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Abstract

In this paper, we investigate the inter-relationship between the conditions of the electrochemical synthesis of vanadium oxide
compounds, their structural and morphological characteristics, kinetic parameters of the redox processes, and charge—discharge
performance of lithium batteries with vanadium oxide cathodes. The materials studied were V,05_, oxides and those with inserted
sodium ions (Na—vanadium oxide compounds, Na—VOC) obtained electrochemically in the form of compact deposits on a metal
substrate. The electrochemica synthesis of the oxides has been performed from agueous vanady! sulphate solutions. Optimal synthesis
conditions (current density, pH, temperature, vanadyl sulphate and sodium sulphate concentrations), and subsequent optimal thermal
treatment of the oxides, which provide high electrochemical activity of the cathode material and good adhesion of the oxide to the metal
substrate, have been elucidated. A correlation between the structure of the vanadium oxides and Na—VOC, their morphology, impedance
characteristics of the cathode, and lithium-ion solid state diffusion in the host cathode bulk has been established and discussed. A
combination of analytical techniques (XRD, IR spectroscopy, TGA, BET, SEM) and electrochemical methods (cyclic voltammetry,
chronopotentiometry, GITT, EIS) has been used in this study. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Cathodes based on vanadium oxides are very promising
candidates for rechargeable lithium batteries due to their
high specific charge capacity [1]. Indeed, since 1970, a
large amount of publications on Li, VO, materials and
their application in lithium batteries has appeared in the
literature. The reversible lithium intercalation in vanadium
pentoxide was first studied by Whittingham [2]. Much
attention has been paid in recent years to the preparation of
cathodes based on V,0,, and M,V,O; bronzes (where
M = Na*, K*, Mn?"), KV,O,5, their structure and elec-
trochemical performance in lithium power sources and in
electrochromic devices. When examining recent literature,
we see that V, 0 is till considered to be one of the most
promising cathodes for lithium batteries [3].

One of the main problems in the use of V,0; and
MV, O, cathodes for rechargesble lithium batteries is their
capacity fading during prolonged charge—discharge cy-
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cling. This can probably be attributed to irreversible
changes in the oxide structure occurring upon cycling. It
appears that the stability and the capacity of these cathodes
are considerably dependent upon the conditions of the
vanadium oxide and bronzes synthesis. Special attention
was focused on chemical [4—9] methods of preparation of
these materials, physical methods of obtaining thin layers
[10,11], and the electrochemical methods of synthesis of
V,0Og and MV, 0, from aqueous solutions [12—22], apro-
tic electrolytes [23] and molten salts [24]. By using electro-
chemical methods, one can easily vary synthesis condi-
tions, and obtain compact and thin oxide deposits without
any electroconductive additive or binder [14,21,22,25,26].
This fact is of special importance from the point of view
of: (i) studying the mechanisms of the electrochemical
processes, which are uncomplicated by macrokinetics that
appear in composite electrodes with conducting additive
and a binder, (ii) increasing specific discharge character-
istics of cathodes in real batteries.

Modification of the V,Oy structure by the introduction
of different metal ions was suggested by a number of
research groups who studied the correlation between the
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synthesis and the electrochemical properties of these mate-
rials. In Ref. [27], the authors drew attention to the fact
that heterogeneous oxide vanadium compounds (oxide-
vanadium bronzes) with inserted metal ions, possess some
advantages (compared with ‘ pure’ V,0;) as cathode mate-
rials for lithium secondary batteries. Examples of such
advantages are: (i) lesser solubility of M ,V,O in aprotic
electrolyte solutions during cycling [20]; (ii) higher dis-
charge capacities of vanadium oxide-iron and aluminum
bronzes [28]; (iii) better adhesion of NaV,O; to metal
substrates [29].

The electrochemical method of synthesis of V,0; and
oxide vanadium bronze is complicated by the fact that
vanadium exists in different oxidation states (V2*, V3T,
V4, V) in aqueous solutions [30]. Redox potentials of
different ion-pairs of vanadium and their transformations
are dependent on the pH value which, in turn, changes
considerably during electrolysis. For instance, in Refs.
[12,13], vanadium oxide was obtained on the cathode
during electrolysis of metavanadate electrolyte solutions
with K* or Na® ions as additives. However, the elec-
trolytes were unstable, and the quality of deposits was
poor. Andrukaitis et al. [17—22] also synthesized vanadium
oxides from metavanadate electrolyte solutions comprising
K*, Cs*, Rb*, Li* or Na* ions. The subsequent thermal
treatment of the depositsled to aM VO3, ; cathode. The
best results in galvanostatic cycling were obtained with a
KWV0O13.5 cathode. Vanadium oxide compounds with
inserted Na*™ or Li™ ions could not be prepared by electro-
chemical deposition.

In our previous communication [29], the possibility of
the electrochemical anodic synthesis of Na, 45V,05 bronze
from an aqueous solution of vanadyl sulphate was de-
scribed. The adhesion of the deposit to the metal substrate
was good, and cathodes prepared on the basis of this
material showed reversible behaviour (lithium insertion—
deinsertion processes) in aprotic lithium sat solutions.
There are reports on the electrochemical behaviour of
vanadium bronze of the K,V, 0, type synthesized by dif-
ferent methods, in lithium battery systems[21,22,31]. There
are also reports on the behaviour of M V,0O, (M = Ni, Mn,
Co, Cu) [32]. The formation features and €lectrochemical
properties of M V,0, (M = Na*, K*, Cs*, Ca") bronzes
in melts of dimethylsulfone have been studied in Ref. [23].
Of specidl interest is the work of Bach et al. [33], devoted
to the thermodynamic and kinetic investigation of lithium
intercalation into V,0¢ and Na, ,,V,0: (the bronze was
obtained by a sol—gel process). It was shown [33] that this
bronze had some advantages over that obtained by a
solid-state chemical reaction at 700°C. In addition, these
authors described the influence of the lithium ion intercala-
tion level on the lithium chemical diffusion coefficient,
taking into account the distribution of vacancies in the
bronze structure.

Comparison and analysis of the literature data clearly
demonstrates that the method of synthesis of vanadium

bronzes has a strong influence both on their structure and
on their electrochemical properties. In the present paper,
we report on some properties of sodium—vanadium bronzes
synthesized from an agueous solution comprising vanadyl
sulphate and sodium sulphate during the anodic oxidation
of vanadium (V4" — V5%),

2. Experimental

We have shown in previous communications [26,29]
that vanadium oxides can be deposited electrochemically
(galvanostatically) onto stainless steel substrates using a
vanadyl sulphate solution. After optimization of the solu-
tion’s composition and the parameters of the electrochemi-
cal synthesis, we could reach high stability of the elec-
trolyte, as well as of the electrochemical synthesis process.

In the present work, we synthesized vanadium oxides
with inserted sodium ions by using an electrolyte solution
comprising vanadyl sulphate and sodium sulphate (1.25—
25.0 g I of Na). It should be stressed that the elec-
trolyte stability is extremely important in this case. In
addition, the electrolyte is very sensitive to changes of the
electrolysis conditions because of the V4" — V3" reduc-
tion process. Important factors are the amount of the
background (non-reacting) electrolyte in the solution, the
pH and the duration of the electrolysis. We have shown
that the optimal conditions for obtaining vanadium oxides
with inserted sodium ions are as follows: vanadyl sulphate
concentration in the 0.1-0.35 M 11 range, current density
of 7.5-12.5 mA cm~2, pH of 1.5-1.8 and temperature of
80-85°C. Compact Na—V O, deposits could be obtained on
stainless sted plates (SSP) or grids. Dispersed powders
could also be deposited onto a SSP. The electrochemically
synthesized vanadium oxides were thermally treated at
100-500°C for about 2—7 h, or stored at room temperature
for about 50 h. In the latter case, the oxide samples were
additionally dried in vacuum at room temperature.

A combination of analytical techniques (XRD, |IR-spec-
troscopy, TGA, BET, SEM) and electrochemical methods
(cyclic voltammetry, chronopotentiometry, GITT, EIS)
were used in the present work. The application of these
techniques, the electrochemical cells used, and the meth-
ods of cathode preparation procedures are described else-
where [26].

3. Results and discussion
3.1. Sructural and morphological investigation

Vanadium oxides prepared electrochemically from
agueous solutions comprising Na* ions are characterized
by better adhesion to the steel substrate than ‘ pure’ V,Oq
deposits obtained at the same electrolysis conditions from
vanadyl sulphate solutions without Na, SO, [29]. Powders
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of Na-VO, are more compact than those of V,0O;. The comprised of small particles with an average diameter of
powder of the Na—VO, consists of agglomerates (Fig. 1a) about 10 pm (Fig. 1b). The specific surface area of the

Fig. 1. SEM micrographs of the electrochemically synthesized Na-VO, (ab,c,d,f) and ‘ pure’ V, 05 (€) a,b,c,d—samples stored after synthesis for about
48 h at room temperature; (d) a fracture of the Na—VO, particle; (e) the material was heated to 300°C for about 7.5 h; (f) the material was heated to 300°C,
25h.
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Na—VO, powder dried at room temperature for about 48 h
was 1.44 m? g~ ! (as obtained by the BET method). The
thermal treatment at t > 300°C leads to microstress and
cracking in the V,0O; (Fig. 1e), as well as in the Na-VO,
particles (f). Fig. 1d represents a fracture of an oxide
particle, and clearly shows that it is continuous and non-
porous.

According to the data obtained from TGA analysis of
the Na-VO, samples, the maximal loss of mass upon
heating occurs at temperatures up to 190°C due to libera-
tion of water (about 1.09 mol per 1 mol of V,0O;). Addi-
tional losses of strongly bound water may occur upon
heating up to 420°C (up to 0.37 mol per 1 mol of V,0;).
For vanadium oxide (V,0;), the amounts of ‘free’ and
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bounded water were 0.84 and 0.16 mol per 1 mol of the
oxide, respectively (as found by TGA anaysis).

The XRD pattern of the Na—V O, sample stored at room
temperature for about 52 h (Fig. 2, curve 1) exhibits sharp
peaks, which are characteristic of highly dispersed crys-
talline materials. When comparing the XRD data obtained
from V,0O; (Fig. 2, curve 2) and Na-VO,, one can con-
clude that the introduction of sodium into the V,0Os, thus
forming the bronze, strongly influences the vanadium ox-
ide structure: additional peaks emerge a 6= 12.4° (d =
359 A), =144 (d=3.1A), 6=24.9 (d=2.998 A),
and there is also a shift of the first line of the XRD pattern.
The literature data regarding V,O; [4,34] and our studies
of the electrochemically synthesized vanadium oxides
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Fig. 2. XRD patterns of the electrochemically synthesized Na-VO, (curves 1 and 3) and ‘pure’ V,Og (curve 2): 1—the concentration of Na* in the
synthesis electrolyte was 20 g | ~2; the sample was stored after synthesis for about 52 h at room temperature; 2—the sample was stored for about 52 h at
room temperature; 3—concentration of Na* in the synthesis electrolyte solution was 20 g | ~*; the sample was heated after synthesis to 300°C for 7.5 h.

The Miller indices are indicated.
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[26,35] show that this XRD peak strongly depends on the
water content in the oxide structure. As one can see from
the results presented in this paper, the interplanar distance
corresponding to this line decreases from d = 13.60 A in
the ‘ pure’ vanadium pentoxideto d = 10.78 A in Na-VO, .
In the latter compound, however, the water content is
higher than in the ‘ pure’ V,O;. Thus, we can conclude that
the decreasing of the interplanar distance is connected to
the oxide structural changes due to the sodium insertion,
rather than to the reduction of the H,O content. We
assume that the formation of the Na—VO, by the electro-
chemical process occurs via Na insertion into the V,Og,
which is formed on the anode side. However, the mecha-
nism of the Na insertion into the oxide crystalline structure
requires special study and is beyond the scope of the
present work. It will be presented in the next publication.

The subsequent thermal treatment of Na—VO, samples
in the range of 300—-500°C leads to further changesin their
structure (Fig. 2, curve 3), which correspond to the stoi-
chiometry of Na, ;3V,05 and a monoclinic lattice of SG
C2/m, comprising 6 formal units per one Brave cell. The
structure of the bronze obtained in our work corresponds
to that of Na, ;,V,0, described in the literature [36]. The
following are the parameters of the lattice: a = 10.078 A,
b=23612 A, c=15.435 A, B=109.6°. The formation of
the Na, 45 V,05 B-bronze occurs already at 300°C. Increas-
ing the temperature up to 500°C stabilizes its structure, as
evidenced by the contraction of the X-ray reflection band
and the increase in the lines' intensity due to the heat
treatment. Regarding |R-spectroscopic measurements of
these compounds, peaks at 1000 cm™?1, 760 cm ™! and 540
cm™* characterize IR spectra obtained from both V,O, and
Na-VO,, heated to temperatures no higher than 300°C.
Further thermal treatment up to 550°C leads to consider-
able changes in the Na—V O, structure. The IR-spectrum of
Na—VO,, heated up to 550°C is very similar to that of the
B-bronze Na, 5,V,0; [37]. The IR bands in the 1000-400
cm~! range which correspond to the V—O bonds are
strong, and change only dlightly during the phase transi-
tions which occur upon lithium-ion intercalation into the
cathode. In contrast, the IR band in the 500-200 cm™*!
range undergoes more pronounced changes upon the
lithium-intercalation process. Our work in this area is
currently in progress.

3.2. Electrochemical studies

Lithium intercalation and deintercalation processes were
studied with thermally treated and untreated Na—V O, cath-
odes. Fig. 3a shows the typical voltammetric behaviour of
Na—V O, cathodes stored at room temperature for about 48
h before measuring; a pair of cathodic and anodic peaks is
observed in the cyclic voltammogram. As is seen from Fig.
3b, the lithium intercalation and deintercalation processes
of the thermally treated sample differ considerably from
those of the untreated electrodes. The voltammograms of
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Fig. 3. (8 Cydlic voltammograms obtained at a scan rate of 0.5 mV s~*

in 1 M LiClO, /propylene carbonate (PC):dimethoxyethane (DME) (1:1),
with Na-VO, cathode, stored after electrochemical synthesis at room
temperature for about 24 h and then in vacuum 6 h. Deposition electrolyte
was VOSO,—0.25 M 171, Na*—20 g 171, Successive cycles are
shown. (b) Same as (a). Cathode of Na—VO,, heated after electrochemi-
cal synthesis to 300°C for 7 h. Cycle numbers are indicated. (c) Same as
(@ and (b). The scan rates were 0.050 and 0.025 mV s~ . The electrolyte
solution was 1 M LiAsF; /ethylene carbonate (EC):dimethyl carbonate
(DMCO) (1:3), The cathode (Na—VO,) was synthesized from an agueous
VOSO, /Na,SO, solution. The Na*-ion concentration was 20 g 1~ 2.
The cathode material was treated at 300°C for 2.5 h after synthesis.

the heat treated Na—V O, are characterized by three sets of
relatively sharp anodic and cathodic peaks. We assume
that this voltammetric behaviour indicates that the lithium
insertion processes into Na—V O, are accompanied by phase
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transitions, as in the case of ‘pure’ V,O;. It should be
pointed out, however, that there are some differences in
the influence of the thermal treatment on the electrochemi-
cal behaviour of ‘pure’ V,05 and Na—VO,. As has been
already demonstrated in Ref. [26], thermal treatment of
V,0; led to a shift in the cathodic and anodic pesks to
higher potentials. When comparing the data of Fig. 3a and
b, one can conclude that thermal treatment of the Na—V O,
leads to the emergence of anodic peaks in the more
negative potential region. The first reduction peak in the
cyclic voltammogram obtained with the cathode, based on
the thermally treated Na—V O, , appearsat 3.25 V (Li /Li ™),
which is 0.3 V lower than the peak of the thermally treated
V,0Os (Fig. 3b). The peaks corresponding to the two subse-
guent reduction processes of the above cathode materials
are located in approximately the same potential regions.
Therefore, we assume that the biggest differences in the
character of the phase transitions occur during lithium-ion
intercalation /deintercalation, compared with cathodes
based on * pure’ V,0; and Na, 5,V,0; bronze, where they
are in the first reduction stage.

The galvanostatic discharge curves measured with cath-
odes, based on Na—V O, formed at room temperature with
no further heat treatment, are smooth. Hest treatment of
the Na—VO, changes their discharge characteristics con-
siderably. Plateaus located at potentials of 3.30 V, 2.90 V
and 2.55 V appear, and can be attributed to phase transi-
tions during lithium intercalation. Galvanostatic tests per-
formed with Li/Na,3V,0; coin cells usng 1 M
LiClO,/propylene carbonate-dimethoxyethane, 1:1 solu-
tions have shown good cyclability of the electrochemically
synthesized bronze Nag4;V,05. The discharge capacity
during the first 10 cycles was about 170 mA h g™ * at
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Fig. 4. A family of Nyquist plots measured with the Na-VO, cathode

related to Fig. 3c. The geometric area of the cathode was 1.3 cm?. The
potentials of the intercalation (V vs. Li/Li*) are shown on the curves.
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Fig. 5. Potential dependence of the R; and R, resistances corresponding
to the 1st and 2nd semicircles in the Nyquist plots of Fig. 4 derived from
these impedance spectra.

discharge and charge current values of 200 wA cm™?2 and
100 wA cm™2, respectively.

Fig. 3c shows cyclic voltammograms obtained at slow
scan rates (50 and 25 wV s~ 1) with a cathode comprised of
the heat treated (300°C, 2.5 h) Na-VO, in an EC.DMC
(1:3)/1 M LiAsF, solution. Basicaly, the cyclic voltam-
mograms of Fig. 3c are qualitatively similar to those of
Fig. 3b in terms of the cathodic and anodic peak potential
positions, athough potentiodynamic responses have been
obtained with different non-aqueous electrolyte solutions.
A shoulder appearing between two anodic peaks at 2.68 V
and 3.04 V in Fig. 3b corresponds probably to the 2.85 V
peak in the voltammograms obtained at slow scan rates
(Fig. 3c). A detailed study concerning the influence of the
synthesis conditions, as well as the subsequent heat treat-
ment of the cathode material and the nature of the non-
aqueous electrolyte solutions and salts used, also on the
electrochemical, morphological and structural character-
istics of the Na-bronze cathodes during lithium intercala
tion/deintercalation is in progress, and will be reported on
in the near future [35].

Typical complex plane impedance spectra of the Na—
VO, dectrode (Fig. 4) consist of two depressed semicir-
cles: one relates to the high frequency range (100 kHz—250
Hz), and the second to the medium—low frequency range
(250 Hz-0.2 Hz). The R; resistance related to the first
semicircle changes only dightly with the potential of the
intercalation (Fig. 5), and we assume that this semicircle in
the Nyquist plots can be attributed to some kind of a
surface layer, as proposed by Thomas et a. [38]. The
existence of a surface layer adds to the electrode's
impedance resistance, which relates to Li™ ion migration
through the film. In the case of the Na-VO,, a surface
layer can be formed on the cathode due to its interactions
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Fig. 6. (a) The dependence of the chemical diffusion coefficient (obtained
by GITT [39]) of lithium ions on the potential during intercalation
(LiClO, /PC:DME) of lithium into the cathode containing 1.1 mg cm™2
of Na-VO, after storage at room temperature for about 24 h, and then in
vacuum for 6 h. The concentration of the sodium ions in solution during
synthesis was 20 g I 1. (b) Same as (a). The Na-VO, cathode, contain-
ing 1.8 mg cm~2, was heated to 300°C for 5.5 h, after the electrochemi-
cal synthesis.

with solution species (e.g., oxidation of solvent molecules
by V5* ions, which are strong oxidizers). Regarding the
R, resistance that is strongly potential dependent, this can
be attributed to the interfacial charge transfer. The inclined
line in the low frequency range is associated with Warburg
impedance of lithium ion solid-state diffusion in the cath-
ode bulk. The chemical diffusion coefficient of Li* ions
calculated from the Warburg region varies in the range of
3.0x107'2 to 65x 10 cm? st during the entire
intercalation reaction (3.09 V — 2.40 V vs. Li/Li™).

Fig. 6a shows the dependence of the Li* chemical
diffusion coefficient (obtained by GITT [39]) on the poten-
tial of the intercalation process with Na—VO,, which was
not treated thermally after its electrochemical synthesis.
The values of D change only slightly with potential in the
range of 3.50 V-2.80 V, and they decrease considerably in
the lower voltage region when the cathode is amost fully
intercalated (Fig. 6a). It is interesting to note that thermal
treatment (300°C, 5.5 h) of this cathode material led to a

non-monotonous relationship of —log D vs. E (Fig. 6b).
The locations of the minima of the above —log D vs. E
curve correlate well with the peak potential positions of
the corresponding voltammogram (Fig. 3b). A similar cor-
relation was also discovered and discussed by Barker et al.
[40] for LiMn,O, spinel cathodes, as well as in our recent
studies of electrochemically synthesized V,0O4 cathode [26]
and other transition metals oxides such as LiMnO,,
LiNiO,, and LiCoO, in lithium battery systems [41,42].
We suggest that the non-monotonous behaviour with the
potential of the chemical diffusion coefficient of Li*™ ions
can be explained in terms of attractive short-range interac-
tions among the intercalation sites, and phase transitions in
the host cathode material during lithium intercalation /de-
intercalation.

4. Conclusions

(1) Electrochemical synthesis of sodium—vanadium ox-
ide bronzes. Na, 55 V,0Og from agueous solutions compris-
ing vanadyl sulphate and sodium sulphate has been suc-
cessfully carried out. By this method, Na—V O, compounds
with reproducible structural and electrochemical character-
istics could be obtained. These compounds insert lithium
reversibly and show high cyclability.

(2) The inter-relationship between the conditions of the
electrochemical synthesis and subsequent thermal treat-
ment of the cathode materials (‘ pure’ V,0; and Na—VO,),
their structure, morphology and their electrochemical be-
haviour in lithium battery systems have been studied.
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