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The thermodynamics of Lix V205 bronzes have been studied by electrochemical titration in galvanic cells 
reversible with respect to lithium. The relative partial molar quantities J(3Li(X), A/~L~(X), and ASLi(X) of 
litium in fl-LixV2Os bronze have been determined. Some ordering process is proved to take place in the 
Li0.33V205 bronze. A lithium disordering model is proposed based on available crystallochemical data 
and presently obtained thermodynamic data. The suggested model is suitable for description of experi- 
mental lithium activity values in the wide range of/3-LixV205 homogeneity. The evaluated disordering 
constant K~ amounted to log K~ = -5.14 + 0.18. The model calculation of entropy is consistent with the 
experimental data. 

Introduction 

Lithium-vanadium bronze/3-LixV205 is a 
nonstoichiometric compound with a wide 
homogeneity range: 0 . 2 2 < x  <0 .49 ,  cor- 
responding to variable lithium content (I).  
Featuring both electronic and lithium ionic 
conductivity allows this bronze to be used as 
a solid solution cathode in high-energy 
secondary batteries (2). The lithium ion 
mobility in the /3-LixV205 bronze makes it 
possible to use this compound as a selective 
lithium electrode in chemical analyses even 
at ambient temperatures (3). 

The surprising properties of /3-Lixg205 
bronze have attracted great attention from 
investigators (4, 5). The possibility of using 
this bronze as a cathode in current sources 
stimulated recent thermodynamic and 
thermochemical studies of lithium- 
vanadium bronzes. Several investigations are 
carried out in this direction including 
calorimetric solution heat measurements at 
ambient temperatures (6, 7), and 
coulometric titration of /3-LixV205 in 
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lithium-reversible galvanic cells at elevated 
temperatures (8). 

In the present work we have attempted to 
study the thermodynamics of /3-LixV205 
bronze at ambient temperatures in detail. 
This study was carried out by the emf method 
using coulometric titration in galvanic cells 
reversible with respect to lithium. We 
expected that this investigation would give 
some information about lithium ordering in 
fl-LixV2Os. The structure of this bronze 
provides the possibility of some ordering but 
the high-temperature thermodynamic data 
(8) give evidence of the absence of any 
ordering at elevated temperatures. 

Experimental 

I. Sample Preparation 

To synthesize the Lio.26V205 bronze, a 
mixture of appropriate amounts of V205 and 
Li2CO3 was ground carefully under an 
acetone layer. The dried powder was pressed 
into pellets (6 mm in diameter, 1 to 2 mm 
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thick) at 500kG/cm 2. The pellets were 
sintered at 560 to 570~ for 10 hr under a 
nitrogen flow: 

0.13 L i 2 C O 3 + V 2 0 5  --~ Lio.26V205 

+0.13 COdg)+0.065 O2(g). (1) 

The phase composition of the samples was 
examined by X-ray powder diffraction with a 
URS-50 IM diffractometer, using FeKa 
radiation. 

Porosity of the samples amounted to 30%. 

2. Apparatus and Procedure 

The thermodynamic study was carried out 
by emf measurements in Li-reversible 
galvanic cells: 

mobility in LixV205 (11) provided 
sufficiently fast uniform Li + ion distribution 
throughout the working electrodes. Coulo- 
metric titration was performed by discrete 
steps in both directions, emf value being 
determined at every step at temperatures of 
25 and 50~ To reach equilibrium cell (B) 
after coulometric tritration required 15-20 hr 
at constant temperature. On the contrary, 
upon altering the temperature, emf equili- 
brium appeared to follow temperature 
equilibrium very rapidly (2 to 5 rain). 

In principle, the present study could be 
performed using cell (A) only. However, our 
preliminary experiments showed that equili- 
brium emfs of cell (A) remained constant for 
50-60 hr only. Reaction is likely to take 

Pt, Li~s)lLi+lLio.26V2Os/s), Pt 

reference electrode lLi+ I working electrode Li + working electrode 

Pt, Lio.z6VzOs(s) ] ] LixV2Os~s) LixV2Os(s~, Pt 

- - 0  emf Q Pt ~ titration circuit Q - -  

(A) 

(B) 

The 0.5 M solution of LiC104 in dimethyl 
sulfoxide (CH3)2SO(DMSO) was used as a 
liquid electrolyte. According to the pub- 
lished data (9), the solutions of LiC104 in 
DMSO exhibit sufficiently high ionic 
conductivity. Being submerged in LiC104- 
DMSO solution, pure metallic lithium is 
rather stable due to formation of a protecting 
film layer (I0). 

Cell (A) was used for determination of the 
thermodynamic properties of the /3- 
Lio.26VzO5 bronze which was employed 
further as the reference electrode in cell (B). 
The working electrode composition of cell 
(B) was changed by coulometric titration. 
The definite amount of charge, being passed 
through the titration circuit, varied the 
composition of both working electrodes due 
to electrochemical transfer of lithium ions 
across the electrolyte. High lithium ion 

place between lithium and DMSO resulting 
in progressive growth of the product layer, 
leading to deviation of the emf from the 
equilibrium value. But the investigation of 
the whole /3-LixVzO5 homogeneity range 
requires 3-4 weeks. The solution of LiC104 
in DMSO being stable concerning /3- 
LixV205 bronze over a long period of time, 
cell (B) was created for coulometric titration. 

The cell emfs were measured by compen- 
sation using a R37-1 potentiometer with a 
F l16 /2  DC amplifier as a null indicator. 
Sensibility of emf measurements amounted 
to 0.005 mV. Criterion of equilibrium was 
emf constancy within • mV for 2 hr at a 
constant temperature, and emf reproduci- 
bility both at stepped titration in the two 
directions and at repeated heating and cool- 
ing of the cell. The titration current was 
maintained constant (200+1)~A by a P- 
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5827M potentiostat. The temperature of the 
cells was kept constant (•176 by a TS-15 
thermostat.  The samples (50-100 rag) were 
weighed if necessary on a VLR-200 analy- 
tical balance to an accuracy of • mg. 

T A B L E  1 

EMFs OF CELLS (A) AND (B) AT 25 AND 50~ 

emf (mV) 

x t = 2 5 ~  t = 5 0 ~  x t = 2 5 ~  t = 5 0 ~  

Results 

Equilibrium emf values of cells (A) and (B) 
at temperatures of 25 and 50~ are given in 
Table I. The emf values of an imaginary cell, 

Pt, Li~s)lLi+lLi~V2Os(s), Pt, (C) 

necessary for evaluating thermodynamic 
functions were calculated by summarizing 
emfs of cell (B) at different x with emf of cell 
(A) for corresponding temperatures. The 
calculated emfs of cell (C) (they are omitted) 
allowed us to evaluate the relative partial 
molar quantities A(~Ldx), --4,-qLi(X), and 
A/-ILi(x) in the range 0.02 ~< x ~< 0.64 accord- 
ing to the well-known formulas: 

a (~Li(x) = - F E ( x  ), (2) 

F(aElx)l a'JL,(x): ~ f - / ,  t3) 

A/4t_i(x) = a(~Li(x)+ TASLi(x), (4) 

where 

AGLi(X) is the relative partial molar free 
energy of lithium, 

ASLi(X) is the relative partial molar 
entropy of Li, 

A/-tLi(X) is the relative partial molar 
enthalpy of Li, 

E(x) is emf of cell (C), 

F = 96,495 C/mole  is Faraday's constant. 

The results are plotted in Fig. 1. 
Lithium activities in the/3-LixV2Os bronze 

are listed in Table II calculated as follows: 

aLi(X) = e x p (  AI~Li(X)~ 
R T  1' (5) 

where R = 8.3148 J/mole �9 K. 

- -  3630,2 3626.5 0.31 53.0 55.1 ~ 
0.02 182.3 195.8 0.32 - 7 8 . 9  -77 .5  
0.04 138.1 150.7 0.325 -120 .1  115.8 
0.05 126.3 138.0 0.33 - 1 6 5 . 0  -157 .8  
0.07 111.7 122.9 0.34 - 1 9 3 . 6  -182 .9  
0.08 106.1 117.0 0.35 -205 .1  194.3 
0.11 87.4 96.5 0.36 -215 .3  - 2 0 4 . 8  
0.16 58.6 66.1 0.38 -217 .5  - 2 1 1 . 6  
0.17 43.0 50.1 0.40 -219 .3  -213 .1  
0.19 33.0 38.4 0.41 - 2 1 6 . 8  -210 .7  
0.20 32.1 37.1 0.43 -218 .1  - 2 1 1 . 9  
0.21 24.4 29.0 0.45 - 2 2 3 . 0  - 2 2 1 . 6  
0.25 6.9 7.6 0.49 -257 .2  -256 .2  
0.27 - 8 . 0  8.5 0.55 - 3 0 5 . 8  305.5 
0.29 - 2 4 . 8  - 2 6 . 4  0,59 -343 .7  -344 .3  
0.30 32.(I -34 .1  0.64 -404 .1  - 4 0 6 . 4  

" EMF of cell CA). 

An entropy change corresponding to the 
reaction 

xLi~s)+V2Os(st --~ LixV2Os(sl (6) 

was calculated according to equation 

x 

z~S = I ASLi(X) dx. (7) 
0 

The results are plotted in Fig. 2. 

Discussion 

1. Phase Relations in the LixVeOs Bronze 
upon Coulometric Titration 

First of all, considering the obtained data 
makes it possible to characterize the pro- 
cesses occurring in the bronze upon coulo- 
metric titration. 

According to the V2Os-LiV205 (Fig. 3) 
phase diagram, two horizontal plateaus 
are expected on the curves of partial 
molar quantities A G L i ( X ) ,  A/QLi(X),  ASLi(X) ,  
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FIG.  1. Relative partial molar quantities of lithium in 
the/3-LixV205 bronze VS x at 25~ 

T A B L E  II 

LITHIUM ACTIVITY aLi AND L O G A R I T H M  OF DIS- 

O R D E R I N G  C O N S T A N T  log  K I FOR f l -L ixV2Os  

(0 .02  ~< x ~< 0 .36)  AT 2 5 ~  

x a Li - l o g  K• 

0 .02  3 .68  x 10 65 5 .44  

0 . 0 4  2 .05  X 10 -64 5 .20  

0 .05  3 .20  X 10 -64 5 .20  

0 .07  5 .73  X 10 -64 5 .40  

0 .08  7 .13  X 10 -64 5 .44  

0 .11  1 .47  X 10 -63 5 .49  

0 .16  4 .53  • 10 -63 5 .40  

0 .17  8 .31  X 10 63 5 .02  

0 .19  1 . 2 3 •  62 5 .02  

0 .20  1 .27 • 10 62 5 .13  

0 .21  1 . 7 1 X  10 62 5 .02  

0 .25  3 .38  • 10 -62 5 .11 

0 .26  4 .43  • 10 -62 5 .08  

0 .27  6 .05  x 10 -62 5 .02  

0 .29  1 .16 • 10 -61 4 . 9 6  

0 . 3 0  1 .54  X 10 -6[  5 .08  

0 .31  3 . 4 8 X  10 61 4 . 8 6  

0 .32  9 .55  X 10 61 4 . 9 9  

0 . 3 2 5  4 . 7 4  • 10 -60 - -  

0 .33  2 . 7 6 X  10 59 5 .11  

0 .34  8 .25  X 10 -59 5 .08  

0 .35  1 .29  X 10 -5s  4 . 9 6  

0 . 3 6  1 .93 x 10 -Ss 4 . 9 6  

corresponding to two-phase equilibrium 
mixtures a +/3 (0 .04<x <0.22) and /3 + y  
(0.49 < x < 0.88). But these plateaus were 

not indicated on experimental plots in the 
above-mentioned ranges. The X-ray phase 
analysis of electrochemically prepared 
Lio.o2V205 and Lio.64V205 bronzes detected 
the fl-phase only, without traces of the a- 
and y-phases. It is known also (12) that the 
electrochemical titration of a-LixV205 down 
to x = 1 at ambient temperatures does not 
lead to the appearance of fl- and y-phases. 
The listed data allow us to conclude that the 
phase trtansitions fl ~ a and /3 ~ y are 
kinetically hindered at ambient temperature. 
Consequently, the results of the present 
work cannot be compared directly with the 
phase diagram in Fig. 3, which reflects only 
high-temperature equilibrium of the V2Os- 
LiV205 system, 

At the same time, equilibrium connected 
with lithium exchange between the elec- 
trolyte and the bronze is reached compara- 
tively rapidly as is evidenced by reversibility 
of galvanic cells (A) and (B). Thus, the 

12 

T,0 
8 T 

_ 6 
i 

4 

2 

' o12 ' o14 ' d6  
X t, 

FIG.  2. The entropy change of the reaction (6) VS x:  

1, evaluated from the experimental data; 2, calculated 
according to E q .  (23).  
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FIG. 3. Phase diagram of the V2Os-LiV205 system ( 1 ). 

studied system is in partial equilibrium rela- 
tive to lithium whereas equilibrium associ- 
ated with a rearrangement of the vanadium- 
oxygen covalent framework is frozen. Partial 
equilibria are known to be studied by 
thermodynamic methods in the same way 
as complete equilibria. This allows us to 
consider the data obtained as quasi-equili- 
brium data, although the/j-LixV2Os bronze 
is probably metastable relative to c~- and 
T-phases at x <0 .22  and x >0 .49 ,  respec- 
tively. 

As fas as we know, LixV205 bronzes with 
/j-phase structure and lithium content (x) 
greater than 0.5 and less than 0.2 seem to 
have been prepared for the first time. 

As is known from published data (13), at 
low temperatures /J-LixV205 bronze is not 
completely homogeneous. Pure /J-phase 
exists at x < 0 . 3 7  only. At x >0.44,  a /J'- 
phase occurs, featuring the other distribution 
of Li + ions within the same V205 framework. 
Therefore,  a horizontal plateau on the 
experimental curve AGL~(x) in the range 
0.36 < x < 0.44 (Fig. la) is consistent with an 
equilibrium mixture of/3- and/3 '-phases. 

2. Ordering in the Structure of ~-LixV205 

There are certain anomalies on the 
experimental plots of AGL~(x) and ASLi(x) 
near x =0.33.  Indeed, ZIGL~(X) (Fig. la) 
exhibits a curve bend, and ASLi(x) (Fig. lb) 
gives a curve drop close to discontinuity of 
the function. This behavior of thermo- 
dynamic functions presents some evidence 
that ordering indeed takes place in the 
Li0.33V205 bronze. 

Using thermodynamic data presently 
obtained along with crystallochemical data 
(14) we attempted to evaluate the 
mechanism and extent of lithium ordering in 
the structure of /j-LixV2Os. A disordering 
model based on the statistic thermodynamics 
approach within quasi-chemical approxima- 
tion was constructed. 

The /J-LixVzO5 bronze crystallizes in the 
monoclinic system with space group AE/m 
(structure group Na0.33V2Os), and the unit 
cell contains six formula units of LixV2Os. 
Lithium atoms are ionized completely and 
exist as Li + in this structure, the correspond- 
ing number of electrons being localized on 
vanadium atoms, decreasing their oxidation 
number from 5+ to 4+ (4). Thus LixV205 
contains a variable quantity of V 4+ 
equivalent to lithium content. As represen- 
ted in Fig. 4, the vanadium atoms are in quite 
distorted octahedra which form strings along 
the y-axis, leaving tunnels along the y-axis in 
which the lithium ions lie. There are four 
possible sites for lithium per unit cell. These 
sites occur in pairs about 3 ]k apart, and the 
distance between pairs amounts to 3.6,~ 
(Fig. 5). 

For the Lio.33V205 bronze, the number of 
lithium ions is half the number of possible 
sites. In this case, three alternatives for the 
lithium ion arrangement exist (Fig. 6): zigzag 
(a), one over another (b), or random (c). No 
direct experimental evidence has been 
available until now concerning the manner 
of arrangement. It is known only that 
the lithium ion arrangement in the whole 

f~ ,~  ~ , ~  ,~  f~ O y:O 

o v  

I 

FIG. 4. Projection of the 13-Li~V205 structure onto 
the plane (010) (14). 
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FIG. 5. Lithium ion positions in the channel of /3- 
Li2/3V205 projected on the plane (001). 

/3-Li0.33V205 structure is disordered as 
evidenced by absence of superstructure 
reflections even on overexposed X-ray 
patterns (15). However, a disordered 
arrangement (Fig. 6c) cannot be assumed as 
proven. If lithium ions order within a single 
channel, disordering through the whole 
crystal may be attained by a random orien- 
tation of chains in neighboring tunnels rela- 
tive to one another. Such a disorder retains 
the space group A2/m for the whole crystal, 
but the unit cell space group falls to Am (15). 

The thermodynamic consideration of 
ordering in/3-LixV205 attempted presently 
requires one to choose the common system 
for describing possible structures using the 
terms "point defect" and "associate." The 
zigzag arrangement (Fig. 6a) is selected as a 
basic structure consistent with the minimum 
of Coulomb repulsion energy. The absence 

(a) (b) 
�9 

O---I 

I 

(c) 

I---~ 

FIG. 6. Possible lithium ion distributions in the 
channels of/3-Lil/2VzO5 bronze (11).  

of correlation between lithium ion arrange- 
ments in adjacent channels is postulated. 
Each site pair in the zigzag structure (Fig. 6a) 
is considered as an associate (LiLi, ~)x 
where Vi is the vacant site adjacent to the 
occupied site, LiLi. With this approach, the 
transition to the disordered structure (Fig. 
6c) is a Frenkel disordering: 

(LiLi, V i )  x ~ (Lie, WLi) x, (8) 

whereas the structure in Fig. 6b is a super- 
structure with strict alternation of (LiLi, W/) x 
and (Lii, VLi) x. 

Another type of disordering considered 
presently is translation of the lithium ion 
from one unit cell to another along the 
channel (Fig. 7): 

2(LiLi, V/) x ~ (LiLi, Lii) '+ (VLi, W/)'. (9) 

The processes illustrated by Eqs. (8) and 
(9) are denoted as disorderings I and II, 
respectively. 

It should be noted that, if disordering I or 
II takes place even to a small extent, the 
long-range order is disturbed in the channel 
and the difference is lost between LiLi and Lii 
as well as between V~ and VLi (see Fig. 6c and 
Fig. 7). Therefore, we drop indexes Li and i 
while representing the process of disordering 
II: 

2(Li, V) x --~ (Li, L i ) + ( V ,  V'). (10) 

Equation (10) is written taking into 
account possible disordering I but indepen- 
dent of the extent of this disordering. 

~--~(LILi, V i ) ~ (LiLi,Li i) 

~ (VLi ,V i) 

FIG. 7. The mechanism of disordering II. 
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NMR data on Li 7 in Lio.35V205 are consis- 
tent with both disordering processes pro- 
posed presently, though the authors (16) did 
not discuss them in terms of "ordering-dis- 
ordering". 

The transition from Lio.33V205 to bronzes 
of another composition is descrbed as 
follows: 

Li(~)+(Li, V ) '  -*  iLi, L i ) + e '  {11) 

(Li, V)X+e ' ~ iV, V)'+Li~,.  (12) 

Equation (11) corresponds to intercal- 
ation of lithium in the bronze, and Eq. (12) 
to removing of lithium. 

The quasi-chemical approximation 
(17, 18) being used here allows us to express 
the equilibrium constants of reactions (10), 
(11), and (12) as: 

K1 = COC2C12, (13) 

K2 = C2nal.il c11 , (14) 

K3 = aLin 1CoCI1, (15) 

where 

K1, K2, and K3 are equilibrium constants, 

ac~ is lithium activity, 

n is electron concentration, mole /mole  of 
bronze, 

Co=[(v, v)'] } 
C1 = [(Li, V) x] in moles per 1 mole of 
C2 = [(Li, Li)'] bronze 

The material balance equations are: 

Co+C1 +C2 =xo, (16) 

C1 + C2 = x, (17) 

where x0 is the stoichiometric concentration, 
i.e., the lithium content that permits the full 
ordering (Xo = 0.33). 

Solution of the system of Eq. (13-17) 
allows us to find concentrations of the struc- 
ture species and the ratio at,~/a*~ as a 
function of composition parameter  x ia*i is 
the lithium activity at stoichiometric 

concentration). The task is simplified by 
introducing suitable approximations if the 
self-disordering constant K1 is fairly small. 
So, x being close to xo, the assumption 
[(Li, V) ]~xo  leads to the following equa- 
tions: 

Co = (xo - x ) / 2  + ((Xo-  X)2/4 -f- K I X 2 )  1/2, 

i18) 

C2 = (X - -  x{,)/2 + (ix - x0)2/4 + KlX 2)1/2, 

(191 

aLi/ a~i = (x - Xo)X{} l K~1/2 /2  

+ ( i x  - X o ) 2 K l l x o 2 / 4  + 1 )  1/2 �9 

(20) 

If the x value greatly differs from Xo the 
suggestion that [(Li, V)] = xo is quite wrong. 
In such case in Eqs. (161 and (17) one can set 
these [(Li, Li)'] = 0 on x < Xo or, in contrast, 
[ ( V , V ) ' ] = 0  upon x > x 0 .  Under these 
assumptions, one obtains: 

a L i / a ~ i  2 r..--1/2 - 1  ) 1 ~ .,t 1~ 1 X 0 ( X o - -  X 

if x <x(}, (21) 

aLi/a*i x(x  1/2 1 1 = - x o ) K 1  xo (2xo- . r )  

if x > x{}. (22) 

Equations (18-22) were used to evaluate 
corresponding values of the disordering 
constant K1 from exprimental lithium activi- 
ties. The value Xo = 0.325 corresponding to 
the curve bend of the A(~Li(X) function (Fig. 
la) was chosen as the stoichiometric concen- 
tration. This value of Xo is in good agreement 
with the theoretical value x{}=1=0.33(3). 

The evaluated values of logKa given in 
Table II keep roughly constant magnitude 
l o g K 1 = - 5 . 1 4 •  near as well as far 
from the stoichiometric concentration. 
Therefore,  the proposed disordering model 
is useful for describing the experimental data 
within the wide range of lithium content 
corresponding to the pure fl-phase without 
fl'-phase. To prove the consistency of this 
model, a back-calculation of dGLdx) was 
made according to Eqs. (18-22) and i51 using 
the experimental values a* Li = 4 . 7 4 •  60, 
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log K1 = -5 .14  (solid curve in the range 0.02 
to 0.36 in Fig. la). The back-calculated curve 
is seen to follow the experimental points, 
exhibiting no systematic deviations. 

The 3-Lix,V205 disordering model 
described above makes it possible to evalu- 
ate the configuration entropy change in 
reaction (6) from the Bolzmann formula: 

AS = R In W 

=kNAlnN!2~,No!-INI! 1N2 ! 1, (23) 

where 

No, N1, N2 = number of (V, V), (Li, V), 
and (Li, Li) "associates" per mole of 
bronze, 

N i = N A  �9 Ci (i = 0 ,  1, 2),  

N = N A  " X0, 

N =  No + NI + N2, 

N A  ---- Avogadro constant, 

k = Bolzmann constant. 

The results are plotted in Fig. 2. The cal- 
culated curve is seen to reproduce the shape 
of the experimental curve, especially near 
x =0.33.  The marked difference ASexp- 
ASca,c is evidence that the electronic and 
vibration entropies make a noticeable 
contribution to the whole entropy of the 
bronze. 

Conclusions 

The thermodynamic data presently 
obtained prove that some ordering process 
takes place in the Li0.33V205 bronze. A 
lithium ion disordering model of/3-LixV205 
is built up using these thermodynamic data 
along with crystallochemical data (14).  The 
proposed model is consistent with experi- 
mental lithium activity magnitudes. The 
evaluated disordering constant K1 remains 
roughly constant ( l ogK1=-5 .14+0 .18 )  
over the wide homogeneity range of /3- 
Lix V205. The calculation of entropy based on 

AND TRETYAKOV 

this model correlates with the experimenta 
data. 
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