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Abstract: The VO,(B) was synthesized via a simple solvothermal route at 160
°C in ethanol. The initia discharge capacity of the VO,(B) anode, in saturated
agueous solution of LiNOg, was 177 mAh g1 at a current rate of 50 mA gL
After 50 cycles, the capacity fade was 4 %, but from 20150t cycle, no cap-
acity drop was observed. The VO,(B) showed very good cyclability at a cur-
rent rate of even 1000 mA g1 with initial discharge capacity of 92 mAh g1,
The excellent electrochemical performance of VO,(B) was attributed to the
stability of micro—nano structures to a repeated intercalation/deintercalation
process, very good electronic conductivity as well asthe very low charge trans-
fer resistance in an agueous e ectrolyte.

Keywords: agueous rechargeable lithium batteries; anode materials; discharge
capacity; electrochemical impedance spectroscopy; electric conductivity.

INTRODUCTION

Most of the present lithium technology is based on organic electrolytes.! The
most common of these electrolytes are expensive, toxic and flammable liquids
that may cause accidents in the case of improper use.1.2 One way to overcome
the safety issue is to use aqueous electrolytes which are environmentally benign.
The assembly of aqueous lithium batteries is simpler and cheaper than for their
organic counterparts because it does not demand the usage of argon-filled
chambers in which moisture and oxygen have to be excluded. Unfortunately,
aqueous rechargeable lithium batteries (ARLBS) cannot deliver a high voltage,
because their voltage is restricted by the potentials of the evolution of hydrogen
and oxygen. However, aqueous electrolytes have conductivities which are
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686 MILOSEVIC et al.

typically two orders of magnitude higher than that of organic systems, which
enables the achievement of a high rate capability. From the time when the first
papers were published in 1994/5 by Dahn's group,3- interest in ARLBs inc-
reased. Numerous intercalation compounds have been tested in alkaline and neut-
ral aqueous electrolytes,>-12 especialy in the last five years.12-21 Among them,
the vanadium oxide family of compounds has attracted much attention as anodic
materials for ARLBs. Due to a suitable electrode potential and tunnel structure,
VO5(B), one of the polymorphs of VO,, was already used as the anodic material
in the first ARLBs.3° However, this compound was neglected in subsequent
researches compared to other vanadium oxides. Transformation from bulk to
nano-dimensions brought new qualities to electrode materials, such as larger
surface area, shorter diffusion lengths of Li-ion, capability for buffering large
volume changes and possible new storage mechanisms, leading to higher specific
capacity, faster kinetics and enhanced cycle life.1.22 This has increased the int-
erest for VO2(B) both as a cathodic and anodic material for organic and agueous
electrolytes based lithium batteries, respectively. In recent years VO>(B) has
been synthesized with different micro/nano-morphologies: nanowire arrays,23
networks of nanofilaments,24 nanobelts and nanosheets,2>28 nanorods,29.30
ultra-thin nanowires,31 flower-like micro—nano structures,13 and hollow micro-
spheres with a nanothorn surface.32 The majority of these morphologies have
been synthesised by more or less sophisticated hydrothermal/solvothermal
methods.

In this paper, the high capacity and excellent galvanostatic cyclic behaviour
of solvothermally prepared VO2(B), in saturated aqueous LiNOg solution and up
to current rates of 1000 mA-g1, is primarily demonstrated.

EXPERIMENTAL

Nanostructured VO,(B) was synthesized via a simple one-step solvothermal (ST) process
that was published recently.3® Thus, without using any additives or surfactants, a mixture of
vanadium pentoxide (Merck 99.99 %) and ethanol (Merck 96 %) was treated in a Teflon-lined
stainless-steel autoclave at 160 °C for 24 h. The obtained blue-black powder was rinsed
several times with ethanol and then dried at 50 °C.

LiCrg15Mn 6504, as the counter electrode (cathode) material for a two electrode cell,
was prepared by the glycine-nitrate method (GNM).34

The characterization of VO,(B) and LiCrg15Mn; 504 by X-ray diffraction (XRD) was
presented in previous papers.333* The morphological characterization of VO,(B) was
performed on a JEOL JSM-6390 LV scanning electron microscope (SEM). The SEM images
of LiCrq15Mny g0, corresponded to those published previouly3* and are not presented here.

The preparation of electrodes from both materials was performed in the same way. The
active material, carbon black and poly(vinylidene fluoride) in weight ratio 85:10:5 were
homogeneously mixed in N-methyl 2-pyrrolidone. The slurry was treated for about 30 min in
an ultrasonic bath, deposited on the stainless steel (SS) discs electrodes (6.2 cm?) and Pt foil
(2 cm?), and dried under vacuum at 120140 °C for at least 4 h.
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Galvanostatic charging/discharging measurements were performed using a software-
controlled Arbin BT-2042 device, in a two-electrode arrangement within the voltage range
0.5-1.65 V. The electrode materials applied to the SS discs were mounted in the body of a cell
made from Plexiglas. The electrodes were separated with eight filter paper sheets (total thick-
ness ~1 mm) soaked in saturated agueous solution of LiNO; as the electrolyte. The capacity
calculations were based on the weight of the active anode material, i.e., VO,(B).

For electrical conductivity measurements, VO,(B) powder was pressed into a pellet, 8
mm in diameter and 1.835 mm thick. Good electrical contact was realized by coating silver
paste onto both contact surfaces of the pellet. The conductivity was measured by means of an
Wayne Kerr B224 AC bridge at a fixed frequency of 1 kHz. The self-made two electrode
conductometric cell for solid conductors was placed inside a small cylindrical oven, heated up
to 120 °C, and the measurements were performed in the cooling regime.

Electrochemical impedance spectroscopy (EIS) measurements were performed in a three
electrode cell (VO,(B) deposited on Pt foil — working electrode, Pt foil — counter electrode,
SCE - reference electrode) filled with a saturated agueous solution of LiNO; using a Gamry
PCI14/300 Potentiostat/Galvanostat. An AC amplitude of 5 mV was applied in the frequency
range 100 kHz-0.1 Hz. The programme EIS Spectrum Analyzer, version 1.0, was used for
fitting data to the equivalent circuit model.

RESULTS AND DISCUSSION

SEM images of VOy(B) synthesized solvothermally are shown in Fig. 1. The
product consisted of different nano-units, such as single nanoparticles, rods and
flat particles, mutually welded in different irregularly shaped micrometre-sized
structures, Fig. 1A. The shape of micro—nano structures mainly resembled those
previously described in more detail .33 Additionally, some amount of large spheri-
cal micrometre-sized particles, the surfaces of which were covered with mostly
spherical particles of size mainly below 300 nm, was also observed, Fig. 1B.

Fig. 1. SEM micrograph of VO,(B): A) irregularly shaped particles composed from welded
nano-units; B) large spherical VO,(B) particles covered with spherical nano particles.

The voltage range, 0.5-1.65 V, for the galvanostatic charge/discharge expe-
riments was determined based on the electrochemical performance of both
VOo(B) and LiCrg15Mnyg504 in saturated aqueous solution of LiNOs, per-
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ceived by cyclic voltammetry.33.34 Here, LiCrg 15Mnq 8504 Was used as cathodic
material instead of most commonly used LiMn2QOg4, because the substitution of
some manganese with Cr3* gives a faster cathode in saturated agueous solution
of LiNO3.34 A two-fold stoichiometric excess of the cathode material
LiCrg15Mn1 8504 was used in order to avoid the cathode limiting the cell per-
formance.

Although there was no voltage plateau during discharging (Figs. S-1 snd S-2
of the Supplementary material to this paper), the discharge capacity of the
VOy(B) anode was very high and exceptionally stable, Fig. 2. In the first 50
cycles, the VO,(B) anode was tested with a constant current of 50 mA g1, Fig.
2A, and then every next ten cycles the current was increased to 100, 150, 200,
500 and 1000 mA g1, Fig. 2B. The initial discharge capacity was 177 mAh g1
at current rate 50 mA g-1. The discharge capacity then increased to 182 mAh g1,
and after the 5t cycle, started to decrease. After twenty cycles, the discharge
capacity became constant at 170 mAh g-1. The capacity fade after 50 cycles was
only 4 %. The obtained value of the capacity exceeded the theoretical capacity of
Lip5VO2(B) (161.6 mAh g1). This could mean that surface storage participates
in the overal charge storage. Figure 2B shows that VOy(B) had a quite high
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discharge capacity and retained very good cycling stability when the current rates
were significantly increased. Theinitial discharge capacities were 161, 149, 140, 117
and 92 mAh g1 at current rates 100, 150, 200, 500 and 1000 mA g1, respect-
ively. The capacity fade after ten cycles was below 4 % in al cases. These are
much better characteristics in comparison to other intercalation anode materials
hitherto tested in aqueous electrolytes with similar current rates.12-14,16,17,19
Recently, Tang et al. published that a hybrid of V205 and MWCNTSs coated with
polypyrrole as anode for ARLB had excellent cycling performance, but its
reversible capacity was only 60 mAh g1 at 200 mA g1.20

The Nyquist plot of the lithiated VO2(B) (LigsVO2) electrode showed one
depressed semicircle in the high-to-medium frequency region, which could be
assigned to charge-transfer resistance (R), and a near unity-slope line at lower
frequencies, which could be considered as Warburg impedance, Fig. 3A. The
data were successfully fitted in the frequency range 100 kHz-1 Hz to the
equivalent circuit model shown in the inset of Fig. 3A. The charge transfer
resistance amounted to only 1.8 Q, which is six times and an order of magnitude
smaller than for NiO-LiV30g and LiV30g €electrode, respectively, in the same

CPE

Fig. 3. EIS data of lithiated VOx(B) elec-
trode: A) Nyquist plot and the equivaent
circuit used to fit the impedance data (R, —
resistance of electrolyte, Ry — charge trans-
fer resistance, CPE — constant phase ele-
. . . . . ment, W — Warburg impedance) and B) the
0.1 02 0.3 04 7' vs. o™ plot used for determination of
w112 1 g™ D, ® represents data, line represents fit.
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aqueous €lectrolyte.19 The calculated value of Ry was also approximately two
orders of magnitude smaller than those obtained for similar anodes in some
organic electrolytes.35.36 The diffusion coefficient of the lithium ion was cal-
culated from the equation:37:19

R2T2
T OA2AAEAR2 2
2A“n“F Cli+OW

(D

where ayy isthe Warburg coefficient, and according to the equation:37
ZR, =Re+ Ryt +owo™ 2

which is valid in the low-frequency region. Equation (2) represents the slope of
the Zgr, vs. @™ plot, Fig. 3B. The concentration of Li* in LipsVO, was
obtained using unit cell parameters of this monoclinic compound: a = 12.03 A,
b=4.0A,c=6.42 A and $ =1 06.6°,38 bearing in mind that the unit cell contains
eight formula-units. The crystal structure of LigsVO2 isvery similar to the parent
VO2(B), which is monoclinic (space group C12/m1 — ICSD 73855), having the
unit cell 9.2 % elongated in the b-axis direction.38 By taking R = 8.314 J-mol—1
K-1, T=298K, A=2cm? n=0.5 F =96485 C mol-1, ¢ j+ = 0.0224 mol-cm—3
and oy = 16.9 Q s, the calculated value of the diffusion coefficient is equal to
DLi+ = 1x10712 cm2 s1. This value is amost the same as the diffusion coef-
ficient of Li* (1.69x10712 cm? s1) in LiV30g,19 determined by the same
method, but is much smaller than the diffusion coefficients of Li* in carbon-
coated VO5(B) nanobelts (2.6x10-10-8.6x10-10 cm? s1), obtained from cyclic
voltammetry experimentsin an organic electrolyte.36

High power devices demand fast transport of electrons, therefore the elec-
tronic conductivities of cathode and anode materials for LBs is of very great
importance. VO3(B) is a semiconductor, but there is not much data about its
electronic conductivity.3940 The temperature dependence of the specific con-
ductivity of the VOo(B) synthesised in this work is shown in Fig. 4. From this
amost idealy linear, logarithmic-type plot, the activation energy for electric
conductivity was determined to be 21.5 kJ-mol~! or 0.223 eV. The room
temperature electric conductivity is 4.7x10-3 S cmr2, which isin good agreement
with the value (=1x10-2 S cm1) obtained by Corr. et al.40 for VOo(B) nanorods,
pressed into a pellet, by four-probe resistivity measurements. This value is
several orders of magnitude higher than those of some anode and cathode mater-
ials for lithium batteries, such as LisTisO1o (3.5x108 S cmr1)41 and LiFePO,
(109-10-10 sScmr1).42

It was shown recently that electrochemical cycling stability of some
cathode#344 and anode® materias for ARLBs, mostly layer-structured com-
pounds, abruptly decreases in the low-pH solutions due to the co-intercalation of
H* ions. Such behaviour was not observed in this study, despite the low pH
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(around 3.2) of the saturated (=9 M) agueous solution of LiNOs. The tunnel-
-structured VO»(B) and the spinel-structured LiCrg15Mnyg504 used as the
cathode are not, most probably, energetically favourable for the accommodation
of H* ions. This was already confirmed, at least to some extent, for spinel-type
compounds.#4
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~ 451
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£

50| E=215kJmol’

-5.51

. . . : — Fig. 4. Temperature dependence of the
24 26 28 30 32 34 opecific conductivity of VO,(B). e
77110° K" represents data, line represents fit.

Nanostructures of VO»(B), such as nanobelts, nanorods and nanosheets, can
offer ahigh initial capacity due to their large surface area and the short diffusion
length of Li-ion. Unfortunately these nanostructures mostly suffer from signi-
ficant capacity fade. Such a loss of capacity, on the one hand, is due to pulver-
ization of the electroactive material during cycling, resulting in the loss of some
amount of active mass. On the other hand, nano-sized materials have a large
surface area and high surface energy that favour the formation of agglomerates
and leads to the loss of the insertion capacity of Li*.3546 |t was already docum-
ented that 3D VOy(B) structures such as micro/nano-flowers!3 and hollow micro-
spheres32 show improved electrochemical characteristics because they have col-
lective properties from the self-assembling of nano-units into micrometre-sized
structures. The VOo(B) obtained in this study enabled the excellent performance
of the ARLB, most likely due to both the micro—nano morphology and the use of
a water-based electrolyte. Although the nano-units were mutually welded inirre-
gularly shaped microstructures, they were robust enough on exposure to the
agueous electrolyte to give a stable intercalation capacity of lithium ions. These
micro—nano structures also had very good electronic conductivity, but the rate of
diffusion of Li* inside these structures, although one of the most important pro-
perties, seems not to have been a prevailing factor for the excellent electro-
chemical performance. The EIS data indicated that not only the high conductivity
of aqueous electrolyte, but also the very low charge transfer resistance and the
absence of resistive surface film seems to be responsible for the very fast inser-
tion/extraction of lithiumions.
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All the presented electrochemical experiments were performed in aerated
aqueous solution, without testing the oxygen content. The elimination of dis-
solved oxygen may significantly improve the performance of some ARLBs4/
However, in the presence of oxygen, carbon coating of the cathode may except-
ionaly improve the rate capability and cycle life, as was recently demonstrated
for a VO,(B)/LiNO3(sat)/LiFe;_VxPO4—C agueous battery.48 The precise inf-
luence of dissolved oxygen on VO»(B) anodes in saturated aqueous solutions of
LiNOg3 remains to be examined in the near future.

CONCLUSIONS

The VOy(B) was synthesised by a simple, low-cost and environmentally
friendly solvothermal method. It displayed exceptional characteristics during gal-
vanostatic cycling: theinitial discharge capacity was 177, 161, 149, 140, 117 and
92 mAh g1 at current rates 50, 100, 150, 200, 500 and 1000 mA g1, respect-
ively, with a very small capacity fade. The obtained material showed very high
electronic conductivity and moderately fast diffusion of lithium ions. The robust
micro—nano structures of VO,(B) in contact with the highly conductive agueous
electrolyte formed an electrode/electrolyte interface with fast charge transfer
kinetics, which enabled the excellent rate performance of the anode. Further
improvement of hydrothermal/solvotherma synthetic methods in obtaining
strong micro—nano structures, in the first place more uniform in shape, may offer
superior electrode materials for aqueous rechargeabl e lithium batteries.

SUPPLEMENTARY MATERIAL

Charge/discharge curves of a VO,(B) anode are available eectronicaly from http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.
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H3BOJ
BHUCOKE INEP®OPMAHCE COJIBOTEPMAJTHO CUHTETHCAHOTI VO2(B) KAO AHOOHOT
MATEPUJAJIA 3A CEKYHIAPHE IMTUJYMCKE BATEPUJE CA BOOEHUM
EJIEKTPOJINTOM

CAFbA MHJIOIIEBHR', HBAHA CTOJKOBHR’, MUOJIPAT MUTPUE’® 1 HUKOJIA LIBJETHRAHWH®
1I/Incmumym Bunua, Jlabopaitiopuja 3a maitiepujane, Ynusepautiewi y beoipagy, ui. tip. 522, 11001 Beoipag,
Zcbmcyﬂmew 3a pusuuxy xemujy, Ynusepsutieini y Beoipagy, 11158 Beoipag 118 u 3Hch7uWyw Bunua,
Jlaﬁopamopuja 3a meﬂpujcxy d)u3uKy u d)u3m<y KOHJEH308aHE MalTAepuje, YHMGCPSMWCW y Beoipagy,

u. up. 522, 11001 Beoipag

VO,(B) je cuHTeTHCaH jeJHOCTaBHUM COJIBOTepMaaHuUM mnoctynkom Ha 160 °C y era-
Hommy. TecTHpaH je ka0 aHOOHHM MaTepHjal 3a CEKYHAapHe JTUTHjyMCKe daTepuje y 3acuheHoM
pacTBOpy JHUTHjyM-HUTpaTa METOAOM TajBAaHOCTAaTCKOI MyHmema W Npaxmewa. [lpu
crnenudHIHUM jaurHama ctpyje on 50 1o 1000 mA g VO,(B) je mokasao BHCOK MOYETHH
KamaluTeT pU Mpaxmwewy on 177 no 92 mAh g!, y3 Beoma manu nan kananurera. Bucoke
nepdopMaHce OBOT MaTepHjaia MOTHYY Of CTabUITHOCTH PODYCHUX MHUKPO—HAHO CTPYKTypa
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mpeMa BelIMKOM Opojy HHTepKalaudja/merHTepKasalija joHa JUTHjyMa Kao U on modpe
€JIEKTPOHCKe IIPOBO/BHBOCTH M MAJIOT OTIIOPA ITPEHOCY HaeJeKTpHUCama.
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