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The composition—equilibrium sulfur pressure relation at 750 through 1217°C in the range VS through
V1S4 was determined by using an H,-H,S technique. At temperatures above 888°C a horizontal part in
the Ps,—composition isothermal line was observed, which indicated the existence of a two-phase region.
At low temperatures, however, it was not recognized. A statistical thermodynamical treatment which
started with the V3S4-type model was attempted by considering three kinds of interaction energies.
Qualitative trends of the experimental results at the temperatures above 888°C were interpreted on the

basis of the discussed model.

Introduction

Previous investigations on the phase rela-
tions of nonstoichiometric vanadium sulfide
were performed mainly by X-ray study on
samples synthesized in an evacuated silica
tube at temperatures near 800°C (1, 2). In
those cases, X-ray studies were made of
quenched specimens made by various
quenching processes, and inconsistent results
were obtained between different investiga-
tors. The temperature dependence of the
phase relation was not found. Recently Shi-
bata (3) and Wakihara et al. (4) studied the
V-S system in the range VsS4 through VsSg
by determining the composition-equilibrium
sulfur pressure isotherm at temperatures
below 927°C. However, information relating
to the phase equilibrium of the system is still
limited.
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Many researches concerning the crystal
structure of vanadium sulfide were perfor-
med (2, 5-9) and the structures of represen-
tative compounds such as V3S, and VsSg
were determined. Further, several results of
experiments have been reported and dis-
cussed regarding the order—disorder tran-
sition of the vanadium vacancies in the V-§
system (10-12). Nevertheless, the structure
and the phase transition have not been well
correlated to the phase diagram.

In the present work the composition—
equilibrium sulfur pressure relations at 750
through 1217°C in the range VS through
V38, were determined by using an H,-H,S
technique. A statistical thermodynamical
treatment was attempted to interpret the
experimental results and to clarify the
characteristics of the phase relation in
the V-S§ system.
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Experimental

A starting sulfide, V7148, was prepared
from VOSO, - 3H,0 by heating in a stream
of H,S at 1000°C for several hours. Another
starting sulfide, V9008, was prepared by
reducing Vo 714S in a stream of H, containing
0.06% H,S at 1217°C. The control of equili-
brium sulfur pressure was realized by use of
gas mixtures of H,S and H,. The ratio of H,S
to H, was regulated in the range of about
107° to 10” by a method similar to that used
by Darken and Gurry (13). The mixture of
H,S and H, was again diluted with H, for
small ratios of H,S to H, (less than 1 to
1000).

Vanadium sulfide was equilibrated with
the controlled sulfur pressure in the appara-
tus shown in Fig. 1. The temperatures used
were between 750 and 1217°C. After heat-
ing for a sufficient period (about 4 hr for
1217°C and 50 hr for 750°C) the specimen
was quenched by moving it to the water
cooling position by use of a magnet and an
iron piece. The sample was taken out of the
apparatus after the atmosphere was replaced
by N,. The quenched samples were identified
by powder X-ray diffraction patterns (Ni-
filtered Cu Ka) and the lattice constants
were measured. The composition of the
sample was determined by weight loss on
oxidation to V,0s in air at 500°C (9). The
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F1G. 1. Apparatus for attaining equilibrium.
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precision of the composition for a 200-mg
sample was within 0.1%. Sometimes two
different experiments were performed under
the same conditions by starting with V9008
as well as Vy714S. The compositions of the
samples obtained in such runs agreed with
one another, confirming that equilibrium was
established. Comparison of some results with
those obtained by the quartz-spring ther-
mobalance method carried out by Shibata
(3) below 950°C revealed that little change in
the chemical composition took place during
quenching.

Results and Discussion

The value of the equilibrium sulfur pres-
sure was calculated from the mixing ratio of
H,S and H; and the reaction temperature by
use of thermodynamical data listed in the
JANAF thermochemical tables (14). The
equilibrium sulfur pressures and the
composition of the resulting sulfides are
shown in Fig. 2 for each temperature. In the
range 888 through 1100°C, horizontal parts
in the Ps,~composition isothermal lines are
observed, indicating the existence of two-
phase regions. At 1217°C the phase boun-
dary seems to lie in the vicinity of Vg .775S. At
827 and 750°C the existence of the two-
phase region was not recognized and the
composition varied gradually with the equili-
brium sulfur pressure.

Powder X-ray diffraction patterns of the
quenched samples whose compositions were
richer in sulfur than V g47S could be indexed
on the basis of a V;3S,-type monoclinic unit
cell which was described in space group
I2/m (C3:) (8), regardless of the equilibra-
ting temperature. The samples ranging in
composition from V935S to Vo478 gave
powder patterns of the NiAs-type hexagonal
cell. The samples whose compositions were
richer in vanadium than Vj 935S gave powder
patterns of the MnP-type orthorhombic cell.
Lattice constants obtained for each sulfide
were dependent only on the composition,
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tion isothermal lines obtained experimentally.

and they were almost independent of the
temperature from which the sample was
quenched. The lattice constants and the
volume reduced to the NiAs~-CdI,-type
subcell (pseudo-orthohexagonal) of vana-
dium sulfide are shown in Fig. 3. Specimens
within the two-phase region were mixtures of
two different monoclinic sulfides. From the
lattice constant  measurements, the
compositions of these sulfides were judged to
be those of the two ends of the horizontal
line. In view of the change of lattice
constants, the monoclinic range illustrated in
Fig. 3 seemed to be partitioned into two parts
by a composition near Vg 79S.

Summarizing the above observations:

1. At temperatures above 888°C the exis-
tence of a two-phase region was observed.
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On the other hand at low temperatures it was
not recognized.

2. The quenched sample containing more
sulfur than V, g47S had the monoclinic I2/m
(ci,,) structure, regardless of whether the
existence of the two-phase region was
recognized or not.

3. The change of lattice constants of the
quenched sample seemed to suggest two
kinds of monoclinic lattice. An attempt to
interpret these observations consistently was
accompanied by considerable difficulty. As
the composition is changed from VS toward
VS,, vanadium vacancies are produced in the
basic structure of a NiAs type. The vacancies
tend to be located in the alternate metal
layers and to be ordered in those layers at low
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temperatures. Thus structures of various
phases are formed. Throughout these struc-
tures, however, the constituent layers of
different structures are very similar to each
other. Such a resemblance may cause
complexity in the process of different phase
formation especially at low temperatures,
and it is not easy to interpret the obser-
vations. In this paper, therefore, our consi-
deration is focused on the possibility of a
two-phase region between the phases whose
compositions are near Vo758 and near VS,
respectively.

A statistical thermodynamical treatment
which starts with the V;S,-type model is
attempted. The vacant or occupied octa-
hedral sites of the V,S,-type structure may
be classified into three types designated as A,
B, and C as shown in Fig. 4 and the vanadium
occupancy ratios for these sites are
represented by a, b, and ¢, respectively. The
following relation is expected to hold for the
V3S,-type structure;

a<b, c=1.

As special cases, the NiAs-type structure and
the CdI,-type structure may be treated on
the basis of the same classification as the
octahedral sites as given below.

a=b=c=<1 (for NiAs type),

and
a=b<1,

c=1 (for CdI, type).

The grand partition function of this system
is given by

(G.P.F.)

-y (N/4)! (N/4)!
N4!(N/4—N,4)! Ng!(N/4— Np)!
(N/2)! N!

Nc!(N/2=N¢)! Ng!(N = Ng)!
X[Avgu(T)] 4" Mo Ne[Asqs(T)I™

exp(-—kigf). ¢))
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F1G. 4. Crystal structure of the V3§, type. The sulfur
layers are eliminated. The octahedral sites are classified
into three types, A, B, and C. wy, w,, and w; are the
pairwise interaction energies (see text).

N is the number of sulfur sites and is equal to
the sum of octahedral sites. N4, Ng, and N¢
are the number of vanadium ions on A, B,
and C sites and Ns is the number of sulfur
ions. Ay and Ag are the absolute activities of
vanadium and sulfur ions, respectively. It is
assumed as an approximation that the parti-
tion functions of the lattice vibration of
vanadium ions of the A, B, and C sites are
equal; then ¢v(T') and gs(T) are the partition
functions of the lattice vibration of vanadium
and sulfur ions, respectively. E is the poten-
tial energy of the lattice configurations which
may be expressed by

E={N—(Na+Ng+Nc)lev+(N —Ns)es
+z EjkNji (2)

where ¢; (i =V, S) is the energy required to
remove an ion of the species / from an inter-
nal lattice point to a new surface lattice point,
leaving avacancy. e (j, k = A, B, C, S)isthe
interaction energy between the vacancies
situated in sites A, B, C or in the sulfur sites;
€ includes Z; which is the number of the
neighboring sites of k species around j spe-
cies. nj is the number of the vacancy pair of
J-k.
Writing Eq. (1) as (G.P.F.)=Y (term), the
equilibrium conditions are given by the
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following equations:

0= o In(term)

ONA
N/4—N4 1 68E
=ln———2 +In[Avgu(T)] - = ——
In A n[Avgv(T)] KT INL
(3)
0_aln(term)
dNp
N/4—-Npg 1 8E
=ln———+In[A N—-——
n Nz n[Avqv(T)) kT 3Ng’
4)
0‘_aln(term)
aNc
N/2—-N¢ 1 JE
=ln————+1 - —
In Ne n[Avqv(T)] T oNe
(5
0_aln(term)
aNg
N —Ng 1 oE
=] +InfA ]-———
n Ns nfAsqs(T)] kT NS

0= d In(term)
6N
N/4 N/4

1
I +=1
"N/4a—N. 4 "Nja—-N,

=2

N/2 N 1 9E

+=In +1 =
2"N/2-Ne T “N—Ns kT oN

)

The Bragg-Williams approximation is
adopted as shown in Table 1. dE/dN,,
dE/dNpg, 0E/dNc, 0E/dNs, or 0E/oN is the
sum of the differentiated terms given in the
vertical columns of Table I. Three kinds of
vanadium vacancy pairs are taken into
account. One is the first-nearest neighbor in
the metal layer, and the other two are the
first- and second-nearest neighbors normal
to the layer. The pairwise interaction ener-
gies between those neighboring vacancies
are designated as w,, w», and w; as shown in
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Fig. 4. Counting the number of these pairs in
the V3S4-type structure, it may be assumed
that the following relations hold approxi-
mately:

EAA=2W1, gag =4wi+2w;,
Eac =2wz;

8
€ =2wy, EBc = 2w,

Ecc = 6w +2ws.

It may be assumed that the interaction
energy between vanadium and sulfur vacan-
cies does not depend on the kind of
vanadium site; then

EASs = EBs = Ecs. (9)

In the present work, the sulfur vacancies
were not taken into account. The following
equations were obtained by eliminating
In(N — N5s) from Eqgs. (6) and (7) and using
the relation N = Ns.

Ns/4—Nj4 1 oE

1 +In[A T]-——=
n Na n[Avgv(T)] kT 3N 0,
(3"
Ng/4—Ng 1 oE
In——+1n[A T))———=
n N n[Avqv(T)] kT 3Ng 0,
4)
N/2—N¢ 1 JE
In———+1n[A ]—-———=
n Ne Il[ VqV( )] kT 3N ’
(5"
and
lln[ Ns/4 Ns/4 ( Ng/2 )2]
4 LNg/4—Nx Ng/4—Ng\N5/2—N¢
1 /8E OE
+HAsgs(T - (o —)= .
n[Asqs(T)] kT \aNe TaN 0

(6"
Calculating Eq. (3)—Eq. (4') and Eq. (3")+
Eq. (4)—2xEq. (5'), we have

ln[ a 1—b]_2(w1+w3)
i—-a b kT

(@a-b)=0,
(10)
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SRV
1—-a 1-H6\ ¢
_2(w2—3w1—
kT

3 rb-2c)=0 (11)

where the relations

Na Na ,_No_ No
N/4 Ns/4’ N/4 ’ Ns/4’
Nc . Nc

“=N2T N2 (12)

and the relations expressed by Eq. (8), Eq.
(9), and Table I are employed. When the
composition of vanadium sulfide is
represented by an atom fraction of sulfur X5
or y in V,_,8, the following relations
between X5, y, and the occupancy ratios, a, b,
and ¢, hold:

1—XS a+b+2(:
=l-y=—=-—"-
Xs 4

(13)

By specifying the values of the pairwise
interaction energies, wq, w2, and ws, and the
temperature for Eqs. (10), (11), and (13), the
equilibrium occupancy ratios, a, b, and c,
were numerically solved with respect to Xs
or y using a computer (FACOM-270-20)ina
manner similar to that reported by Oka et al.
(12) and Koiwa and Hirabayashi (15).
By using the relation

kT InAs=pus=pu’s(T)+kT In P&>,  (14)

one obtains from Eq. (6")

In Ps,=51n[(1~a)(1-b)(1-c)*]

—1—[ (f—2+2 b+b—2+3c2—6)
kTL"\2 77
+W2{(a+b)c—2}+w3(ab+c2—2)]

+C(T), (15)
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where

2ev—2u8(T)

Cx(T)Z T

2Ings(T). (16)
The free energy per gram-atom in the V-S

system is expressed as follows:

G =(1-X)NkT In Ay+ XsNkT In As,
(17)

where A is the Avogardo number. Using
Eqgs. (3"), (4", (5", and (6'), kT In Ay and
kT In Ag are written as

kT In Ay = kT In—2
1-a

—[2(1—a)w, +2(1—b)
XQwi+wi)+2(1—c)ws]
+C2(T)
=kT1n—b——
1-b
—-[2A-b)wi+2(1—a)

X(2W1+ W3)+2(1 —C)Wz]

+Cy(T)
= kT In——~[2(1= ¢)Bw; + ws)
1-¢
+{(1-a)+ (A =b)iwy]+ Co(T)
(18)
and
k:rlms=%r1n[(1—a)(1—b)(1—c)2]
a’ b 3
—[ (4+ab+4+—2—c2—3)
{(a+b)c 1}
+w3 ab e >]+C3(T),
(19)
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where

Co(T)=—ev—kT In q(T) (20)

and

C3(T)=ev—kT Ings(T). (21)

Then the free energy per gram-atom, G, is
expressed by

N
O praevaiTialne

+(1-a)In(1—a)
+bInb+(1-56)In(1-b)
+2clnc+2(1—¢)In(1—c)}
+wi{(1-a)*+4(1—a)(1-b)+(1—-b)
+6(1—¢)%
+2wy{(l—a)+(1-b)}H1—-c)
+2wi{(1-a)Q-5)+(1-¢c)*}]

+ N1 -X)Co(T)+ N X C5(T). (22)

Using the specified values of wi, w,, and w;
and the equilibrium occupancy ratios a, b,
and ¢ obtained from Egs. (10) and (11), the
composition dependences of the equilibrium
sulfur pressure and the free energy may be
obtained for each temperature from Eqgs.
(15) and (22). The values of C,(T), Co(T),
and C;(T) have not yet been estimated
rationally. The value of C,(T) was estimated
in such a way that the calculated value of Ps,
agreed with the experimental value at the
composition VggoS (Xs=0.556). Equation
(22) is expressed as follows:

G=G"+N¥N(1-X)CoT)+ ¥ X C3(T),
(22"
where

_ N
a+b+2c+4

+(1—a)ln(l1—a)
+bInb+(1-5)In(1->)

G’ [kT{aIna

NAKANO-ONODA AND NAKAHIRA

+2¢Inc+2(1—¢)In(1-¢)}
+wi{l1—a)’+4(1—-a)(1-b)+(1-b)*
+6(1—c)}+2wr{(1—a)+(1-b)}
X(1—c)+2wa{(1—a)(1-5b)

+(1=c)*}.
(23).

The term, N(1-—Xg)Co(T)+NXsCs(T),
depends only on the composition, while G’
depends on the occupancy ratios. Then the
free energy term G' in Eq. (23) is adequate
for the comparison of the stabilities of
different types.

Equations (10) and (11) were solved
numerically for 750, 888, 1050, and 1217°C
by using the various values of w;, wy, and wj.
For a set of w,, w2, and w, three sets of
numerical solutions were obtained which
were characterized by the following rela-
tions, respectively:

a<b, c=1 (corresponding to the
VS, type);

a=b<c=1 (corresponding to the Cdl,
type);

a=b=c<1 (corresponding to the NiAs
type).

The results calculated by using the pairwise
interaction energies

Nw;=5.0 (kcal/mole)
Nwy=24.5 (kcal/mole)
Nw;y=1.5 (kcal/mole)

are demonstrated in Figs. 5, 6, and 7 as a case
in which the experimental results are illus-
trated relatively well. The equilibrium
occupancy ratios calculated for 888°C are
shown in Fig. 5 with regard to the atom
fraction of sulfur, Xs. The free energy curves,
G’ vs Xs, calculated from Eq. (23) were
found to be unsuitable for illustration,
because the gradients of the curves were too
steep. Therefore, for convenience, 20X was
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FIG. 5. Equilibrium occupancy ratio vs composition
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type; — - —- — , Cdl, type; —-- —-- —, Ni As type.

subtracted from the value of G' expressed in
kcal/mole in order to lay down the curves.
The resulting curves, (G'—20X5s) vs X5, cal-
culated at 888°C for respective types are
shown in Fig. 6a. The curves show that the
phases of NiAs type and V3S, type are stable
with fairly wide composition ranges and a
two-phase region exists as indicated by the
common tangent in Fig. 6a. A subtraction of
20X from the value of G’ has no influence
on the comparison of the stabilities of
respective types and the positions of points of
contact such as P and Q in Fig. 6a which
indicate the composition of the coexisting
phases. The composition dependence of the
equilibrium sulfur pressure calculated from
Eq. (15) is illustrated in Fig. 6b. The thick
solid line on Fig. 6b corresponds to the stable
state which changes from the VS type to the
VS, type via the two-phase state. The Ps,—
composition curves calculated for 750, 888,
1050, and 1217°C are illustrated together
with the experimental results for comparison
in Fig. 7.
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FiG. 6(a) (G'—20X§) vs composition curves. G' was
calculated from Eq. (23). The common tangent indicates
the two-phase region (see text). (b) Composition
dependence of the equilibrium sulfur pressure cal-
culated from Eq. (15) (see text).

Qualitatively the experimental results
have a trend similar to that of the calculated
results at temperatures above 888°C as
shown in Fig. 7. That is to say, there is a
horizontal part in the Ps,—composition curve
which indicates the existence of a two-phase
region between the phases near V,7sS and
near VS. As the temperature increases, the
compositions of both ends of the two-phase
region shift to the S-rich side. Accordingly
the characteristics of the phase relation of
this system in the higher temperature range
can be explained on the basis of the model
discussed in this paper. Quantitatively,
however, considerable differences are
recognized as shown in Fig. 7. Satisfactory
agreement between the experimental and
calculated results has not been obtained in
spite of the selection of various values of wi,
w,, and ws. At temperatures below 827°C
the two-phase region is not found experi-
mentally, contrary to the calculated results
which indicate existence of a two-phase
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F1G. 7. Calculated and observed equilibrium sulfur
pressure curves, ——, calculated; — -~ -, observed.

region with broader width than those at
higher temperatures. This phenomenon is
still not interpretable on the basis of the
relatively simple model discussed in this

paper.
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