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The enthalpies of formation of a series of mixed metal oxides, Mo,Wr-,O, (y = 0.25, 0.5, 0.64, and 
0.69), and hydrogen insertion compounds, Ho.&l~oo.~W0.7~03, HxM~.5W~.~03 (X = 0.63 and 0.66) and 
H,Mo~.~W~.~,O, (x = 0.34,0.45, and 0.98) have been determined by solution calorimetry. The enthal- 
pies of hydrogen insertion into the mixed oxides are compared to those for the simple oxides MOO, and 
WOS, which have been recalculated. The stability of the insertion compounds toward oxidation is 
discussed. o 1986 AC~MC FVCSS, IDC. 

Introduction 

Tungsten trioxide has a monoclinically 
distorted Re03-like structure formed from 
comer-sharing octahedra, whereas molyb- 
denum trioxide adopts a unique layer struc- 
ture. The phases formed by the mixed ox- 
ides Mo,Wi-,Oj have been investigated by 
Salje (I) and shown to form WO3-like struc- 
tures for y 5 0.97. 

The hydrogen insertion compounds H, 
Mo,Wt-,.03 (x < 1.13,O.l < y < 0.9), previ- 
ously characterized by the authors (2), also 
closely resemble those formed by WO3 (3). 
A tetragonal phase -0.1 < x < -0.2 and a 
cubic phase 0.35 < x are formed in which 
the metal oxide framework is retained. The 
hydrogen uptake of the mixed molybdenum 
tungsten oxides is greater than in WO3, 
since Mo(VI) is more readily reduced than 
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W(V1). Under standard conditions (1 atm 
HZ 25°C) the maximum hydrogen content is 
equal to 1.24~ + 0.36(1 - y) for both the 
mixed oxides and WO, . The phases formed 
by H,MoOs (4) have layer structures and 
are stable with respect to hydrogen evolu- 
tion with x < 1.7. 

Thermochemical studies of the insertion 
compounds H,WO3 and H,MoOj have been 
published (5, 6). The aim of the present 
work was to determine the enthalpies of 
formation of a number of mixed oxides MO, 
W1-,03 and of the corresponding hydrogen 
insertion compounds H,Mo,W 1 -Y03. 

Experimental Materials 

The preparation and characterisation of 
the mixed oxides Mo,Wl-,03 and the hy- 
drogen insertion compounds has been de- 
scribed previously (2). An additional oxide 
sample was prepared by removing un- 
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reacted Moo3 from the product of a sealed 
tube preparation, with MoOJW03 in a 4 : 1 
ratio, using ammonium hydroxide. This 
gave a sample of the zeta phase mixed ox- 
ide with the composition Mo~.~W~.J~O~. 

The following oxide samples were used. 
The phases were identified by comparison 
with the X-ray data of Salje (I): 

MoO.25WO.75O3 b'h Moo.sWo.sO3 (t), 

M00.64W0.3603 6% and Mo0.69W0.3103 

(predominantly 0). 

Small amounts of other phases were found 
in the last sample, but X-ray microanalysis 
showed the molybdenum : tungsten ratio of 
different crystallites not to differ by more 
than ?3%. 

All the hydrogen insertion compounds H, 
MoYWI-,03 studied belonged to the cubic 
phase. The compounds used and the indi- 
vidual methods of preparation were 

Sample Preparation 
b.34MoO.69WO.3lO3 HJPt 
Ho.45M00.69~0.3103 Zn/HCl 
Ho.&~~o.~~WO.~IO~ HJPt 
Ho.sMoo.sWo.sO3 Zn/HCl 
Ho.~Moo.sWo.s03 Zn/HCl 
Ho.54Moo.25Wo.7503 H2/Pt 

The reaction medium for calorimetry 
consisted of 40 g K@e(CN)6 dissolved in 
1.99 dm3 of 3.05 f. 0.05 M KOH solution. 

The air-sensitive hydrogen insertion com- 
pounds were loaded into calorimeter am- 
poules under dry nitrogen. 

Determination of Enthalpies of Formation 

Enthalpies of reaction (at 298.15 and 
323.15 K) were measured using an LKB 
8700 isoperibolic calorimeter. The instru- 
ment and mode of operation have been de- 
scribed previously (7). Sample charges of 
25-110 mg were dissolved in lOO-cm3 
batches of the calorimetric reagent. No dis- 
cernible change in the enthalpies of reac- 
tion occurred on varying the sample mass, 
and previous work has also shown that, for 
a large excess of reagent, consecutive addi- 
tion and the maintenance of strict stoichi- 
ometry for the components on both sides of 
the reaction is unnecessary. Fresh aliquots 
of reaction medium were therefore used for 
each experiment. At least four enthalpy of 
reaction measurements were made on each 
sample, and the uncertainty quoted in the 
mean is twice the standard error of the 
mean. Detailed calorimetric data for all the 
samples have been tabulated (8). 

The Mixed Oxides 

Moo.@IWo.3,03 reacted rapidly at 298.15 
K. The other oxides had to be studied at 
323.15 K, since they reacted only slowly at 

TABLE I 

CALORIMETRICREACTION SCHEMEFORMO~W,-~O~ 

Reaction 

(1) Mo,W,-,O&) + 2OH-(sol) = y[M~O~]~-(sol) 
+ (1 - y)[W04]2-(sol) + H20(sol) 

(2) Moos(s) + ZOH-(sol) = [MoO#-(sol) + H20(sol) 
(3) WO,(s) + ZOH-(sol) = Iw0412-(sol) -I- HzO(so1) 
(4) YMoW) + (1 - yWO,(s) = Mo,W1-,03(s) 

,i&=y‘ih!,+(l-y)‘i&-&f, 

AH 298.15 K W23.1J K 
Y (kJ mole-l) (kJ mole-l) 

0.69 -79.10 f 0.32 
0.64 -74.09 2 0.82 
0.50 -70.53 f 0.27 
0.25 -66.51 ” 0.14 

-83.83 I!Z O.lO(6) -81.70 ri 0.13 
-61.9 f 0.5 (5) -59.00 a 0.24 (5) 
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TABLE II 

ENTHALPIES OFREACTION AND FORMATION OFTHE 
MIXEDMOLYBDENUMTUNGSTENOXIDES 

Mo,W,-,Oj (298.15 K) 

W AI& 
Compound (kJ mole-‘) (kJ mole-‘) 

WL&'O.~I~~S) -773.35 k 0.70 t2.07 t 0.36 
M~.,Wo.dMs)a -779.75 5 1.02 +0.56 f 0.83 
Moo.sWo.5O3W -793.82 f 0.64 +0.18 -+ 0.30 
Moo.z~Wo.7sO~(sP -816.62 2 0.75 +1.83 + 0.23 

0 Extrapolated from solution data at 323.15 K. 

the former temperature. Reaction was rapid 
(less than 3 min) and the enthalpies of reac- 
tion were calculated using the Dickinson 
method (9). The enthalpy of reaction of 
MOOS in the reaction medium at 323.15 K 
was also determined. 

The enthalpy change of the reaction 

YMoO~(S) + (1 - YWWS) 

= MoyW1-,03W (4) 

can be calculated using the reaction scheme 
and the enthalpies of reaction given in Ta- 
ble I. Combining the measured enthalpies 
of reaction with m (WO,, 298.15 K) = 
-(842.9 ? 0.8) kJ mole-i (IO) and A& 
(MOO,, 298.15 K) = -(745.1 +- 0.8) kJ 
mole-’ (II, Z2), the standard molar en- 
thalpy of formation of Mo0.69W0.3i03 can be 
calculated. If it is assumed that the en- 
thalpy change of the reaction (Eq. (4)) is the 
same at 298.15 K as at 323.15 K (ACp - 0 
using Neumann and Kopp’s rule), the stan- 
dard molar enthalpies of formation of the 
other mixed oxides may be estimated. The 
enthalpy change for reaction (Eq. (4)) and 
the standard molar enthalpies of formation 
of the mixed molybdenum tungsten oxides 
are shown in Table II. 

The Hydrogen Insertion Compounds 
HxMoy WI 703 

The enthalpies of reaction of six hydro- 
gen insertion compounds were measured. 

All but one of the compounds took longer 
than 3 min to dissolve, and the Regnault- 
Pfaundler method (9) was used to calculate 
their enthalpies of reaction. The Dickinson 
method was used for the rapidly dissolving 
Ho.54Moo.2sWo.7~03. Three of the samples 
contained a small quantity of the Pt 
(-1.6%) used in the catalysed reaction of 
hydrogen with the metal oxide. A correc- 
tion was made for this, assuming the plati- 
num was as an inert diluent. This assump- 
tion has been proved correct by the good 
agreement of the enthalpy of reaction of 
Hi.&003 containing 5% Pt with the litera- 
ture value (13). 

The overall reaction 

H,Mo,Wi-,03(s) + x/2WO3(s) 
= x/2WOz(s) + x/2H20(1) 

+ YMOWS) + (1 - yP4’03(~) (10) 

was used to determine the enthalpies of for- 
mation of the hydrogen insertion com- 
pounds H,Mo,Wi-,03. The complete reac- 
tion scheme is shown in Table III. The 
combination of the enthalpies of solution 
given in Table III with AH; (WO3, 298.15 
K) = -(842.9 2 0.8) kJ mole-i (IO), AH; 
(Mo03, 298.15 K) = -(745.1 + 0.8) kJ 
mole-l (21, 22) AHf” (WO;?, 298.15 K) = 
-(589.7 ? 0.9) kJ mole-l (IO), and AH; 
(H20, 298.15 K) = -(285.83 -t 0.8) kJ 
mole-l (14) leads to the standard enthalpies 
of formation for the compounds HxMoy 
W1-~03 shown in Table IV. 

Discussion 

The Mixed Oxides Mo,W,-,03 

The enthalpies of mixing of Moo3 and 
WO3 are small and positive as measured by 
AH4 for reaction (Eq. (4)). This is not unex- 
pected, since Mo(V1) and W(VI) have simi- 
lar ionic sizes (the respective 6coordinate 
ionic radii are 0.59 and 0.60 w (15)) and the 
local octahedral coordination of the metal 
atoms is retained in the mixed oxides. 
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TABLE III 

CALORIMETRIC REACTION SCHEME FOR H,MoyWI-,03 

Reaction 
W%IS K 

x Y (kJ mole-l) 

(5) H,Mo,W,-,~O,(S) + (2 + x)OH-(sol) + x[Fe(CN)d-(sol) = y[MoO~1’~(sol) 
+ (1 - y)[WO&(sol) + x[Fe(CN)$ + (1 + x)H~O(sol) 

(6) Moo,(s) + ZOH-(sol) = [MOO,]*-(sol) + H~O(sol) 
(7) WO,(s) + ZOH-(sol) = yWO,]*-(sol) + HzO(sol) 
(8) WO*(s) + 40H-(sol) + 2[Fe(CN)&3(sol) = [WO&(sol) + 2[Fe(CN)d-(sol) 

+ 2HzO(sol) 
(9) H,O(l) = H,O(sol) 

(IO) H.,Mo,W,-,03(s) + x/2 WOx(s) + x12 WO>(s) + xl2 HzO(1) + yMoO,(s) 
+ (I - ywo,w 

0.34 0.69 -110.4 e 1.1 
0.45 0.69 -122.5 + 1.3 
0.98 0.69 -187.2 + 1.2 
0.63 0.50 -144.3 f 1.3 
0.66 0.50 -149.2 2 1.3 
0.54 0.25 -137.0 + 1.8 

-83.83 ‘- 0.10 (6) 
-61.9 k 0.5 0-J 

-356.8 f 2.1 (16) 
-0.0706 ‘- 0.0016 (6) 

AH,, = AH5 - yAHa - (1 - y - xl2)AH, - xl2AHs - xl2AH9 

Thus, the lattice energies of the mixed ox- 
ides must differ little from the weighted 
mean of the lattice energies of the simple 
oxides. There is no evidence in Salje’s 
phase diagram (1) for the formation of a 
single preferred intermediate compound 
and large regions of solid solution exist, as 
might be expected from the low enthalpy of 
mixing. The lowest enthalpies of mixing are 
found in the formation of the zeta phase 
which is stable at or near to 298 K. 

The Hydrogen Insertion Compounds 
KM+ WI -@3 

In this work the enthalpies of formation 
of WO3 and WOZ have been used as key 

values. Enthalpies of formation for H,Mo 
03 and H,WO3 were originally determined 
using different reaction schemes (employ- 
ing Mo03(s)/MoO~(s) and K#e(CN)6(s)/& 
Fe(CN)6 * 3HzO(s), respectively). The en- 
thalpies of formation of H,WO3 and H,Mo 
O3 can be placed on the same base as H, 
Mo,Wi-,03 using the reaction scheme in 
Table III. The values for H,WO3 are little 
changed but the values for H,Mo03 are 
more significantly altered. This is possibly 
due to some error in A&’ (MoO2, s, 298.15 
K) = -(588.9 + 0.6) kJ mole-i (average 
literature value (II, 22), which disagrees 
with m (MOO;!, s, 298.15 K) = -(577.0 ? 
2.7) kJ mole-i calculated from the reaction 

TABLE IV 

ENTHALPIES OF FORMATION, HYDROGEN INSERTION (EQ. (ll)), AND 
OXIDATION (EQ. (12)) AT 298.15 K FOR THE HYDROGEN INSERTION 

COMPOUNDS H,Mo,W,-,03 

Compound 
a WI wz 

(kJ mole-l) (kJ mole-l) (kJ mole-‘) 

H0.34M0059W0.3,03(s) -797.74 2 1.34 -71.7 _’ 3.6 -71.2 2 4.6 
Ho.4sMs.,Wo.3,O3(s) -803.66 f 1.54 -67.4 f 3.2 -75.6 -r- 3.8 
Ha.!&%69w0.,,03(s) -825.77 k 1.80 -53.5 f 1.8 -89.4 e 2.0 
Ho.eMwWo.s03(s) -825.76 2 1.63 -50.7 k 2.5 -92.2 k 2.8 
Ho.&4o0.sWo.sO3(s) -825.77 + 1.64 -48.4 + 2.4 -94.5 2 2.7 
Ho.54M~oo.25Wo.7503(s) -837.28 + 2.05 -38.4 2 3.6 -104.7 +- 4.1 
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TABLE V 

ENTHALPIES OF FORMATION, HYDROGEN INSERTION 
(EQ. (ll)), AND OXIDATION (EQ. (12)) AT 298.15 K 

FOR HXMoOs AND H,WOs USING THE 
wo,/wo2 CYCLE 

Compound 
w Ml ti2 

Cd mole-‘) (kJ mole-‘) (kJ mokL) 

Ho.zsMo@ -761.61 ? 0.95 -59.0 c 1.9 -84.0 k 4.4 
Ho.wMa -765.6 -’ 1.0 -60.3 + 1.9 -82.6 f 3.8 
Ho.93MoO3 -7%.1 + 1.4 -54.8 -t 1.3 -88.1 r 1.7 
hS!3MQ -819.0 + 2.4 -44.0 + 1.3 -98.9 * 1.5 
~ZN~ -813.5 -c 2.9 -34.2 i 1.4 -108.7 + 1.5 
H0.18wo3 -fu7.58 + 0.99 -26.0 ? 3.2 -116.9 + 7.1 
Ho.aWO, -852.0 + 1.1 -26.1 f 2.1 -116.9 * 3.9 

MOO&) + WOj(s) = MoO3(s) + WO2(s) 

using enthalpies of formation and of reac- 
tions given earlier (5, 6, 26) together with 
AH for reaction of Moo2 with the calori- 
metric reagent of -293.62 + 0.58 kJ mole-l 
(6). The WO3/WO2 cycle is preferred be- 
cause of its good agreement with the hexa- 
cyanoferrate(III)/hexacyanoferrate(II) cy- 
cle. Recalculated enthalpies of formation 
are given in Table V. 

Enthalpies of hydrogen insertion. En- 
thalpy changes for the reaction 

fHz(g) + l/x MO, = l/x H,MO,(s) (11) 

are given in Table IV for the mixed oxides 
and in Table V for the simple oxides. The 
exothermicity of hydrogen insertion into 
the mixed molybdenum tungsten oxides de- 
creases as the tungsten content increases. 
This is in agreement with the general obser- 
vation that W(V1) is less oxidising than 
Mo(VI). For Mo0.69W0.3103 hydrogen inser- 
tion becomes less exothermic as the hydro- 
gen content increases; a similar trend is 
seen for Mo03. It is interesting to note that 
the insertion of hydrogen into M00.69W0.3~03 
is initially more exothermic than into 
Mo03. 

Enthalpies of oxidation. Enthalpy 
changes for the reaction 

l/x H,MO, + 40,(g) 
= l/x MO&) + tH20( 1) (12) 

are given in Table IV for the mixed oxides 
and in Table V for the simple oxides. The 
large exothermic values for all compounds 
show that they are all unstable to aerial oxi- 
dation. The relative rates of aerial oxidation 
varied with the exothermicity of this reac- 
tion. Although the high tungsten and hydro- 
gen content compounds oxidised rapidly, 
reduced HxMo0.~W0.3103 still had x > 0.35 
after 3 weeks. 
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