1.882 in y-NayosV,05 vs 1.961 A in y-
LiV,0q).

As shown on the SEM micrographs (Figure 2d), the
morphology is practically not modified by this additional
chemical treatment. Indeed, the shape of the y-NajgsV,0;
aggregates is similar to that found for the sodium-free y’-V,Oy
sample. Their size of a few micrometers is maintained as well
as their porous character and the mean grain size of 100—200
nm. The surface of these aggregates seems to be affected little,
even if the sodium intercalation in the interlayer spacing
induces an 18% dilation along the c-axis. On the basis of a
Scherrer analysis of the XRD pattern (Figure 3), the average
crystallite sizes were evaluated to ~140 nm along the c-axis and
~85 nm in the a—b plane. The large expansion along the c-axis
compared to sodium-free y’-V,0s is simply attributed to
sodium intercalation because no granular growth is expected at
room temperature. Then, using mainly redox reactions at room
temperature combined with a moderate heat treatment, this
multiple-step synthesis process keeps the initial interesting
porous morphology of the a-V,Oj precursor (see Figure 2a—
d).

Electrochemical Properties of Chemically Formed -
Nag 96V,05. The electrochemical performance of y-NaggsV,05
has been investigated at a C/S rate (i.e., one Na* exchanged
per formula unit in S h). Typical galvanostatic charge—
discharge curves recorded in the potential window ranging
from 1.75 to 4 V are presented in Figure S. The sodium
extraction process takes place at a high potential of 3.45 V
along two voltage plateaus differing by a very small voltage.
The subsequent Na insertion then proceeds at a slightly lower
voltage of 3.35 V. In fact, low-scan rate cyclic voltammetry
experiments performed at 10 4V s~ (not shown here) allow
the discrimination of two steps separated by only 50 mV, both
in oxidation and in reduction. Furthermore, it is remarkable
that the Na extraction—insertion process occurs at the same
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Figure S. Charge—discharge cycles at a C/S rate of y-NagV,0s.
Voltage window of 1.75—4 V vs Na*/Na. Electrolyte of NaClO, 1M/
PC. The inset shows the evolution of the specific capacity vs cycles at
a C/S rate.

energy level as Li insertion in the y’-V,0,/y-LiV,04
system.”" !

A specific capacity of 125 mAh g~' (capacities expressed in
milliampere hours per gram of y-NajosV,05 in the composite
electrode) is reached. It corresponds to the extraction of 0.95
Na® from the sodiated bronze whose formula has been
determined by ICP-OES to be y-Naj¢sV,Os, stating that a
quantitative extraction takes place. The consecutive reduction
engages the same specific capacity, highlighting an excellent
electrochemical reversibility. This constitutes a great improve-
ment if compared to the pioneering work on electrochemical
sodium insertion in y'-V,04" which reported a cycling
efficiency limited to 46% at C/S during the first cycle
performed in the same potential range (Figure S4).

It is noteworthy that the shape of the galvanostatic curves is
maintained over a few dozen cycles at C/S (Figure S). The
hysteresis continuously decreases with cycles (from 220 to 125
mV), and a very small decrease in capacity is observed with a
specific capacity of 112 mAh g™ still available after 50 cycles
(inset of Figure S). These results confirm the present sodium
vanadium bronze can accommodate consecutive sodium
insertion—deinsertion reactions without a decrease in perform-
ance upon cycling. They significantly outperform the cycling
properties achieved with the high-temperature y'-V,0; oxide.

We have also examined the structural reversibility of the
material upon cycling. The X-ray diffraction pattern and the
Raman spectrum of the charged electrode in the 1.75—4 V
potential window at C/S are shown in Figures 6b and 7b,
respectively. They correspond to the typical XRD and Raman
fingerprint of y'-V,0; described above (Figures Slc and S2c,
respectively). The shift of the 002 line toward a larger 20 angle
is indicative of a smaller ¢ parameter in y’-V,QO;. Lattice
parameters found for the charged material [a = 9.946(1) A, b =
3.587(1) A, and ¢ = 10.057(1) A] are in good agreement with
those cited above for the y’-V,04 phase (Table 1). Such
findings demonstrate the complete electrochemical extraction
of Na from the sodiated bronze lattice, leading to the Na-free
y'-polymorph.

After the consecutive reduction to 1.75 V, the XRD pattern
and the Raman spectrum (Figures 6¢ and 7c, respectively)
both indicate that the pristine sodiated phase is restored after
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Figure 7. Raman spectra of (a) the initial electrode, (b) after the first
charge, (c) after one charge—discharge cycle, and (d) after SO cycles.

one cycle without a noticeable change in the lattice parameters
[a=9.758(1) A, b =3.627(1) A, and ¢ = 11.954(1) A]. These
results prove the highly reversible character of the structural
change, both in the long-range order and on an atomic scale.

An important issue to be addressed is the stability of the host
lattice upon cycling. The XRD pattern and Raman spectrum
obtained after 50 cycles at C/S (Figures 6d and 7d,
respectively) completely superimpose with those of the initial
material (Figures 6a and 7a, respectively). This finding points
to a high structural stability, which explains the good capacity
retention described above for the present y-NajosV,O4
material.

The influence of the current density is illustrated in Figure 8.
The recovered capacities at different increasing C rates (from
C/5 to 2C) are reported as a function of cycle number.
Whatever the C rate, the capacity is quite stable, ~120 mAh
g~ ' at C/S and still 85 mAh g' at 2C. The specific capacity at
C/5 can be fully recovered even after the application of higher
current densities, which indicates that the y-NajosV,O5
structure is not damaged by the use of a 2C rate.
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Chem. Mater. 2018, 30, 5305-5314



Chemistry of Materials

150 1 T 1 1 T 1
'0000..'. .........
100 | ©° 4
o cI2 . . C/5
é C L 'Y
E 2C
(e]
50 .
0 1 1 1 1 1 1
0 5 10 15 20 25 30

cycle number

Figure 8. Rate capability performance of y-NagoV,0;s. Voltage
window of 1.75—4 V vs Na*/Na. Electrolyte of NaClO, 1M/PC.

This finding allows a considerable enhancement of the
charge efficiency when starting from the chemically prepared y-
NaysV,0s. In addition, this improvement is maintained upon
cycling. These promoted performances compared to those of
the y'-V,0; prepared via the high-temperature carboreduction
route can be understood in terms of grain size and
morphology. Indeed, using our soft chemistry synthesis
process, porous coral-like aggregates made of small isotropic
particles of 100—200 nm are obtained, as shown on SEM
micrographs (Figure 2d). This is also consolidated by the
Rietveld refinement performed on the XRD data (Figure 3a)
because it was not necessary to introduce a preferential
orientation correction function. Because of the specific atomic
positions in the y-NajosV,0;5 structure, the low Iyy,/I50
intensity ratio found (~S) reveals a lack of a preferred
orientation. As a consequence, the high porosity of aggregates
combined with isotropic nanometric particles allows all y-
NaggsV,0;5 particles to homogeneously work, leading to an
efficient extraction—insertion process.

Conversely, y-Nay,V,05 electrochemically formed from y’-
V,0;, itself synthesized through the high-temperature
carboreduction route, is mainly composed of large and dense
stacks of platelets several micrometers in length and a few
hundred nanometers in thickness (in the c-axis direction). Such
a morphology corresponds to a strong preferential orientation
reflected by a significant enhancement of the 00! reflections,
with an Iyy,/ Iy ratio reaching ~90.*** This peculiar particle
shape due to crystal growth in the a—b plane is detrimental to
the electrochemical performance as it is responsible for a small
electrochemical surface area and a lengthening of the sodium
diffusion pathways. This point is exemplified well by the
comparative discharge—charge curves of both sodium vana-
dium bronzes at C/S, with a 100% cycle efficiency for the y-
Nag 45V, 05 prepared by the soft chemistry route versus a value
of only 45% for the electrochemically formed compound*®
(Figure S4). Therefore, the present sodium vanadium bronze
benefits from a larger electrochemical surface area and shorter
diffusion pathways, promoting a more homogeneous and faster
sodiation—desodiation process. This explains the good rate
capability behavior (Figure 8) and the better charge efficiency
systematically found for the present chemically synthesized y-
Na; 44V,0; bronze.
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Expected Diffusion Pathways in y-Nag ¢¢V,05. On the
basis of the crystallographic structure determined above,
sodium diffusion pathways can be proposed for y-Naj4sV,05
using the BVEL.>>>> Sodium ions are found to diffuse easily in
the a—b plane within the interlayer space of y-Nag¢sV,05, with
an activation energy evaluated to be 1.1 eV above the
minimum energy. Indeed, a higher energy barrier of ~5 eV,
calculated for diffusion of Na along the c-axis, hinders ionic
movement in this direction. The isosurface at 1.2 eV above the
minimum energy (Figure 9) illustrates the sodium diffusion

Figure 9. BVEL map with the isosurface plotted 1.2 eV above the
maximum energy. Red polyhedra represent the VO; building blocks,
and yellow spheres represent the sodium atoms in their crystallo-
graphic sites. The blue isosurface clearly shows possible diffusion
paths along the a- and b-axes within the interlayer space.

pathway that clearly takes place in the interlayer spacing. This
low-energy barrier is in line with values determined with the
BVEL method for other attractive Na cathode materials like
NaFePO, (1.25 eV), P2-NaCoO, (0.72 eV), or Na,V,(PO,),
(1.25 eV).°® These BVEL results account for the good rate
capability of y-NagV,05 (Figure 8).

B CONCLUSION

We have demonstrated that y-NajsV,Os can be synthesized
by chemical sodiation at room temperature of the y’-V,04
polymorph using a facile and low-cost soft chemistry route. To
the best of our knowledge, this is the first example of sodiated
material based on vanadium oxide that can be directly used as a
high-voltage positive electrode for sodium-ion batteries, i.e., at
3.4 V versus Na'/Na. A thorough structural determination
making use of X-ray diffraction and Raman spectroscopy
reveals a corrugated orthorhombic layered structure, iso-
morphic to the lithiated analogue y-LiV,0;. Because of the
close resemblance between the two Raman spectra, a reliable
assignment of the observed Raman peaks to the vibrations of
specific structural units in the y-Na,4,V,Oj lattice is proposed.
The electrochemical experiments clearly show a quantitative
one-step sodium extraction—insertion process at a high
potential of 3.4 V versus Na*/Na, i.e, at the same voltage as
Li insertion in the y’-V,05/y-LiV,05 system. A high reversible
capacity of 125 mAh g™ is available, and still 112 mAh g™" is
recovered after S0 cycles at C/S. The full reversibility of
structural changes is demonstrated at the long-range and
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atomic scale, which explains the good cycle life behavior. We
demonstrate that the chosen synthesis pathway, leading to
porous coral-like aggregates made of small y-Naj¢sV,05
particles, allows a remarkable improvement in the electro-
chemical efficiency in comparison with that of the high-
temperature solid-state synthesized y’-V,04 material.

BVEL analysis reveals a low energy barrier of 1.1 eV,
suggesting an easy Na diffusion in the a—b plane. Such a
calculation accounts for the interesting rate capability reported
here and provides evidence that these promising electro-
chemical features are favored by the corrugated lamellar
structure of this cathode material for Na-ion batteries.

These findings open the way for the use of new high-
performance V,0Os-based compounds as positive electrode
materials for SIBs. The y-Nag¢4V,0O5 bronze reported here can
be considered as one of the best cathode materials among the
vanadate-based compounds. This material also competes with
the well-known NaNji,,;;Mn, /;;Co,,;0, and NaFePO,.
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Table S1. Atomic positions and thermal motion parameters extracted from the Rietveld refinement of
a-V,0s5 (y = 0.25 for all positions).

A

t((:n;tly)p ¢ Wyckof pos. X z Uiso (A?)
ape

vV (V) 4 0.1013(1) 0.8956(3) 0.010(1)

0 (0)) 4 0.1046(3) 0.5358(7) 0.026(1)

0 (0,) 4 0.9307(2) 0.0002(7) 0.026(1)

0 (05) 2a 0.25 0.9936(9) 0.026(1)

Space group : Pmmn
a=11.5054(3) A, b =3.55631(1) A, c =4.3765(2) A
a=f=y=90°
x? = 1.878, wR,, = 5.82%, Rp = 4.61%, Background: Shift Chebyschev 10 parameters.

Table S2. Atomic positions and thermal motion parameters extracted from the Rietveld refinement of
v-LiV,0s (y = 0.25 for all positions).

Atom type Wyckof pos. X z Uiso (A%)
(label)
Li 4c 0.163(2) 0.22102) 0.045(5)
vV (Vo) 4c 0.0660(2) 0.5996(2) 0.013(1)
V (Vo) 4c 0.3766(2) 0.4984(2) 0.013(1)
0 (O1,) 4c 0.4833(5) 0.7717(5) 0.030(1)
O (Or) 4c 0.2817(5) 03791(5) 0.030(1)
0 (02a) 4c 0.4406(4) 0.0472(4) 0.030(1)
O (Oa) 4c 0.5734(4) 0.4527(4) 0.030(1)
0 (05) 4c 0.2415(5) 0.6347(4) 0.030(1)

Space group : Pnma
a=9.6947(2) A, b=13.6062(1) A, c=10.6780(2) A
a=f=y=90°
x> =1.058, wR,, = 4.87%, Rp = 3.78%, Background: Shift Chebyschev 10 parameters.




Table S3. Atomic positions and thermal motion parameters extracted from the Rietveld refinement of
v’-V,0s (y = 0.25 for all positions).

At
((lm; t:;pe Wyckof pos. X z Uiso (A%)
abe
V (Vo) 4c 0.0713(2) 0.6018(2) 0.012(1)
V (Vo) 4c 03763(2) 0.5156(2) 0.012(1)
0 (On) 4c 0.5005(6) 0.7597(6) 0.027(1)
O (Ow) 4c 0.2919(6) 0.3828(7) 0.027(1)
0 (022 4c 0.4363(6) 0.0418(6) 0.027(1)
O (Om) 4c 0.5706(6) 0.4645(7) 0.027(1)
0 (05) 4c 0.2427(7) 0.6405(7) 0.027(1)

Space group : Pnma
a=9.9484(2) A, b=13.5863(1) A, c=10.0459(3) A
a=f=y=90°
x? =1.316, wR, = 5.28%, Rp = 4.09%, Background: Shift Chebyschev 10 parameters.




Table S4. Structural parameters for y-NagosV,0s compared to those previously reported for the y-
Nay 97V,0s electroformed phase [47].

(A) Y- ¥-Nag.96 V205
Naog7V20s [this work]
[47]

a 9.757 9.781
b 3.626 3.629
c 11.949 11.887
(Va)Os Va-O1q 1.672 1.548
V,-0; 1.740 1.794
V024 (x2) 1.893 1.909
(Va-02,)LS 1.989 1.970

(Va)Os
Vol (AY) 4.885 4.649
BVS +4.66 +5.15
(V)Os Vu-Oup 1.633 1.587
Vp-03 1.949 1.882
Vip-O2p (x2) 1.919 1.953
(Vp-O)LS 1.921 1.949

(Vp)Os
Vol (AY) 4.976 5.042
BVS +4.35 +4.37
(Na/Li)-O2 2.452 2415
(Na/Li)-Oy 2.287 2.275
(Na/Li)-O3 (x2) 2.518 2.425
(Na/Li)-Oy, (x2) 2.346 2.459




3.3 Bilayered Potassium Vanadate Ko.5V205 as Superior Cathode Material for Na-ion

Batteries
3.3.1 Introduction

Among the transition metal oxides investigated as cathode materials the group of vanadium oxides
and bronzes has been screened, most of them in the last years: V2Os polymorphs [1-3], bilayered

V205 [4, 5], Nao33V20s [6-8], NaxVO2 [9, 10], NaVOs [11], NaV3Os [12], y-NaV20s [13].

Recently, we reported a novel Li intercalation compound, the potassium vanadium bronze
Ko.5V20s5 synthesized via a fast and facile solution route [14]. This cathode material was found to
exhibit outstanding electrochemical performance, one of the best among the vanadium bronzes,
with a specific capacity of 210 mAh g at an average voltage of 2.9 V vs. Li*/Li, without any
significant structural changes after extended cycling experiments. An excellent capacity retention
was also reported, with still 200 mAh g™! at C/10 after 70 cycles and a good rate capability with
140 mAh g'! at 1C. This attractive behaviour originates from the unusually large d-spacing of 7.7
A practically twice that of the parent oxide V205, and the presence of interlayer K* ions that

stabilize the stacking of double-sheet V20s layers.

Such results prompted us to investigate in the present work Ko.sV20s (named KVO) as a potential
candidate for cathode material of SIBs. Given the facile synthesis used in the case of KVO for
LIBs, we have applied the same synthesis route in solution followed by an appropriate heat-
treatment. Its electrochemical performance will be examined in the 1.5 - 4 V vs. Na*/Na voltage

range and discussed in relation with structural data obtained from XRD and Raman spectroscopy.

3.3.2 Synthesis

Potassium vanadate was synthesized by a solution route using 1 g of V2Os (Alfa Aesar 99.995%)
and stoichiometric amounts of KVO3 dissolved in 10 cm® of an aqueous solution with 10 cm® H>O,
(30%). A fast and exothermic reaction takes place, leading to a fine precipitate. An appropriate
heat treatment is then performed to obtain the potassium vanadate. The obtained compound was
treated at 570 °C for 5 h under argon atmosphere. Elemental analysis by atomic absorption
spectroscopy combined with redox titration have been carried out to determine the oxidation state

of vanadium ions in the obtained product. This leads to the chemical composition Ko.5+/-0.02V20s.
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3.3.3 Structural characterization

The obtained powder has been examined by XRD and Raman. All the reflection lines in Figure 1
can be indexed with expected monoclinic 6-Ko.4s6V20s structure C2/m (Z = 4) [JCPDS 0860347]
isomorphic to that of Nag 56 V205 and 6-Ago.es V205, with lattice parameters a = 11.659 A, b=3.668
A; ¢ =9.469 A, a=y=90° f=92.24° are in a good agreement with the literature [14]. Sharp and
intense diffraction peaks illustrate high crystallization degree. In addition, a high-preferred 001
orientation is seen from the high relative intensity of 001, 002, 003 and 004 lines.

All the useful data drawn from the XRD pattern of Ko.5V20s powder are summarized in Table 1.
The structure of KosV20s structure consists of double-sheet V205 layers built of (V1)O¢ and
(V2)Og octahedra and interstitial K atoms, with V—O bond distances ranging from 1.60 to 2.52 A
(Figure 1 inset). The calculation of crystallite size and average crystallite size from XRD by using

Sherrer equation (see Table 1) for Ko5V20sis ~ 47 nm.
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Figure 1. X-ray diffraction pattern of Ko5V20spowder
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Table 1. Peak positions, interplanar spacing, /kl indexes, FWHM, Crystallite size from XRD data of y’-V,0s

No. Peak position Interplanar Miller FWHM Crystallite
spacing indices size
2 Theta (°) Theta (°) d (A) (hkl) (0) nm

1 10.85823 5.429115 9.453655 001 0.20342 45.55

2 20.38 10.19 5.055876 201 N/A -

3 21.79441 10.89721 4.73135 002 0.19312 48.64

4 28.66936 14.33468 3.612691 202 0.12682 75.08

5 28.66936 14.33468 3.612691 110 N/A -

6 31.55622 15.77811 3.289476 111 0.23057 41.57

7 32.94692 16.47346 3.154235 003 0.23741 40.52

8 39.71242 19.85621 2.633362 311 0.44338 22.12

9 44.41479 22.2074 2.366518 004 0.27756 35.90

SEM images (Figure 2) show the KVO powder exhibits well-defined and regular platelets of about

10 um long, 1 um wide and 0.5 pm thick, with homogeneous distribution throughout the sample

Figure 2. SEM images of KVO at different magnifications

The Raman spectrum of Ko5V20s5 exhibits 21 modes located at 96, 115, 165, 233, 271, 330, 347,
407, 431, 471, 509, 604, 702, 784, 850, 887, 946, 960, 980, 1008, and 1020 cm—1 (Figure 3).

Kos5V20s framework is made of Vg distorted units which are also involved to describe the

structure of V20s. In 200 — 900 cm! region corresponds to the 8(V—O—V) bending and v(V—0)
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stretching vibrations in the (V1)O6 and (V2)O6 octahedra. In 900 — 1020 cm™! region can be
assigned to the stretching vibrations of the shortest V=0 bonds of 1.6 A (V1—-04 and V2-05).
Multiple features located at 946, 960, 980, 1008, and 1020 cm™? related to the Ko.sV20s region.
This multiplicity may be due to the presence of two short bonds in Ko5V20s instead of a single
one in V20s, combined with the existence of both V#=0 andV>*=0 species in the bronze.

Bands observed at 784 and 887 cm™! can be assigned to the stretching vibrations of strongly

asymmetric V1-O1-V2 and V1-03—V2 bridges in the double-layer structure of Ko.5V20s.
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Figure 3. Raman spectrum and local structure (inset) of Ko.5V20s powder

3.3.4 Electrochemical study

The discharge/charge curves of Kos5V20s investigated at C/10 at voltage range of 4 — 1.5V are
presented in Figure 4. Starting from OCV voltage of 3.3V vs Na*/Na, the working potential
decreases along slope down to 1.5 V with total discharge capacity of 49 mAh g (0.36 F/mol)
(Figure 4a). After intercalating 0.36 sodium ions, two voltage plateaus can be observed at 2.71
and 3.6 V during the consecutive charge for total faradic yield of 0.62 F/mol (Figure 4b). These
findings suggest the complete extraction of 0.36 Na* (~2.71V) and partial extraction of K* at higher
voltage ~ 3.6V (0.26 F/mol) during oxidation. The second discharge exhibits a long sloping profile
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down to 1.5V including numerous steps (Figure 4b). The discharge/charge capacity at 2" cycle
exhibits 140 mAh g’!, indicating a reversible insertion/extraction process (Fig 4c¢). Interestingly,
the specific capacity progressively increases from 140 mAh g (0.97 F/mol) to 160 mAh g
(1.14F/mol) along the 20 cycles, then stabilizes at least over 80 cycles. The discharge/charge
capacity after 80 cycles reaches 136 mAh g'!' (Figure 4d).
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Figure 4. Electrochemical performance of Ko5V,0s at C/10 in voltage range of 4 — 1.5V. (a) First and (b) second
discharge/charge. (c) discharge/charge profile (d) cycle performance
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The rate-capability of Ko.5V20sis reported in Figure 5. The discharge capacity exhibits 140 mAh
¢! (1 F/mol) and decreases to 100 mAh g™ (0.76 F/mol) at C/10 and C/5, respectively. KosV20s
intercalates 0.66Na/mol (95 mAhg ') at C/2, 0.6Na/mol (84 mAh g-1) at 1C, 0.53 Na/mol (74
mAh g!) at 2C and 0.3 F/mol (38 mAh g!) at 5C. In addition, upon charge at various C-rates the
capacity fully recovered with a symmetric voltage shape, indicates the electrochemical stability
and reversibility of the potassium vanadium bronze. Even after switching from high rate (5C) to
lower C-rate (C/2), a discharge/charge capacity of 95 mAh g is recovered with stable cycling
showing no structural damage for the host material. However the high 5C rate has a detrimental

effect on the cathode properties with a capacity limited to only 40 mAh g™'.
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Figure 5. (a) Rate capability and (b) discharge/charge profile at different C-rate of Ko 5V,0s at voltage range of
4-15V
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3.3.5 Structural investigation upon discharge-charge

The structural evolution of Kos5V20s at different states of discharge/charge during sodium
extraction/insertion process was examined on 1% and 2" cycles at C/10 (Figure 6). The Ex-situ
XRD patterns and Raman spectra of the potassium bronze at different depths of charge and
discharge are illustrated in Figure 7 and Figure 8. Before discharge, the pristine electrode exhibits
the typical XRD pattern of the monoclinic Ko5V20s bronze (C2/m ; Z = 4) with the following unit
cell parameters [a = 11.659 A, b = 3.668 A; ¢ = 9.469 A] (Figure 6 point a). According to the
obtained XRD results, 00! lines exhibit high relative intensities, which suggests a high-preferred

orientation (Figure 7).

Num Description 4 (c) (8)
(a)  Initial electrode s |
(b)  1*discharge (15V) 3 Q9
(© 1" charge (4V) % ’ (d
(d)  x=0.2 (2™ discharge) u% 25
(e)  x=0.6 (2" discharge) , (€)
(f) 2" discharge (1.5V)
(g) 2" charge (4V) N | 0
0 5 10 15 20 25 30
time / h

Figure 6. The 1 and 2™ cycle of Ky 5V20s at C/10 in 4 — 1.5V voltage range

The evolution of XRD patterns during discharge/charge process does not reveal strong
modifications, indicating the structure of KVO material is maintained. During the 1* reduction to
1.5 V (Figure 6 point b), shift of 001 line to higher angle can be observed, indicating the decrease
of inter-sheet distance ¢ (from 9.469 A — to 9.07 A). After first discharge, a new Nao.36Ko0.5V20s
composition is reached.

At subsequent charge to 4V (Figure 6 point c), an increase of the inter-sheet can be observed
(shift of 001 main line toward lower angle). The ¢ parameter increases from 9.07 At09.32A. It

demonstrates the extraction of large Na* and K* cations result in strong repulsion between negative
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sheets of V,0s. During the second discharge, for x=0.2 (Figure 6 point d), x=0.6 (Figure 6 point
e) and after complete reduction x=1 (Figure 6 point f), a progressive shift of 001 line towards
higher angle can be observed, indicating the decrease of interlayer distance. For fully reduced

Na;KVO composition the unit cell value ¢=9.02 A (-3%).

Once again, a reverse trend is observed upon Na extraction (Figure 6 point g), with a ¢ value of

9.30 A recovered after the second cycle (Figure 6 point g).

Remarkably, the XRD pattern of an electrode after 50 cycles (Figure 7) is superimposable to the
one after one cycle, showing the high stability of the structure upon cycling and no amorphization

phenomenon. It can be indexed in the same monoclinic C2/m symmetry, with unit cell parameters

ofa=11.54 A, b=3.47 A; c=9.30 A.
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Figure 7. (a) Evolution of the 001 reflection of KVO electrodes: pristine electrode, electrode after one cycle,
electrode during second discharge (x = 0.2, 0.6 and 1 in NayKVO), electrode after 2 and 50 cycles at C/10. (b) XRD
patterns of initial and cycled KVO electrodes at C/10

The Raman spectra of KVO electrodes recording during discharge/charge process are shown in
Figure 8. The Raman spectrum of the initial electrode exhibits typical fingerprint of KVO, which
consist of 10 peaks located at 95, 169, 274, 330, 410, 504, 697, 781, 880 and 1007 cm™'. It can be
seen that the comparison of electrodes on charged state after 1%, 2" and 50 cycle, demonstrate

the total restoration of the host lattice of KVO without structural rearrangement. However, upon
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discharge, broadening of Raman bands with an increase of x value (0.2<x<1) can be observed,

indicating the increase in the electronic conductivity of the material during the sodiation process.
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Figure 8. Raman spectra of KVO electrodes: pristine electrode, electrode after one cycle, electrode during second
discharge (x = 0.2, 0.6 and 1 in Na,KVO), electrode after 2 and 50 cycles at C/10.

3.3.6 Conclusion

In conclusion, Ko5V20s material (KVO) has been synthesized through a fast and facile solution
route and its structural and electrochemical behaviors toward Na insertion has been described. The
bilayered potassium vanadate KosV20s is characterized by a large interlayer parameter of 9.5 A.
A first cycle in the 4 V-1.5 V range at C/10 acts as an activation process, leading to a new KVO
composition Ko.24V20s due to partial potassium extraction. KVO delivers a high reversible specific
capacity of 160 mAh g! at C/10 with a good capacity retention leading to still 152 mAh g™! after
50 cycles.

The XRD and Raman study was performed to investigate KVO crystal structure upon charge-
discharge showing only small changes limited to expansion-contraction cycles of low magnitude

(3%) in the distance between bilayers. In the same time no change was revealed in the layers plane.
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Interestingly, an interesting rate-capability is shown up to 2C. The unique crystal structure of KVO
with large interlayer space (9.5 A), with pillaring K* ions stabilizing the stacking of double-sheet
V205 layers allows reaching high electrochemical properties as cathode material for Na-ion

batteries.
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Bilayered Potassium Vanadate K,;V,0; as Superior
Cathode Material for Na-lon Batteries

Rita Baddour-Hadjean,*® Le Thanh Nguyen Huynh,” Daureen Batyrbekuly,® "
Stéphane Bach,”™“ and Jean-Pierre Pereira-Ramos*™

A bilayered potassium vanadate K,;V,O5 (KVO) is synthesized
by a fast and facile synthesis route and evaluated as a positive
electrode material for Na-ion batteries. Half the potassium ions
can be topotactically extracted from KVO through the first
charge, allowing 1.14Na' ions to be reversibly inserted. A
good rate capability is also highlighted, with 160 mAhg™" at C/
10, 94 mAhg ' at C/2, 73 mAhg ' at 2C and excellent cycling
stability with 152 mAhg " still available after 50 cycles at C/10.
Ex situ X-ray diffraction reveals weak and reversible structural
changes resulting in soft breathing of the KVO host lattice

Introduction

With the rapid development of renewable energy sources, the
deployment of new electrical energy storage solutions is
highly desired. Lithium-ion batteries (LIBs), which dominate the
portable electronic market, are expected to satisfy this require-
ment.l" However, the use of Li is impeded by its high cost, lim-
ited reserves and uneven distribution.”” As a result, research
has turned to batteries composed of low-cost and earth-abun-
dant elements; among them, Na-ion batteries (SIBs) have
emerged as one of the best alternatives to LIBs because their
reaction mechanism is similar to that of LIBs and Na sources
are essentially unlimited.?™"®

To date, a large variety of Na-insertion frameworks have
been proposed as cathode materials.'"*'® Similar to LIBs,
highly reversible cathode materials based on the intercalation
reaction are needed for high capacity and good cyclability of
SIBs. These cathode materials are mainly categorized into
oxides and polyanion types." A major obstacle is the difficulty
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upon Na extraction—insertion cycles (AV/V~3%). A high struc-
ture stability upon cycling is also achieved, at both the long-
range order and atomic scale probed by Raman spectroscopy.
This remarkable behavior is ascribed to the large interlayer
spacing of KVO (9.5 A) stabilized by pillar K ions, which is
able to accommodate Na ions without any critical change to
the structure. Kinetics measurements reveal a good Na diffusiv-
ity that is hardly affected upon discharge. This study opens an
avenue for further exploration of potassium vanadates and
other bronzes in the field of Na-ion batteries.

to prepare a sodium host material with an operating voltage
and capacity that is comparable to that of LIB analogs. Among
the transition metal oxides investigated as cathode materials, a
range of vanadium oxides and bronzes has been screened:
V,05 polymorphs,®®??  bilayered V,05%%  Nay33V,05%%"
Na,VO,,%* NavO,,*” NaV;04," y-NaV,0..%? More recently, we
reported a novel Li intercalation compound, the potassium va-
nadium bronze K,5V,0s, which was synthesized through a fast
and facile solution route.® This cathode material exhibited
outstanding electrochemical performance, one of the best
among the vanadium bronzes, with a specific capacity of
210 mAhg™' at an average voltage of 2.9V versus (vs.) Li*/Li,
without any significant structural changes after extended cy-
cling experiments. An excellent capacity retention of
200 mAhg™' at C/10 after 70 cycles and a good rate capability
of 140 mAhg™" at 1C was also obtained. This attractive behav-
ior originated from the unusually large interlayer spacing (d) of
7.7 A, which is nearly two times higher than that of the parent
oxide V,0s, and the presence of interlayer K* ions that stabi-
lized the stacking of double-sheet V,0; layers.

Motivated by the excellent electrochemical performance of
vanadium oxides and bronzes in LIBs and NIBs, in the present
work we investigated K,;V,05 (KVO) as a potential cathode ma-
terial for SIBs. Electrochemical studies showed that this materi-
al was capable of delivering a reversible Na-ion storage capaci-
ty of approximately 160 mAhg™' at a current density of C/10
in the voltage range of 1.5-4V vs. Na“/Na. The material also
demonstrated a good rate capability with a capacity of
94 mAhg ' at C/2 and 73 mAhg ™" at 2C and excellent cycling
stability with 158 mAhg™" still available after 50 cycles at C/10.
Ex situ XRD and Raman spectroscopy revealed a high structural
stability of this layered potassium vanadate. A kinetic study of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Na transport showed limited impact of the depth of discharge
on the sodium diffusion rate. Given the facile synthesis and di-
versity of potassium vanadates, this study may stimulate fur-
ther investigation of the insertion/deinsertion of guest species
in this appealing family of compounds.

Results and Discussion

SEM images of the KVO powder indicated that it was com-
posed of well-defined and regular platelets approximately
10 um long, 1 um wide and 0.5 um thick, which were homoge-
neously distributed throughout the sample (Figure 1). The XRD

=1

400.0 nm

Figure 1. SEM images of KVO.

pattern of the KVO powder (Figure 2) was indexed to a mono-
clinic 0-Ky4g6V,0s5 structure C2/m (Z=4) [JCPDS 0860347] iso-
morphic to that of NagsV,05 and d-Ag,esV,0s, with lattice pa-
rameters a=11.659 A, b=3.668 A; c=9.469 A, a=y=90°, B=
92.24°. A small impurity of monoclinic K,,5V,05 was found (200
reflection at ~14°). This result was consistent with previous
studies performed on single crystals and powders.**=% In our
experiments, 00l lines exhibited high relative intensities, which
suggested a highly preferred orientation, as previously ob-
served for microwave-synthesized powders.”™ However, in the
latter case, larger particles with many defects and a heteroge-
neous size distribution were obtained. The crystal structure of
KVO is illustrated in the inset of Figure 2: two single sheets
made of octahedral VOg are alternately linked together by
edge sharing to from the double-sheet V,0; layered structure
with K-ions lying between the layers, yielding a sandwiched
structure. Ky5V,0; belongs to the C2h point symmetry group.
Factor group analysis yielded the allowed representations for
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Figure 2. Structural characterizations of KVO. a) X-ray diffraction pattern. The
* indicates K,.,5V,05 impurity. Inset: Crystal structure. b) Raman spectrum.
Inset: Schematic V—O polyhedra structure of the double layers.

each one of the selected Wyckoff positions (Table 1). By sum-
ming the overall contribution and subtracting the acoustic
modes (I',.=A,+2B,), we obtain the following irreducible rep-
resentations of K,sV,0; vibrational modes [Equation (1)]:

I'(KysV,0s) = 16A, 4 8B, + 7A, + 14B,, (1)

Table 1. Allowed representation for each atom in the K,;V,0s crystal.

Atoms in K,5V,0;5 unit cell Wyckoff T'(i)

position

V1], VI2],K O[1],01[2],0[3],0[4], O [5] 4i

2A,+B,+ A, + 2B,

5193
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Therefore, 24 Raman active modes were expected to show up
in the Raman spectrum of KVO. In this study, as in many spec-
troscopic studies of solids, the number of modes that were ex-
perimentally observed was significantly lower than that pre-
dicted by group theory methods. This situation occurs because
of the low polarizability derivatives for many Raman-active
modes and the small separation of their frequency shift, for ex-
ample, B, modes almost coincide with A; modes. The Raman
spectrum of the as-obtained powder (Figure 2b) shows the
typical fingerprint previously reported for KVO consisting of 20
bands located at 86, 98, 136, 169, 231, 260, 274, 330, 345, 410,
504, 600, 697, 783, 842, 883, 944, 960, 978 and 1007 cm™". A
detailed assignment of this Raman spectrum can be found in
Ref. [34]. Briefly, most of the observed modes correspond to
the stretching and bending vibrations of the different V—O and
V—O-V bonds. In the 200-900 cm™' frequency region, the ob-
served bands have their counterpart in the Raman spectrum of
V,0; crystal and are assigned to the 6(V—0O-V) bending and
v(V—0) stretching vibrations in the (V)O4 octahedra.?”*¥ In the
900-1020 cm™' range, the stretching vibrations of the two
shortest apical V=0 bonds (d~ 1.6 &) are observed (see inset in
Figure 2b). Multiple features (at 944, 960, 978 and 1007 cm™)
are clearly evident in this region for KVO compared with two
bands at 995cm™" and 976 cm™' in V,0s. This multiplicity is
owing to the presence of two short bonds in KVO instead of a
single one in V,05 combined with the existence of both V** =
0 and V°* =0 species in the potassium bronze. Intense Raman
features at 783 and 883 cm™' that correspond to the stretching
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vibrations of strongly asymmetric V,—O,—V, and V,—0;-V,
bridges in the double layer structure of KVO (see inset in Fig-
ure 2b). Finally, Raman features below 200 cm™' are associated
with the modes involving displacements of vanadium atoms.
The electrochemical properties of KVO were examined in a
sodium half-cell. The first discharge-charge cycle of KVO at C/
10 rate is shown in Figure 3a. Starting from the open-circuit
voltage of 3.29 V vs. Na™/Na, 0.36Na™ ions can be intercalated
in KVO at an average potential of 2.45V, corresponding to a
specific capacity of 499 mAhg™'. Then, the oxidation reaction
proceeded along two plateaus at 2.71 and 3.57 V and involved
a total capacity of 0.62 Fmol™". This result indicates that not
only 0.36 sodium ions can be reversibly extracted along the
first plateau but additional potassium extraction takes place
along the second plateau at 3.57 V (ca. 0.26 K* mol™"). The par-
ticipation of a solid-electrolyte interface (SEI) can be excluded
because it occurs at a higher voltage of 4.5 V. Therefore, after
the first cycle, the composition of the oxidized electrode was
~Ky24V,0s. The subsequent discharge—charge cycles are shown
in Figure 3b. The faradaic yield progressively increased with in-
creasing cycles, from 0.96Na™ per mol (134 mAhg™') for cycle
2 to 1.14Na" per mol (160 mAhg™') for cycle 10. A quantita-
tive charge process was obtained, showing the excellent rever-
sibility of the Na insertion-extraction process. Further cycling
show the discharge-charge curves superimpose with an excel-
lent capacity retention of 152 mAhg™' and 140 mAhg™' after
50 and 80 cycles, respectively, at C/10 (Figure 3¢) and still
130 mAhg™' after 100 cycles at various C-rates between C/10
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Figure 3. Electrochemical characterizations and performance of the KVO electrode as cathode material for SIBs. a) First discharge-charge cycle (C/10 rate).
b) Extended galvanostatic discharge-charge cycles from the second cycle (C/10 rate). c) Discharge capacity as a function of the number of cycles (C/10 rate).

d) Rate capability study in the C/10-5C range.
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and 5C (Figure 3d). The results of the rate capability tests from
C/10 to 5C are shown in Figure 3d.

A good stability was obtained regardless of the C rate. The
capacity decreased from 144 mAhg™" at C/10 to 106 mAhg™'
at C/5, 94 mAhg™' at C/2 and 73 mAhg™' at 2C. A significant
drop in capacity was only observed for 5C (~40 mAhg™") but
the same value of 94 mAhg™' recovered at C/2 indicates that
the structure can support high C-rate without irreversible
damage. Except for the bilayered V,05 nanobelts®” and the ¢'-
V,0, phase™ delivering approximately 200 mAhg', the pres-
ent KVO exhibited the highest capacity with a maximum value
of 160 mAhg'. Indeed, most of the capacity values obtained
for V,0O; oxides, bronzes and derivatives do not exceed 120-
—ISO mAh 971‘[20,21,25732]

We investigated the structural changes during the Na inser-
tion—extraction process in KVO. The XRD patterns and Raman
spectra of the KVO electrodes are shown in Figure 4 and 5, re-
spectively. For this highly oriented material, the evolution of
the 001 reflection line (Figure 4a) is of particular interest. We
checked if the structure of the pristine KVO material was re-
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tained after the first reduction process involving the insertion
of ~0.36Na ions in KVO (Figure 3a). Only a decrease in the ¢
parameter was observed, from 9.49 A in the pristine material
to 9.07 A for the reduced Nay;;KVO electrode. The reverse
trend could be seen upon the oxidation involving sodium and
potassium extraction. Indeed, the departure of large interlayer
cations results in stronger repulsion between the negative
V,0; layers and consequently the corresponding interlayer ¢
parameter increased from 9.07 to 9.32 A. Then, during the
second discharge, further Na insertion in KVO induced a slight
decrease in the interlayer spacing, as shown by the progressive
shift toward higher angle observed in the 0.2 <x<1 composi-
tion range (Figure 4a), to reach c=9.02 A for the fully reduced
Na,KVO composition (Ac/cx~3%). Once again, the reverse
trend was observed upon Na extraction, with a ¢ value of
9.30 A recovered after the second cycle. Remarkably, the XRD
pattern of an electrode after 50 cycles (Figure 4b) was super-
imposable to the one after one cycle, showing the high stabili-
ty of the structure upon cycling and no amorphization phe-
nomenon. It was indexed in the same monoclinic C2/m sym-
metry, with unit cell parameters of a=11.54 A, b=
347 A; c=930A. The Raman spectra evolution

g (a) 3 (b) during the second discharge (Figure 5) indicated
N\ i progressive band broadening probably owing to an
. o i e B - increase in the electronic conductivity of the materi-
- : initial s 8= =) S al upon sodiation. However, a remarkable recovery
Pl
G - | 2o oo § g of the KVO Raman fingerprint was observed after cy-
£ g y < JL’ ~—  cling, indicating the in-plane structural arrangement
£ £ ‘Laﬂerzmles 8 hg g of KVO layers was not affected, even upon extended
e A pigeessidas et cycling. Furthermore, the Raman spectrum obtained
M 5 NERS - after 50 cycles (Figure 5) does not show evidence of
after 50 cycles & T * “L 8 d h f d h | d

Jkaﬂe,mmles et ~ any secondary phase formed at the electrode sur-

i = = 5 . . . . . : : face during cycling.
20/ ° Coxe 0 15 220 25 30 35 40 45 50 These results demonstrate the high stability of the
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Figure 4. a) Evolution of the 001 reflection of KVO electrodes: pristine electrode, elec-
trode after one cycle, electrode during second discharge (x=0.2, 0.6 and 1 in Na,KVO),
electrode after 2 and 50 cycles at C/10. b) XRD patterns of initial and cycled KVO electro-

des (after 1, 2 and 50 cycles at C/10).
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Figure 5. Raman spectra of KVO electrodes: pristine electrode, electrode
after one cycle, electrode during second discharge (x=0.2, 0.6 and 1 in
Na,KVO), electrode after 2 and 50 cycles at C/10.
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bilayered structure of KVO. The existence of a large
interlayer spacing combined with the presence of
K* ions, acting as pillar species, makes possible the
reversible insertion of up to 1.14 sodium ions. As ob-
served in the case of lithium insertion,® the layered
structure of KVO, characterized by a large interlayer
spacing of 9.5 A, nearly twice that encountered in
the V,05 parent oxide (~4.37 A), probably explains the facile
and reversible Na insertion-extraction process.

The electrochemical kinetics of Na insertion into KVO was in-
vestigated using impedance spectroscopy. The Nyquist dia-
grams obtained during the discharge are shown in Figure 6a.
All the diagrams show a well-defined high frequency semi-
circle centered at 125-200 Hz followed by a straight line with a
phase angle of 45° corresponding to the Warburg region
(when w>2D,,/L? L being the maximum length of the diffu-
sion pathway) related to semi-infinite diffusion (see enlarged
view in Figure 6b). Then, for the lowest frequencies, the impe-
dance spectra show quasi-vertical lines corresponding to the
finite diffusion process (w < 2Dy,/L?. This behavior is consistent
with that expected for a standard insertion compound.®” The
systematic existence of a Warburg region allowed the calcula-
tion of the apparent Na chemical diffusion coefficient Dy, ac-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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as a function of x in Na,KVO (second discharge).

cording to Equation (2):%%

A, = Vy - (dE/dx), FV2S Dy,"? w > 2Dy, /12 (2)
in which A, is the Warburg prefactor, V,, is the molar volume
of the active material (V,,=61.223 cm®*mol™), S is the geomet-
ric surface area of the electrode (1 cm?), (dE/dx), is the slope, at
fixed x, of the equilibrium potential composition curve (Fig-
ure 6¢).

The evolution of the apparent chemical diffusion coefficient
of sodium ions Dy, as a function of x in Na,KVO (0<x<1) is
shown in Figure 6d. The rate of sodium transport was higher
at the beginning of the sodiation process, approximately
3.6.1078 cm?s™' for x=0.1, then it decreased by one order of
magnitude for x=0.2 (Dy,~3 10°°cm?s™"), and again by one
order of magnitude between x=0.2 and x=0.5 (Dy,~3
107"° cm?s™" for x=0.5). In the 0.5 <x< 0.8 composition range,
Dy, remained constant then decreased again to a value of
107 cm?s™" for the most sodiated compositions (x=0.9 and
1). Therefore, the K,,,V,Os material obtained after the first
cycle promoted fast transport of Na™* ions in the large interlay-
er spacing of 9.32 A. The D,, evolution is characterized by a
moderate decrease limited to approximately one decade
during discharge (0.2<x<1). This finding is in good correla-
tion with the slight interlayer contraction combined with the
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increasing amount of Na. Scarce data are available on Na* mo-
bility in sodiated oxides and bronzes, with very close values in
the range 10'>-10 ""cm?s ' reported for Nags;V,05%*%,

Na,Co0,,“" and P2-Na,s,MnO,.*

Conclusions

This study shows that the structural richness of V,0;-based
compounds makes them promising cathode materials for Na-
ion batteries. Bilayered potassium vanadate K,;V,0s was suc-
cessfully prepared through a reproducible, facile, and fast solu-
tion technique. The as-synthesized material had a large inter-
layer spacing of 9.5 A, which is two times higher than that re-
ported for the Liys,V,0;s lithium vanadates.”¥ A first cycle in
the 4V-1.5V range at C/10 acted as an activation process,
leading to a new KVO composition K,,,V,05; owing to partial
potassium extraction. KVO delivered a high reversible specific
capacity of 160 mAhg™' at C/10 with a good capacity reten-
tion, maintaining 152 mAhg™' after 50 cycles. A detailed XRD
and Raman spectroscopy investigation provides evidence for
weak structural changes upon discharge and charge: Electro-
chemical sodium insertion-extraction induced weak shrinking-
swelling of the KVO host lattice (Ac/ca3%) and no significant
structural change was detected inside the vanadium oxide
slabs. The pillaring effect of K ions probably ensures this par-
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ticular and stable behavior upon cycling. Moreover, the appar-
ent chemical sodium diffusion was not significantly affected
during discharge, with values decreasing only by approximate-
ly one order of magnitude for 0.2 <x<1 in Na,KVO. This work
sheds light on the concept of pillaring species to stabilize host
structures of cathode materials. In that way, soft breathing of
the framework combined with a high cationic diffusivity results
in stable cycling properties and good rate capability.

Experimental Section

Potassium vanadate K,;V,0s was synthesized by a solution route
using 1g of V,0s; (Alfa Aesar 99.995%) and 0.5 g of KVO; (Alfa
Aesar 99.99%) dissolved in 10 cm® of an aqueous solution contain-
ing 30 cm® H,0, (30%). A fast and exothermic reaction occurred,
leading to a fine precipitate. The solid compound was then heat-
treated at 570°C for 5 h under an argon atmosphere. Elemental
analysis by atomic absorption spectroscopy combined with redox
titration were performed to determine the oxidation state of vana-
dium ions in the obtained product. This led to the chemical com-
position Ko/ 00,V20s.

XRD experiments were performed using a Panalytical XPert pro ap-
paratus equipped with a X'Celerator detector and using Coy, radia-
tion (A, =1.789 A). Data were then processed on Eva software to
score peaks then CelRef to calculate the lattice parameters. The
SEM experiments were performed using a LEO 1530 instrument.
The Raman spectra were obtained with a LaBRAM HR 800 (Jobin-
Yvon-Horiba) Raman micro-spectrometer including Edge filters and
equipped for signal detection with a back-illuminated charge-cou-
pled device detector (Spex CCD) cooled by Peltier effect to 200 K.
A He:Ne laser (632.8 nm) was used as the excitation source. The
spectra were measured in back-scattering geometry. The resolution
was approximately 0.5 cm™". A 100x objective was used to focus
the laser light on the sample surface to a spot size of 1 mm% To
avoid local heating of the sample, the power of the laser beam
was adjusted to 0.2-0.5 mW with neutral filters of various optical
densities.

Electrochemical experiments were conducted in sodium half-cells
consisting of 2032 coin-type cells with a Na foil as the negative
electrode, an electrolyte of 1M NaClQO, in propylene carbonate (PC)
containing fluoroethylene carbonate (FEC) additive (2% Vol.) and
Whatman glass fiber separator. The KVO positive electrode was
prepared by mixing 80 wt% of active material with 7.5 wt% of
acetylene black, 7.5 wt% of graphite and 5 wt% of PTFE as binder.
Approximately 8 mg of this mix was pressed on a stainless-steel
grid current collector. The CR2032 coin-cell was assembled in
argon-filled glovebox, in which the water and oxygen concentra-
tions were kept to below 1 ppm. Galvanostatic experiments were
performed at ambient temperature in the voltage range 1.50 to
4.00 V using a VMP3 Biologic apparatus. Impedance measurements
were performed in the frequency range 10° Hz to 3x 1073 Hz, using
the same 2032 coin cell filled with 1 M NaClO, in PC. The excitation
signal was 10 mV peak to peak. The positive electrode was made
of the same composite electrode as the one used in the coin cells.
The geometric surface area of the working electrode for impe-
dance measurements was 1 cm® The working electrode composi-
tion was adjusted by coulometric titration using a low current den-
sity corresponding to a C/10 rate. Equilibrium was considered to
have been reached when the open-circuit voltage remained stable
(<0.2mV for 1 h). The open-circuit voltage curve was obtained by
performing galvanostatic intermittent titration technique (GITT)
measurements on the second discharge cycle, using a very low
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current (C/40 rate) and composition steps of Ax=0,1, i.e., current
pulses of 100 pA for 30 min followed by a relaxation period of 5 h.

To investigate the sodium-driven structural changes in KVO, the
cells were discharged to the required composition by galvanostatic
reduction at C/10 rate. Equilibrium was considered to be reached
when the drift in open-circuit voltage remained below 0.2 mVh™".
After reaching equilibrium, the cell was opened in the glovebox
and the positive electrode was removed, rinsed with dimethyl car-
bonate and placed in specifically designated airtight sample hold-
ers to be further analyzed by ex situ X-ray diffraction and Raman
spectroscopy. To check the homogeneity, Raman spectra were re-
corded on 10 different spots of each sample.
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CHAPTER 4

V205 polymorphs as cathode material in aqueous rechargeable Zinc batteries

4.1 Aqueous rechargeable Zinc batteries: a state of the art

4.1.1 Introduction

Energy-storage devices are now powering our world due to concerning the climate change.
Sustainable energy resources such as solar and wind have entered the global spotlight,
triggering the search for reliable, low-cost electrochemical energy storage. An ideal energy-
storage device that is characterized by high capacity, fast charge/discharge capability, safety,
environmental friendliness, and low cost is of vital important for today’s society. Among the
various options, lithium-ion batteries are currently the most attractive candidates due to their
high energy density, and foothold in the marketplace [1], [2]. However, their toxicity, poor
durability (<5 years) and high cost (>USD2.35/Wh every 25 years), along with the safety issues
(very high degree of reactivity with water, flammable organic solvent) make them difficult to
use in smart grids. In addition, LIBs have limited rate capability and power density due to the
low ionic conductivity of organic electrolytes. Therefore, the development of high energy

density and ecologically friendly rechargeable battery technology is crucial.

Aqueous rechargeable batteries (ARBs), which utilize low cost and safe water-based
electrolytes, are promising alternatives. The high ionic conductivities of aqueous electrolytes
(up to 1 S cm!) compared to non-aqueous electrolytes (~1-10 mS cm™) favor high rate

capabilities suitable for emerging applications [3], [4].
4.1.2 Aqueous Rechargeable Li-ion batteries.

In 1994, Dahn et al. reported VO2/LiMn204 rechargeable aqueous “rocking-chair” type battery
(Figure 1a), in which metal-ions are inserted/extracted from the active material during the
cycling [5]. 5SM LiNOj3 and 0.001M LiOH used as electrolyte, the system delivers average
voltage of 1.5 V, which is competitive with Pb-acid batteries. More recently, except traditional
“rocking-chair” type battery, hybrid design with intercalation cathode with metal anode (Figure
1b) or combination of intercalation anode and metal oxide/sulphide (Figure 1c¢) was
investigated (LiMn204//Zn [6], LiFePO4//Zn [7], V20s//Zn [8], Ni(OH)2//TiO2 [9], CoxNiz-
x32//Ti02 [10]). The main difference from “rocking-chair” type, these batteries operate

based on two reversible redox processes on anode ant cathode, separately. This reaction can be
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Figure 1. Schematic illustration of “rocking chair” and “hybrid type” aqueous rechargeable batteries [11].
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The cathode materials exhibiting high operating voltage are more attractive, therefore most

studies are devoted to LiMn2O4 or layered LiMO, (M: Ni, Co, Mn) or LiFePO4 (lower working

potential result on energy density). Together with low cost, abundant material source and

environmentally benign making LiMn2O4 most promising cathode material in aqueous battery.

For Aqueous Rechargeable Li-ion batteries one of the attractive positive materials LiMn2O4

suffers from capacity limitation and degradation. At high pH value oxygen evolution occurs

during the charge and H" or Li*/H* co-insertion may occur at low pH [5], [13], [14], [15, Ch.

1]. In order to increase structural stability several strategies like morphological optimization

[4], [16]—[18], metal ions doping [19], [20] have been proposed.
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In addition, vanadium oxides [21]—-[26], molybdenum oxide [27], titanium oxide [9], [28]-[30],

polyanionic [31]-[36] and organic compounds [37] have been used as anode material for

Aqueous Rechargeable Li-ion batteries with LiMn2O4 which are summarized in Table 1.

Table 1. Electrochemical properties of Full-Cell for ALIBs, adapted from [38]

Cathode Anode Electrolyte Average | Capacity Capacity Ref
voltage retention 4
V] [mAh g']
LiMn0q4 TiP.Oy 5 M LiNO;3 1,35 35% (25) 42 [33]
at C/10
LiMn,O4 LiTi2(PO4)s | 1 M Li2SOs | 1,5 80% (200) - [31]
at 10 mA
cm?
LiMn,0q4 LixV20s- 5 M LiNOs3 1,0 86% (60) 43 [39]
Ppy at C/5
LiMn,O4 TiO» 3.5 M| 1,9 90% (100) 130 [30]
LiCl/0.25 M at 10 C
Li2SOq4
LiMn0q4 VO, 5 M| 1,1 72% (50) 63 [25]
LiNO3/0.001 at0,01 A g
M LiOH !
LiMn,0q4 NaxVeOie satd LioSOs | 0,8 90% (200) 80 [40]
-0.14H,0 at 0,3 A g'1
LiMn0q4 MoOs-Ppy 0,5M Li2SO4 | 1.2 90% (150) 90 [27]
at1 Ag!

Following the LiMn2O4 works above, LiMn204//TiO; in 3.5M LiCl and 0.25M Li>SO4 (pH=10)

exhibits high operating voltage of 2V, high-rate discharge capability and excellent cyclability
(Figure 3) [30].
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Figure 3. (a) The charge-discharge profile and (b) Cycle performance of TiO2//LiMn,04 at 10C in 3.5M LiCl
and 0.25M Li,SO;4 (pH=10) [30]

Since that, many aqueous systems have been studied by using different positive and negative
electrodes [1], [33], [41]-[49]. Currently, the dissolution or reaction of electrode materials with
water is challenge, which impacts on cycle performance of the battery systems. The main ways
of solving this problem are: (i) use of high concentrated electrolytes [50]-[52]; (i1) control of
pH in electrolyte [3], [13], [53]; (iii) remove of dissolved O in electrolyte [3]; (iiii) surface
coating of electrode [39], [54]-[57].

Recently, Tron et al reported AlF3 coated LiFePO4/Activated carbon cell with capacity of 120
mAhg! at 1C in 1M Li»SOs electrolyte [58]. The well designed and specially prepared spherical
nano LiFePO4/C anode and LiMn>O4 cathode are reported by Zeng [59]. The system exhibits
140 mAh g! at 2C with working voltage of 0.4 V in 0.5 M Li»SOs electrolyte.

Coating with conductive polypyrrole (Ppy) or carbon coating on LiV3Os will enhance cycle
properties in terms of capacity, rate capability and stability of electrode. These approaches
could solve dissolution of vanadium ions, keep the initial crystal structure changes and reduce
the amorphization upon the cycling. Liu et al. reported Ppy-coated LiV3Os/AC (activated
carbon) cell using 0.5 M Li2SOs electrolyte. Elemental analysis results show that in electrolyte
with Ppy-coated electrode after 10 cycles has 10 times less dissolved vanadium than in pristine
LiV3Os [54]. Zhou et al. reported Ppy @MoOQO3/LiMn204 system exhibits stable cycling with
high rate capability [27].

The electrochemical performance of positive electrodes like LiCoO», LiNii;3Co13Mn1,302 and
LiMnPO4 has been investigated in 3 electrode cells. It depends on electrolyte pH due to the
possible proton (H") intercalation in LiOH electrolyte [60], while with LioSO4 or LiNO3 it is
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possible to insert/extract lithium. The possible proton intercalation can be solved by using
concentrated electrolytes and high pH value.

Ruffo et al. reported LiCoOz positive electrode in different concentrations of LiNOs. At voltage
window 0.55 — 1.55 V (vs. SHE) it delivers capacity of 100 -120 mAh g™ [61]. Tang et al. in
his work use crystalline nano-LiCoO> gains 140 mAh g! at 7C with 0.5 M Li>SOs4 electrolyte
(Figure 4) [62].
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Figure 4. (a) Charge-discharge profile at different C-rate (b) Cycle performance at 7C of nano-LiCoO,in 0.5 M
LixSO4[62].

Luo in his work, experimentally and theoretically demonstrates that most of discharged LIC
negative electrodes in the presence of oxygen in electrolyte, could react with water and oxygen
at any value of pH, which result on capacity fading [3]. Zhao et al. demonstrated that by O»
elimination in electrolyte and use of high concentrated 9 M LiNOs3 y-LiV30g//LiFePO4 system
exhibits high capacity retention (90%) for 500 cycles [36].

ARLB demonstrates series advantages, however the low voltage window of water electrolysis
effect on low energy density [63]-[65]. The water decomposition reaction includes
overpotential on the surface of electrode materials, and absorption/desorption of water
molecules on the electrode surface effect on electrolyte pH, which shifts the decomposition
reaction at lower/higher voltage. In order to stabilize or widen the water stability window

different salts and concentration can be used [12], [50], [52], [66].

Suo expanded the water stability window of aqueous electrolyte from 1.23 to >3 V by
constructing LiMn204/MoeSs system (Figure 5), which demonstrated open-circuit voltage of
2.3 V by using “water-in-salt” electrolyte [50]. A “water in salt” electrolyte is obtained by
dissolving lithium bis (trifluoromethane sulfonyl) imide (LiTFSI) at extremely high
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concentrations (molality >20 m) in water (moles of LiTFSI in kilogram of solvent). The system

exhibits 40 and 30 mAh g ! at 0.15 and 4.5 C, respectively.
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Figure 5. Schematic illustration of LiMn,04/MoeSs system with “water-in-salt” electrolytes.
Reprinted from ref. [50]

Though great progress has been achieved, there are still several points need to be solved.
Typical anode materials like graphite or silicon can not be used in ARLBs due to the low
operating voltage to be stable within the water stability window. Unfortunately, other anode
materials with low ionic and electronic conductivity will affect on power density of ARLBs

(Figure 2). Overall, the development of suitable negative material remains main challenge.

4.1.3 Rechargeable Aqueous Zinc-ion batteries

Besides the above-mentioned aqueous Li-ion battery systems, Aqueous Zinc-ion batteries
(AZIB) are attracting key interest for grid-scale energy storage [12], [67]. Aqueous Zinc
batteries are composed of zinc metal anode, mild neutral or acidic electrolyte, zinc-ion storage
cathode. Table 2 shows the ionic radius, standard potential, theoretical gravimetric and
volumetric capacity, crustal abundance and cost of metallic cations. It is clear that zinc metal
can be used as anode material in aqueous electrolyte due to the low cost and safe aqueous
electrolytes related to the low oxidation/reduction potential (-0.76 V vs SHE). In addition,
multivalent AZIB allows the multivalent electron transfers during the electrochemical reaction
and could reach high energy and power density [68]. The ionic radius of Zn*" ion is 0.74 A
which is close to the value of Li* (0.76 A), however the higher charge/radius ratio which cause
polarizing character and may limit migration dynamics [68]. Therefore, many compounds with

tunnel or layered type structure enable the insertion/extraction of zinc [69].
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Table 2. A comparison of different ions in the ionic radius, standard potential, theoretical gravimetric and
volumetric capacity, crustal abundance and cost, adapted from [69].

Characteristics Li* Na* K* Zn**
Tonic radius [10\] 0,76 1,02 1,38 0,74
Standard potential [V] vs SHE | -3,05 -2,71 -2,93 -0,76
Theoretical gravimetric | 3829 1165 685 820
capacity (mAh g!)

Theoretical volumetric | 2044 1128 610 5854
capacity (mAh cm™)

Crustal abundance [ppm] 18 23000 21000 79
Cost of metal anode (USD) | 19,2 3,1 13,1 2,2
kg!

The first battery with metallic zinc as negative electrode was investigated by Volta in 1799 in
different zinc batteries like, Zn-Mn, Ni-Zn, Zinc-air batteries due to the high capacity, redox
potential [70]-[72]. Among them, rechargeable Zn-MnQO; battery was investigated, however
low cyclability and discharge capacity were observed due to the formation of zinc dendrites
[73]-[75]. In 1988, the first investigation on aqueous ZIBs was investigated by Yamamotos
group in Zn/MnO: system by replacing the alkaline electrolyte to zinc sulfate, which opened
new direction in aqueous zinc-ion batteries [76]. According to the results overall chemical

change at positive and negative electrode during the discharge in Zn/ZnSO4/y-MnO cell is:

9MnO; + 8ZnSO4 + 16H20 + 12¢” discharge — 3Mn304 + 2ZnS04 - 3Zn(OH), - SH20 +
6S0;~

6Zn discharge —» 6Zn** + 12¢
It gives the following overall reaction:

OMnO; + 8ZnSO4 + 16H20 + 6Zn discharge - 3Mn304 + 2ZnS04 - 3Zn(OH)> - SH20 +
6ZnS0O4

To date, various cathode materials for AZIB have been reported in the literature, including: Mn-
based cathodes [67], [77]-[79], V-based cathodes [80]—[82], Prussian blue analogs [83], [84],
polyanion compounds etc. [85], [86]. The reaction mechanisms in ZIB system are complicated
and controversial in comparison to traditional lithium-based batteries. According to the
literature, the redox reactions in ZIB system mainly involve three mechanisms: Zn>*
insertion/extraction [67], [80], [87], chemical conversion reaction [88] and H*'/Zn>* co-

insertion/extraction [89], [90].
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4.1.3-1 Mn-based cathode materials

Manganese oxide with multiple valence states have various crystal structures including a-, B-,
Y-, 0-, A- and R-types [91]. The main fundamental unit in MnO; polymorphs is [MnQOs]
octahedral, which is formed by hexagonal oxide ions and enable to accommodate zinc ions in
tunnel or layer structure [92], [93]. The size of the tunnels determined by the number of [MnOg]
octahedrons, wherein, a-MnQO; has large [2 x 2] tunnel structure along the c-axis with four edge-
sharing [MnOg] octahedral units, f-MnO; has [1 x 1] tunnels, todorokite MnO» has larger [3 x
3] tunnels and y-MnO> has [1 x 1] and [1 x 2] hybrid tunnels along the b-axis, 6-MnO- has
layered structure with larger interlayer space (~ 7 A) and A.-MnO, with spinel structure (Figure
6). The different types of crystal structure result in difference in electrochemical performance

and structural evolution during cycling [67], [94].

b & o

’)-—bb

Figure 6. Schematic diagram of various crystal structures of manganese-based materials: (a) a-MnOz; (b) B-
MnO3; (¢) A-MnOy; (d) todorokite MnO»; (€) 6-MnOy; (f) y-MnO»; (g) R-MnO»; (h) ZnMn>Os.
Reprinted from ref [91].

Zn?* insertion/extraction mechanism

Kang reported Zn/a-MnO: system (Figure 7a) with stable cyclability at 6C with capacity of
100 mAh g in ZnSO4 or Zn(NOs), electrolyte [67]. As shown in Figure 7 b there are two
peaks at 1.3 V during reduction and 1.7 V during oxidation vs. Zn**/Zn. XRD analysis of MnO»
electrode reveals that, ZnMn2O4 forms during the insertion of Zn* into 0-MnO», while during
the extraction pure a-MnQO; was observed (Figure 7 d). The cathodic process can be described

as:
7Zn* + 2e + 2 a-MnO> <« ZnMn»O4

And anodic process can be described as:
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7n < Zn* + 2¢

The working principle of ZIBs are very close to Zn/MnO; alkaline batteries, where y- or -
MnO:> usually used as cathode in alkaline electrolyte (KOH or NaOH). However, the chemistry
of these batteries is different. The first discharge of alkaline Zn/MnO- could be expressed as:

Cathode: y-MnO> + H>0 + e — MnOOH + OH"

Anode: Zn + 40H" — [Zn(OH)4]* + 2¢”

The second step which is irreversible with further discharge:
Cathode: MnOOH + H20 + e — Mn(OH). + OH

Anode: Zn + 20H" — Zn(OH); + 2¢e” or Zn(OH)> — ZnO + H,O
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Figure 7. (a) Schematic illustration of zinc ion battery. (b) Cyclic voltammogram of zinc anode (red line) and a-
MnO; cathode (blue line) in 0.1M Zn(NO3), (pH=5.2). (c¢) Discharge curves of Zn//a-MnO; system at various C-
rate. (d) XRD patterns of a-MnO: electrode at different state. Copyrights reserved [67].

Kim et al. reported Zn/y-MnO: aqueous system with a phase transition of y-MnO: to spinel
ZnMnOy at initial stages of insertion with further transformation to y-ZnxMnQO> phase (Figure

8). By continuous insertion of Zn** ions, layered L-ZnyMnO> phase can be formed [87].
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Figure 8. (a) Schematic illustration of Zinc insertion into y-MnO; cathode. (b) CV curves until 40 cycles of Zn//
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B-MnO: may not be desirable material for zinc insertion due to the narrow 1 x 1 tunnel structure

[95]. However, the control of particle size and shape can influence on the electrochemical

properties of f-MnO2 [96].

Some investigations focused on Zn”* insertion into the a-MnO» host, have demonstrated phase
transition from tunnel structure (0-MnQ;) to layered Zn-buserite or birnessite [97], [98]

which is different from spinel ZnMn2O4 mentioned above. It was found that almost 1/3
of the manganese of initial a-MnO: structure is dissolved during discharge to form Zn-
birnessite, nevertheless it is fully recovered to become initial a-MnQO; structure upon

recharging.

The dissolution of manganese leads the formation of vacancies in the upper/underlying layers.
The slight distortion of the structure results in Zn-birnessite with triclinic lattice. During the
charge, Mn?* ions are reversibly inserted back into the layers to reform tunnel structure. The o-
MnO:; has one dimensional [2 x 2] and [1 x 1] tunnels, comprised of four identical cross-linking
double chains of [MnOg] octahedra, that extend along c-axis, the edges are interconnected by
corner-sharing MnQOg octahedra, as shown in Figure 9 [98]. Conversely, Zn-birnessite (P-1
space group) has layered structure with interlayer space of 7 A, similar to the size of a-MnO»

tunnel. Figure 9c exhibits discharge-charge profile of Zn/a-MnO: first two cycles and capacity
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retention up to 30 cycles a C/20. During first discharge, a capacity around 194 mAh g'! was

observed and increased to 205 mAh g'! for second cycle.
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Figure 9. (a) Schematic illustration of zinc insertion into a-MnO-. (b) X-ray diffraction patterns of i) as-prepared
0-MnO:; ii) hydrothermally prepared Zn-birnessite and iii) fully discharged electrode. (c) Discharge-charge
profile of Zn/a-MnO; and cycle performance at C/20 in 1M ZnSO4 [98].

Cheng et al. demonstrated that tunnel structured MnO> polymorphs (a, B, y) go through the
phase transition to layered zinc-buserite during the first discharge in (Zn(CF3;SO3)2), which
allows zinc insertion/extraction in the host lattice (Figure 10) [99]. The phase transformation,
electrode pulverization and Mn dissolution lead to capacity fading. By formulating aqueous 3M
Zn(CF3S03)2 + 0.1 M Mn(CF3SO:s3); electrolyte, the Mn?* dissolution can be solved and the
electrode integrity can be maintained due to the in situ generated MnOx layer. The system
exhibits 225 mAh g! and long-term cyclability over 2000 cycles with 94% capacity retention.
The different inserted behaviors of Zn?* in MnQO, may be attributed to the difference in

crystallographic polymorphs that change the insertion thermodynamics and kinetics [67].
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Figure 10. (a) Schematic illustration of Zn//MnO; cell using CF3SOs electrolyte. (b) Comparison of cycle
performance of Zn//MnO, cell with electrolytes of 45wt.% KOH (at 0.32 C), 3M ZnS04, 3M Zn(CF3S03)2, and
3M Zn(CF3S03)2 with 0.1 M Mn(CF3S03)2 additive at 0.65 C at 0.65C. nC equals the rate to charge/discharge
the theoretical capacity (308 mAh g—1) of MnO2 in 1/n hours [99].

Other types of Manganese based electrode materials have been reported including MnO2-

birnessite [100], MnO [101], Mn203 [79], Mn304 [102], [103], MgMn,04 [104]. Table 3 shows

the typical Mn-based materials with electrochemical properties.

Table 3. Electrochemical performances of Mn-based electrodes, adapted from [68].

Material Electrolyte Potential | Specific | Capacity Ref
window | capacity | retention
V] mAh g!

a-MnO» 1 M ZnSO4 1.0-1.8 233 65% (50) at | [105]
83 mA g!

a-MnO2 2M ZnSO4 + 0.1 M MnSOs | 1.0-1.8 161 92% (5000) at | [88]
5C

a-MnO2/CNT | 2M ZnSO4 + 0.5 M MnSO4 | 1.0-1.9 400 99% (500) at | [106]
1Ag!

a-MnO> 1 M ZnSOq4 0.8-2.0 120 66% (50) at | [98]
1C

B-MnO- 3 M Zn(CF3S03)2 + 0.1 M | 0.8-1.9 135 94% (2000) at | [99]

Mn(CF3;S03)2 6.5C

B-MnO> 1 M ZnSOq4 1.0-1.8 135 75% (200) at | [96]
200 mA g’!

0-MnO> 1 M ZnSO4 1.0-1.8 112 43% (100) at | [107]
83mA ¢!
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Mn304 2 M ZnSOq4 0.8-1.9 106 72% (300) at | [103]
05Ag!
Binder-free 2MZnSO4+ 0.1 M MnSOs | 1.0-1.8 ~150 100% (500) at | [108]
Mn;304 500 mA g!
a-Mnz03 2MZnSO4+ 0.1 M MnSOs4 | 1.0-1.9 82.2 65% (2000) | [79]
2000 mA g’!
Naop.44MnO> 1 M NaSO4 + 0.5 M ZnSO4 | 1.0-1.9 ~340 100% (150) at | [109]
+ 0.05 M MnSO4 100 mA g!
Nao.osMnO» 0.5 M Zn(CH3CO0O)2+0.5M | 1.0-2.0 40 92% (1000) at | [110]
CH3COONa 4C
KMngOi6 1 M ZnSO4 + 0.3 M K>SO4 0.8-1.8 77 50% (100) at | [111]
1C
ZnMn0y4 1 M ZnSO4 + 0.05 M MnSO4 | 0.8-1.9 106.5 84% (300) at | [112]
100 mA g'!
ZnMn>04 3 M Zn(CF3S03); + 0.1 M | 0.8-2.0 150 94% (500) at | [77]
Mn(CF3S0s)2 500 mA g!

Chen et al. reported spinel ZnMn;O4 cathode for zinc insertion/extraction with good
reversibility. Ex-situ XRD shows the shrink of the lattice space after zinc extraction when cell
charged from 0.8 to 1.9 V by shifting of diffraction peak to higher angle [77]. After complete

discharge all diffraction peaks are recovered, suggesting reversibility of ZnMn,O4 cathode.

While, Mn-based electrode materials suffer from limitation in electrochemical performance due
to the poor electronic conductivity and Mn dissolution. High concentration of electrolyte [77],
addition of Mn salts [79], doping [113], surface coating [114] could suppress the Mn

dissolution.

Khamsanga et al. proposed 6-MnO; nanoflower structure supported on graphite flake with high
electrical conductivity and stable cyclability. The battery displayed initial discharge capacity of
235 mAh g at 200 mA g in comparison to pristine §-MnO> (130 mAh g!) [115]. Zhu et al.
adopted MnO with defects which provides accessible channels for insertion of zinc. The system

delivers reversible capacity of 116 mAh g at 1 A ¢! [101].

Chemical Conversion Reaction Mechanism

The redox reaction mechanism in Aqueous ZIBs is under investigation due to the side reactions

involving proton/water insertion mentioned in ARLBs as a result of lower mobility of divalent
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ion [116]. Liu et al. reported Zn/ a-MnQO system, in which MnOOH phase is observed at
discharged state due to the reaction of MnO> with proton from water [88]. To reach a neutral
charge in the system, OH" ions will react with ZnSO4 and H2O in aqueous electrolyte to form
ZnS0O4[Zn(OH):]3:xH20 phase. The STEM-EDS mapping of a-MnO; electrode on discharged
state reveals that nanorods and nanoparticles consist of O and Mn, while Zn is distributed on

the flakelike compounds. The reaction mechanism can be formulated as:

Cathode side:
H,0 & H* + OH™

a— MnO, + H* + e~ & MnOOH

1 1 x 1
5 Zn** + OH™ +=ZnS0, + 2 0 © = ZnS0,[Zn(0H);]s - xH,0

Anode side:

1
EZn o EZnZJr +e”

The increase of Mn?* concentration in electrolyte during the discharge is accompanied by a rise
in pH value [MnO> + 2H>O — Mn** + 40H] leading to the precipitation of zinc hydroxide
sulfate Zn4(OH)e(SO4)*5H20 on the cathode:

3MnO: + 8Zn** + 2S04* + 16H,0 + 6e” — 3Mn?>* + 2Zn4(OH)6(SO4)*5H,0 |

The reaction mechanism of the active conversion reaction between MnO; and H* is further
confirmed by limited capacity in organic Zn**ion based electrolytes owing to the absence of
H* ion in organic electrolytes (Figure 11b). After adding H>O into organic Zn-based
electrolyte, the battery exhibits similar electrochemical performance than in aqueous electrolyte
(Figure 11a). In addition the consequent formation of ZnSO4[Zn(OH)2]3-xH2O on the cathode
side is also reversible and stable with hydrogenation/dehydrogenation of the MnO> cathode.
According to the literature mentioned above, several different mechanisms are observed for a-
MnO:>, suggesting more precise experiments and analysis methods are required to clarify the

reaction mechanisms.
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Figure 11. (a) Discharge-charge curves of Zn//a-MnO> system in 2M ZnSO4 and 0.1M MnSO4 at various C-
rates. (b) The comparison of discharge-charge curves of a-MnO, electrode in organic 0.1 M ZnTf2/DMSO
electrolyte with and without adding H,O (2" cycle at 0.5 A g™!) [88].

H* and Zn?* insertion/extraction mechanism

The electrode materials with tunnel or layered structure may enable co-insertion of H*/Zn**.
Sun et al. proposed H* and Zn* insertion mechanism in Zn/a-MnO> system [89]. Discharge
galvanostatic intermittent titration technique (GITT) was used to identify the two different
regions in profile of MnO; electrode, the overvoltage in region II (0.6 V) is larger than region
1(0.08 V) (Figure 12a). This kind of difference may be attributed to the different ion insertion
reactions. Divalent Zn>* exhibits strong electrostatic interactions in host lattice which is related
to region II, which is confirmed by electrochemical investigation of MnO: electrode in 0.2 M

MnSO4 with/without ZnSO4 [89] (Figure 12c).
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C between 0 and 0.8 V (vs Ag/AgCl) in a three- electrode cell. The three-electrode cell use Pt metal as a counter
and the Ag/AgCl electrode as a reference, and the potential has been converted to Zn/Zn>* reference for
convenience. (d) Ex-situ XRD of MnO,@CFP cathode at depth of discharge at 1.3 and 1.0 V. Copyrights
reserved [89]

Li et al. constructed Zn/a-MnO; system using bi-cation (1 M AI(CF3S03)3/1 M Zn(CF3;S03)2)
electrolyte with operational potential around 1.7 V [117]. The cell demonstrated excellent
cyclability with capacity of ~130 mAh g at 1C (Figure 13). The a-MnO2 in the bi-cation
electrolyte possesses the Zn** and H* co-insertion during the discharge process. During the
charge AI** and H3O" react with host material to form AlkMnO,-nH>O during the extraction of
Zn** and H*. After formation of AlxMnO,-nH,O with layer structure contributes to the high
discharge voltage. The 1 M Al(CFs;SOs); in electrolyte extends electrochemical stability
window (from 1.7 to 1.9 V) with further suppression of hydrogen and oxygen evolution

reaction.
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Moreover, pH value plays major role in term of understanding the mechanism during
charge/discharge process. Pourbaix diagram shows the stability of materials depend on the pH
value and working window [118]. Bischoff et al. reported Zn/MnO: cell with measuring the pH
value during charge/discharge with 2M ZnSOq electrolyte and 0.1 M MnSO4 additive [119]. It
was shown that the initial pH value of 4.3 of the electrolyte increases during cycling and
stabilizes at value of pH 5.2. According to the pH-diagram pH value above 5 leads to the
passivation of zinc electrode. Low pH value is desirable to prevent the precipitation of zinc
oxide on the negative electrode, while it can accelerate the dissolution of MnO», which can be

prevented by addition of MnSOg.

Prussian blue and analogs have also been investigated in aqueous ZIBs due to the three-
dimensional framework and large intercalation sites. ZnHCF [83] and CuHCF [84], [120], [121]
able to reach working potential of 1.6 V. However, important drawbacks like low capacity and

uncontrolled phase transformation leading to fast capacity fading still remain [122].

Zhang et al. reported Zn/ZnHCF system which delivers capacity of 65.4 mAh g at voltage
range of 0.8 — 2V at 1C in 1M ZnSOs electrolyte (Figure 14). The discharge capacities around
65, 60, 56, 52, 45, 39 and 32 mAh g‘1 can be reached at various C-rates [83].
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Figure 14. (a) CVs at a scan rate of 2 mV s ~! and (b) GCD profiles at a rate of 1 C for anode (blue), cathode
(red) and full cell (black) in 1 M ZnSOs. (c) Rate capability of the battery. (d) Cycle life tests at a rate of 1 C

(square) and 5 C (circle). 1 C=60 mA g!, 5C =300 mA g' [83].

4.1.3-2 Vanadium oxide -based cathode materials

Vanadium based materials (VO2 [123]-[127], VS2 [128], V307*H20 (H2V30s) [128]-[130],
Zno.25V205*nH>0 [80]) attracted attention for ZIB due to the tunnel-type and layered structure
(Table 4). Vanadium has reach valence states (VZ*, V3*, V#* and V°*) when used as electrode

material, which means that multielectron transfer can be realized by achieving high capacity.

Nazar group reported V205*nH>O and Zno25V20s5*nH20 electrode materials which exhibits
220 mAh g! at 15C in 1M ZnSOs [80]. The crystal structure of these compounds consist in
vanadium pentoxide bilayers and water molecules allow for insertion/extraction of zinc (Figure
15). Co-insertion of Zn** and H»O was proposed for V20s*nH2O [81] and Zng25V20s*nH,0
[80], in which H2O molecules and/or [ZnOgs] octahedra act as pillars to stabilize the structure of
electrode material during the cycling.

The Zn/Zno25V205*nH20 system exhibits capacity of 300 mAh g™! with operating voltage of

0.9 V. The overall reaction in the system is:

7Zn025V20s5 - nH2O + 1.1 Zn* + 2.2 ¢ <> Zn;35V205- nH,0
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nH>O freestanding cathode at 1C in 1M ZnSO.. (c) Rate capability (d) Cycle performance at 8C [80].

The structure of Zno.25V205*nH>O shown in Figure 16 b and Figure 16 ¢ consists of double-
sheet-type two-dimensional (2D) V205 framework, similar to the V20s layers in d-phase,
extended in a-b plane [131]. The ordered interlayer ZnOg¢ octahedra pin the 2D V205 layers into
a framework enclosing intersecting paths in a-b plan along the [110] and [110] directions which
accommodate additional Zn** on discharge. The spacious layered framework also permits
insertion of water molecules from the electrolyte by expanding the interlayer space for facile
Zn** intercalation, this occurs synergistically with the topotactic deintercalation of absorbed
H>0. According to the operando XRD structural modification of pristine Zn/Zno.25V205*nH>O
by immersion in aqueous electrolyte, the interlayer distance was increased from 10.8 A to 12.9
A. The increase of interlayer space related to the water insertion is in line with that the reported
in layered oxides [132], [133] and double hydroxide [134]. The stable structural reversibility of
the system is demonstrated by corresponding cell parameters of charged and discharged

electrode after 50 cycles.
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Yan et al. constructed V20s*nH>O (12121) /graphene (VOG) cathode material, which delivers

long-term cyclability and rate capability (248 mAh g ! at 30 A g!) due to the effect of structural

water on Zn?* storage performance (Figure 17) [81].
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Figure 17. (a) CV and (b) charge-discharge curves for the first 3 cycles for V,Os*nH,O/graphene. (c) Rate-
capability of VOG and VOG-350 (without water in structure) at various C-rate in 3M of Zn(CF3S03); electrolyte
with 0.1M of Vanadium sol as additive [81].

Magic-angle-spinning nuclear-magnetic-resonance (MAS NMR) was used to verify that
structural H>O molecules decrease the effective charge of Zn* by solvation and support for ion
diffusion (Figure 18). The 'H spectrum of pristine electrode show the broad resonance at 5.6
ppm, which is attributed to the trapped water in V2Os bilayers. After charging to 1.3V 'H peak
slightly shifts to the 5.3 ppm with increasing intensity, accompanied with the decrease of
interlayer distance (12.6 A—10.4 A), which is related to the formation of hydrogen bonds with
Zn**, CF3S0s7, H20 by pulling the bilayers. After discharge 'H peak separates to two peaks:
sharp peak at 5.1 ppm (corresponding to water molecules, Zn** and CF3SOs"), while another
peak at 2.9 ascribed to the water molecules associated with inserted Zn** by increasing
interlayer space (10.4 A—13.5 A).

According to the XRD results the crystal structure of V20Os*nH,O/graphene is completely
reversible during charge and discharge. During the charge till 1.3V zinc ions are extracted from
interlayer space of bilayer V205 (from 12.6 Ato 104 A). During discharge till 0.8 V ~0.3 mol
of zinc ion can be inserted without phase transformation. By continuous discharge till 0.4 V the
unit cell parameters changed to a=2.378(9) A, b=13.502(3) A, c=2.042(8) A, which indicates
formation of new phase. At 0.4V two-phase coexist: first phase similar to charged VOG charged

to 1.3V, (space group of C/2 with lattice parameters of a=9.403(3) A, b=3.367(6) A,
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¢=10.513(9) A) and the second new formed phase with space group of Pc. New peaks at 6.53°,
13.14° and 19.73° are observed, which correspond to (0 1 0), (0 2 0) and (0O 3 0) planes,
respectively. This phenomenon is different from XRD results obtained for Zno.25V205*nH>O
[80], in which lattice interlayer decreases with Zn>* intercalation.
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Figure 18. Ex-situ solid state "H NMR and the proposed crystal structure of V>0s*nH,O/graphene electrode
after charging (till 1.3V) and discharging (till 0.2V) in 3M of Zn(CF3S03), electrolyte with 0.1M of Vanadium
sol as additive [81].

The water-based shielding layer reduces the “effective charge” of Zn**, meanwhile, it is also

increasing the distance between Zn>* and neighboring oxygen ions (r,). The electrostatic bond

. 1 . e .
is ¢ —, where ¢ is the permittivity of water and r, the distance between Zn** and the closest
"0

ions. Therefore, water-based shielding layer reduce electrostatic bond strength, which result on

high diffusion coefficient of solvated Zn**.

Zhou et al. reported orthorhombic V205 cathode in aqueous zinc system with 3M ZnSOq4
electrolyte. The system shows 224 mAh g at 0.1 A g™! with coulombic efficiency of 67% [135].
Figure 19 shows cyclic voltammetry of Zn/V20s cells with multiple redox peaks, in good
agreement with discharge/charge curves. The peak intensity reduction is related to the not fully
extraction of Zn?* ions from V,Os structure. It can be explained by trapped Zn>* ions acting as

interlayer pillars to stabilize V205 structure, resulting good electrochemical performance.
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Figure 19. (a) The initial four cyclic voltammetry curves at a scan rate of 0.1 mV s™!, (b) The cycling
performance and coulombic efficiency of Zn/V,0s cell at 100 mA g, and the inset shows the charge/discharge
profiles of selected cycles; (¢) Cycling performances and coulombic efficiency at 1 A g' and 2 A g*! of Zn-
V205 cells in 3M ZnSOq4 [135].

Chen et al. developed V205 nanofibers with mesoporous structure to enhance electrochemical
performance [136]. The electrochemical and structural investigations show that Zn/V>0s
system include two-step reaction. During the first discharge Zn3 + x(OH)2V207 - 2H20 (ZVO)
is generated followed by reversible insertion/extraction of Zn** in open-structured host (Figure
20). ZVO adopts typical layered open structure consisting of ZnOge octahedral layers separated
by double VOy tetrahedral interlayer pillars (Figure 20a). Water molecules randomly located
in the large cavities. The high structural stability of ZVO is confirmed by XRD after 200 cycles.
The galvanostatic intermittent titration technique (GITT) measurements have been applied to
calculated Zn** diffusion coefficient (Dzn). As shown in Figure 20b Dz, values are in order of
10° - 10" cm? s°!, which is comparable to reported ZVO cathode and Li diffusion in vanadium

oxides [82], [137].
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As shown in Figure 21 initial discharge capacity reaches 265 mAh g™, corresponding to the
~1.8 electron redox process at voltage range of 0.5 — 1.5V. The low Coulombic efficiency in
first cycle is ascribed to the trapping of Zn>* at the dead Zn*" sites in the host structure [138],
[139]. The specific capacity gradually increases with initial cycles, which is similar to the other
vanadium oxide cathodes [80], [81]. The highest discharge capacity of 319 mAh g! was
obtained on fourth cycle. The change of the discharge/charge curves is related to the structural
evolution upon cycling. The system exhibits good cycling stability at 2C with high reversible
capacity of 166 mAh g! after 500 cycles with 81% capacity retention.
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Zhang et al. proposed Zn/V20s system with 3 M of Zn(CF3SOs); electrolyte, which

demonstrated capacity of 372 mAh g at 5 A g! over 4000 cycles [140]. Upon the cycling the

specific capacity increases and overpotential decreases due to the activation process of V205

electrode (Figure 22) evidenced by SEM/TEM and EIS observation. Ex-situ XRD shows that

during the first discharge new layered ZnxV20s-nH>O phase forms. The layered V»Os

undergoes structural evolution and transformation to ZnxV20s-nH>O with enlarged interlayer

space (4.4 to 13.4 A) with co-insertion of Zn** and H>0 molecules. Furthermore, during the

charging process hydrated Zn?* are completely extracted. The reversible reaction of Zn//V,0s

battery can be as follows:

V205 + xZn** + 2xe” + nH20 < Zn V205 - nH,0

where x depends on the number of inserted Zn>* which can reach up to 1.6.
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Figure 22. (a) Schematic illustration of Zn//V,0s battery in 3 M of Zn(CF3;SO3), electrolyte.
(b) Discharge-charge profile at various C-rate. (c) Cycle performance at various C-rate [140].

The electrochemical properties of V20s can be improved by mixing vanadium states of V#*/V3*,
which leads to faster diffusion, lower polarization and higher electrochemical activity [141],
[142]. V307*H20 (H2V30s) in comparison with V20s has larger interlayer space and electronic
conductivity (mixed valence of V3*/V#) [129], [130], [143], [144]. V3Os layer contains [VOe]

octahedrons and [VOs] pyramids connected by corners and sharing edges.

He et al. adopted H>V30s nanowires, which exhibits high capacity, however fast capacity fading
can be observed due to the structure instability [129], [144]. The electrochemical performance
could be improved by mixing with graphene to improve electronic conductivity and structure
stability [130]. The battery delivers 240 mAh g™!' at 5C (Figure 23). The results from DFT
calculation demonstrates that vacancy sites in V-O octahedrons can accommodate zinc ions

with small lattice deformation.
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Figure 23. (a) Discharge/charge profile at 1/3. (b) Cycle performance at 1C. (c) Rate-capability at various C-
rate. (d) Discharge/charge profile at various C-rate of H,V30s/graphene cathode in 3 M of Zn(CF3;SO3)
electrolyte [130].

Nevertheless, the obtained complex and contradictory results on structure evolution of
vanadium oxide during the discharge-charge process requires further detailed investigations. It
1s necessary to develop new strategies for vanadium oxide materials to reversibly insert/extract
completely Zn** ions.

Researchers demonstrated that guest species like water molecules, relives the structural
deterioration of “pillar effect”, by stabilizing host structure during the cycling and enlarge
crystal layer for more ion insertion. According to the results shown by researchers’ vanadium-

based materials exhibits high capacity and rate capability and good cyclability.
Vanadium dioxide has different phases with several polymorphs like monoclinic VO2 (M1),

monoclinic VO; (M2), rutile VO2 (R), tetragonal VO; (A), monoclinic VO; (B), VO (D), BCC
VO etc (Figure 24) [145], [146].
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Figure 24. Schematics of (a) VO2(B), (b) VO2(A), (c) VO2(M1) and (d) VO»(R) phases [145]. Copyrights reserved.

Metastable VO2 (B) due to the layered structure formed by [VOg] octahedra, allows zinc
insertion and reported by Ding et al [124]. By using VO (B) nanofibers, capacity reaches 357
mAh g at 0.25C and long-term cyclability and excellent rate-capability (Figure 25). The XRD
investigations of VO (B) nanofibers before Zn>* insertion three strong peaks can be observed
at 45.1°,49.2° and 59.1°, which indexed to (-601), (020), (-404) facets. After discharge to 0.3V
(full zinc insertion) lattice spacing of (-601), (020), (-404) facets are slightly increased (d-s01 =
0.202+0.011 nm, do2o = 0.185 + 0.008nm and d-s04 = 0.156 + 0.003 nm). At charged state of
1.5V (complete zinc extraction) the (-601), (020), (-404) peaks shift to initial locations revealing

structure reversibility.
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Figure 25. (a) (c) Schematic illustration of Zn//VO, (B) system. (b) Discharge/charge profile and cycle
performance at voltage range of 0.3 — 1.5V at 0.25C in 3 M of Zn(CF3SOs), electrolyte [124].

Dai et al. proposed VO» with free-standing reduced graphene oxide composite film [125].

Recently, the high reversible single-reaction mechanism of VO; nanorods has been revealed by
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in situ monitoring and quantitative analysis [123]. The unit cell parameters (a, b, ¢)
expand/shrink during charge/discharge with single-phase reaction with three stages, namely
stage D1 and C1, stage D2 and C2, stage D3 and C3. (Figure 26). After full discharge the
change ratios of a, b, cis 2.72%, 2.53% and 1.31%, respectively and volume expands by 6.69%.

Based on the results, the overall reaction of the Zn//VO; system is:

Anode: Zn < Zn* + 2e

Cathode: VO, + 2xe” + xZn**— ZnyVO; (0 < x < 0.54)

In particular, the change of lattice parameter in D1 is opposite to C1, as same as D2 and C2, D3
and C3. In detail, D2 expands by 2.3% in a and 1.6% in ¢ and D3 expands by 0.1% in a and
0.5% in c. The most noticeable changes can be observed in D2 with 4.5% volume expansion
and C2 with 3.6%. Simultaneously, the expansion and shrinkage of unit cell parameters occurs
along a and c directions, while b direction barely changes in both cases. It means that, the
diffusion direction of Zn?* is along the [010] orientation and edge-sharing [VOs] octahedra
expand along a and c directions. The DFT calculation model of Zn*" ion insertion in VO, at
different site is shown in Figure 26d. In the 2 x 2 x 2 k-points VO crystal, the energy is —
205.87 eV after insertion of 4 zinc ions. The slightly changes in volume and total energy

indicate the crystal stability of VO, structure with 0.5 Zn>* insertion.
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Figure 26. (a) 2D in-situ XRD patterns of 1% cycle in 1M ZnSO4 (0.2 — 1.2V). (b) Evolution of lattice
parameters during discharge and charge. (c) The change in unit cell parameters and volume expansion at
different stages. (d) DFT calculation model of zinc insertion into VO2 structure [123].
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The monoclinic LiV30s (LVO) system is comprised from two edge-shared octahedra [VOg] and
trigonal pyramid [VOs] units which form “string” and “ribbon” arrangement of (V30s) layers
along (100) plane and layers linked by Li* ions in the octahedral and tetrahedral sites. Alfaruqi
et al. displayed that layered LiV3Og (LVO) had two-step reaction during discharge/charge
process. On first step ZnLiV30s phase, further converted to solid-solution ZnyLiV30s (y > 1),
while during charge LiV3Og a single-phase reaction observed (Figure 27) [138]. The

electrochemical reactions can be written as:

Anode: Zn < Zn* + 2e

Cathode: yZn* + LiV30s <> Zn,V30s

The in-situ XRD investigation reveals that during discharge till 0.6V, the position in the (100)
diffraction line is shifted to higher angle (from 14.06° to 14.82°) indicating the decrease of a
parameter (by ~ 0.3A). Concordantly, shift of (003) peak to lower angle (from 23.14° to 22.31°)
is related to the increase of ¢ parameter (~by 0.1 1A). Similarly, the interplanar distance of the
(-111) plane expands (from 3.25 A to 3.40 A). In initial discharge region (1.28 — 0.82V) the
(100) diffraction peak shifts slightly (single phase domain displaying solid solution behavior),
while in 0.81 — 0.7V significant shift by splitting the (100) diffraction peak (coexistence of
LiV30g and ZnL1V30s), (1.5<x<3.2). The continuous shift of (100) peak in final discharge (0.69
— 0.6V) represents single-phase domain. Nevertheless, during the charge the characteristic

diffraction lines of LVO are restored via solid-solution behavior without peak-splitting feature.
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Figure 27. (a) Schematic illustration of Zn insertion mechanism in Zn//LiV308 system. (b) Discharge/charge

profile and (c) Cycle performance at 133 mA g-1 in 1M ZnSOjs at voltage range of 1.2 — 0.6V [138].

In addition, different types of vanadates with/without water molecule, Zn3V,07(OH),*2H,0
[82], Cap.25V20s*nH20 [147], LiV30s [138], NaV30s*1.5H20 [90], Na2V6O16*1.63H20 [148],
[149], Na1.1V3079 [150], Nao33V20s [139], NasV 12032 [151], KaVgO21 [152], Zn2 V207 [153],
Mo02.5+yVOoy, [154], LixV205*nH20 [155] and Ago4V20s [156] are developed as cathode

materials for aqueous ZIBs due to the layered and tunnel structure. The summary of V-based

materials is shown in Table 4.

Table 4. Electrochemical performances of V-based electrodes, adapted from ref [68]

Materials Electrolyte Working Initial Capacity Ref
window capacity retention
[V] ]
[mAh g™']
Vanadium V105 21 m LiTFSI+ 1 m 0.2-1.6 238 80% (n =2000) [157]
oxide Zn(CF3S03)2 at 50 mA g
V205 3 M Zn(CFsS03)» 0.5-1.5 319 81% (n =500) at [136]
20mA g!
V205 3 M ZnSO4 04-1.4 224 67% (n =400) at [135]
100 mA g!
V20s-nH>O/ 3 M Zn(CF3S03), 0.2-1.6 381 71% (n =900) at [81]
+0.1 M Vanadium 60 mA g!
graphene sol
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VO, 1 M ZnSOq4 0.2-1.3 325.6 86% (n =5000) [123]
at 0.05 A ¢!
VO, 3 M Zn(CF;S03), 0.2-1.2 357 91.2% (n =300) [124]
at0.25 C
VOy/graphene | 3 M Zn(CF;SOz3), 0.3-1.3 276 99% (n = 1000) [125]
at0.1 A g’
V307-H,O 1 M ZnSOq4 0.3-1.5 267 79% (n = 1000) [143]
at 1C
H2V30s 3M Zn(CF:S03), | 0.2-1.6 4238 | 943% (n=1000) | [144]
at0.1 A g'!
HaV:Og/graphe | 3 M Zn(CF3803), | 0.2-1.6 394 87% (n =2000) | [130]
ne at 1/3C
V307-H,O 1 M ZnSOq4 0.4-1.1 375 80% (n =200) at [129]
1C
V6O13-nH,O 3 M Zn(CF3S03), 0.2-1.4 395 87 (n=1000) at [158]
0.1Ag!
V10024 12H20 | 3 M Zn(CF3S03) 0.7-1.7 165 | 80.1% (n =3000) [159]
at0.2 A g!
Alkali metal LiV30s 1 M ZnSOq4 0.6-1.2 256 75% (n = 65) at [138]
vanadates 16 mA g'!
Na() 33V205 3 M Zn(CF3S03), 0.2-1.6 367 93% (n = 1000) [139]
at0.1 A g’
Na;1V3O79/gra | 1 M Zn(CF3S03), 0.4-14 191 84.8% (n = 100) [150]
phene at 50 mA g!
NaV;0s3 I MZnSOs+ 1M 0.2-1.2 380 82% (n = 1000) [90]
NaSO, at0.05A g'!
K»V60i6:2.7H2 | 3 M Zn(CF3S03), 0.4-1.4 239.2 82% (n =400) at [160]
0. 100 mA g!
Alkali earth CaVeOi6:3H20 | 3 m Zn(CF3;SOs3), 0.2-1.6 367 100% (n = 300) [161]
metal at 500 mA g!
vanadates
Mgo34V20s-nH | 3 M Zn(CF3;SO3), 0.2-1.8 352 97% (n =2000) [162]
20 at 5000 mA g!
Transition Zn3V,07(OH),- 1 M ZnSOq4 0.2-1.8 213 68% (n =300) [82]
metal 2H,0 200 mA g’!
vanadates
Zng25V20s-nH, 1 M ZnSOq4 0.5-14 300 80% (n = 1000) [80]
(0] at 8C
FesV1505(OH) | 0.3 M Zn(TESI) | 04-1.6 385 80% (n=300)at | [163]

9 -9H,O

5A¢g!
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atl Ag!

Other NH4V401() 3M Zn(CF3803)2 0.8-1.7 147 70.3% (n = [164]
vanadates 5000) at 5000
mA g!
(NH4)2V10025- 8 2M ZnSO4 0.7-1.7 228.8 90.1% (I’l = [165]
HO 5000) at 5 A g!
ZnxMo2 5. yVO 0.5M 0.01-1.6 180 66.6% (n=30) [154]
047 Zn(CH3CO0O0), at20 mA g’!
Vanadyl LisV2(PO4)3/C | 4 M Zn(CF3S03) 0.2-1.9 141 99% (n = 4000) [166]
phosphates at 20C
NazV2(PO4)3 0.5 M 0.8-1.6 97 74% (n = 100) at [85]
Zn(CH3COO0), 05C
Na3V2(PO4)3/C | 0.5 M CH3COONa | 0.8-1.7 92 74% (n =200) at [78]
+0.5M 05C
Zn(CH3COO);
Na3V2(POy4)s/gr | 2 M Zn(CF3S0s3), 0.6-1.8 114 75% (n = 200) at [167]
aphene 500 mA g!
Na3V2(PO4):F; | 2 M Zn(CF;S03), 0.8-1.9 61.7 95% (n = 4000) [168]
atl Ag!
VS, 1 M ZnSOq4 0.4-1.0 190 98% (n =200) at [128]
05A¢g!
VS4/graphene 1 M Zn(CF;S03), 0.3-1.8 180 93.3% (n=165) [169]

Similar to manganese, vanadium dissolution occurs during the cycling by due to the solubility

of vanadium ions in aqueous electrolyte [170]. Dissolution of vanadium-based materials lead

to capacity fading and loss of active material, which may deposit on the surface of negative

electrode (passivation) [171]. Moreover, the slow Zn>* diffusion (high charge density) promotes

the accumulation of zinc ions in host lattice [69], [172]. The accumulated zinc ions can interact

with V-O layers and form Zn3V207(OH)>*2H>0 phase, as a result of electrolytic decomposition

and side reactions of active material with electrolyte [152], [158], [173]. This discharge product

was found to be reversible in initial cycles in Zn//NH4V4Os system, however only after 30

cycles (Figure 28), due to the accumulation of Zn** ions and water molecules in the crystal

lattice, which may account the capacity fading [174].
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Figure 28. (a) Ex situ XRD patterns in different discharge/charge states; (b and c) ex situ high resolution XPS
spectra of Zn 2p and O 1s at different discharge/charge states of the NH4V4O o electrode; (d) scheme showing
the intercalation of HO molecules and the Zn?* insertion/extraction process in NH4V4Ojo during cycling [174].

The strong electrostatic interaction with zinc and high charge density induce to bond with
oxygen atoms in vanadate structure, thereby intercalated ions can be displaced from crystal
lattice with further dissolution in electrolyte [90], [151], [164]. In addition during the cycling
there is a possibility of formation Zn4(SO4)(OH)s*nH20 (ZHS) byproduct [104], [149], [175].
Nazar et al. reported that dissolved oxygen in electrolyte and existing Zn**, SOZ~ and OH
species can form ZHS [129]. The coated electrode materials and use of saturated electrolytes to
reduce the amount water molecules could solve the problems with dissolution. The stability of
VO can be improved by carbon [21] or polypyrrole coating [27]. Zhang et al. demonstrated
enhanced coulombic efficiency and exclude side reactions by using 30 m of ZnCl, [176]. It can
be explained by reduced amount of water molecules and [Zn(OH2)6]** and [Zn(OH»)2Cls]?

species.

Wang et al. proposed Carbon/vanadium dioxide (C/VOz (B)) core-shell microspheres prepared
by hydrothermal process [21]. The electrochemical investigations of C/VO; (B) in LiCl aqueous
electrolyte were evaluated by galvanostatic method and cyclic voltammetry. From Figure 29
is shown that VO, (B) and C/VO- (B) two oxidation and one reduction peak are observed. The
redox peaks of carbon coated sample slightly positively shifted due to the effect of carbon. After
17 cycles the redox peaks of bare VO2 (B) completely disappeared suggesting poor cycle
performance, while after 80 cycles, C/VO: (B) electrode has still distinct peaks.
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Figure 29. Cyclic voltammograms of (a) bare VO, (B) and (b) C/VO> (B) electrode in 2M LiCl with scan rate of
0.1 mVs'[21].

Liu et al. reported LiV3Os-nanorod coated with conducting polypyrrole prepared by in-situ
polymerization [54]. The prepared nanocomposite exhibits higher capacity and better rate

capability in compare to pristine material, suggesting that Ppy works as conducting and coating

agent inhibiting the dissolution of vanadium in aqueous electrolyte (Figure 30).
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Figure 30. (a) Schematic illustration of lithium insertion/extraction for bare and coated LiV30s nanocomposite
in aqueous electrolyte. (b) Charge/discharge profiles and (C) Cycle performance in 0.5M Li,SO4 using SCE as
reference electrode [54].

Carbon modification also plays a vital role in alleviating the dissolution of Mn-based cathode

materials in aqueous electrolytes [177], [178]. Wu et al. proposed a-MnO»/graphene (MGO)
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scrolls cathode material exhibiting highest energy value (406.6 Wh kg at 0.3 A g'') among the
reported cathode materials in AZIBs. The graphene scroll coating not only improve the
electrical conductivity, it also reduces Mn dissolution and provide extra absorption sites for
Zn’* ions, resulting in high capacity, long-term cyclability and rate-capability (Figure 31). The

overall reaction during discharge can be ascribed as following:
Cathode:
First discharge process: 2xe” + MnOz + xZn?* «<» ZnxMnO, (0<x<0.27)

Second discharge process: 2(x-0.27) € + ZnxMnO; + (x-0.27) Zn** <« ZnxMnO;
(0.27<x<0.59)

Anode: Zn — 2¢e” <> Zn**

C
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Figure 31. (a) Schematic illustration of two-step intercalation mechanism of MGO cathode. (b)
Charge/discharge curves at various current density and (c) Cycle performance at 0.3 A gl and 1 A g™! after
activation process at 0.1 A g'! in 2M ZnSOj electrolyte [177].

Several types of systems with various cathode materials have been already proposed for
aqueous ZIBs, however several problems are existing like active material dissolution, sluggish
diffusion, unexpected byproducts and contradictory results during the characterization of the
insertion mechanisms. These problems make long-term cycling difficult to achieve, especially

under low current density, which is not sustainable and practical for grid storage. Therefore,
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more focused research solving these problems should be conducted to improve the capacity

retention upon prolonged cycling and developed system to use in practical application.
4.1.4 Rechargeable Aqueous hybrid-ion batteries

The ideal battery could be one combining the stability and energy density of LIBs with the
advantages of zinc aqueous batteries, which could remarkably reduce the cost of the energy
storage. Therefore, the development of high energy density and ecologically friendly aqueous

hybrid-ion battery technology is crucial.

More recently, Rechargeable Aqueous hybrid ion batteries (RAHBs) design (Figure 32a)
attracted great interest due to the high operating voltage, low cost and high-power density
compared to traditional Li and Zn aqueous batteries [11], [179]. The main difference from
typical “rocking-chair” type, RAHBs operate based on two electrochemical redox processes
separately on anode and cathode. Chen et al. proposed first hybrid Zn/ZnCl+LiCl/LiMn;04
system operating in mild acidic electrolyte with high efficiency and long-term cyclability 6. The
electrolyte acts as conducting ions and cooperates with electrodes. The electrochemical reaction

can be expressed as follows:
LiMn,0, & Li;_,Mn,0, + xLi* + xe~ (1)
In*t +2e” o In (2)

During the charge process, Li ions are extracted from LiMn2Oy at positive electrode (1.76—1.9
V vs Zn**/Zn) and Zn** dissolution/deposition reaction at negative electrode (0 V vs. Zn**/Zn).
Upon discharge zinc metal loses electrons and dissolves in electrolyte, while on positive
electrode Li ions insert into LiMn2O4 matrix. The two sets of reversible processes are observed
at 0 and 1.76-1.9 V related to the deposition/dissolution of zinc and two-phase
extraction/insertion process of lithium in spinel LiMn2QO4, which is similar in organic electrolyte
180-182  XRD analysis confirms shifting characteristic peak of spinel LiMn,O4 toward higher
angle during the charge, which indicates successful Li extraction. The reversible
deposition/dissolution of zinc on the SS current collector during charge/discharge is also
verified by XRD. The mechanism confirmed by electrochemical and structural investigations
is illustrated in Figure 32a. Contrary to the “rocking-chair” type batteries, exchange of lithium
and zinc ions in the aqueous electrolyte occurs during cycling. The electrolyte in the battery

system is not only the conductive medium, it is also the source for zinc anode. The system
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delivers high energy density of 50-80 Wh kg™! with excellent cyclability till 1000 cycles with
90% capacity retention (Figure 32d).
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Figure 32. (a) Schematic illustration of Zn//LiMn,O4in 4M ZnCl»-3M LiCl hybrid electrolyte. (b) Cyclic
voltammetry at scan rate of 0.5 mV s™'. (¢) Charge/discharge profiles and (d) Cycle performance at 4C [6].

However, the low conductivity and structural degradation of LiMn2O4 lead to poor rate
capability [17], [180]. Chen et al. proposed LiMn2Os/porous graphene composite with
significantly improved electrical conductivity and structure stability in 2M Li2SO4 + 1M ZnSO4
electrolyte (pH=4) [181]. The system exhibits capacity 102.6 mAh g with 90% coloumbic

efficiency.

Similar to aqueous batteries, hybrid systems also face suffer from capacity fading resulting from
change in pH value and concentration of electrolyte. Further improvements of electrochemical
performance can be achieved by modifying electrolyte composition [182]-[184]. Chen at al.
demonstrated thiourea (TU) as electrolyte additive in 2M ZnSO4 + 1M Li,SO4 [182]. It was
found that TU reduce voltage polarization and improve charge-discharge efficiency. Moreover,
doping by SiO»> in electrolyte (gel electrolyte) enhances the rate capability and high capacity by
acceleration diffusion pathways for guest ions by reducing the polarization [183]. The highest
capacity reaches 137.5 mAh g! with 5% SiO,. Hoang et al. developed new gelling system
consist of B- cyclodextrin (CD) and fumes silica (FS) with hydroxyl groups on the surface [184].
The system Zn/LiMn>0O4 with gel electrolyte delivers high discharge capacity retention (68%)
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after 1000 cycles at 4C. The mixed gel electrolyte also suppresses the dendrite formation and
corrosion on zinc electrode. The combination of pyrazole with fumes silica can act as corrosion

inhibitor [185].

Furthermore, the pH value of hybrid electrolyte influence to the electrochemical performance
of the battery. Chen et al. reported the regulation of pH value by dilute LiOH and H>SO4 to
examine cycling properties of batteries [186]. It was found that at very low pH value of
electrolyte increases the dissolution and at high pH makes OH™ concentration increase, resulting
the Zn** precipitate by decreasing active material. Therefore, the control of pH value in zinc

hybrid system plays major role on electrochemical performance.

In addition to LiMn»O4 other cathode materials like LiFePO4 [7], [187], Li3V2(PO4)3 [186],
LiVPOuF [188], LiNii;3Co01/3Mn1302 [189], LiMno sFeo2PO4 [190], V205 [8], [157] have been
studied in aqueous hybrid batteries. However, the working potential of 4V materials in aqueous
electrolyte is located close to the water decomposition potential (Figure 33) leading to the Oz

evolution resulting on the dissolution of metal ions in positive electrode.
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Figure 33. Electrochemical stability window of water and redox potential for negative and positive electrodes.
Adapted from ref [7]
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4.1.4-1 Water-is-salt hybrid electrolytes

Recently, new concept “water-in-salt” electrolytes have been developed for hybrid aqueous
battery[8], [50], [157], [191]-[193]. High concentrations of salt widen the electrochemical
stability window and enhance the cycling properties.

Zhang et al. reported that concentrated gelified electrolyte (21 m LiTFSI + 3 m ZnOTf;) in
polyvinyl alcohol (PVA) suppress side reactions and dendrite formation on the zinc surface
(Figure 34) 8. The shape of the CV curves between 0.2 — 1.6V demonstrates multistep
insertion/extraction of Zn>*/Li* with three pairs of redox peaks located at 0.66/0.57V, 0.89/0.8V
and 1.45/1.2V which is similar to other works [155], [157]. Hybrid Zn/V20s5-GO system
exhibits discharge capacity of ~180 mAh g™ and a capacity retention of 93% after 600 cycles
at 500 mA g’!'. According to the in-situ XRD investigation, new reversible reflections observed
at 16.9° and 33.1° in 0.7 — 0.2V range, attributed to LixZnyV20s [139]. The capacity
contribution above 1.9V can be attributed to oxygen redox chemistry or capacitive reaction

without structural evolution (Figure 34c) [194].
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Figure 34. (a) Cyclic voltammetry of Zn//V,0s cells at 0.1 mV s-1 at voltage range of 0.2 — 2.2V in 21 m
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Then Hu et al. reported Zn/V20s with 1m Zn(CF3SOs3)> — 21 mLiTFSI water-in-salt electrolyte
with outstanding cycle performance over 2000 cycles at 2 A g (Figure 35) [157].

In Zn(CF3S03)2 aqueous electrolyte three reduction peaks at 0.52, 0.93, 0.98V and four
oxidation peaks at 0.71, 0.95, 1.22, 1.43V  can be observed related to the zinc
insertion/extraction process (Figure 35a).

In LiTFSI three reduction peaks at 0.56, 0.95, 1.17V and three oxidation peaks at 0.9, 1.08,
1.22V are associated with Li* insertion/extraction reaction (Figure 35b).

In Zn(CF3S03),-LiTFSI two redox peaks can be observed at 0.8/1.08V and 1.12/1.25V which
probably corresponds to the intercalation/deintercalation of lithium ions with mixed

Zn(CF3S03),-LiTFSI electrolyte (Figure 35).
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Figure 35. CV curves of Zn//V,0s system with Zn(CF3SO3),-LiTFSI and (a) 1m Zn(CF3S0s),, (b) 21m LiTFSI
aqueous electrolyte [157].

The Zn//V20s battery with Zn(CF3S0O3)>-LiTFSI electrolyte shows two discharge (1.1 and

0.9V) and two charge (1.23 and 1.06 V) plateaus which are higher than the plateau with

Zn(CF3S0s), (Figure 36a). The porous V2Os electrode reaches initial capacity of 215 mAh g!

at 100 mA g in Zn(CF3S03),-LiTFSI electrolyte and delivers 204 mAh g™! after 160 cycles

demonstrating good cycling stability (Figure 36b).

In 1m Zn(CF3S03),, V20s discharge capacity exhibits 201 mAh g™ with increasing capacity to
292 mAh g-1 in initial 5 cycles, after retains capacity on 73 mAh g! after 90 cycles.

In 21m LiTFSI, V.0s reaches discharge capacity of 178 mAh g™! with rapid capacity fading
after 50 cycles, due to the lack of Zn?*ions, contributing on Zn deposition/dissolution process

on the anode side. (Figure 36b, c).
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Figure 36. Electrochemical Investigation of Zn//V,0s system (a) Discharge/charge profile and (b) cyclability
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performance with 21m LiTFSI electrolyte at 100 mA g™! [157].

XPS analysis of Zn//V20s system in Zn(CF3S03)2-LiTFSI electrolyte showed that during the

discharge (at 0.2V), Zn>* ions can intercalate into V2Os, however without complete extraction

after charge to 1.6V due to the possible trapped Zn>* ions, which may act as interlayer pillars

and stabilize the structure of electrode material [80], [195]. In-situ XRD demonstrated that the

(301) and (011) diffraction peaks merge into one peak during discharge and split during charge.

These changes are completely reversible during the cycling, which reveals the structural

stability of the system (Figure 37).
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100 mA g [157].
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Wang et al. reported 1 m Zn(TFSI), + 20m LiTFSI to reduce the presence of (Zn(H20)s)**

[193]. The pH value of electrolyte increases from 3 to ~7 with LiTFSI concentration, where
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(Zn-TFSI)* ion pairs forms which decrease the Zn>* hydrolysis. Zn/LiMn,O4 system achieves
energy density of 119 W h kg'! with long-term cycling over 4000 cycles at 4C and low specific
capacity (30 mAh g'!') (Figure 38).
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Figure 38. (a) Charge/discharge profile of Zn//LiMn204 system in 1 m Zn(TFSI), + 20m LiTFSI electrolyte at
0.2C. (b) Cycle performance at 4C [193].

Chen et al. developed Zn/LiMnO0.8Feo2PO4 system with 21 m LiTFSI + 0.5 m ZnSO4 (pH=4),
which demonstrates 183 W h kg™! and a high operating voltage exceeding 1.8 V (Figure 39)
[190]. However, the use of huge amount salts in electrolyte affects the cost of the battery and

hinders practical application.
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Zn/LiMng sFe(2PO4 battery at 0.1 C rate (17 mA/g). (c) CV at a scan rate of 0.1 mV/s. (d) and (e) Rate capability
of the battery. (f) Cycling stability of the battery at 0.3 C rate [190].

Yuan et al. proposed Zn/graphene coated LiFePO4 in 0.5 M CH3COOLi and 0.5 M Zn
(CH3COO); electrolyte [187]. The battery delivers 145.8 mAh g at 0.2 C.

Bakenov group constructed Zn/LiFePO4 system in 4M ZnCl> + 3M LiCl electrolyte (pH=4)
[7]. At pH 4 the Oz evolution reduced till 1.75 V vs. Zn/Zn?**, while Hz evolution drops to -
0.24 V vs. Zn/Zn**. The system provides operating voltage of 1.2 V. During the charge
LiFePO4 is oxidized to FePO4 and Li ions deintercalated from the matrix, while Zn ions
deposits on the surface of zinc anode. Upon discharge Zn ions dissolves in electrolyte and Li
ions intercalate into FePOg structure. The electrochemical reaction follows below:

LiFePO, < Li* + FePO, + e~ (1)
In*t +2e” o In (2)

Due to the deposition/dissolution process of zinc the concentration of electrolyte will
increase/decrease respectively. Therefore, the amount of Zn?** and Li* should be enough for
stable battery operation. The system exhibits 92 mAh g- at 6C over 400 cycles with superior

rate capability with capacity of 72 mAh g™ and 45 mAh g™! at 30 and 60 C respectively (Figure
40).
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Figure 40. (a) Schematic illustration of Zn//LiFePO4 with 4M ZnCl2 + 3M LiCl. (b) Cyclic voltammetry at
different scan-rates. (c) Charge/discharge at different C-rate. (d) Rate-capability. (e) Charge/discharge profile
and (f) Cycle performance at 6C [7].

Table 5 demonstrates battery systems for Rechargeable Aqueous hybrid-ion batteries [63].
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Table 5. Electrochemical performances of Rechargeable Aqueous hybrid-ion batteries, adapted from ref [63]

Electrolyte Average Initial Cycle retention Ref
voltage capacity
[V] ;
[mAh g'']
LiMnyO4//Zn 3 M LiCl + 4 M ZnCl, (pH=4) 1.8 - 1000 (90%) [6]
CNT/AB/ 2 M Liz2SO4 + 1 M ZnSO4 (pH 1.8 139 300 (66%) at 4C | [196]
LiMn,O4//Zn =4)
LiMn04/PG//Zn 2 M LizSO4 + 1 M ZnSO4 (pH=4) 1.8 102.6 300 (74.2%) at [181]
4C
LiMnyO4//Zn 2 M LizSO4 + 1 M ZnSO4 with 15 1.8 96 800 (77.43%) at | [197]
wt% fumed silica 4C
LiMnyO4//Zn 1 M LizSO4 + 2 M ZnSO4 with 1.8 - 300 (75%) [182]

0.14 wt% thiourea

LiMn,04//Zn 2M Li,SO4 + 1 M ZnSO4 with 5 1.8 122 700 (68.2%) at [183]
wt% SiO; 4C

LiMn,04//Zn 2 M Li,SO4 + 1 M ZnSO4 with 1.8 126 1000 (68%) at [184]
4% fumed 4C

silica + 1% B-cyclodextrin

LiMn,04//Zn 2 M Li»SO4 + 1 M ZnSO4 with 1.8 110 500 (85.2%) at [185]
5% fumed silica + 0.2% pyrazole 4C
LiMn,O4//Zn 2 M Li;SOs4 + 1 M ZnSO4 with 1.8 118 300 (74.4%) at [198]
5% fumed silica + PbSO4 1C
LiMn;04//Zn 1 m Zn(TFSI), + 20 m LiTFSI 1.8 34 4000 (85%) at [193]
4C
LiMn,04//Zn “Water-in-deep eutectic solvent” 1.92 110 300 (~90%) at [199]
electrolyte 0.1C
LiMn,04//Zn/AC 0.5 M Li2SO4 + 1 M ZnSOq4 1.8 150 210 (40%) at [200]
240 mA ¢!
LiMn;04//Zn-TU 2 M LizSO4 + 1 M ZnSOy4 1.8 96 1000 (80%) [201]
LiNi;3Co13Mn;;302 | 0.25 M Li»SO4 + 0.125 M 1.65 105 50 (99%) at [189]
Zn(CH3COO0), 0.5C
@graphene @
MWCNTSs//Zn
LiMng sFeo,PO4//Zn | 21 m LiTFSI + 0.5 m ZnSO4 1.8/1.3 137 150 (100%) at [190]
(pH=4) 0.1C
V205//Zn 4M ZnSOs + 3M LizSO4 (pH=4) 1.12 80 300 (100%) at [202]
1C
V,0s//Zn 1 m Zn(CF3S03)2 + 21 m LITFSI 1.0 215 160 (95%) at [157]
100 mA g!
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V205@GO//Zn 21 m LiTFSI + 3 m ZnOT{2 with 1.0 - 600 (93%) at 500 [8]
10 wt% PV A — Gel aqueous mA g'!
electrolyte
LiFePO4//Zn 4M ZnSO. + 3M Li,SO, (pH=4) | 1.2 120 400 (100%) at (7]
6C
LiFePOg/graphene// 0.5 M LiCH3;COO + 0.5 M 1.4 145.8 450 (78%) at [187]
Zn Zn(CH;C0O0), 0.2C
LizV2(POu)y//Zn 1 M Li>SO4 + 2 M ZnSO, 1.4 128 200 (85.4%) at | [186]
0.2C

According to the literature review on hybrid electrolyte we can conclude that three main

materials have been reported: spinel LiMnOQOys, LiFePO4, V20s. Vanadium oxide (V20s) material

was widely investigated for aqueous zinc ion batteries, however according to the review, only

few papers can be found related to the hybrid electrolyte system (water-in-salt). In addition,

little attention has been paid to the structural behavior of cathode materials.

Therefore, our goal was to deeply examine the electrochemical properties of V205 polymorphs

(o and v’ phases) in aqueous hybrid electrolyte (Li*, Zn>*) focusing on reaction mechanisms,

structural evolution upon discharge/charge, and comparison with the obtained results in organic

(non-aqueous) electrolyte.

Such approach is developed in the case of a-V20s and y’-V20s phases in the following sub-

chapters 4.2 and 4.3 respectively.
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4.2 Electrochemical and structural investigation of a-V20s in hybrid Li*/Zn?* aqueous
electrolyte for rechargeable aqueous Zn batteries.

4.2.1 Introduction

The pioneering work of Bakenov’s group in Astana on novel aqueous Zn/LiFePO4 rechargeable
battery using a binary concentrated electrolyte of 3 mol L-! LiCl and 4 mol L' ZnCl> (pH 4) has
shown remarkable cycling performance. Indeed, due to the use of hybrid electrolyte, a high
capacity of 92 mAh g! over 400 cycles at 6 C was reported as well as a high rate capability with
still 72 mAh g™! available at 30 C. This original concept of binary electrolyte with both zinc and
lithium ions has never been applied to the Zn/V,0s system. It relies on a high ionic conductivity
with sufficient amounts of zinc on one side for efficient cyclability of zinc anode and of lithium
on the other side for reversible insertion/extraction in the host cathodic material. These appealing
results prompted us to evaluate the Zn/V20s system in the binary lithium-zinc aqueous electrolyte

at optimized pH 4.

In the present work, we report the electrochemical properties of V,0s in 3 mol L
Li>SO4- 4 mol L' ZnSOy4 electrolyte in the 1.6 V - 0.8 V vs. Zn**/Zn voltage window (Figure 1)
with special attention paid to the structural mechanism involved upon the discharge-charge process
and cycling. X-ray diffraction and Raman spectroscopy will be used to study the discharged and

charged electrodes to provide initial insights into the mechanism.

The expected electrochemical mechanism of Zn || Li2SO4-ZnSO4|| a-V20s system is illustrated in
Figure 1. During discharge process, on positive side Li inserts into the a-V20s host lattice (Eq. 1),
while on negative side Zinc anode loses electrons and dissolves in electrolyte (Eq. 2). Upon charge
Li ion extract from a-V20s and Zn** ions deposit on Zn anode. Due to the deposition/dissolution
process of zinc the concentration of electrolyte will increase/decrease respectively. Therefore, the

amount of Zn** and Li* should be enough for stable battery operation [1].
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Figure 1. Schematic illustration of Zn || Li2SO4-ZnSO4|| a-V,0s system

Cathode: Li* + V205+ e <> Li V205 (Eq. 1)
Anode: Zn** +2e > Zn° (Eq. 2)

4.2.2 Structural characterization of V205

The X-ray diffraction pattern of a-V20s powder (Alfa Aesar 99.5%) is shown in Figure 2. It can
be indexed in orthorhombic cell (space group Pmmn) with the following unit cell parameters
a=11.5 A, b=3.55 A, c=4.37 A calculated from Bragg’s law (see below). Table 1 gathers all the
corresponding XRD data.
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Figure 2. X-ray diffraction pattern, crystal structure (inset) of a-V,0s
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For the calculation of d-spacing Bragg’s law was used dhkl = % where, A=1.7889 A

(wavelength of X-ray Co source), 6 = Peak position (in degree); n=1 (Order of diffraction); d=

interplanar spacing (A)

No. Peak position Interplanar Miller indices FWHM
spacing
2 Theta (°) Theta (°) d (A) (hki)
1 17,901 8,950 5,748 200 0,186
2 23,620 11,810 4,370 001 0,205
3 25,296 12,648 4,084 101 0,226
4 30,501 15,250 3,400 110 0,157
5 36,226 18,113 2,877 301/400 0,234
6 37,819 18,909 2,759 011 0,200
7 38,932 19,466 2,683 111 0,173
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8 40,068 20,034 2,610 310 0,208

1 h* k* I?

o atrta
To calculate a, b, ¢ values the most intense hkl peaks will be chosen (200, 001, 110 peaks) in a
first approach and a specific software (EVA software) is used for an accurate calculation of unit

cell parameters using all the diffraction lines.

. . . 2 o
For instance: for calculation of a using the (200 peak) —— =2;a = 1154
. . 2 o
For calculation of lattice constant ¢ (001 peak) — =2%; ¢ = 4.37 4
4372 ¢?
For calculation of lattice constant b (110 peak) N ﬁ; b=355A
342 1152 b2

The structure of V205 consists of vanadium-centered [VOs] square pyramid building blocks where
the vanadium is double-bonded with oxygen atom and single-bonded with other four oxygen atom
forming square pyramid. The [VOs] polyhedral share edges along a-axis (up-up-down-down) and
corner share along b-axis forming sheet-like structure, which are stacked upon each other and held
by Van der Waals interactions. The atomic positions and characteristic bond lengths of a-V20s are

shown in Table2.

Table 2. Atomic positions of V,0s structure and V-Oy bond lengths of a square-based pyramid VOs. (y=0.25 for all
positions)

Atoms | Wyckoff pos. X z dv.o polyhedra
Vv 4f 0,101 | 0,892 -
1,576 A vanadyl bond
O 4 0,104 0,531 2,793 A inter-sheet bond
1,877 A x2, along b axis
0] 4 0,931 0,003 o
2 f ! ’ 2,017 A x1, along ¢ axis
O3 2a 0,25 0,001 1,778 A bridge link

Raman spectrum of a-V20s exhibits ten peaks at 105, 146, 199, 286, 305, 406, 483, 529, 703, 994
cm™! (Figure 3). The Raman vibrational assignment is given Table 1. Most of low wavenumber
modes can be described in terms of external modes of V20Os units. They have been derived from
the relative motions of two V20s units belonging to the unit cell, three of them generated by

displacements of vanadium atoms along the x-axis (195 cm™), y-axis (145 cm™) and z-axis (105

177



cm™). The internal modes observed at medium and high frequency can be described in terms of
O-V-0 bending modes and VO stretching modes. The band at 994 cm™ is assigned to the V-O
stretching vibration mode along z-axis (A, symmetry), corresponding to the shortest V=0 vanadyl
bond oriented along c-axes. The V-O stretching modes along x- and y-axes are observed at 530

cm! (Ag) and 703 cm™! (By,, Bsg), respectively.
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Figure 3. Raman spectrum and local structure (inset) of a-V,0s

4.2.3 Electrochemical study

Figure 4a shows CV profiles of first 10 cycles at scan rate of 0.2 mV s for a-V,0s in binary
electrolyte. During reduction two cathodic peaks at 1.12 and 0.91V are observed. During oxidation
anodic peaks at 1.21 and 1.33V are observed. The coulombic charge during cathodic and anodic
scan corresponds to ~0.75 F/mol. After 10 cycles there is no substantial change in peak positions
after first scan, indicating high reversibility of insertion/extraction reaction. Additional peaks were
not detected, illustrating no side reactions (H2 or Oz evolution) or zinc (Zn**) co-insertion. For
comparison the cyclic voltammetry was done with 3M Li>SO4 (without zinc source in electrolyte)

at scan rate of 0.2 mV s’ (Figure 4b). Two reduction steps can be observed at 1.12V and 0.94 V
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related to the lithium insertion. However, upon the cycles the intensity of peaks rapidly reduced
indicating fast capacity decay related to loss of active material through dissolution and to the poor
electrochemical behavior of Zn electrode. In addition, cyclic voltammograms was recorded with
4M ZnSO4 (Figure S1). It was found that at lower potential (~0.92-0.94V) both lithium and zinc

can be inserted at this potential.

Ecell/V vs. Li*/Li Ecell’\V vs. Li*/Li
3 3.2 34 36 3.8 3 3.2 34 36 3,8
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Figure 4. Cyclic voltammograms of Zn/a-V,0s system at scan rate of 0.2 mV s™! with (a) hybrid electrolyte and (b)
3M Li,SOq4

The discharge/charge profile of a-V20s at C/5 in the 1.6-0.8V voltage range is shown in Figure
5a. From discharge curves two plateaus can be observed at 1.16 and 0.95V in good agreement with
the reduction peaks from CV with a total faradaic experiments of 0.8 F/mol. A discharge/charge
capacity of 120 mAh g' is achieved indicating reversible insertion/extraction process. The
obtained results show typical electrochemical fingerprint of a-V20s in organic lithiated electrolyte
[2]-[5]. The Zn || Li2SO4-ZnSO4|| 0-V20s shows stable cycling stability properties (Figure 5b).
The initial discharge capacity is only reduced to ~119 mAh g! after 50 cycles with a good capacity

retention up to 50 cycles.
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Figure 5. (a) Discharge-charge profile an (b) cyclability of Zn || Li2SO4-ZnSOs|| a-V20s system at C/5

4.2.4 Structural investigation upon discharge-charge

To clearly understand the insertion/extraction mechanisms the structural evolution of a-V20s was

investigated during first discharge/charge at C/5 in potential range of 0,8 — 1,6V (Figure 6) by

using XRD and Raman spectroscopy.
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Figure 6. The first discharge of a-V,0s at C/5

The XRD patterns of discharged electrodes in function of faradaic yield x F mol™! (0<x<1) are

gathered in Figure 7. The low rate of C/20 was applied to reach maximum faradaic yield of x=0.93.

The XRD pattern of initial electrode shows typical fingerprint of orthorhombic a-V20s (Pmmn

space group) with unit cell parameters of: a = 11.49, b = 3.56 and ¢ = 4.36 A[6]. From the first
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reduction (x=0.1) shiftof 001,101,011, 1 1 1 lines to lower angles can be observed, indicating
the increase of c interlayer distance. While 2 0 0,4 0 0, 3 1 O lines slightly shift to higher angles
due to the decrease of a parameter with increasing x values. From x=0.1 to x=0.3, the a phase (a
= 11.49, b= 3.56, ¢ = 4.38 A) coexists with orthorhombic &-Lio3V20s phase reported in organic
electrolyte (a = 11.42, b=3.57, ¢ = 4.47 A)[5]. For 0.3 <x <0.93 only the &-LixV20s single phase
can be observed. The interlayer ¢ parameter of &-LixV20s phase with lithium composition changes
from 4.47 A to 4.58 A, which is in good agreement with previously reported data[7]. Finally, -
Lio.93V20s phase electrochemically formed with unit cell parameters a=11.35, b=3.58, ¢=4.58 A
without any further structural changes (Figure 7) The b parameter remains constant during
discharge process which is consistent with Li diffusion along the b axis between layers. According
to the Figure 8 the formation of solid solution behavior (x > 0.5) is well illustrated by the linear
expansion of unit cell volume vs. x and does not exceed 4%. This small volume change discards
the insertion of water molecules into the structure of V20s. The obtained results were compared
with organic system and general similarities can be seen, indicating the prove of lithium insertion
(Fig. 8b). However, expected distorted d- phase was not observed, due to the possibility of insertion

of a few Zn** ions.
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Figure 8. Evolution of unit cell parameters and unit cell volume as a function of x (0 < x< 0.93).

Raman spectroscopy was also carried out to identify the structural changes of V20s during 1*
discharge. The Raman spectra series collected at different state of discharge in 0 < x < 0.93
composition range are shown in Figure 9. The Raman spectrum of initial electrode agrees with
well-known fingerprint of a-V20s showing 10 bands at 105, 146, 199, 286, 305, 406, 483, 529,
703 and 994 cm™'. Most of low wavenumber modes can be described in terms of external modes
of V20s units. They have been derived from the relative motions of two V205 units belonging to
the unit cell, three of them generated by displacements of vanadium atoms along the x-axis (195
cm™), y-axis (145 cm™) and z-axis (105 cm™). The internal modes observed at medium and high
frequency can be described in terms of O—V-O bending modes and V-O stretching modes. The
band at 994 cm! is assigned to the V-O stretching vibration mode along z-axis (A, symmetry),
corresponding to the shortest V=0 vanadyl bond oriented along c-axes. The V-0 stretching modes

along x- and y-axes are observed at 530 cm™! (A,) and 703 cm™ (By,, Bs,), respectively.

At early stage of discharge (x=0.1), new band at 982 cm™! is observed in the V-O stretching
vibration mode, which is typical to the presence of V#* ions. It can be assigned to the appearance
of Li-poor &-LixV20s phase [5]. Two weak features are detected at 995 and 1016 cm™!, which
related to the V>*=O stretching modes.

From x>0.1 a-phase coexist with e-phase up to x=0.3. Band at 146 shifts to higher frequency with
decrease of intensity. The additional band shift can be determined: 406 to 418 cm’!, 529 to 536
cm’!, 703 to 707 cm™.
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At x=0.5 the characteristic lines of pure &-Lios.06V20s5 at 158, 421, 475, 536, 707 and 983 cm’!

can be observed.

For 0.5<x<0.93 following noticeable shifts can be observed: strong intensity decreases of 158 cm”
1 475 to 438 cm™', 536 to 531 cm™!, 707 to 712 cm!, 983 to 977 cm™! and new band at 957 cm™.
This trend is consistent with a solid solution behavior consisting in the Li enrichment of the e-
phase. These findings show similarities with previously reported for Li-rich LiV20Os phase
(denoted as €’). The € phase was first reported in [7] and identified for chemically lithiated
powders and electrochemically formed thin film electrodes. The new band at 957 cm™ also
observed in previous reports [5]. It is clear that on high values of x (x>0.5) no biphasic region is
found in binary electrolyte. Only the existence of e-type phase in extended lithium composition
range can be revealed. These findings are in good agreement with XRD results. In addition, 6-
phase with well characteristic Raman features in organic electrolyte [7], [8] is not found in aqueous
electrolyte. It can be explained by possible insertion of Zn>* ions at potential range of ~0.9 V as
shown in Figure S1. The presence of zinc cations between the oxide layers may acts as pillars to

stabilize the structure upon the cycling [9].
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Figure 9. Raman spectra series collected at different stage of discharge 0<x<0.93.
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In order to check whether zinc is responsible of moderate structure change in a-V20s, an electrode
was discharged till x=0.9 F mol! in 3M Li>SO4 (pH=4). The obtained XRD result reveals the
formation of €9.1-LiV20s with unit cell parameters a=11.38, b=3.57, ¢=4.59 A and §-LiV20Os
(orthorhombic, Amam space group) with parameters a=11.24, b=3.6, ¢=9.90 A as reported [10].
Raman spectroscopy confirmed the XRD results. The peaks of 6-LiV20s at 91, 152, 180, 252, 289,
420, 433, 631, 670 and 1007 cm™ and typical peaks of Li-rich &-Lipo.1V20s at 708, 958, 978 cm’!
were observed. This comparison of discharge products in hybrid and pure Lithium salt clearly
indicates that in binary electrolyte, insertion of Zn** ions is probable which explains less severe

structural changes.

4.2.5 Cycling properties

In order to improve the electrochemical behaviour of a-V20s described here, we decided to
evaluate a nanosized oxide prepared by a solution technique briefly described in “supplementary
file”. The polyol (pol.) synthesized a-V20s (nanosized, ~200 nm) was investigated and compared
to the commercial (com.) a-V20s (microsized), in order to check the effect of morphology and
particle size on electrochemical performance of the battery. The discharge/charge profile and
cyclability at 1C in voltage range of 0.8 — 1.6V are shown in Figure 10a. For both materials during
discharge two plateaus can be observed at 1.16 V and 0.95 V. The initial discharge capacity of
com. a-V20s exhibits 80 mAh g! and retains till 150 cycles without any capacity decay. The Ex-
situt XRD and Raman results confirms the reversibility of structural rearrangement during the

cycling Figure S2.

In comparison, the initial discharge capacity of pol. a-V20s exhibits ~120 mAh g'! decreases to
104 mAh g! after 150 cycles (Figure 10b). The both materials show symmetric shape of complete
cycle and stable cyclability over 150 cycles with 100% coulombic efficiency.
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Figure 10. Discharge/charge profile of (a) com. and (b) pol. a-V,0s (c) cycle performance at 1C at voltage range of
1.6 — 0.8V. inset SEM images of materials

The rate-capability of com. and pol. a-V20s is presented in Figure 11. The first discharge

capacities of com. a-V20s at C/5, C/2, 1C, 2C, 5C, 10C, 20C are 110, 95, 85, 70, 45, 25, 15 mAh

¢!, respectively. Even after 20C the initial capacity of 110 mAh g can be recovered without

capacity fading (Figure 11a).

In comparison the initial discharge capacities of pol.a-V20Os at C/5, C/2, 1C, 2C, 5C, 10C, 20C are
140, 122, 110, 101, 82, 60, 36 mAh g!, respectively. After applying 20C and then C/5, the initial
discharge capacity can be practically recovered to reach 128 mAh g'! with a stable capacity upon
cycling. The higher specific capacity and lower polarization in discharge/charge curves of pol.a-
V205 illustrates the beneficial effect of smaller particle sizes in electrochemical on the Zn/V20s

system performances (Figure 11b).
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Figure 11. Discharge/charge profile at different C-rate (a) com. and (b) pol. a-V20s. (c) rate capability
Finally, long term cycling experiments have been performed even with microsized V205 over 300
cycles at 1C. A remarkable stable capacity of 80 mAh g! is achieved with no change in the
discharge-charge profile suggesting the pristine orthorhombic structure of V20s is restored. This
excellent structural reversibility has been demonstrated by XRD and Raman experiments of
charged electrodes as a function of cycles (see paper;.[11]). However, after 300 cycles a detailed
examination of these data reveal the emergence of epsilon LiV20s with low lithium content and

traces of Zn3(VOa4)2 (H20) phase
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4.2.6 Conclusion

A novel Zn-V>0s aqueous rechargeable battery has been proposed, using a Li*/Zn?* binary
electrolyte at pH 4. This cell exhibits a highly reversible capacity of 136 mAh g-! at C/20 and
125 mAh g! at C/5 in the 1.6 V - 0.8 V range. The present investigation of a-V2Os in hybrid
Zn**/Li+ electrolyte shows Li insertion can occur also in aqueous medium with similar discharge
and charge profiles than in organic electrolyte. The system provides two working plateaus (1.12
— 0.9V vs. Zn/Zn?*) for a same maximum faradaic yield practically at the same energy level.
(Figure 12) [2]-[5]. XRD and Raman spectroscopy confirm a high structural reversibility.
However, we prove structure changes take place in hybrid electrolyte with an exclusive Li insertion
in V20s up to mid-discharge followed by the co-insertion of a few zinc ions in the second part of
the reduction. A pillaring effect of a few interlayer Zn>" ions could explain the formation of the
distorted 8-LiV20s phase expected in pure lithiated electrolyte is never observed in hybrid
electrolyte. The high structural stability of V2Os even after 300 cycles (80 mAh g!) makes this
hybrid Zn/V>0s system promising in aqueous binary electrolytes

Several questions still remain open. Indeed, the possible competitive insertion of protons cannot
be completely discarded, this point has to be clarified in the future. Finally, the preliminary results
achieved with polyol a-V20s indicate the nanosizing approach must be considered as a key factor

to optimize electrochemical performance of the cathode material.
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Figure 12. Comparison of discharge/charge curve of a-V20s in aqueous and organic electrolyte
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SUPPORTING INFORMATION

Electrochemical characterization

a-V20s positive electrodes were prepared by mixing 90wt%% of active material, 6wt%
polyvinylidene fluoride (PVDF, Kynar, HSV900) as a binder, 4wt% ketjen black (Ketjen Black
International Co., Japan) as conductive agent dissolved in 1-methyl-2- pyrrolidinone (NMP,
Sigma-Aldrich). The prepared slurry was casted on carbon paper (Alfa Aesar Co.), vacuum dried
at 70 °C for 3hr and punched into the disks of 8 mm in diameter. The mass loading of active
material was around 5 mg/cm? (2.7-2.8 mg of active material). Zinc foil (Goodfellow, USA) was
used as negative electrode. The electrolyte was prepared by dissolving 3,5 mole L' of ZnSO4 and
2,5 mole L' of Li»SOy4 in distilled water and pH was adjusted to 4 by titration with 0.5 mole L™! of
H>SOy4. Prepared electrolyte was bubbled with nitrogen gas (N2) to remove dissolved oxygen.

AGM (Absorptive Glass Mat NSG Corporation) was used as separator.

Structural characterization

XRD measurements were carried out using a Panalytical X'pert pro diffractometer equipped with
an X'celerator detector and a Co Ka radiation (wavelength 1.7889 A). All the diffraction patterns
were collected with a 20 step of 0.0167°. The Raman spectra were measured with a LaBRAM HR
800 (Jobin-Yvon-Horiba) Raman micro-spectrometer including Edge filters and equipped for
signal detection with a back illuminated charge coupled device detector (Spex CCD) cooled by
Peltier effect to 200 K. A He:Ne laser (632.8 nm) was used as the excitation source. The spectra

were measured in back-scattering geometry. The resolution was about 0.5 cm™*. A 50X LWD

objective was used to focus the laser light on sample surface to a spot size of 1 pm?. To avoid local
heating of the sample, the power of the laser beam was adjusted to 0.2—0.5 mW with neutral filters
of various optical densities. Raman spectra were recorded on ten different spots of each electrode
to check the homogeneity. The powders were characterized by scanning electron microscopy
(SEM), Zeiss, Merlin-type microscope. Energy Dispersive X-ray spectroscopy (EDS) was applied

to determine the elemental composition with SEM an accelerating voltage of 10 — 15 kV.

189



Ex-situ structural investigations

The structural investigation of Zn || Li2SO4-ZnSO4|| a-V20s5 system was investigated by using two-
electrode split cell (MTI company). The cells were discharged to the required composition by
electrochemical reduction using VMP3 Biologic tester at C/5, C/20 rate. After reduction, cells
were disassembled in air, electrodes were rinsed in distilled water in order to remove the traces of
salt and separator. Cyclic voltammetry (CV) was performed with VMP3 potentiostat/galvanostat

(Bio-Logic Science Instrument Co.)
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Figure S1. The cyclic voltammetry of Zn/a-V,0s on 1 cycle with hybrid and 4M ZnSO; electrolyte at scan rate of
0.2 mV/s in voltage range of 0.7 — 1.6 V.

The Raman results of electrodes before cycling, after 1 cycle, after 300 cycles demonstrate the
stability of host lattice without any change of the bands to the presence of another phase (Fig. S2).
XRD result of electrode after 1 cycle depicts that the structure of initial a-V20s was completely
restored after complete charge with 100% coloumbic efficiency. However, after 300 cycles the
peak of e-LiV20s with low Li content (unit cell parameters a=11.46, b=3.56, c=4.46 /OX) remained.
In addition, the presence of new diffraction peak at 14.23°, 24.5°, 34.5°, 35°, 39° corresponds to
the trigonal Zn3V207(OH)2-2H20 pyrovanadate (ZVO, space group P3m1)[12]. ZVO phase
adopts typical layered structure consisting of ZnOg octahedra layers separated by double VOq
tetrahedral interlayer pillars. Water molecules randomly located in large cavities [13]. According
to the literature, Zn3V,07(OH)>*2H,0 phase forms on the surface of electrode as a result of

electrolytic decomposition and side reaction of active material with electrolyte [14].
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Low-cost, easily processable, and environmentally friendly re-
chargeable aqueous zinc batteries have great potential for
large-scale energy storage, which justifies their receiving exten-
sive attention in recent years. An original concept based on
the use of a binary Li*/Zn*" aqueous electrolyte is described
herein for the case of the Zn/V,0s system. In this hybrid, the
positive side involves mainly the Li* insertion/deinsertion reac-
tion of V,0s, whereas the negative electrode operates accord-
ing to zinc dissolution-deposition cycles. The Zn//3 molL™
Li,SO,~4 molL™" ZnSO,,//V,0s cell worked in the narrow volt-
age range of 1.6-0.8V with capacities of approximately 136-
125 mAhg™' at rates of C/20-C/5, respectively. At 1C, the ca-
pacity of 80 mAhg~' was outstandingly stable for more than
300 cycles with a capacity retention of 100%. A detailed struc-
tural study by XRD and Raman spectroscopy allowed the pecu-
liar response of the V,0; layered host lattice on discharge-

Introduction

Since a few decades, annual global oil consumption has ex-
ceeded the discovery of new deposits. This energy crisis cou-
pled with growing ecological concerns requires a rapid energy
transition while meeting the ever-increasing demand for
energy. Hence, research on renewable intermittent energies
with special attention to safe and low-cost storage solutions is
required.

Nonaqueous Li-ion batteries (LIBs) are the best technology
for electrochemical energy storage owing to their high energy
and power densities. As leaders in the portable electronics
market, LIBs are also considered for large-scale applications
such as electric vehicles and stationary grids combined with re-
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charge and cycling to be unraveled. Strong similarities with
the well-known structural changes reported in nonaqueous
lithiated electrolytes were highlighted, although the emer-
gence of the usual distorted d-LiV,0; phase was not detected
on discharge to 0.8 V. The pristine host structure was restored
and maintained during cycling with mitigated structural
changes leading to high capacity retention. The present elec-
trochemical and structural findings reveal a reaction mecha-
nism mainly based on Li* intercalation, but co-intercalation of
a few Zn”" ions between the oxide layers cannot be complete-
ly dismissed. The presence of zinc cations between the oxide
layers is thought to relieve the structural stress induced in V,0;
under operation, and this resulted in a limited volume expan-
sion of 4%. This fundamental investigation of a reaction mech-
anism operating in an environmentally friendly aqueous
medium has not been reported before.

newable energy."’ However, safety aspects owing to the flam-
mability of the organic electrolyte and costs related to the
need to use a clean room during the manufacturing process to
remove all traces of water are among the crucial problems to
be solved. In recent years, many efforts have been made to de-
velop new concepts to overcome these critical issues. Among
them, rechargeable batteries with aqueous electrolytes are at-
tracting considerable attention for electrochemical energy stor-
age.” Indeed, besides the environmentally friendly aspect, the
nonflammability of the solvent makes them safer. In addition,
the use of water-based electrolytes instead of flammable or-
ganic electrolytes ensures high ionic conductivity promoting
high rate capability. Moreover, because the total absence of
oxygen or moisture is not necessary during preparation, the
use of aqueous solvent leads to lower total cost. However, the
narrow electrochemical stability window of water, which is lim-
ited to 1.23 V at 25°C according to thermodynamic considera-
tions, remains a major challenge.

In the last few years, research efforts have intensively fo-
cused on aqueous zinc batteries (AZBs).®™ The reasons for this
interest are the abundance, low cost, and low redox potential
(—0.76 V vs. SHE) of Zn, as well as the wide potential range of
approximately 2 V owing to the high overpotential for hydro-
gen evolution.” Excellent reversibility and fast kinetics of Zn
deposition/dissolution have been reported” thanks to the use

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of aqueous electrolytes in neutral or slightly acidic pH prevent-
ing growth of Zn dendrites.®'” On the cathode side, three
main groups of active materials have been investigated: Prussi-
an blue and its analogues, manganese compounds, and vana-
dium oxides as well as their derivatives.®'®™ Vanadium-based
cathodes have sparked great interest owing to the rich redox
chemistry of vanadium, which enables high specific capacities
to be reached, and to various open host structures promoting
insertion reactions. Recently, attractive results have been ach-
ieved with the hydrated bronze Zng,;V,05nH,0, which
exhibits a capacity close to 300 mAhg™', fast rate capability,
and long cycle life On the basis of this pioneering work,
studies have been extended to hydrated compounds such as
V,05nH,0,"? V;0,-H,0," V,00,,.12H,0," Mg,V,05nH,0,!™
K,V0,6:2.7H,0,"9  Cay,sV,05nH,0,M" Na,V,0,,3H,0,"® and
FesV,5050(0H)-9.9H,0."" Anhydrous phases such as VO,
Zn,V,0,,2" NH,V,0,,%? potassium vanadates,”™ and LiV;04%"
have also been investigated.

Surprisingly, the pristine conventional V,O; oxide has re-
ceived less attention than its derivatives. Mai and co-workers
used water-free V,05; microplates and, more recently, micro-
spheres in a “water-in-salt” electrolyte mixture of 21 m lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and ™
Zn(CF;50,),%% but insertion reactions of cations into this
oxide are scarcely reported in conventional aqueous electro-
lytes,”? so that fundamental investigations of the reaction
mechanism of AZBs must be intensified.*'®' The few papers
already published only focused on the two-electron reaction in
3 molL™" ZnSO, or Zn(CF,S0s), aqueous electrolyte and led to
capacity values scattered in the range 220-470 mAhg '*"*
Although the structural mechanism has not been completely
elucidated, zinc and water insertion are thought to be respon-
sible for the formation of a Zn,V,0s:-nH,0 compound in the
first discharge. After an activation process over a few or a few
dozen cycles, a highly stable capacity can be reached.

Recently, some of us proposed the use of an aqueous Zn/
LiFePO, rechargeable battery with a binary concentrated elec-
trolyte consisting of 3 molL™" LiCl and 4 molL™" ZnCl, at an op-
timized pH of 4 to ensure high conductivity and electrode sta-
bility.””’ Remarkable cycling performance was obtained with a
capacity of 92 mAhg™" over 400 cycles at 6C and a high rate
capability with retention of 72 mAhg™" at 30C. This concept of
a binary electrolyte with both zinc and lithium ions has never
been applied to the Zn/V,0; system. It relies on a high ionic
conductivity with sufficient amounts of zinc for efficient cycla-
bility of the zinc anode and lithium for reversible insertion/ex-
traction in the host cathodic material. These appealing results
prompted us to evaluate the Zn/V,0; system in the binary lithi-
um-zinc aqueous electrolyte at optimized pH 4.

Herein, we report the electrochemical properties of V,0s in
3molL™" Li,SO,~4 molL™' ZnSO, electrolyte in the voltage
window of 1.6-0.8V versus Zn?*/Zn, with special attention
paid to the structural mechanism involved in the discharge-
charge process and cycling. We show that V,0; exhibits a simi-
lar discharge-charge profile in this binary aqueous electrolyte
to that in nonaqueous lithiated electrolyte. Promising per-
formance is demonstrated by highly reversible behavior and
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capacities varying from 140 mAhg™" at low rate to 80 mAhg™'
at 1C. At 1C, the capacity retention is excellent over more
than 300 cycles, with a faradaic efficiency of 100%. XRD and
Raman spectroscopy were performed on discharged and
charged electrodes to provide initial insights into the mecha-
nism: a highly reversible lithiation—delithiation process was re-
vealed. Furthermore, we demonstrate that the structural
changes of V,0; in aqueous electrolyte have a smaller magni-
tude than those usually found in nonaqueous LIBs, which is
probably owing to the co-insertion of zinc ions at the end of
the reaction.

Experimental Section

V,0s powder (Alfa Aesar, 99,5%) was used as received. Electro-
chemical studies were performed in two-electrode split cells (MTI
Corporation) in which a zinc disk (Goodfellow) with 14 mm diame-
ter acted as reference and auxiliary electrode. The positive elec-
trode was prepared by mixing 90 wt % of V,0s, 6 wt% of poly(viny-
lidene fluoride) (Kynar, HSV900) as binder, and 4 wt% of Ketjen
black (Ketjen Black International Co., Japan) as conducting agent
in 1-methyl-2-pyrrolidinone (Sigma-Aldrich). The resultant slurry
was coated on carbon paper (Alfa Aesar Co.), vacuum-dried at
70°C for 2 h, and cut into disks 8 mm in diameter. The loading of
active material in the electrodes was approximately 2.5-3.2 mg.
The electrolyte was prepared by dissolving 3 molL™' Li,SO, and
4 molL™" ZnSO, in deionized water and adjusting the pH to 4. An
AGM (absorbent glass mat, NSG Corporation) separator was
soaked with 80 pL of the resultant electrolyte and used in the bat-
tery. The two-electrode cells were tested galvanostatically at vari-
ous C rates (1C corresponds to 147 mAg~') and by cyclic voltam-
metry (sweep rate 0.2 mVs™') by using a VMP3 Bio-Logic appara-
tus. The test temperature was controlled and maintained at 20 °C.
All potentials are reported in volts versus Zn’"/Zn and specific ca-
pacities per gram of active material.

To investigate the structural mechanism involved in the discharge-
charge process of V,0s; in aqueous binary electrolyte, the cells
were discharged to the required composition by galvanostatic re-
duction at C/5. A rate of C/20 was used to reach the highest depth
of discharge. After 1 h equilibrium, the electrodes were removed
from the cell in air and rinsed with water to remove all traces of
salts. The XRD experiments were performed by using a PANalytical
X-Pert Pro diffractometer equipped with a X'celerator linear detec-
tor and CoK, source. Data were then processed with Eva software
to identify peaks and adjust the cell parameters of the identified
phases. The Raman spectra were measured with a LaBRAM HR 800
(Jobin-Yvon-Horiba) Raman microspectrometer including edge fil-
ters and equipped for signal detection with a back-illuminated
charge-coupled device detector (Spex CCD) cooled by Peltier effect
to 200 K. An He:Ne laser (632.8 nm) was used as the excitation
source. The spectra were measured in backscattering geometry.
The resolution was approximately 0.5cm'. A 100X objective was
used to focus the laser light on the sample surface to a spot size
of 1 um? To avoid local heating of the sample, the power of the
laser beam was adjusted to 0.2-0.5 mW with neutral filters of vari-
ous optical densities. Raman spectra were recorded on ten differ-
ent spots of each electrode to check the homogeneity. This led to
similar spectra for all the investigated points, whatever the compo-
sition. Energy-dispersive X-ray spectroscopy (EDS, accelerating
energy of 20 keV) was applied to determine the elements in the

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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electrodes together with electron microscopy (Zeiss, Merlin-type
microscope).

Results and Discussion

The storage behavior of V,0s in aqueous binary electrolyte
(3 molL™" Li,SO, and 4 molL™" ZnSO,) was investigated in the
voltage window of 1.6-0.8V (Figure 1a,b). The voltammetric
curve recorded at 0.2 mVs™' shows two well-defined cathodic
peaks at 1.12 and 0.91 V. The anodic scan reveals quantitative
rechargeability (Figure 1a). A broad current peak is observed
with contributions at 1.21 and 1.33V corresponding to the
second and first cathodic peaks, respectively. The discharge-
charge profile of V,05 at C/5 (Figure 1b) shows two distinct re-
duction steps at 1.16 and 0.95 V involving a total faradaic yield
of 0.87 Fmol™'. The symmetric charge process indicates a re-
versible mechanism with two steps at 1.03 and 1.21 V. This re-
chargeable behavior leads to a specific capacity of
128 mAhg™" and calls for several comments. First, the electro-
chemical fingerprint in aqueous medium strongly resembles
the typical V,0s galvanostatic cycle in nonaqueous lithiated
electrolyte with two well-defined plateaus separated by ap-
proximately 200 mV and involving the same reversible specific
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Figure 1. First a) voltammetric and b) galvanostatic cycles of a Zn/Li,SO,~
ZnS0,/V,05 aqueous battery recorded at 0.2 mVs~" and at C/5, respectively.
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capacity.®™ Second, cyclic voltammograms recorded in aque-
ous electrolytes containing lithium salt alone, zinc salt alone,
and both salts (Figure 2a) enlighten us regarding the electron-
ic reactions that likely occur. Indeed, a first reduction step is
observed at 1.12V for the two electrolytes containing Li,SO,,
whereas it is not present when ZnSO, alone is used. Then, it is
reasonable to assume that lithium ions are first selectively in-
serted in the binary electrolyte. At lower potential, reduction
curves obtained with the three electrolytes exhibit a peak
around 0.92-0.94V, which evidences that both lithium and
zinc insertion can take place at this potential. In addition, the
comparison of cyclability during cycling in electrolytes contain-
ing only the lithium salt or containing both lithium and zinc
salts (Figure 2b) highlights the merit of the hybrid electrolyte.
Indeed, the available capacity decreases rapidly in the electro-
lyte without zinc but is stable over 300 cycles in the electrolyte
containing both salts. These findings support the insertion of
lithium ions previously suggested but lead us to also consider
possible concomitant zinc insertion. This peculiar result
prompted us to investigate the insertion mechanism of V,0s in
binary Li*/Zn*" electrolyte by using XRD and Raman spectros-
copy.
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Figure 2. a) First voltammetric cycles of Zn//3 molL™" Li,SO,~4 molL™"
ZnS0,//V,0s (red curve), Zn//3 molL™" Li,SO,//V,0s (green curve), and Zn//

4 molL™' ZnSO,//V,0s (blue curve) aqueous batteries recorded at 0.2 mVs™",
b) Long-term cycling stability of Zn//3 molL™" Li,50,~4 molL"' ZnSO,//V,0s
(red curve) and Zn//3 molL™" Li,SO,//V,0s (green curve) aqueous batteries at
1C in the 1.6-0.8 V voltage range.
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The XRD patterns of electrodes discharged at C/5 as a func-
tion of the faradaic yield x expressed in Fmol™ (0<x<1) are
shown in Figure 3. A lower rate of C/20 was applied to reach
the highest depth of discharge of 0.93. Before discharge, the
pristine electrode exhibited the typical XRD pattern of V,0,
which can be indexed in an orthorhombic cell (space group
Pmmn) with the following unit cell parameters: a=11.49, b=
3.56, c=4.36 A (PDF 00-041-1426). Sharp and intense diffrac-
tion peaks indicate a high degree of crystallization. The evolu-
tion of XRD patterns during the reduction process did not
reveal strong modification because all diffraction peaks of V,0;
are retained. However, examination of the enlarged views in
Figure 3b, c reveals a significant shift towards smaller angles of
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the 001,101,011, and 111 lines, whereas the 200, 400, and
310 reflections shift slightly towards larger angles (Figure 3a-
¢). These trends indicate a decrease in the a parameter on dis-
charging, that is, a contraction of the V-V distances in the
V,0;s layers while, at the same time, the ¢ parameter, that is,
the interlayer distance, increases. In addition to these changes,
progressive broadening of the diffraction peaks gives evidence
for a disordering process throughout the reduction. For x<0.3,
the enlarged views (Figures 3b,c) reveal a diphasic domain
with two sets of 001, 101, 301, and 400 lines. The unit-cell
parameters reported in Figure 4 confirm the coexistence of the
0-Li,V,05 phase (a=11.49, b=3.56, c=4.38 A) with a reduced
phase (a=11.42, b=3.57, c=4.47 R) that can be assigned, con-
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sidering the cell-parameter values, to the lithiated &-Li;;V,05
phase found in usual organic electrolytes.”” This assignment
to a lithiated V,0s phase is perfectly consistent with
the involved redox process previously proposed.
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moderate increase in the unit-cell volume that does not
exceed 4% (Figure 4b). This small magnitude of variations
rules out any hypothesis of water insertion, and the insertion
reaction of lithium ions is highlighted. However, at this stage
of the study, possible involvement of a few Zn*" ions to ex-
plain the peculiar structural response of V,0s on discharging
cannot be definitively excluded.

Raman spectroscopy was used to investigate the structural
impact of the reduction at the scale of the chemical bond.
Raman spectra obtained at different depths of discharge are
shown in Figure 5. From a spectroscopic viewpoint, the point
symmetry group of V,0s crystal is D)}, and the Raman spec-
trum of the pristine material exhibits the typical V,0s finger-
print, consisting of ten peaks located at 105, 146, 199, 286,
305, 406, 483, 529, 703, and 994 cm™'. Most of the low-wave-
number peaks can be assigned to external modes of V,0;
units. They are derived from relative motions of two V,0O5 units
belonging to the unit cell, three of which generate displace-
ments of vanadium atoms along the x axis (199 cm™'), y axis
(146 cm™), and z axis (105cm™'). Internal modes, however,
which are observed in the medium- and high-wavenumber re-
gions, can be described in terms of V—O—V stretching modes.
The band at 994 cm™' is assigned to the V—O stretching vibra-
tion along the z axis, corresponding to the shortest V=0 va-
nadyl bond oriented along the c¢ axis. The V—O-V stretching
modes along the x and y axes are observed at 529 and
703 cm™', respectively.®**"3 For x=0.1, a new band at
982 cm™' is observed in the region of V-O stretching vibra-
tions, typical of the presence of V'™ ions. This band belongs to
the Li-poor &-LiV,05 phase that coexists with V,0; in the 0.1 <
x<0.3 composition domain and is pure for x=0.5. Indeed, the
Raman spectrum recorded for x=0.5 exhibits the characteristic
lines of e&-Ligs0cV,0s at 158, 475, 421, 536, 707, and
983 cm .24 For 0.5 <x<0.93, further Li accommodation in the

Indeed, in the 0<x<0.3 composition domain, the T
potential remains higher than 1.05V, at which only
the lithium ions are likely to be inserted into the ma-
terial. For 0.3<x<0.93, a single set of diffraction
lines is observed, corresponding to solid-solution be-
havior with a continuous contraction in a parameter
and increase in ¢ parameter to reach a=11.35 and
c=458A for the fully discharged electrode (x=
0.93). This corresponds to continuous lithium enrich-
ment of &-Li,V,05 up to the composition &-Li;g;V,0s.
The unit-cell parameters found for €-Liye;V,05 are in
good accord with those previously reported for e-
LigosV,0s.5" At this point, several findings are note-
worthy: 1) the b parameter remains largely constant
(b=3.56-3.57 A); 2) the composition range observed
for the o-¢ diphasic region matches that reported

Raman intensity

for nonaqueous electrolytes;®%3? 3) the single-phase
¢-Li,V,05 behavior strongly contrasts with the dipha-
sic &-LiysV,04/0-LiV,0, region usually reported in or-
ganic electrolytes.?®*? In the present case, the struc-
tural impact of the reduction process leads to a very
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Figure 5. Series of Raman spectra collected on reduced V,O; electrodes for 0 <x<0.93
during the first discharge.
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€ phase induces a strong intensity decrease in the band at
158 cm™' as well as progressive broadening and shifts of typi-
cal bands: 475 to 438, 707 to 712, 536 to 531, and 983 to
977 cm™". In addition, a new feature at 957 cm™' can be de-
tected for x=0.93. The Raman spectrum of the fully dis-
charged electrode (x=0.93) matches that previously reported
for the Li-rich e-LiV,05 phase.”®¥ It is noteworthy that the typ-
ical fingerprint of the 0-LiV,05 phase, characterized in particu-
lar by a sharp Raman band at 1008 cm™',5%3¥ is not observed.

These findings are in good agreement with those deduced
from the XRD study and outline a specific structural behavior
in binary aqueous electrolytes. Indeed, both XRD and Raman
investigations do not detect formation of the folded 8-LiV,0;
phase in Li"/Zn*" electrolyte. Therefore, minor participation of
zinc ions must be considered, in accordance with EDS analysis
giving approximately 0.02Zn per V,O;, because the zinc-inser-
tion reaction into V,0Os is reported to occur in the potential
range of 0.9-1V (Figure 2a). In this scenario, the inserted Zn>*
cations located between the oxide layers would act as pillar
species, which hinder gliding of one layer over another in the
b direction and lead to the corrugated d-phase.

However, the stabilization of the architecture afforded by
the presence of Zn”" ions is not a mandatory condition for the
O-phase not to appear. Indeed, another example of mitigated
structural changes was recently reported for nanosized V,05 "
In that case, it was demonstrated that the nanosize effect pre-
vents the emergence of the distorted 6-LiV,05 phase to the
benefit of a solid-solution behavior throughout the reduction
process (0<x< 1).5% Conversely, Dickens et al. claimed that &-
LiV,0Os is formed as the final product of V,0s reduction in an
aqueous LiCl electrolyte but without the corresponding XRD
pattern.B® To check whether zinc is responsible for the moder-
ate structural changes of the V,O; host lattice highlighted
herein, a V,0; electrode was deeply discharged at x=0.9 in a
single-salt aqueous electrolyte (3 molL™" Li,SO,). In this case,
the corresponding XRD pattern (Figure 6a) and the Raman
spectrum (Figure 6b) show unambiguously the formation of
the 6-LiV,0s phase. Indeed, the XRD pattern exhibits two sets
of peaks: those characteristic of €-LiV,0s, with parameters a=

e-LiV,0,

(a) !

—~
(=
~
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11.38, b=3.57, and c=4.59 A, and a second set ascribed to the
0-LiV,05 phase (orthorhombic cell, Amam space group) with
parameters a=11.24, b=3.60, and ¢=9.90 A (JCPDS file 04-
010-2882%%). Consequently, in the 8-LiV,0s phase, the interlay-
er distance corresponds to ¢/2, that is, 495 as opposed to
4.58 A for the present fully discharged compound &-Liyg;V,0s
(Figure 4a).

Raman spectroscopy confirmed the formation of 6-LiV,0; at
the atomic scale in Li,SO, single-salt electrolyte. Indeed, the
Raman spectrum (Figure 6b) exhibits the characteristic bands
of the d-phase at 91, 152, 180, 252, 289, 420, 433, 631, 670,
and 1007 cm™'®%** in a mixture with the Li-rich &-Liyg ,V,Os
phase (bands at 708, 958, and 978 cm™).

These findings together demonstrate that the V,0s dis-
charge process in the Li,SO,~ZnSO, binary electrolyte involves
a lithiation mechanism that is likely associated with the co-in-
sertion of a few Zn*" ions. Zinc cations would act as pillar spe-
cies preventing important structural changes usually observed
at the end of the discharge in nonaqueous electrolyte, such as
gliding of one oxide layer over another in the b direction.

Figure 7a shows the cycling performance of a V,0s-Zn bat-
tery with binary electrolyte at 1C in the 1.6-0.8V voltage
window. An attractive capacity of 80 mAhg™' is obtained in
this narrow voltage range without any capacity fading over
300 cycles (inset in Figure 7a). In addition, the voltage profile
is almost unaffected upon cycling. These results suggest excel-
lent structural reversibility, high stability of the cathode materi-
al in the binary electrolyte, and no dissolution process. Fig-
ure 7b, c gives evidence for the high reversibility of the struc-
tural mechanism described above. Comparison of Raman spec-
tra of the cathode material before cycling, after one cycle, and
after 300 cycles at 1C clearly demonstrates total restoration of
the host lattice at the atomic scale because the Raman spectra
of cycled electrodes perfectly match that before cycling. Exami-
nation of the XRD patterns (Figure 7b) shows that the struc-
ture of the pristine material is fully recovered at the end of the
first cycle. In addition, the symmetric charge profile associated
with 100% coulombic efficiency leaves no doubt that the
same electrochemical and structural mechanism is involved in

5-LiV,0,

001

Intensity

T

Raman Intensity

00/ 200

7
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-
o
-
o
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Figure 6. a) XRD pattern and b) Raman spectrum of a V,0; electrode reduced in 3 molL™" Li,SO, electrolyte. C/20 rate, cutoff voltage E=0.8 V versus Zn/Zn**

(x=0.9 Fmol™).
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Figure 7. a) Cycling performance and long-term cycling stability (inset) of V,Os in the Zn//Li,SO,-ZnSO,//V,05 aqueous battery at 1C in the 1.6-0.8 V voltage
range. b) XRD patterns and ¢) Raman spectra of the positiveV,0s electrode before cycling and after a complete cycle. d) Rate capability at various current den-

sities.

discharge and charge. However, after 300 cycles, a-V,Os is
found to coexist with traces of &-Li,V,0s and an additional
Zn5(VO,),(H,0); phase (JCPDS 04-018-46-01).°” The cell param-
eters of the £-Li,V,05 phase (a=11.46, b=3.56, c=4.46 R) cor-
respond to a low lithium content in the e-phase (Figure 4a).
This result proves that most of the lithium ions have been ex-
tracted from the interlayer spacing. In contrast, the structure of
the Zn,(VO,),(H,0); phase does not correspond to an insertion
compound belonging to the vanadium oxide family. This result
highlights that the mechanism occurring on cycling in the
binary aqueous electrolyte is far from that described when
single zinc salt is used, which leads to the formation of layered
Zn,V,0,-nH,0,*? nor is it that occurring in pure aqueous Li
electrolyte, which involves the -LiV,0, phase. Further work is
required to examine in detail the reaction mechanism upon
long-term cycling.

The rate capability of the system was also evaluated (Fig-
ure 7d). The specific capacity of 110 mAhg™' delivered by
commercial V,05 in a Zn-V,0; hybrid battery at C/5 decreases
to 95, 85, 70, 45, and 25 mAhg ' at (/2, 1C, 2C, 5C, and 10C
respectively. However, after cycling at a high rate of 10 or 20C,
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the initial capacity of 110 mAhg™" can be recovered at C/5
with no irreversible damage and excellent structural stability.

Conclusions

A Zn/V,0s aqueous rechargeable battery with an Li*/zn**
binary electrolyte at pH 4 has been reported. This cell exhibits
highly reversible capacities of 136 mAhg™' at C/20 and
125 mAhg™" at C/5 in the 1.6-0.8 V range. In addition, out-
standing stability of the rechargeable capacity is observed,
with 80 mAhg™" available at 1C and 100% capacity retention
over 300 cycles. The discharge-charge profile achieved in
aqueous medium is similar to that observed for the analogous
reaction in organic lithiated electrolyte. However, an original
reversible insertion mechanism was revealed by XRD and
Raman spectroscopy. Exclusive Li insertion into V,05 occurs up
to mid-discharge, but the co-insertion of a few zinc ions is
likely involved in the second part of the reduction. Moderate
expansion of the interlayer spacing and limited layer puckering
point to much lower structural stress in the aqueous binary
electrolyte. A pillaring effect of a few interlayer Zn*" ions is

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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suggested, which hinders the formation of the distorted o-
LiV,0;5 phase. The final discharge product corresponds unam-
biguously to the Li-rich &-LiV,05 phase, and the charge process
ensures quantitative extraction of cations, leading back to the
pristine host lattice. The high structural stability of V,0, even
after 300 cycles makes this hybrid Zn/V,05 system promising in
aqueous binary electrolytes. Moreover, a significant improve-
ment in rate capability has already been evidenced using the
same cathode material prepared by a nanosizing approach,
which will be reported elsewhere.
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4.3 Electrochemical and structural investigation of y’-V20s in hybrid Li*/Zn** aqueous
electrolyte for rechargeable aqueous Zn batteries Chapter 4.3

4.3.1 Introduction
In previous chapter, hybrid system Zn/a-V20s in 4M ZnSO4 + 3M Li2SO4 (pH=4) was reported

with investigation of structural mechanisms upon discharge/charge process. The Zn / 3M Li>SO4
+ 4M ZnSO4 /V20s cell demonstrated capacity values about 136-125 mAh g-! at C/20-C/5 rates
respectively at 0.8 — 1.6 V range. At 1C, a capacity of 80 mAh g! is outstandingly stable over
more than 300 cycles with a capacity retention of 100 %. A detailed structural study by XRD and
Raman spectroscopy allows unravelling the peculiar response of the V20s layered host lattice.
Strong similarities with the well-known structural changes reported in nonaqueous lithiated
electrolytes are highlighted, although the emergence of the usual distorted d-Li V205 phase is not
detected upon discharge to 0.8 V. The pristine host structure is restored and maintained along
cycling with mitigated structural changes leading to the high capacity retention. The present
electrochemical and structural findings reveal a reaction mechanism mainly based on Li*
intercalation, however co-intercalation of a few Zn>* ions cannot be completely dismissed. The
presence of zinc cations between the oxide layers may act as pillars to stabilize the structure upon

the cycling [1].

Besides stable a-V20s phase another metastable y’-V20s polymorph exists [2], [3]. The puckered
layers of y’-V20s allow reversible Li insertion in higher voltage window (3.6/3.5 V vs. Li*/Li) than
a-V20s (3.4/3.2 V vs. Li*/Li) (Figure 1). The layered structure of y’-V20s consists of infinite
ribbons made of VOs edge-sharing distorted pyramids leading larger interlayer spacing enables to
accommodate large amount of guest cations (5.02 A in y’-V20s against 4.37 A). Therefore, it

attracts the current attention as cathode material for Li, Na-ion batteries in organic electrolyte [4],

[5].
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Figure 1. Discharge-charge curves of a-V,0s and y’-V,0s in organic electrolyte at C/10
However, in spite of attractive structural features, y’-V20s phase has been never studied in aqueous
batteries with hybrid electrolyte. In this work, for the first time the electrochemical and structural

investigations will be provided in Zn /2.5M Li2SO4 + 3.5M ZnSO4/y’-V20s system (Figure 2).

y
o
-

Negative Separator Positive
Electrode Electrode

Figure 2. Schematic mechanism of Zn/2.5 M Li»SO4 + 3.5 M ZnSO4/y’-V,0s system

4.3.2 Synthesis

The synthesis of y’-V20s pol. developed in the laboratory is already described in Chapter 2.
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4.3.3 Structural characterization

The obtained powder after oxidation of y-LiV20s has been examined by XRD and Raman
spectroscopy. All the reflection lines in Figure 3 can be indexed with expected orthorhombic
symmetry of Pnma space group and calculated unit cell parameters using Bragg’s law [a=9.94 A,
b=3.58 10%, ¢c=10.05 10%] are in a good agreement with the literature [3]. Sharp and intense diffraction
peaks illustrate high crystallization degree. The Rietveld refinement does not reveal the presence

of impurity. (Figure S1)
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Figure 3. X-ray diffraction pattern of y’-V,0s powder

Table 1. The calculation of Peak position, interplanar spacing, kkl indexes, FWHM, Crystallite size from XRD data
of Y’ —VzOs

No. Peak position Interplanar Miller FWHM Crystallite
spacing indices size
2 Theta (°) | Theta (°) d (A) (hkl) (0) nm
1 20,493 10,246 5,028 002 0,23984 39,085
2 20,727 10,363 4,972 200 0,13165 71,232
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3 23,036 11,518 4,479 102 0,29284 32,148
4 29,323 14,661 3,533 202 0,16776 56,838
5 30,711 15,355 3,377 011 0,18548 51,575
6 32,476 16,238 3,198 111 0,14759 65,099
7 32,668 16,334 3,180 103 0,61662 15,589
8 33,018 16,509 3,147 301 0,14349 67,052
9 35,803 17,901 2,909 210 0,00632 37.040
10 37,286 18,643 2,798 112/211 0,26262 37,071
11 37,700 18,850 2,768 203/302 0,2633 37,020
12 41,636 20,818 2,516 212 0,22336 44,184
13 47,335 23,667 2,228 402 0,27842 36,175
14 51,938 25,969 2,042 410 0,22971 44,668
15 53,123 26,561 2,000 304/411 0,33246 31,021
16 54,055 27,027 1,968 105 0,27272 37,972
17 56,174 28,087 1,899 214 0,30788 33,962
18 59,888 29,944 1,791 020 0,25538 41,686

The layered y’-V20s structure consists of infinite ribbons with VOs edge-sharing distorted
pyramids oriented alternatively up and down. The following ribbons are connected each other
along the a-direction by one pyramid corner oxygen, which leads to formation of puckered layers
located perpendicular to the c-axis. The average crystallite size of y’-V20sis ~ 45 nm, which is
calculated by the Sherrer equation (see below). The atomic positions and characteristic bond

lengths of a-V20s are shown in Table 2.

The calculation of crystallite size and average crystallite size from XRD by using Sherrer

equation (see Table 1)

k4
~ Bcos6
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where, D = crystallite size (nm), K = 0.9 (Sherrer constant), A = 0.17889 nm (wavelength of Co
X-ray source), = FWHM, 6 = Peak position

Table 2. Atomic positions of y’-V,0s structure and V-Oy bond lengths of a square-based pyramid VOs. (y=0.25 for

all position)

Atoms Wyckoff X z dv.o polyhedra
pos.

V (Va) 4c 0.0713(2) | 0.6018(2) -

V (Vb) 4c 0.3763(2) 0.5156(2) -

O (Ola) 4c 0.5005(6) | 0.7597(6) | 1.587 A | V-O14 vanadyl bond

O (O1b) 4c 0.2919(6) 0.3828(7) 1.545 A | Vp-Opp vanadyl bond

0O (02a) 4c 0.4368(6) 0.0418(6) 1.894 A | x2, Va-024 along b axis
1.972 A | x1, Vo-Oza

O (O2b) 4c 0.5706(6) 0.4645(7) 1.890 A | V-0 along b axis
1.985 A | x1, Va-O2a

0 (03) 4c 0.2427(7) | 0.6405(7) | 1.846 A | V.-0; bridge link
1.731 A | V,-03 bridge link

The Raman spectrum of y’-V,0s fully agrees with reported work [3] is shown in Figure 4. All

vibrations of the chains can be identified: bands at 1037, 1021 and 1003 cm™! correspond to the

shortest V,-O1a and V-Oly stretching bonds, bands at 752 and 603 cm! related to the bond

stretching vibrations localized within the V.-O3-Vy, bridges, additionally Va-O2a-Va and Vp-O2p-Vo

forming the rails of ladders at 722 and 694 cm™'. Band observed at 532 and 500 cm™! correspond
to the Va-O2. and Vy-O2p ladder step bonds. The lower frequency modes at 92, 126, 138, 153, 171,
190, 238, 266, 282, 299, 349, 390 cm’! are corresponded to the complex distortions of V205

ladders. Raman vibration and assignments have shown in Table 3.
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Figure 4. Raman spectrum and local structure (inset) of y’-V,0Os powder

The Figure 5 demonstrates the morphology of synthesized powder by scanning electron
microscopy (SEM). It reveals that obtained product consists of agglomerated particles with

uniform size. The average particles size is around 200~500 nm. The high sharp intensity from

XRD indicates the good crystallinity of the y’-V20Os powder.
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Figure 5. SEM micrographs of y’-V,0s powder at different magnifications.

4.3.4 Electrochemical study in the 1.6-1V voltage range

CV was performed to determine the optimal battery voltage window with scanning rate of 0.2 mV
s1. From CV experiments, the lithium insertion/extraction is seen to be characterized by two
separate reversible processes with two well-defined cathodic peaks located at 1.32 V and 1.22 V
and two anodic peaks at 1.31 V and 1.46 V (Figure 6a). During the reduction, the sharp peak at
1.32V is related to the two-phase behavior (0 < x< 0.4), while the relatively broad peak at 1.22V
indicates the lithiation process corresponds to a single-phase region (0.4<x<1). The intensities of
peaks are nearly same showing the reversibility of y’-V20s as shown from 1 cycle at C/5 (Figure
6b). The two well-defined plateaus during discharge/charge, assume that lithium ions are inserted
into the structure, which are in good agreement with previously reported works on Li/y’-V20s
system in organic electrolyte [4], [6]-[8]. Additional peaks were not detected, indicating no side
reactions (Hz or Oz evolution) or zinc (Zn**) co-insertion. However, upon cycling, from cyclic
voltammetry curves it can be seen that the intensity of peaks is rapidly reduced, which can be
related to the dissolution of active material. The CV results were confirmed by discharge/charge

cycling at C/5.
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Figure 6. (a) Cyclic voltammogram at 0.2 mV s'and (b) initial cycle of Zn/Li»SO4-ZnSO4/y’-V,0s system at
C/5 rate

The discharge-charge profile of y’-V20s at C/5 rate is illustrated in Figure 7. From discharge curve
two plateaus can be observed at 1.38 V (Step I) and 1.27 V (Step II) involving faradic yield of 0.8
F mol! and consistent with the two major peaks in the cyclic voltammogram of the cell. Figure 7
indicates the discharge and charge capacity reaches 120 mAh g'!, and illustrates the reversibility
of lithium insertion/extraction process. However, the discharge capacities decreases with cycles

and exhibit only 60 mAh g'! and 40 mAh g! after 10 and 100 cycles, respectively.

Q/mAhg”
0 20 40 60 80 100 120
16 : ; ; : b) 120
a)
1 cycle Sl
15 2 cyoe ' 100 |
PR 1 1 - S Ftt 10 cycle =
& = N 20 cycle <
S 14 [ NsE R 11 E 80
E LA -ET'
N AW )
s 1,3 T, & 60|
LA (@ 1}
> \“:“\..\ (3]
._,_>/ '\‘:\“n:‘:“ O
w2p N g ®
AN S
Nk N \\\ i - Discharge
1 R, & O [t
1 7 0 ““‘.:‘J‘::;:'. 1 : 0 L L I
0 01 02 03 04 05 06 07 08 0 20 40 60 80 100
xin LixV205 cycle number

Figure 7. (a) Discharge/charge curves and (b) cyclability of Zn/Li>»SO4-ZnSO4/y’-V20s system at C/5 rate
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To grasp insights into the structural modifications associated to electrochemical lithium insertion
and extraction mechanisms in y’-V20s structure, ex-situ XRD and Raman spectroscopy

experiments have been performed during the first discharge and further cycles.

4.3.5 Structural investigation upon discharge-charge

The XRD patterns of electrodes during the first discharge at C/5 (Figure 8) as a function of faradic
yield x in F mol! (0<x<1) are shown in Figure 9. Before discharge, the pristine electrode shows
typical fingerprint of y’-V20s of orthorhombic system (Pnma space group) with following unit cell
parameters: a=9.94 A, b=3.58 A, ¢=10.043 A.
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Figure 8. The first discharge of Zn/ y’-V,0s system at C/5

For the early Li content x=0.1, several new hkl lines can be observed at 20°, 22.5° 32.5°, which
coexist with initial lithium free y’-V20s material. The new set of lines are indexed as orthorhombic
system (Pnma space group) which belongs to lithiated y-LiV20s phase. The unit cell parameters
shown in Figure 10 confirm the coexistence of y’-V20s phase [a=9.94 A, b=3.58 A, ¢=10.04 A]
and reduced y-Lio.1 V205 phase [a=9.83 A, b=3.59 A, c=10.34 A] considered as usual in organic
electrolyte system [4].

In the 0.1 <x < 0.35 composition range, the main 4kl lines of the pristine structure progressively
decreases to the benefit of the new lines and completely disappeared for x=0.35 with strong shift
002 reflection line. The position at 19.6° instead of 20.5° indicates the increase of interlayer
distance, i.e. ¢ parameter (10.3 A against 10.0 A of y’-V20s). This indicates the existence of a

diphasic domain.
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In the 0.35 <x <0.72 composition range, the diffraction patterns are indexed related to the single

orthorhombic lithiated phase of Pnma space group. As shown in Figure 9, the shift of the most

reflections are observed. These phenomena are typical for solid solution behavior with continuous

decreasing of a parameter and increasing of ¢ parameter with progressive enrichment of lithium

from y-Lio35V20s to y-Lio.72V20s composition. The unit cell parameters for y-Lio.72V20s5 [a=9.69

A, b=3.60 A, ¢=10.67 A] match with previously reported works in non- aqueous lithium

electrolytes[4], [9]-[11]. The obtained results refute the insertion of water molecules into host

lattice. The detailed evolution of lattice parameters as a function of x in y-LixV20s during first

discharge (0<x<0.72) is shown in Figure 10.
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Figure 9. X-ray diffraction pattern of reduced y’-V,0s electrodes for 0 <x < 0.72 at C/5 rate
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Raman spectroscopy experiments of reduced y’-V20s 0<x<0.72 are illustrated on Figure 11.
During the lithium insertion following modifications appears:

For x=0.1, the typical fingerprint of y’-V20s is observed, while slight shift of the bands to lower
wavenumber are detected: 349 to 343 cm™', 390 to 380 cm™', 1002 to 993 cm’!. In addition, new
bands arise at 990 and 1017 cm’. (blue dashed)

From x=0.2, new bands not related to the y’-V20s appear at 272, 300, 340, 462 and 642 cm’.

Up to x=0.35 these bands become more intense compare to the bands at 138, 153, 171, 266, 282,
299, 349, 532, 694, and 722 cm’!, only several bands remain until this composition located at 138,
171, 1015 cm™.

For x=0.5, no vibrational band corresponding to the initial y’-V20s phase detected. The bands at
299 and 349 cm™! disappeared and new band at 331 cm™! appeared. The band at 722 cm! shifted
to 727 cm’'.

For x=0.63, new vibration bands at 101, 171, 272, 462, 531, 642, 990 and 966 cm™' are largely
dominating without any progressive change until final composition x=0.72. The Raman fingerprint

matches to the previously reported works in organic system[4].
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The evolution of Raman spectra provides complimentary picture of phase diagram obtained from
XRD measurements. For 0.1 <x <0.35 a diphasic domain is well identified due to the presence of
v’-V20s and y-Lip35V20s. For 0.35 < x< 0.72 only the fingerprint of y-LixV20s is observed

showing the existence of a solid solution region.
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Figure 11. Raman spectra of reduced y’-V,0s for 0 <x <0.72 at C/5 rate

According to the obtained results from Ex-situ XRD and Raman spectroscopy measurements, it
was found that during discharge-charge Li* intercalate/deintercalate from y’-V20Os structure. The
evolution of unit cell parameters during first discharge illustrated strong similarities with previous
data obtained in organic electrolyte (Figure 10). These findings can exclude the possible co-
insertion of Zn>*, H* or water molecules.

In addition, the structural reversibility of the y’-V20s material was examined after 1 cycle. The Ex-
situ XRD pattern and Raman spectrum of charged electrode in potential range 1-1.6V at C/5 is
shown in Figure 12. The obtained results correspond to the initial y’-V20s, demonstrating the

complete Li insertion/extraction from the y’-V20s structure.
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Figure 12. Ex-situ (a) XRD and (b) Raman for Zn/y’-V,0s after 1 cycle at C/5 in potential range of 1-1.6V

4.3.6 Cycling properties in the 1.6-1V

Figure 13 shows the rate-capability of Zn/Li2SO4-ZnS04/y’-V20s system (1C, 2C, 5C). The first
discharge capacity reaches ~114 mAh g! at 1C (Figure 13a) and 2C (Figure 13b) and ~100 mAh
gl at 5C (Figure 13¢) and the typical two working plateaus located at 1.38V and 1.27V are
maintained at initial cycles. The polarization is slightly increased from ~40 mV to ~100 mV at
lower C-rates (1C-2C) and 5C, respectively. The cyclability shows that C-rate has no effect on
specific capacity. The rapid capacity loss (from 114 to 50 mAh g™') can be explained by dissolution
of active material in electrolyte. Hence, the fastest capacity fading occurs at low C-rate, due to the
longer time for each cycle. On the contrary, high C-rates favors relatively slow vanadium

dissolution, resulting in better cycle performance. In order to check the dissolution of active
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material, y’-V20s electrode was kept in 3.5M ZnSO4+2.5M Li>SO4 electrolyte for two weeks. As
seen from Figure S2, the initial electrolyte with y’-V20s electrode was colorless, after 1 day it
becomes light green and after two weeks the color becomes greener which reveals the dissolution
of active material. After two weeks stored in electrolyte, y’-V20s electrode was assembled by using
two-electrode split cell and galvanostatically studied at C/5. The assembled cell exhibits a very
low initial discharge capacity of 58 mAh g™ and reaches 55 mAh g™! after 10 cycles (Figure S3).
The typical two working plateaus at 1.38 and 1.27V were no more observed, demonstrating the

amorphization of active material (material dissolution).
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Figure 13. Discharge-charge and cyclability of Zn/Li»SO4-ZnS0O4/y’-V,0s system at (a) 1C, (b) 2 C and (c) 5C.

An ex-situ XRD study was carried out to investigate y’-V20s electrodes after 100 cycles at
different C-rates. The corresponding XRD pattern after 1 cycle demonstrates the total reversibility
of the structure without any peak shift. The unit cell parameters are a=9.94 A b=3.58 A, ¢=10.04
A (Figure 14). As seen from Figure 14, the characteristic peaks of v’-V20s can be observed for a
sample cycled at SC with lower intensity of peaks in comparison to the sample after 1 cycle. For
samples cycled at 1C and 2C most of the peaks of y’-V20s completely disappeared resulting from

a dissolution of active material.
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Figure 14. Ex-situ XRD of y’-V,0s electrodes cycled at different C-rate.

4.3.7 Optimization of the specific capacity

According to the literature review on hybrid electrolyte, the a-V20s material was investigated in
the wide voltage range (0.2 — 1.6V) using “water-in-salt” electrolyte with discharge capacity of
215 mAh g! at current density of 100 mA g!. [12]

In order to increase the specific capacity of y’-V20s, the Zn/Li2SO4-ZnSO4/y’-V20s5 system was
investigated in the extended voltage range (0.7 — 1.6V) by decreasing the lower cutoff voltage
from 1V to 0.7V.

As described above, in narrow voltage range, lithium intercalation/deintercalation process occurs,
however with rapid capacity fading resulting in active material loss (dissolution of vanadium) after
29 cycles (Figure 15). However, by enlarging the voltage range an additional reduction/oxidation
process can be observed from cyclic voltammetry curve with a simplified shape: one very broad
cathodic peak observed at 0.8V during reduction and one corresponding anodic peak at 1V during
oxidation. This redox peak could suggest the co-insertion of Zn** ions as reported by Hu et al.

[12], therefore some experiments we performed in pure Zn>* electrolyte.
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Figure 15. CV of Zn/Li,S04-ZnSO04/y’-V>0s system at 0.2 mV s! in voltage range of 0.7-1.8V

Figure 16 shows the discharge/charge cycles of Zn/ y’-V20s system at 1C in 0.7-1.6V voltage
range. From initial cycles the typical two working plateaus located at 1.37V and 1.27V can be
observed. The initial discharge capacity of the Zn/ y’-V20s system gains ~144 mAh g! with total
faradic yield of 0.96 F mol!. An additional step can be seen at ~0.9V with contribution of ~0.13
F mol™! for the first two cycles. After 4 cycles the capacity increases from 144 mAh g! to 186
mAh g'!). The contribution of new step at lower voltage (~0.9V) increases from 0.13 F mol™! to
0.65 F mol! (4" cycle). In the same time the two working plateaus disappear in first 10 cycles with
the complete change in discharge/charge profile. This phenomenon can be explained by a phase
transformation and activation of new phases upon cycling. The further lithiation at wide voltage
range is expected to appear around 1V lower than high voltage steps (Figure SS5), i.e., around

0.4V. This indicates a possible Zn**/H>O insertion into y’-V>Os structure.
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Figure 16. Discharge/charge profiles of Zn/ y’-V»0s system at initial 10 cycles at 1C at voltage range of 0.7-1.6V

4.3.8 Structural Investigation of Zn || Li2SO4-ZnSO4|| v’-V20s system at wide voltage range

In order to understand the corresponding insertion/extraction mechanism, the structural evolution

of y’-V,0s was investigated in the 0.7-1.6V voltage range at 1% cycle (Figure 17). As shown from

Ex-situ XRD and Raman results, after complete cycle at C/5, the total restoration of initial y’-V20s

structure is observed without additional peaks or bands. The unit cell parameters at discharged

state [a=9.69 A, b=3.6 A, c=10.67 A] fully agree with those of lithiated y-LiV2Os phase. After 1

complete cycle the unit cell parameters [a=9.94 A, b=3.58 A, ¢=10.04 A] correspond to the initial

v’-V20s. From Ex-Raman results illustrates that, the initial structure of y’-V20s is complete

restored after 1 cycle, no extra band related to the presence of another phase is detected (Figure

18).
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Figure 18. Ex-situ Raman results of y’-V,0s after 1 cycle at C/5

However, upon cycling, ex-situ XRD and Raman results show the intensity decrease and
broadening of the bands related to a disordering process. Only few reflection lines (002/200,
102/201, 011, 111, 301) can be observed after 6 cycles. Despite, after 50 cycles (Figure 19a and
Figure S6a) characteristic peaks of initial y’-V20s do not exist, indicating a deep structural
rearrangement during cycling. Noteworthy, on discharged state after 50 cycles a peak at 14.23° is
detected, which corresponds to formation of new phase Zn3V>07(OH)*2H>O pyrovanadate

(ZVO, P3m1, JCPDS 50-0570). ZVO consists of zinc oxide layers pillared by (V207) groups and
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water molecules along the z-axis. The Zn atoms occupy three of four octahedral sites in close-
packed O atoms [13]. The open-framework of ZVO has large interlayer spacing of 7.19 A, which
is favorable for Zn>* insertion/extraction. The most intense peak of ZVO located at 14.23 (001

line) showing the c interlayer space of 7.3A. [14).
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Figure 19. Ex-situ XRD and Raman on cycled electrodes at 1C in 0.7-1.6V range
The obtained results from ex-situ XRD have been confirmed by the Raman study on same samples
(Figure 19b and Figure S6b). The typical band of initial y’-V2Os can be still detected at 4™ cycle
but from the 6™ cycle broad bands at 153, 258, 318, 1006 cm’! with additional bands at 480 cm’!,
770 cm’! can be ascribed to the ZVO [14], [15].

214



During discharge from 6 cycle the broad bands at 460, 530, 730 and 996 cm™ correspond to the
disordered y-LiV20s with the presence of the new additional bands at 480, 770 and 860 cm™! related
to the ZVO [14], [15]. The band at 480 cm! is related to the Zn-O vibration bond, while bands at
770 and 860 cm! correspond to the V-O vibration bond. The broad band at 460 cm™ accords to
the v (Vb-O3) mode of y-LiV20s [11].

From the present structural data, it can be concluded that a significant phase transformation occurs
in the 0.7-1.6V voltage range. It was found that, in narrow range till 1V Li*
intercalation/deintercalation was the reaction mechanism while enlarging the voltage window y’-
V205 undergoes structural evolution and transforms into ZVO during discharge.

Myung et al. reported VOi.52(OH)o.77 material [[16]], which gradual dissolution of Vanadium
species in acidic electrolyte might be responsible for the formation of Zn3V207(OH),*2H>0 phase.
It was found that on the surface for the cycled electrode ZnsSO4(OH)s*0.5H,O and
Zn3V207(OH)>*2H20 were found as a result of electrolytic decomposition and side reaction of
active material with electrolyte.

Lu et al. [[13]] found the strong dependence between V20s dissolution and pH value of electrolyte.

At pH < 3.2 and [V°*] < 10"! M, the most stable form of V-species in aqueous solution is V05 :
V205 + 2H* =2V 05 + H,0

which leads to an increase in pH by consuming protons. In addition, at 3.8 <pH <7.8 and [V>*] <
10* M, the most stable V-species is V0, (0H)3 (or H,V 0} ) and V20s dissolution follows:

V205 + 3H20 =V 0,(0H); +2H"

resulting in pH decrease by releasing the protons. The formed V0, (OH); further reacts with Zn2+
in zinc salts, forming ZVO with following reaction:

V0,(0H); + 3Zn*" + 3H,0 = Zn3V,07(OH),*2H,0 + 4H*

As seen in SEM-EDS image, it is clear that Zn elements can be observed for y’-V20s electrode
discharged to 0.7 V at different cycles. On the 1* discharge (Figure S7). The Zn/V ratio was 0.16
and significantly increased to 0.62 after 50 cycles. A high capacity of 180 mAh g! is delivered on
cycling at 1C, corresponding to the ~1.2 electron redox process. However, the EDS results

completely eliminate the traditional Zn** insertion mechanism by forming ZnxV,Os bronze [17].
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Indeed, the obtained Zn/V ratio (0.62) from EDS is far from the value of ~1.5 in ZVO (Figure
S7). It rather indicates the co-existence of disordered y’-V20s and ZVO, with the possibility of
lithium insertion even after phase transformation. The possible reaction mechanism is following:

ZVO + (x+2y)e” + xLi* + yZn** <> Li,Zn,ZVO

4.3.9 Cycling properties in the 1.6-0.7V

The electrochemical performance of Zn/ y’-V20s system with 3.5M ZnSO4+2.5M Li2SO4
investigated at C/5—1C are shown in Figure 20. As mentioned above, after 10 cycles (activation
process), the discharge capacity increases from 147 mAh g to 240 mAh g at C/5 and is
maintained over 50 cycles with an excellent capacity retention (Figure 20a). According to the
discharge/charge shape the typical two voltage plateaus completely disappear after cycle 10, to the
benefit of a new plateau at ~ 0.9 V demonstrating an important structural rearrangement of the
cathode material. At 1C, the same activation process is revealed since the discharge capacity gains
144 mAh g ! at 1% cycle, reaches 180 mAh g! after 10 cycles without further decay after 100 cycles
(Figure 20b).
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Figure 20. Discharge/charge profiles and cycle performance of Zn/ y’-V,0s system at (a) C/5 — (b) 1C in voltage
range of 0.7-1.6V

For comparison, the Zn/y’-V20s cell with 4M ZnSOs electrolyte was investigated in 0.7-1.6V
voltage range at C/5 (Figure 21). A drastic capacity decay was observed from 250 mAh g'! to 75
mAh g! in 50 cycles, which reveals a better cyclability can be achieved with hybrid electrolyte
(3.5M ZnSO4 + 2.5M Li2S0Os).
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Figure 21. Discharge/charge profile and cycle performance of Zn/ y’-V,0s system with hybrid and 4M ZnSOy in
voltage range of 0.7-1.6V at C/5

The rate-capability of Zn/ y’-V20s system at 0.7-1.6 V is illustrated in Figure 22. After the
activation process of first 10 cycles at 1C, the discharge capacity increased from 135 mAh g to

190 mAh g!. The discharge capacity decreases in the 2C-10C range, with 170 mAh g™ at 2C, 130
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mAh g at 5C and 65 mAh g at 10C, without impacting in charge efficiency. After extremely

high 20C-50C C-rate, the discharge capacity of 190 mAh g! is recovered at 1C, indicating the

stable rate-capability of the system. This last clearly shows no dissolution process takes place as

soon as ZVO is electrochemically formed.
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Figure 22. The rate-capability of Zn/ y’-V,0s system.
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4.3.10 Conclusion

The electrochemical and structural behaviour of y’-V20s as cathode in the Zn/3.5M ZnSOs +
2.5M LizSOu4/y’-V20s system was investigated. The battery exhibits 114 mAh g™ at C/5 in voltage
range of 1-1.6V. The operating voltage of y’-V20s, similar to organic electrolyte, exhibits
~200mV higher than a-V20s in same aqueous hybrid electrolyte (Figure 23).

During the first cycle, ex-situ XRD and Raman studies demonstrated a similar structural behavior
than in organic lithium electrolyte. The insertion of zinc ions can be completely excluded due to
the high operational voltage of y’-V20s [4], [9]-[11]. However, a significant vanadium oxide
dissolution occurs upon cycling. Hence, a huge capacity fading is observed at low current densities
while high current density favors slow vanadium oxide dissolution [18]—-[20]. Therefore, poor
capacity values around 50 mAh g-1 can be achieved.

Improvement in specific capacity and cycle stability can be achieved by enlarging the voltage
window to 0.7V. The main difference from narrow voltage window (1-1.6V) is the shape change
in voltage profile in initial 10 cycles, which can be explained by phase transformation of y’-V,0s
to ZVO. This finding is supported by ex-situ XRD and Raman analysis. After activation process,
a specific capacity gains 240 mAh g™ at C/5 and 180 mAh g™ at 1C with excellent cyclability and
good rate capability. The main interest offered by this phase transformation leading to a ZVO-type
phase is its high stability in the hybrid electrolyte showing the key point of dissolution can be

overcome with the choice of an appropriate host lattice.
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SUPPORTING INFORMATION

Electrochemical characterization

v’-V20s positive electrodes were prepared by mixing 90wt%% of active material, 6wt%
polyvinylidene fluoride (PVDF, Kynar, HSV900) as a binder, 4wt% ketjen black (Ketjen Black
International Co., Japan) as conductive agent dissolved in 1-methyl-2- pyrrolidinone (NMP,
Sigma-Aldrich). The prepared slurry was casted on carbon paper (Alfa Aesar Co.), vacuum dried
at 70 °C for 3hr and punched into the disks of 8 mm in diameter. The mass loading of active
material was around 5 mg/cm? (2.7-2.8 mg of active material). Zinc foil (Goodfellow, USA) was
used as negative electrode. The electrolyte was prepared by dissolving 3.5 mole L' of ZnSO. and
2.5 mole L' of Li»SOy4 in distilled water and pH was adjusted to 4 by titration with 0.5 mole L™! of
H>SO4. Prepared electrolyte was bubbled with nitrogen gas (N2) to remove dissolved oxygen.
AGM (Absorptive Glass Mat NSG Corporation) was used as separator. The structural investigation
of Zn/Li2S04-ZnS04/y’-V20s system was investigated by using two-electrode split cell (MTI
company). The cells were discharged to the required composition by electrochemical reduction
using VMP3 Biologic tester at C/5 rate. After reduction, cells were diassembled in air, electrodes
were rinsed in distilled water in order to remove the traces of salt and separator. Cyclic
voltammetry (CV) was performed with VMP3 potentiostat/galvanostat (Bio-Logic Science

Instrument Co.)

Structural investigations

XRD measurements were carried out using a Panalytical X'pert pro diffractometer equipped with
an X'celerator detector and a Co Ka radiation (wavelength 1.7889 A). All the diffraction patterns
were collected with a 20 step of 0.0167°. The Raman spectra were measured with a LaBRAM HR
800 (Jobin-Yvon-Horiba) Raman micro-spectrometer including Edge filters and equipped for
signal detection with a back illuminated charge coupled device detector (Spex CCD) cooled by
Peltier effect to 200 K. A He:Ne laser (632.8 nm) was used as the excitation source. The spectra
were measured in back-scattering geometry. The resolution was about 0.5 cm™!. A 50X LWD
objective was used to focus the laser light on sample surface to a spot size of 1 pm?. To avoid local
heating of the sample, the power of the laser beam was adjusted to 0.2—0.5 mW with neutral filters

of various optical densities. Raman spectra were recorded on ten different spots of each electrode
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to check the homogeneity. The powders were characterized by scanning electron microscopy

(SEM), Zeiss, Merlin-type microscope.
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Figure S1. Rietveld refinement of y'-V,0s XRD pattern
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Aqueous rechargeable zinc batteries are getting increasing attention for large-scale energy storage owing
to their advantages in terms of cost, environmental friendliness and safety. Here, the layered puckered
v'-V,05 polymorph with a porous morphology is firstly introduced as cathode for an aqueous zinc battery
system in a binary Zn?'/Li* electrolyte. The Zn|| y’-V,0s cell delivers high capacities of 240 and
190 mAh g~! at current densities of 29 and 147 mA g, respectively, and remarkable cycling stability
in the 1.6 V-0.7 V voltage window (97% retention after 100 cycles at 0.15 A g !). The detailed structural

5?:1 ‘;/glrg;l entoxide evolution during first discharge-charge and subsequent cycling is investigated using X-ray diffraction and
Y'-V;05 P Raman spectroscopy. We demonstrate a reaction mechanism based on a selective Li insertion in the
Cathode 1.6 V-1.0 V voltage range. It involves a reversible exchange of 0.8 Li* in y'-V,05 and the same structural

response as the one reported in lithiated organic electrolyte. However, in the extended 1.6 V-0.7 V volt-
age range, this work puts forward a concomitant and gradual phase transformation from y’-V,05 to zinc
pyrovanadate Zn3V,0,(OH),.2H,0 (ZVO) during cycling. Such mechanism involving the in-situ formation
of ZVO, known as an efficient Zn and Li intercalation material, explains the high electrochemical perfor-
mance here reported for the Zn|| y’-V,0s5 cell. This work highlights the peculiar layered-puckered y'-V,05
polymorph outperforms the conventional o-V,05 with a huge improvement of capacity of 240 mAh g~!
vs 80 mAh g~! in the same electrolyte and voltage window.
© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

Aqueous zinc battery
High performance
Layered structure
Energy storage
Renewable energy

1. Introduction Finding suitable cathode materials for ARZBs with high capac-

ity, high operating voltage and long cycle life is actually a great

Lithium ion batteries (LIBs) are known to provide the best
option in terms of energy density and technical maturity to store
renewable energy. However, LIBs large-scale energy storage sys-
tems have great limitations such as high cost and insufficient
safety. In search of alternative batteries, aqueous rechargeable
Zn-based batteries (ARZB) are attractive due to their low cost,
safety and moderate toxicity. In addition, the high conductivity
of the aqueous electrolyte made of Zn salts (e.g. 1 M—3 M ZnS0,)
allows a substantial gain on rate performance. While traditional
alkaline electrolytes induce dendrite formation and byproducts,
recent works have demonstrated the use of mild acidic electrolytes
(pH = 4) significantly improves the stability of metallic Zn anode
[1-3].

* Corresponding author.
E-mail address: baddour@icmpe.cnrs.fr (R. Baddour-Hadjean).

https://doi.org/10.1016/j.jechem.2021.01.042

challenge. Previous explorations of cathode materials mostly con-
cern three main groups [4-6]: Prussian blue and analogues, man-
ganese oxides and vanadium-based compounds that have been
extensively investigated owing to the richness of layered struc-
tures in that family combined to the multiple oxidation states of
vanadium [1,7-27]. Fast rate capability and good capacity reten-
tion of 80-95% over a few hundred cycles with specific capacities
mostly in the range 100-300 mAh g~! have been reported for
hydrated V-based compounds such as Zng,5V,0s. nH,0 [1], V,0s.
nH,0/RGO [7], V5,05 xerogel flakes [8], V307,.H,0 nanowires [9],
V10024.12H,0 [10], MgXV205.nH20 [11], K3V6016.2.7H,0 []2],
C30.25V205.HH20 [13], N32V6016.3H20 [14], F65V15039(OH)0_9.9H20
nanosheets [15], Zn3V,07(0OH),.2H,0 [16] and hydrated porous
8-Nig »5V205.nH,0 nanoribbons [17]. Anhydrous vanadium-based
phases have also been investigated like VO, [18], Zn,V,0; [19],
NH4V4019 [20], KV30g, K;Vg05q [2]] and L1V30g [22]

2095-4956/© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.
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In contrast to the abundant literature devoted to the vanadium
oxide derivatives, very few works concern the conventional anhy-
drous o -V,0s5 oxide. The reported papers [23-29] focus on the
wide operating voltage windows 1.6 V-0.5 V, 1.5 V-0.3 V or
1.4 V-0.4 V involving the 2-electron reaction or more. From a
mechanistic point of view, zinc and water insertion are thought
to be responsible for the formation of a Zn,V,05-nH,0 compound
[25,27] or a zinc pyrovanadate [27,28] upon cycling. After an acti-
vation process over several cycles (fewer than ten, to a few dozen
at most), highly stable capacities with scattered values in the range
220-470 mAh g ! are achieved.

Recently, the use of a binary electrolyte of Li and Zn salts in mild
acidic electrolyte attracted great interest, leading to the concept of
rechargeable aqueous hybrid electrolyte, which involves two sepa-
rate electrochemical redox processes on Zn anode and cathode,
respectively. The electrolyte acts as conducting ions and cooper-
ates with electrodes, ensuring efficient cyclability of Zn anode as
well as reversible lithium insertion-extraction in the host cathodic
material. Chen et al. proposed the first hybrid Zn||ZnCl, + LiCl||
LiMn,04 system operating with high efficiency and long-term
cyclability [30]. In addition to LiMn,0,4, other cathode materials
like LIFEPO4 [3],32], L13V2(P04)3 [33], LIVPO4F [34], LiNi1/3CO1/3—
Mn; 30, [35], LiMnggFeq,PO4 [36] have been investigated. High
capacities in the range 100-130 mAh g~ ! have been reported with
good capacity retention upon cycling near 1.6/1.8 V. A high rate
capability is a common feature of such hybrid batteries with a
70-80% capacity retention at 4C.

We newly applied this concept of rechargeable aqueous hybrid
batteries, using the conventional pristine o -V,05 oxide as cathode
material and Zn as anode in 2.5 M Li;SO,4 + 3.5 M ZnSO,4 (pH = 4)
binary electrolyte with a special emphasis on the structural mech-
anism involved upon discharge/charge process in the 1.6 V-0.8 V
potential range (corresponding to the transfer of one-electron)
[37]. The Zn||2.5 M Li;SO4 + 3.5 M ZnSOy4||a-V,0s5 cell delivered
capacity values about 136-125 mAh g~ ! at C/20-C/5 rates (7.35-
29.4 mA g '), respectively. At 1C (147 mA g~ '), a capacity of
80 mAh g~ ! was outstandingly retained over more than 300 cycles.
A detailed structural study by X-ray diffraction (XRD) and Raman
spectroscopy allowed unravelling the peculiar response of the o-
V,05 layered host lattice. Strong similarities with the well-known
structural changes reported in non-aqueous lithiated electrolytes
were highlighted. The mitigated structural findings revealed a
reaction mechanism mainly based on Li* intercalation but also sug-
gested a possible cointercalation of Zn?* cations or protons by the
end of the discharge. The presence of a few zinc cations between
the oxide layers was suggested, which act as pillars stabilizing
the structure upon cycling [37].

An exploratory approach for finding new advanced cathode
materials in the vanadium oxide family consists in considering
the interest of the various V,0s polymorphs. Among them, vy'-
V,05 was recently proved to be of great interest as an insertion
compound, with attractive electrochemical features for Li and
Na-ion batteries [38-41]. In particular, the puckered layered lattice
of y’-V,05 allows reversible Li insertion in a higher voltage window
by about 200 mV than o-V,0s5 (3.6/3.5 V vs. 3.4/3.2 V vs. Li*/Li). The
structure of this polymorph consists of infinite ribbons made of
VOs edge-sharing distorted pyramids leading to larger interlayer
spacing (5.02 A in y-V,05 vs. 437 A in a- V,05), which enables
an easier accommodation of guest cations.

However, in spite of such remarkable structural features, y'-
V,05 phase has never been studied in an aqueous battery. In this
work, the electrochemical and structural behaviour of y'-V,05 are
depicted for the first time in an aqueous Zn||y’-V,05 battery using
a binary 2.5 M Li,SO4 + 3.5 M ZnSO, electrolyte. Electrochemical
performances are investigated in two different voltage ranges
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(1.6 V-1.0 V and 1.6 V-0.7 V) and the structural response of the
cathode material is investigated by XRD and Raman spectroscopy.

2. Experimental
2.1. Synthesis

v'-V,05 was obtained by chemical oxidation of y -LiV,0s5 pre-
pared by chemical lithiation of o-V,05 under mild-temperature
conditions. Further details can be found in [39]. A very fine powder
of 0-V,05 with narrow particle size distribution was used as pre-
cursor, prepared using the polyol route [42]. The chemical reaction
of o- V,05 with Lil in excess (molar ratio 2:1) in acetonitrile leads
to 8-LiV,0s. After drying at 70 °C, the 5-LiV,05 powder was heat-
treated at 300 °C for 3 h under vacuum in a Biichi furnace to form
the distorted layered y-LiV,0s structure. The last step consists in
extracting lithium ions from the interlayer spacing of y-LiV,0s
by keeping the distorted y-type host structure. This chemical
oxidation reaction requires the use of the strong oxidizing agent
NO,BF, (molar ratio 1:4) in acetonitrile. The solution was stirred
at room temperature for 4 h. The obtained powder was washed 4
times with acetonitrile and acetone and then dried at 80 °C. The
powder color changed from dark green to orange, which confirms
the complete delithiation of the product. Electrochemical titration
using galvanostatic oxidation and chemical redox titration con-
firmed the 5 + oxidation state of vanadium in y'-V,0s.

2.2. Electrochemical tests

v'-V,0s positive electrodes were prepared by mixing 90 wt% of
active material, 6 wt% polyvinylidene fluoride (PVDF, Kynar,
HSV900) as a binder, 4 wt% carbon black (Ketjen Black Interna-
tional Co., Japan) as conductive agent dissolved in N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich). The prepared slurry was casted
on carbon paper (Alfa Aesar Co.), vacuum dried at 70 °C for 3 h and
punched into disks of 8 mm in diameter. The mass loading of active
material was around 6 mg cm~2. Zinc foil (Goodfellow, USA) was
used as both negative and reference electrodes. The electrolyte
was prepared by dissolving 3.5 M ZnSO4 7H,0 and 2.5 M Li;SO4
in distilled water and according to previous pH optimizations
[31], the pH was adjusted to 4 by titration with 0.5 mol L~!
H,S04. Prepared electrolyte was bubbled with nitrogen gas (N,)
to remove dissolved oxygen. AGM (Absorptive Glass Mat NSG Cor-
poration) was used as separator. The two-electrode cells were
tested galvanostatically at various C rates (1C corresponds to
147 mA g ') and by cyclic voltammetry (sweep rate 0.2 mV s 1),
using a VMP3 potentiostat/galvanostat (Bio-Logic Science Instru-
ment Co.). The tests temperature was controlled at 20 °C. All poten-
tials are reported in V vs. Zn/Zn?*. The structural investigation of
the Zn || LiS04-ZnSOy4 || y'-V,05 system was investigated by using
a two-electrode split cell (MTI company). The cells were dis-
charged or charged to the required composition at C/5 rate
(29.4 mA g ). Then after disassembling the cell, the positive elec-
trodes were rinsed in distilled water in order to remove the traces
of salt and separator, and then analyzed by XRD and Raman
spectroscopy.

2.3. Characterizations

XRD measurements were carried out using a Panalytical X'pert
pro diffractometer equipped with an X'celerator detector and a Co
Ko radiation (wavelength 1.7889 A). All the diffraction patterns
were collected with a 20 step of 0.0167°, The Raman spectra were
measured with a LaBRAM HR 800 (Jobin-Yvon-Horiba) Raman
micro-spectrometer including Edge filters and equipped for signal
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detection with a back illuminated charge coupled device detector
(Spex CCD) cooled by Peltier effect to 200 K. A He:Ne laser
(632.8 nm) was used as the excitation source. The spectra were
measured in back-scattering geometry. The resolution was about
0.5 cm~!. A 50X LWD objective was used to focus the laser light
on sample surface to a spot size of 1 pm?2. To avoid local heating
of the sample, the power of the laser beam was adjusted to 0.2-
0.5 mW with neutral filters of various optical densities. Raman
spectra were recorded on ten different spots of each electrode to
check the homogeneity. The pristine powder and the electrodes
were characterized by scanning electron microscopy (SEM), Zeiss,
Merlin-type microscope. Energy Dispersive X-ray spectroscopy
(EDS) was applied to determine the elemental composition
together with SEM with an accelerating voltage of 10-15 kV

3. Results and discussion
3.1. Structural characterization of y’-V,0s

SEM micrographs of the as-synthesized y’-V,0s powder (Fig. 1)
reveal a homogeneous grain size distribution made of porous
aggregates of small platelets in the range 100-500 nm. The XRD
pattern of the as-synthesized y'-V,0s powder is shown in Fig. 2a.
All the reflection lines can be indexed in an orthorhombic symme-
try (JCPDS Card No. 01-085-2422, Pnma space group) leading to
the following unit cell parameters: a = 9.93(9) A, b = 3.58(3) A,
c = 10.04(0) A in agreement with literature data [41]. The Rietveld
refinement of the XRD pattern (Fig. S1) confirms the presence of a
pure and well-crystallized single phase. The layered structure of y'-
V,05 is composed of infinite ribbons parallel to the b axis made of
VOs edges-sharing distorted pyramids oriented alternatively up
and down (inset in Fig. 2a). These ribbons are linked to each other
along the a-direction by one pyramid corner oxygen forming puck-
ered layers perpendicular to the c-axis. The mean crystallite size
estimated from diffraction peaks width is 90-100 nm.

The Raman spectrum of y’-V,05 is shown in Fig. 2b. The projec-
tion of the y’-V,05 structure along the b-crystallographic direction
showing all the V-O contacts in the two non-equivalent vanadium
environments (V,, Vp,) is shown in inset of Fig. 2b. This Raman fin-
gerprint fully agrees with previous study [38]. The whole vibra-
tions of the chains are identified as follows: bands at 1037, 1021
and 1003 cm ! correspond to the stretching modes of the shortest
V,-01, and V,-O;;, bonds, bands at 752 and 603 cm™! are related to
the bond stretching vibrations localized within the V,-03-V,
bridges. The stretching modes of the V,-0,,-V, and Vy-O3,-Vy,
bridges forming the rails of the ladders are observed at 722 and
694 cm!. Modes involving the V,-0,, and V,-O,p ladder step
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bonds (indicated by dashed line) are seen at 532 and 500 cm .
The lower frequency modes at 92, 126, 138, 153, 171, 190, 238,
266,282, 299, 349 and 390 cm ! correspond to the complex distor-
tions of the V,05 ladders [38].

3.2. Electrochemical study and structural mechanism in the 1.6 V-
1.0 V potential range

The first cyclic voltammetric curve of y’-V,0s (black curve in
Fig. 3a) indicates an electrochemical reaction characterized by
two distinct redox processes. Indeed, two cathodic peaks are
observed at 1.32 V and 1.22 V, with their corresponding reversible
anodic peaks at 1.46 V and 1.31 V, respectively. The coulombic
charge involved upon cathodic scan corresponds to ~0.8 F/mol of
oxide and the same amount of electricity is engaged during the
reverse anodic process, showing the excellent reversibility of the
electrochemical reaction. The first discharge-charge profile of y'-
V,05 at C/5 rate in the 1.6 V- 1.0 V potential range is shown in
Fig. 3b. Similarly, the discharge curve exhibits two steps involving
a total faradaic yield of 0.8 F mol™! (specific capacity of
120 mAh g ). The voltage plateau at 1.38 V is related to the two
sharp voltammetric peaks at 1.32/1.46 V and suggests a two-
phase behavior, while the sloping curve centered near 1.27 V
seems to indicate a single-phase redox process. A quantitative
charge is achieved, with only 30 mV hysteresis between discharge
and charge, i.e. half that observed for o - V,0s. It is worth noting
the higher operating voltage (~+200 mV) of y’-V,0s compared
with o -V,05 (red dotted curves in Fig. 3), as observed in organic
lithiated electrolyte [40], which outlines the interest of the puck-
ered polymorph as cathode material in aqueous electrolyte. In
addition, the present electrochemical fingerprint of y’-V,05 closely
resembles that known in non-aqueous lithiated electrolyte [40].
This suggests a similar reaction mechanism is involved in binary
Li;SO4/ ZnSO, electrolyte.

To address this issue, we have investigated the structural
response of y'-V,0s during the first discharge-charge cycle at C/5
in the 1.6 V- 1.0 V potential range, using XRD and Raman spec-
troscopy. The XRD patterns of reduced electrodes as a function of
the faradaic yield x (in Fmol™!), 0 < x < 0.72, are shown in
Fig. 4. The XRD pattern of the pristine electrode (x = 0) shows the
typical fingerprint of orthorhombic y’-V,0s (Pnma space group)
with the unit cell parameters of the pristine powder (a = 9.94 A,
b = 358 A, ¢ = 10.04 A). From the very first reduction rate
(x = 0.1), a new set of 002, 102, 103 and 214 diffraction lines are
detected at 19.95, 22.5, 32.0 and 55.3°, respectively, that coexist
with those of the initial y’-V,05 material. This new set of lines is
indexed in an orthorhombic symmetry (Pnma space group) and

Fig. 1. SEM micrographs of as-prepared y'-V,0s powder.
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Fig. 2. (a) X-ray diffraction pattern of y’-V,05 powder. Inset: crystal structure of y'- V,0s. (b) Raman spectrum of y’-V,05 powder. Inset: projection of the structure of y’- V,05
along the b-crystallographic direction showing all the V-O contacts. Dashed lines show V-0 interchain contacts (ladder-step bonds).

reveals the emergence of a lithiated y-Li,V,0s phase. The same
comment can be made for x = 0.2, with the new lines increasing
at the expense of those related to the pristine compound. The shifts
toward lower 20 values for the 002, 102, 103, 104, 204, 105 and
214 reflections and to higher 26 one for the 200 line clearly indi-
cate an expansion in the c interlayer distance and a contraction
in the a parameter, respectively. Indeed, the unit cell parameters
calculated for the reduced v-Li,V,0s phases (x = 0.1; 0.2) are
a=9.83A b=359A c=10.34 A. From x = 0.35, this trend is
maintained: all the diffraction lines belong to the lithiated phase
with a continuous shift of the 002 and 200 reflection lines toward
higher and lower 26 values, respectively, indicating a continuous
expansion of the c interlayer parameter and shrinkage in the
a parameter. In the 0.35 < x < 0.72 composition range, the diffrac-
tion patterns show the existence of a single phase with cell param-
eters changing linearly with the depth of discharge. The unit cell
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parameters for the fully reduced y-Lig72V,0s electrode (a = 9.69 A
, b =360 A, c =10.67 A) match very well those reported for
v-Li;V,05 formed during electrochemical lithiation of y-V,0s in
non-aqueous lithiated electrolyte (a = 9.71 A, b = 3.61 A and
c = 10.67 A) [40]. It is also worth noting the similarity of the unit
cell variations vs. composition in aqueous and non-aqueous elec-
trolytes [40]. Such findings are well consistent with a pure Li inser-
tion reaction and enable us to rebut the hypothesis of water
molecules, zinc or proton insertion into the y’-V,0s host lattice.
The detailed lattice parameters evolutions as a function of x in
v-LixV20s during the first discharge (0 < x < 0.72) are depicted
in Fig. 5. Two main domains clearly appear. First, a diphasic region
for 0 < x < 0.35 where y’-V,05 coexists with a lithiated phase
v-LixV,0s5 characterized by a slight interlayer expansion of 3%
(Fig. 5¢) and a very low contraction of 1% along the a direction
(Fig. 5a). On further reduction (0.35 < x < 0.72), a single-phase
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region is evidenced with a negligible b variation of 0.3% (Fig. 5b), a
minor contraction in a parameter (1%) and a moderate expansion
in ¢ parameter (3%), showing the puckered layered arrangement
of y’-V,05 is not altered upon Li insertion. The small change in b
parameter is consistent with a Li diffusion occurring along the b
direction.
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Fig. 6. Raman spectra of V,0s electrodes during the first discharge at C/5 as a
function of the faradaic yield x (Fmol~!). 0 < x < 0.72. 1.6 V-1.0 V voltage window.
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The Raman spectra of reduced electrodes as a function of the
faradaic yield x, 0 < x < 0.72, are gathered in Fig. 6. As the reduc-
tion rate increases in the 0 < x < 0.5 composition range, the Raman
spectra undergo progressive changes in intensity or position while
new bands are observed. These changes can be depicted as follows:
the relative intensity of bands belonging to the pristine y'-V,0s5
material, at 91, 138, 153, 190, 238, 282, 299, 349, 500, 603, 694,
1003 and 1037 cm™! gradually decreases up to their total disap-
pearance for x = 0.5. At the same time, new peaks (indicated by
blue open circles) belonging to the electroformed phase are
detected, with increasing relative intensity as the reduction rate
increases: at 990 cm~! (from x = 0.1), 462 cm™~! (from x = 0.35),
100, 124, 331 and 966 cm™! (from x = 0.5). Finally, three bands
belonging to both systems are kept all along the reduction process
but undergo continuous wavenumber shifts: 266 to 272 cm™!, 722
to 731 cm~', 1021 to 1014 cm™ . For x = 0.35, the Raman spectrum
is modified, showing mostly the bands of the electroformed phase
with only traces of the pristine oxide through the presence of low
features at 138, 159, 171, 266, 282, 299 and 694 cm™'. This is due
to the high Raman scattering cross section of y’-V,05 [38]. For
x = 0.5, the Raman spectrum is characteristic of the pure new sys-
tem with bands at 100, 124, 171, 272, 331, 374, 462, 531, 642, 731,
966, 990 and 1014 cm ™. For 0.5 < x < 0.72, the fingerprint of the
new phase dominates the Raman spectrum. An ultimate feature
appears at 642 cm ! for the fully reduced sample while the
966 cm™~! peak increases in intensity. Such trends indicate the exis-
tence of a diphasic region in the composition range 0 < x < 0.35, in
which the pristine y-V,0s5 phase disappears progressively while a
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new system emerges, followed by a single-phase region of the pure
new system for x > 0.35. The Raman fingerprint of the electro-
formed phase matches perfectly that reported for 7y-Li;V,0s
formed during electrochemical lithiation of 7y’-V,0s in non-
aqueous lithiated electrolyte [40] as well as chemically synthesized
v-LiV,05 [43]. The whole assignment of the Raman spectrum of the
v -LiV,05 bronze can be found in [43]. Examination of the charged
electrodes by XRD and Raman spectroscopy (Fig. S2) shows the
complete restoration of the y’-V,0s host lattice after one dis-
charge-charge cycle, both at the long-range order and atomic
scale, with no extra peak or band related to the presence of another
phase. Such findings explain the good electrochemical reversibility
displayed in Fig. 3.

These structural data drawn from XRD and Raman spectroscopy
reveal that y'- V,05 electrodes selectively intercalate Li* ions upon
discharge in the 1.6 V—-1.0 V potential range. The nature of struc-
tural changes of the y’-V,05 host lattice as well their magnitude
exclude any participation of proton, zinc ions or water molecules.
Instead, we highlight a reversible reaction mechanism, very similar
to that reported in non-aqueous electrolyte [40], involving a dipha-
sic domain for 0 < x < 0.35 with coexistence of y’-V,05 and 7-
Li~o3V20s, followed by a solid solution region 7y-Li,V,05 for
0.35 <x <0.72.

Preliminary rate capability study indicates a promising beha-
viour since the specific capacity is little affected with increasing
C rate (Fig. S3). Indeed the discharge capacity decreases from
120 mAh g~! at C/5 to 105 and 95 mAh g~! at 1C and 5C, respec-
tively. In addition, the low hysteresis achieved between the charge
and discharge, 60 mV at 1C and 100 mV at 5C, are quite remark-
able. In spite of these promising performances, electrochemical
experiments in the 1.6 V — 1.0 V voltage window do not allow to
reach a specific capacity larger than 120 mAh g~!, value that is
much less than those usually reported for vanadium-based cathode
materials [7-29]. In order to increase the available capacity, we
have extended the voltage window by lowering the cutoff voltage
to 0.7 V and investigated the electrochemical properties and
related structural changes of y’-V,0s in this enlarged voltage
range.

3.3. Electrochemical study and structural mechanism in the enlarged
1.6 V- 0.7 V potential range

The successive discharge—charge cycles of y’-V,05 at 1C rate in
the 1.6 V-0.7 V window are displayed in Fig. 7a. The first cycle
exhibits the typical reversible fingerprint of y’-V,05 with two high
voltage discharge steps at 1.36 V and 1.25 V followed by a potential
drop, a total faradaic yield of 0.96 F mol~! being involved. A careful
examination of the first cycle shows however the presence of an
additional ill-defined step near 0.9 V. The contribution of this lower
voltage contribution increases with cycles, from about 0.13 F mol~!
for the first cycle to 0.3 F mol~! for the second one and 0.65 F mol !
for cycle 4, the total discharge capacity increasing significantly
from 143 to 187 mAh g~!. At the same time, the contribution of
the two high voltage steps decreases progressively to completely
disappear for cycle 10, which exhibits a sloping voltage profile
involving a capacity value of 185 mAh g~1.

Cycling tests (Fig. 7b) show a remarkable capacity retention of
97% at least over 100 cycles. A similar activation process is
observed at C/5 rate (Fig. S4). Indeed, the capacity increases from
140 to 240 mAh g~! along the ten first cycles, then stabilizes at
240 mAh g~! over at least 50 cycles. This high stable capacity of
240 mAh g ' competes very well with previous values reported
for V,05 using only a Zn salt [23,26,28]. It is noteworthy the repro-
ducible discharge profile displayed from cycle 10, with completely
superimposed reversible charge process, does not exhibit anymore
the typical Li insertion steps of y’-V,0s. This suggests the lowering
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of the voltage window at 0.7 V induces a strong structural rear-
rangement. The redox process below 1 V involves a capacity that
increases from 20 to 90 mAh g~! during the five first cycles at 1C
while the capacity contribution related to Li insertion in the upper
voltage window (1.6 V-1.0 V) decreases from 123 to 97 mAh g~ .
This trend is then confirmed up to cycle 10 with the 1.6 V-1.0 V
contribution still decreasing to only 50 mAh g~! for the benefit
of the low voltage part that reaches 120 mAh g~! after the activa-
tion process. Since further lithiation is expected to occur around
1 V lower than the high voltage steps, i.e. at about 0.4 V [40],
Zn?" and/or proton insertion is probably involved below 1 V, lead-
ing to a progressive capacity gain and change in the discharge-
charge profile during the first activation cycles.

The rate capability behaviour of y’-V,05 in the 1.6 V-0.7 V win-
dow has been investigated in the C/5 —10C range, after performing
an activation process of 10 cycles at C/5 (Fig. 7c and S5). Interesting
capacities are reached: the stabilized capacity of 235 mAh g~ ! at
C/5 decreases moderately to 190 mAh g ! at 1C, 170 mAh g ! at
2C, still 130 mAh g~! at 5C and 65 mAh g~ ' at 10C. Even after sus-
taining high 10C rate, the cathode material is not damaged since
the high capacity of about 200 mAh g ' is recovered at 1C
(Fig. 7c). Far superior cycling performance are found here for y’'-
V,05 compared to those recently reported for the conventional
o-V,05 form in the same binary Li/Zn electrolyte and same voltage
range. Indeed, a stable capacity of 80 mAh g~! was achieved upon
cycling a-V,0s at 1C [37] against 180-190 mAh g ! here for
v'-V,0s. This huge improvement in capacity value shows the
porous puckered polymorph 7y’-V,0s exhibits a more suitable
structure towards zinc insertion, promoting then the electrochem-
ical reaction. The beneficial effect of the binary electrolyte on elec-
trochemical performance of y’-V,0s5 in a Zn battery is highlighted
in Fig. S6 showing a sharp capacity decrease in the pure ZnSO,4
electrolyte, with an available discharge capacity of only 50 mAh g~!
after 50 cycles while a fast capacity stabilization around
240 mAh g~ ! over at least 50 cycles is observed using our hybrid
electrolyte (Fig. 7b and S4).

The present capacities compete also well with those reported
for o-V,05 in binary Zn(CF3S05),-LiTFSI “water in salt” electrolyte
in the wider 1.6 V-0.3 V voltage window [23]. A detailed compar-
ison of y-V,0s cycling behaviour with a-V,05 properties is a diffi-
cult task. Indeed, the latter has been mainly investigated in Zn
(CF3S03), or ZnSO4 aqueous electrolytes, in various and larger
cycling limits, using different electrode technologies and material
morphologies, which may explain that scattered capacity values
and occasionally contradictory data can be found in the range
200-400 mAh g~! [24-26,28,29]. For instance, a comparable
capacity of 240 mAh g~ ! was reported in 3 M ZnSO, in the wide
1.4 V-0.4 V potential window [26] while higher values of 300-
400 mAh g~! were achieved in the 1.6 V-0.2/0.5 V potential range
using porous nanofibers [28], ball-milled [25] and o~ V5,05 micro-
spheres [24]. Outstanding values of 400-500 mAh g~' can be
reached with ALD-deposited V,0s layers on carbon paper but the
mass loading is limited to 0.1 mg cm™2 [27].

To understand the peculiar electrochemical storage mechanism
underlined by the discharge-charge profiles changes, we have car-
ried out a structural study to provide information on the nature of
the electroformed phases upon cycling of y'-V,0s in the 1.6 V-
0.7 V range. As shown by the XRD patterns in Fig. S7, the y -type
structure of the initial host lattice is kept on first discharge at
0.7 V. The shift toward lower 26 of the 00 I reflections (Fig. S7a)
for the electrode discharged at 0.7 V reveals once again an
expanded c interlayer parameter (10.67 A vs. 10.03 A for the initial
material). On the other hand, the Raman spectrum of the dis-
charged electrode displays also the characteristic bands of the
lithiated 7y -LiV,0s5 structure (Fig. S7b). After one cycle, the initial
structure of y’-V,05 is completely restored, both at the long range
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order (Fig. S7a) and at the scale of the chemical bond (Fig. S7b).
Furthermore, no extra peak or band related to the presence of
another phase is detected. Such observations are consistent with
the high electrochemical reversibility exhibited by the first cycle.

However, upon successive cycling tests, the structural analysis
indicates the occurrence of an increasing disordering process and
suggests a deep structural rearrangement upon cycling (Fig. 8), in
line with the changes observed in the cycling curves profiles
(Fig. 7a and S4). Indeed, the XRD patterns (Fig. 8a) and Raman
spectra (Fig. 8b) of discharged electrodes show a huge peak inten-
sity decrease and Raman bands broadening with increasing
cycling. This phenomenon takes place rapidly as only the 002,
102, 101, 301, 112 reflection lines of y-Li,V,0s are still visible for
the 6™ discharge (Fig. 8a) whereas none of them can be detected
for the 50" discharge. The presence of a new diffraction peak at
14.23° after 50 cycles (indicated by a cross in Fig. 8a) points to
the formation of a new ill-crystallized phase that could correspond
to trigonal Zn3V,0,(OH),-2H,0 pyrovanadate (ZVO, space group
P3m1, JCPDS 50-0570) [44,45]. Similar to V,0s, ZVO phase exhibits
a layered structure built of zinc oxide layers separated by V-0-V
pillars (V,0%~ groups), the water molecules randomly filling the
large cavities [44,45]. The characteristic peak at 14.23° observed
for the 50 discharge would then correspond to the most intense
001 reflection of ZVO, giving an interlayer ¢ parameter of 7.3 A,
in good accord with the values reported in previous studies
[16,44-46].

The Raman spectra of discharged electrodes also point to a sig-
nificant amorphization process with cycling (Fig. 8b). While the
typical fingerprint of v -LiV,0s is nicely distinguished for the 4™
discharge, a low intensity spectrum is displayed for the 6™ dis-
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charge, with broad features centered at 460, 530, 730 and
996 cm ! indicating the presence of disordered y -LiV,0s. For the
50" discharge, the Raman spectrum still points to the presence y
-LiV,05 (characteristic peaks at 460, 964 and 996 cm~! indicated
in blue color), however coexisting with a new phase giving well
visible bands at 770 and 860 cm~'. Such phase is likely to corre-
spond to ZVO, characterized by Raman modes at 482, 791 and
876 cm™! [46]. Hence, the bands observed at 770 and 860 cm™!
after 50 cycles (see crosses in Fig. 8b) probably correspond to the
most intense V-0 stretching vibrations localized in VO4 and VO3
polyhedra in ZVO. The lower intensity Zn-O vibration expected at
482 cm™! is barely visible in the wide intense 460 cm~' broad fea-
ture of Ay symmetry assigned to the stretching v(V,-O3) mode
localized within the V,-Os-V,, bridges in 7y -Li,V,0s5 [43].

The increasing disordering process upon cycling is also observ-
able on the charged electrodes. Indeed, the typical hkl reflections of
v'-V,0s5 have practically disappeared after 6 cycles and are no more
discernable after 50 cycles (Fig. S8a) while the occurrence of elec-
troformed ZVO manifests itself again through the observation of a
001 reflection at 14.4°. At the level of the chemical bond, the well-
defined Raman bands of y’-V,0s merge into broad bands after 6
cycles, located at ca. 150, 300, 750 and 1000 cm ! (Fig. S8b) while
new components at 480 and 770 cm™! (indicated by crosses) arise
from cycle 6, revealing the presence of ZVO phase coexisting with
disordered y’-V,0s.

This electrochemical and structural study suggests deep struc-
tural changes take place upon cycling y’-V,0s in the 1.6 V-0.7 V
voltage range. While an exclusive Li insertion process is clearly
demonstrated when the discharge is limited to 1 V, another mech-
anism responsible for a fast disordering process and involving Zn
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participation is observed in the lower 1 V-0.7 V voltage range. XRD
and Raman analysis both converge toward the formation of ZVO as
new electroactive phase responsible for the capacity gain, the high
capacity and the excellent cyclability highlighted in this work. This
gradual phase transformation from y’-V,05 to ZVO is probably pro-
moted by a chemical reaction between the positive electrode and
the aqueous hybrid electrolyte according to Eqs. (1) and (2) [27]:

V505 + 3H,0 & 2VO,(OH),~ + 2H* (1)

2V0,(0OH),~ + 3Zn** + 3H,0 s Zn3V,0,(0H),.2H,0 + 4H*
(2)
Hence, the mechanism involved during discharge-charge in the
present binary electrolyte is illustrated in Egs. (3) and (4):
In the 1.6 V — 1.0 V voltage range (x < 1):

Y'-V,0s5 + xe™ + xLit s 7-Li,V,0s (3)

In the 1 V-0.7 V voltage range (after activation):

ZVO + (x + 2y)e— + xLi* + yZn?** s Li,Zn,ZVO 4)

Previous works have reported ZVO as promising intercalation
cathode for aqueous ZIB [16] and non-aqueous Li-ion battery
[46]. Such findings are ascribed to the open framework with large
interlayer spacing of ZVO (0.74 nm vs 0.43 nm for hydrated ionic
radius of Zn?*), providing an ideal pathway for guest species
intercalation.
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Table 1

Zn/V ratios determined from EDS
in discharged y'-V,0s5 electrodes
at 0.7 V. Cycle rate 1C.

Discharge number Zn|V
1 0.16
4 0.27
6 0.51
50 0.62

Even when all structural data on V,05 derived electrodes deal
with cycling properties obtained in wider voltage ranges using a
lower cutoff voltage (0.2 V-0.4 V) and only a Zn salt (3 M ZnSO4
or Zn(CF;S03);), some common features exist with the present
study. Indeed, a phase transformation is often reported upon suc-
cessive discharge-charge cycles involving the hydrated layered
phases H,V50g [26] or Zn,V,05 nH,0 [25] while other studies indi-
cate the predominant role of ZnsV,0,(OH), 2H,0 [27,28]. The pre-
sent structural analysis clearly demonstrates a fast transformation
of y’-V,0s5 from the first cycle. XRD and Raman data show a more
complex mechanism than in pure Zn based electrolytes since Li
ions can still participate to the electrochemical process of layered
ZVO phases whatever their composition. However, the active
material obtained after capacity stabilization is made of disordered
v'-V,05 and ZVO. It can be argued that longer cycling experiments
would allow a complete conversion of the initial crystalline y’-V,05
phase into ZVO.

Additional supporting evidence to the phase transformation is
provided by EDS analysis performed for electrodes discharged to
0.7 V (1%, 4" 6™ and 50" discharge). Table 1 shows that the dis-
charged product continuously enriches itself with Zn ions with
cycling, as revealed by the significant increase of the Zn/V ratio.
Such a finding supports a phase transformation from y’-V,0s5 to
ZVO, as recently evidenced in 3 M Zn(CFs;SOs), electrolyte for
Atomic Layer Deposited derived o -V,05 [27] and o -V,05 nanofi-
bers [28]. The maximum Zn/V value of 0.62 associated to a faradaic
yield of 1.2 e~/mol of V,05 discards a pure Zn insertion reaction
leading to the Zn,V,05 bronze. Moreover, this value does not meet
either the expected Zn/V ratio of 1.5 in ZVO, which can be under-
stood assuming the coexistence of disordered y’-V,05 with ZVO
in the electrodes, in which Li ions can still be reversibly inserted.

4. Conclusions

In this work, we present the layered-puckered y’-V,05 as a
prospective cathode for zinc-ion batteries in a binary 3.5 M
ZnSO4 + 2.5 M Li,SO, electrolyte. After an activation process of a
few cycles, high and stable capacities of 240 mAh g ! and
190 mAh g~ ! are achieved in the 1.6 V-0.7 V potential window
at C/5 and 1C rate, respectively. These capacities outperform those
reported for the conventional o - V,05 oxide in the same elec-
trolyte. The detailed structural evolution during first discharge-
charge and subsequent cycling in two different voltage ranges
(1.6 V-1.0 V and 1.6 V-0.7 V) is investigated using XRD and Raman
spectroscopy. We show the occurrence of selective lithium interca-
lation in the 1.6 V-1.0 V voltage window, with a reversible
exchange of 0.8 Li* in y-V,05 inducing the same structural
response as the one reported in lithiated organic electrolyte while
a concurrent reaction involving zinc ions takes place concomitantly
in the extended 1.6 V-0.7 V range.

A gradual phase transformation from y’-V,05 to zinc pyrovana-
date Zn3V,07(OH),.2H,0 during cycling is strongly supported by
XRD, Raman and EDS analysis. This work highlights the benefit
provided by the peculiar layered-puckered y’-V,0s compared to
the conventional o-V,05 oxide, with a huge improvement of capac-
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ity of 240 mAh g~! vs 80 mAh g~ ! at C/5 in the same voltage win-
dow. Further optimization of cycling properties are under investi-
gation by lowering the cut-off voltage to 0.3 V.
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Supplementary data

A porous puckered V,0s polymorph as new high performance cathode
material for aqueous rechargeable zinc batteries

Figure S1. Rietveld refinement of y'-V,0s XRD pattern

Figure S2. (a) XRD patterns and (b) Raman spectra of initial y’-V20s electrode and
after one discharge-charge cycle. C/5 rate. 1.6 V - 1 V voltage window. Stars
correspond to the sample holder (stainless steel) reflections

Figure S3. Influence of the C rate on discharge-charge curves of y’-V205. 1.6 V-1V
voltage window. 2.5M Li2S0s-3.5M ZnSO4 electrolyte

Figure S4. Discharge-charge curves of y’-V20s during cycling at C/5 rate. 1.6 V - 0.7
V voltage window.2.5M Li2S04-3.5M ZnSO4 electrolyte

Figure SS. Typical discharge-charge curves of y’-V20s at different C-rates after 10
activation cycles at C/5. 1.6 V - 0.7 V voltage window. 2.5M Li,S04-3.5M ZnSO4
electrolyte

Figure S6. Discharge-charge curves of y’-V20s during cycling at C/5 rate. 1.6 V -
0.7 V voltage window. 3.5M ZnSO; electrolyte

Figure S7. (a) XRD patterns and (b) Raman spectra of initial y’-V20s electrode, after
the first discharge and after the first discharge-charge cycle. Stars correspond to the
sample holder (stainless steel) reflections. 1C rate. 1.6 V - 0.7 V voltage window

Figure S8. (a) XRD patterns and (b) Raman spectra of initial y’-V20s and after cycle

tests. *: sample holder (stainless steel) reflections. +: new phase. 1C rate. 1.6 V - 0.7
V voltage window
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General Conclusion

The results achieved in the present work have enriched the knowledge on the electrochemical and
structural data of the y’-V20s polymorph as Lithium, Sodium and Zinc insertion compound. Our
findings usefully complete data of the V,0s family including the most stable phase, i.e. a-V20s,
but also the double-layered ¢’-V20s phase and the high pressure B-V20s oxide.
This has been performed through the study of y’-V20s prepared by a solution technique (polyol
synthesis) allowing to get nanosized particles investigated as positive electrode material for

Lithium and Sodium-ion non aqueous batteries and for aqueous Zinc batteries.

The puckered layers of y’-V20s allow reversible Li insertion in higher voltage window (3.6/3.5 V
vs. Li*/Li) than a-V20s (3.4/3.2 V vs. Li*/Li). The structural evolution of y’-V20s was investigated
by ex-situ XRD and Raman spectroscopy during first discharge and one complete cycle showing
the existence of a diphasic region for the first half discharge while the second part corresponds to
a single phase whose interlayer distance increases with Li content. A high structural reversibility
explains its good cycle life with a stable capacity of 130 mAh g available at a high voltage of
3.5V (50 cycles; 1C).

The obtained results on the rate capability of pol. and carbo. synthesized y’-V,0s illustrate the
correlation between particle size, morphology and electrochemical performance of the material
(Table 1 and Table 2). The smaller particle size (~200 nm) against micrometric pellets, leads to

the enhancement of rate capability of material with minimized hysteresis.

Table 1. The rate-capability of y’-V20s in Li-ion battery

Discharge capacity (mAh g) at various C-rate
Material
C/no C/5 Cr2 1C 2C 5C 10C
v’-V20spol 145 138 134 130 127 123 106
v’-V20s carbo. 145 140 130 100 80 40 5

Table 2. The rate-capability of y’-V20s, y-Nao.9s V205 and Ko.5V20sin Na-ion battery

Discharge capacity (mAh g') at various C-rate

C/10 C/5 C/2 1C 2C 5C 10C

Material
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v°-V20s pol 140 140 129 119 105 69 29
v’-V20s carbo. 75 63 - 47 - - -
v-Nao.96 V205 140 134 122 110 91 50 -
Ko.5V20s5 140 100 95 84 74 38 _

Optimized electrochemical properties can be achieved using polyol-y’-V20s to produce a high-
performance cathode material for Na-ion batteries. This polyol-y’-V20s is working at a high
voltage of 3.3 V vs Na*/Na with a high capacity of 140 mAh g, a high rate-capability, an
excellent charge efficiency and good cycle life.

From a detailed picture of structure changes upon electrochemistry we show the nanosizing
approach has induced a significant shortening of the diphasic region (0 < x < 0.4) and an expansion
of the single-phase region y-NaxV20s5 (0.4 <x < 1).

Impedance spectroscopy data reveal a moderate change in electrode impedance upon sodiation
and illustrates the significant nanosize effect with a surface enhancement by a factor 4-5 of the
electrochemical surface area compared to microsized oxide. The evolution of the chemical
diffusion coefficient Dna shows a faster diffusion in the single-phase region than in diphasic

domain.

The drawback of y’-V20s pol is that this Na-free material is not directly suitable as cathode in a
Sodium-ion batteries. Therefore, we successfully prepared y-NaoosV20s5 as a directly usable
cathode material for sodium-ion batteries. The novel sodium vanadium bronze y-Nao.96 V205 has
been prepared by chemical sodiation of y’-V20s pol polymorph at room temperature for the first
time. The y-Nao.96V20s has layered structure with orthorhombic symmetry (Pnma space group)
isomorphic to the lithiated y-LiV20s bronze.

A reversible specific capacity of 124 mAh g at C/5 is available at 3.4V vs. Na*/Na and still 112
mAh g after 50 cycles at C/5. The high stability of the structure after charge and discharge has
been shown from XRD and Raman spectroscopy which explains a good cycle life upon cycling.
However, an improvement is still required in terms of rate capability (2C-5C) in comparison to
sodium-free y’-V20s pol (Table 2).

Further optimization of electrochemical properties and structural investigations of this new high

voltage sodiated y-Nao.o6V20s5 cathode material will be studied in the future; in particular specific
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surface coating by oxides (TiO2, SiO2) or the use of conductive materials like rGO, CNT, and

conducting polymers could greatly improve the cycle life.

We extended our study by preparing Ko.sV20s5 (KVO) through a fast and facile solution route as a
potential candidate for cathode material of SIBs. The bilayered potassium vanadate Ko s5V20s is
characterized by a large interlayer parameter of 9.5 A. A first cycle in the 4 V-1.5 V range at C/10
acts as an activation process, leading to a new KVO composition Ko24V20s due to partial
potassium extraction. KVO delivers a high reversible specific capacity of 160 mAh g at C/10
with a good capacity retention leading to still 152 mAh g after 50 cycles. Its good capacity
retention is explained by a limited expansion-contraction of 3% in the distance between bilayers
during cycling with pillaring K* ions stabilizing the stacking of double-sheet V205 layers. The
KVO also exhibits attractive rate-capability up to 2C (Table 2).

We have also addressed the interest of a-V20s and y’-V20s5 polymorphs as cathode materials in
Zn-V>0s aqueous rechargeable batteries using a hybrid Li*/Zn?* binary electrolyte at pH 4.

In the case of 0-V20s a highly reversible capacity of 136 mAh g-! at C/20 and 125 mAh g at C/5
is achieved in the 1.6 V- 0.8 V range. Li insertion occurs in aqueous medium with similar
discharge and charge profiles than in organic electrolyte which has been confirmed by XRD and
Raman spectroscopy.

However, at the stage of the study, a possible involvement of a few Zn** ions cannot be definitively
excluded to explain the peculiar structural response of V2Os upon discharging with mitigated
structure changes near the end of discharge. In this scenario, a few inserted Zn** cations located
between the oxide layers would act as pillar species, then hindering the gliding of one layer over
two in the b direction to produce the expected corrugated d-phase.

To date, the exact electrochemical reaction mechanism in pure zinc electrolytes is still an open
question especially if we enlarge the potential window. A competitive Zn** and/or H* species
should be taken into account especially at low potential (<0.8V). The identification of the charge
carriers cation is a crucial point which is rarely considered in literature. Their different insertion
thermodynamics and kinetics must be deeply investigated as a function of electrolytes, pH, along

with detailed operando XRD and Raman spectroscopy as well as a modeling approach.
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Calculations are urgently needed for further investigation and prediction to accelerate the

understanding of currently unclear reaction mechanism in aqueous ZIBs.

In the case of y’-V20s as cathode in the ZnSO4 + Li2SO4 electrolyte, the cathode exhibits 114 mAh
gl at C/5 in voltage range of 1-1.6V. The operating voltage of y’-V,Os, similar to organic
electrolyte, is higher by ~200mV than a-V20s in same aqueous hybrid electrolyte.

If a similar structural behavior than in organic lithium electrolyte is revealed then excluding any
competitive zinc insertion in the 1V-1.6V range, a significant phase transformation takes place
upon cycling at lower voltage with the progressive formation of ZVO pyrovanadate responsible of
strong modifications in discharge-charge profiles.

Our studies point the important issue due to cathode dissolution which could be solved by different
approaches including surface coating with carbon or polymers.

The advances in aqueous ZIBs are supposed to be attached to the optimization of novel types of
cathodes and electrolytes. Importantly, developing solid-state/gel polymer electrolytes is one
promising route toward solving cathode dissolution. Considering their distinctive merits of low-
cost, environmentally benign, and high security, it is strongly believed that aqueous ZIBs possess

enormous prospects and will be taken into application in the near future.
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