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The isotherm and enthalpy APJH,) of the intercalation process of molecular H2 into VMoOSj 
coated with 1% Pt leading to the formation of the H,VMOO~.~ hydrogen bronze have been mea- 
sured. Up to x = 2.85, the hydrogen uptake is mediated by hydrogen spillover and AB,JHJ = 
-30.5 kcal mol-‘. For 2.85 < x < 3.31, IA~i~i is less than 3 kcal mol-I, indicating that Hz is 
physisorbed or weakly chemisorbed in microfractures produced within VMoOSS microcrystals by 
anisotropic modifications of the lattice parameters due to hydrogen uptake. AHJH2) is the sum of 
two terms, indistinguishable by calorimetry, namely, AHd(H*) corresponding to the dissociation of 
Hz into active spilt-over species (H,) with partial electron transfer to the lattice and AG(H,) which 
measures the uptake of H, by the oxide host lattice. AG(H,) can be computed separately using a 
statistical thermodynamics treatment developed recently (Fripiat et al., J. Phys. Chem. 93, 2083 
(1989)) applied to the intercalation isotherm. Therefore, Ar;i, (which should not be confused with 
the heat of dissociative chemisorption on Pt) can be computed from A~ii,(H,) - AEi(H,). When 
compared with previous results AH&Hz), in kilocalories per mole, on Pt, scales as follows: 

-5.26(H,W09) > - 11 .4(H,MoOl) > - 16.9(H,V,05) > - 18.2(H,VM00~,~). 

This large spread is tentatively explained in terms of the variation of the Fermi level of the metal, 
pinned upon the Fermi level of the bronze, with respect to the Fermi level of the metal on the 
unmodified oxide. A?&(H,) is independent of the metal particle size. o 1989 Academic PBS, IK. 

INTRODUCTION 

Intercalation (or insertion) isotherms of 
hydrogen within transition metal oxides, 
mediated by hydrogen spillover (1) from Pt 
metal particles and leading to nonstoi- 
chiometric hydrogen bronzes are “step” 
isotherms. When represented as a semilog- 
arithmic plot of the H2 pressure vs a! = x/x, 
(x being the H/M ratio), the steepness of the 
slope near the inflection point, the down- 
ward or upward curvature on both sides of 
this point, and the value of In P(H2) at the 
inflection point are characteristic of each 
bronze. It has been shown (2) that experi- 
mental isotherms can be fitted with theoret- 
ical isotherms in which the average en- 
thalpy is the weighted sum of the energy of 
occupied (E,), prevented (Q, and vacant 
(E,) sites and in which the entropy term 

corresponds to the number of configura- 
tions of occupied, prevented, and vacant 
sites within an idealized network of inter- 
stitial sites. The neighboring relationship 
within this “interstitial lattice” can be rep- 
resented by a Z-regular graph, Z being the 
number of neighbors of any interstitial site. 
Filling the interstitial lattice (thus increas- 
ing the statistical probability, X0, of any 
site being occupied) is assumed to obey the 
single constraint that the occupation of one 
site prevents the Z neighboring sites from 
being occupied. The probability (X,) of a 
site being prevented has been obtained by 
computer simulation and a simple analyti- 
cal relationship has been found to approxi- 
mate the dependency of X, to X,,. Each 
model of “interstitial lattice” is character- 
ized by a parameter 5 = ZX,,/(l - X0,) 
where X,,, is the maximum fractional occu- 
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pation probability. X0,, also obtained from 
the simulation procedure, is related to the 
departure from stoichiometry in the hydro- 
gen content. 

Fitting the experimental and theoretical 
isotherms permits the calculation of the ac- 
tual intercalation enthalpy, and from the 
difference between this enthalpy and the 
experimental enthalpy (obtained through 
calorimetric measurement), the enthalpy of 
dissociation of H2 on the supported metal 
into spilt-over hydrogen is obtained. Signifi- 
cant changes observed are evident in the 
dissociation enthalpy, depending on the na- 
ture of the bronzes, indicative of the differ- 
ences in affinity for electron transfer to the 
oxide lattices as well as of different interac- 
tions with the supported metal. 

The intercalation enthalpy (AHi( and 
the dissociation enthalpy A&(HZ) obtained 
for the three bronzes studied so far are re- 
ported in Table 1. 

The present contribution aims to extend 
the approach suggested in Ref. (2) to the 
bronze of a mixed oxide VMOO~,~ which 
presents several interesting properties. 
VMOO~.~ and its bronze H3.3VMo05.5 are 
orthorhombic (3); the intercalation of hy- 
drogen increases the a and b unit cell pa- 
rameters and decreases the c parameter as 
follows: 

Aala = 4.85%, Ablb = 2.89%, 
and AC/C = -6.98%. 

The crystallinity is not affected in a cycle 
of oxidation (in the presence of 0,) and 
reintercalation of hydrogen after oxidation 
as shown in Fig. 1 (from Ref. (4) and refer- 
ences therein). Up to about 20% of the 
maximum H content can be removed re- 
versibly at 60°C upon outgassing H3.3 
VMOOS.~, while the depletion of the initial 
H content is only about 5% in H1.,Mo03 at 
30°C and in Hx.~V~OS at 120°C. Thus, hydro- 
gen is apparently more easily deinterca- 
lated from H3.3VMo05.5 than from the “par- 
ent” Moo3 and V205 bronzes. In this work 
we report a large number of calorimetric 
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FIG. 1. Reversibility of H intercalation reaction. 
XRD patterns (CuKol): (a) initial VMoOss; (b) Hz 3 
VMoOS s ; (c) the same oxidized at 120°C for 3 hr in O2 ; 
(d) the same reexposed for 5 min to Hz (200 Torr) at 
60°C. The Pt content was 1% (w/w). 

measurements dealing with hydrogen in- 
tercalation in, and deintercalation from, 
H3.3VMo05.5 coated with small metal Pt 
particles. The heat of the oxidation reaction 
(with molecular 02) and the heat of reinter- 
calation after oxidation have been mea- 
sured as well. 

From these data AHi, of the interca- 
lation reaction is obtained: 

AHi, = AHi + Al?,(H,). 

Then from an accurate intercalation iso- 
therm A?& is calculated using the theory ex- 
plained in Ref. (2) and recalled above. 
Aj;id(HZ) is obtained and compared with the 
values shown in Table 1. 

Calorimetric as well as stoichiometric 
data are most easily explained in terms of 
the existence of two distinct populations of 

TABLE 1 

Values Obtained for Azi(H,) and Agd(HJ in 
Ho.4W03, Hd4003, and H4V205 

Bronze --Aa -AK(H,) T(K) -Api, 

H0.4W03 11.2 5.3 373 16.5 
H,.,MoO3 13.6 11.4 333 25.0 
H4VKh 12.2 16.9 343 29.1 

Note. AR,(HJ is the enthalpy of the intercalation 
reaction: A$,(H,) = Api + AHd(H2), all ex- 
pressed in kcal mol-‘. From Ref. (2). 
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hydrogen. The relative extents of these 
populations are estimated. 

In parallel the influence of the dispersion 
of the Pt particles has been studied. As 
could have been anticipated, the degree of 
dispersion does not influence AEir(Hz); 
however, the rate processes are strongly 
dependent upon the Pt dispersion. This ki- 
netics aspect will be described in a separate 
publication (5); in most experiments re- 
ported here, the average platinum particle 
diameter was between 20 and 25 A. 

In summary, this contribution empha- 
sizes the effect of electronic structure, and 
of the modification of metal-support inter- 
action on molecular H2 dissociation leading 
to the formation of hydrogen bronzes in the 
particular case of Pt on H,VMOO~.~. 

EXPERIMENTAL 

Material 

VMo05.5 was prepared according to the 
procedure described by Ancion et al. (4, 6) 
and its crystallinity was checked by com- 
paring the powder XRD with that of spec- 
trum a, Fig. 1. The powdered oxide was 

impregnated with 1% Pt (w/w) using either 
H&W&, Pt(NH&& or Pt(NH&(0H)2 as 
precursors. The platinum salt was decom- 
posed by heating between 200 and 400°C in 
air or under vacuum. The impregnation and 
decomposition procedures strongly affect 
the kinetics of H2 uptake as described and 
discussed elsewhere (5). In particular, the 
decomposition of the platinum amine salt 
requires a temperature >3OO”C to obtain 
rapid uptake (total reaction time on the or- 
der of 6 hr at 60°C). However, the degree of 
dispersion of the Pt particles does not sig- 
nificantly affect the thermodynamic results 
within the margin of experimental errors. 

Instruments 

The instrumental device is described in 
Fig. 2. It contains two Seebeck envelope 
calorimeters manufactured by Thermo- 
netics Corp., San Diego, California. All the 
heat flow in the calorimeter must pass 
through its wall where the temperature gra- 
dient sensors are located. Therefore, the 
calorimeter envelope integrates the total 
heat flow in the system with respect to 
time. Thermoelectric transducers relate 

To Diffusion Pump To Vacuum Pump 
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A, B = Calorimeter 
C. D = Preheating Jacket 

E = Recirculation Pump 
S = Pressure Sensor 
T  = Trap with Liquid Nitrogen 

FIG. 2. Apparatus used for determining the integral heats of intercalation and deintercalation of 
hydrogen as well as the heat of oxidation of hydrogen bronzes and the intercalation isotherm (see text). 
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thermal flow to a DC voltage output signal 
which is recorded vs time. The calorimeter 
envelope is quite thin so that the time con- 
stant is low. The transducers consist of 
thermopiles with spaced junctions. The 
sensitivity is about 0.01 cal/sec mV. The 
calorimeters include an environmental con- 
trol jacket, in which a fluid is circulated at 
the desired reaction temperature. The reac- 
tion vessel is a spherical thin glass con- 
tainer fitted with a sintered glass disk on 
which about 0.6 g of material is loosely 
packed. Calorimeters (A and B) contain 
equal weights of materials either uncoated 
or coated with Pt particles. The reference is 
uncoated VMOO~.~ which does not react 
with molecular H2. The DC signals from 
both calorimeters are opposed and the dif- 
ference is recorded. The heating water flow 
is evenly distributed between the control 
jackets of the two calorimeters and the pre- 
heating jackets (C and D). 

A circulation pump transfers the molecu- 
lar H2 from (E) into the calorimetric sys- 
tem. The pressure is monitored by pressure 
sensors (Barocel) and recorded during the 
reaction. Low pressures are checked with a 
McLeod gauge (F). A gas buret (G) permits 
the measurement of the initial amount of H2 
as well as the measurement of the dead vol- 
ume of the reaction system. A conventional 
vacuum system (residual pressure = 10m6 
Tot-r) is used to outgas the system. There- 
fore, intercalation isotherms and heat con- 
sumed or produced during intercalation, 
deintercalation, and O2 oxidation of the 
bronze can be measured, as well as the ki- 
netics of the intercalation and oxidation re- 
action. 

In this paper all thermodynamic mea- 
surements were obtained at 60 -+ OY’C (333 
K). The intercalation isotherms were ob- 
tained between 333 and 347 K. 

Experiments 

Two types of experiments were carried 
out. In the first type (referred to as one-step 
procedure) the initial pressure of 200 Torr 
was large enough to reach, in one step, a 

final stoichiometry near that of the maxi- 
mum uptake. In the second type (multi-step 
procedure) the initial pressure was reduced 
in order to follow step by step the uptake 
between x = 0 and x = N,, namely, the 
maximum H/(V + MO) ratio. In the first 
case, the integral heat of the intercalation 
AHi, was produced in one step. In the 
second case, AHir(x) was obtained by sum- 
ming up the heats evolved after each step: 
X1+X2+X3+’ ’ . = x. Irrespective of how 
N, was reached, partial deintercalation un- 
der vacuum was carried out and the endo- 
thermic heat effect associated with deinter- 
calation AH,, (deintercalation reaction) 
was measured as well. 

Deintercalation was followed by a one- 
step reintercalation, the enthalpy of which 
was also measured. At this stage the maxi- 
mum H content should be restored. 

After outgassing, the oxidation reaction 
was performed,$e corresponding enthalpy 
change being AH,, and finally a third rein- 
tercalation was carried out. For the sake of 
clarity Table 2 summarizes the sequence of 
events in the one-step or multi-step proce- 
dure. In all the experiments the tempera- 
ture was 333 K. 

In all intercalation reactions AX was mea- 
sured by recording the H2 pressure change. 
In the oxidation reaction, the O2 consump- 
tion was recorded as well. Of course, a 
measurement of -An in the deintercalation 
measurement was not possible, since this 
step was performed by outgassing under 
vacuum for several hours. 

The same N, value was expected to be 
reached in the first intercalation of the one- 
step and multi-step procedure. This as- 
sumption is correct within experimental un- 
certainty (_+O.l on Ax). 

As far as the second intercalation (after 
deintercalcation in either the one-step or 
multi-step procedure) is concerned, it was 
assumed that (N, - x,) was identical to the 
amount of hydrogen deintercalated. This 
identity will be demonstrated later on the 
basis of the A??dr measurements. 

As outlined in Table 2, the initial hydro- 
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TABLE 2 

Summary of the Experimental Procedure 

One-step procedure 
1st complete intercalation 
Deintercalation 
2nd intercalation 
Outgassing H2 
Oxidation 
Outgassing O2 
3rd intercalation 

Multi-step procedure 
1st intercalation step 
2nd intercalation step 

Ax 

Q+N, 
Nrn+ xc 

xr+Nrn 
Nm+xr 

x, + x: 

X:+ N:, 

o-,x, 
Xl -+ x2 

. . 

nth intercalation step 
Deintercalation 
2nd intercalation 
Outgassing Hz 
Oxidation 
Outgassing O2 

3rd multi-step intercalation 

gen content before oxidation is not ZV,,, but 
xr, because the sample is outgassed be- 
tween the second intercalation and the oxi- 
dation step. Thus, the 02 consumption is (x, 
- x:)/2. It will be shown that the maximum 
hydrogen uptake at the third (and final) 
reintercalation after oxidation (Nh in Table 
2) is always lower than N,, in spite of the 
fact that the sample was outgassed at 60°C 
till the residual pressure was 10e5 Torr in 
most cases. 

RESULTS 

One-Step Experiments 

Thirteen one-step experiments yielded 25 
values for AH+, including those obtained 
for the first and second intercalation pro- 
cesses (T = 333 K). A regression analysis 
linking AHi, to the corresponding xl2 was 
performed with the following results: 

intercept: 11.06 kcal mol-i, standard er- 
ror: 5.6 kcal; 

slope: -37.76 kcal mol-l, standard error: 
2.12 kcal; 

correlation coefficient: 0.932. 

Among these 13 experiments, four were 
performed with samples impregnated with 
the HzPtC16 precursor, one with the 
Pt(NH&C& precursor, and eight with the 
Pt(NH3)4(0H)2 precursor. No significant 
difference attributable to either the precur- 
sor, or the way thermal activation was car- 
ried out, was detectable in the recorded 
AHir, even though large differences in the 
kinetics of the H uptake were observed (5). 

Figure 3 shows the linear regression AHi, 
vs Ax/2 (solid line) and the average values 
of AR+ obtained within x/2 = 0.05 intervals. 
The number of averaged measurements is 
shown between parentheses. The cluster of 
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FIG. 3. -A& vs Ax12 in the one-step procedure. Solid line: regression analysis on 25 values. Data 
points (0): average of(n) experiments within Ax/2 = 0.0s intervals. 

data between xl2 = 0.25 and xl2 = 0.60 
corresponds to the second intercalation 
(see Table 2). From these data it may be 
concluded that: 

1) AHi, per mole HZ or AHi, between 
x12 = 0.29 and 1.6 is -37.8 & 5.6 kcal 
mol-‘. 

2) A fraction x,/2 = 0.29 is intercalated 
without enthalpy change. 

This fraction represents what will be called 
the “facile” hydrogen. Facile hydrogen 
may be physisorbed H2 in fractures created 
within the VM005.5 microcrystals, as sug- 
gested in the next section. 

We may already point out here that de- 
sorption measurements support the conclu- 
sion that about 0.29 H2 (per mole oxide) is 
either strongly physisorbed or weakly 
chemisorbed as proved by the following 
measurements carried out on bronzes pre- 
pared by a one-step procedure at 60°C. Af- 
ter intercalation and cooling the samples at 
2O”C, the HZ pressure in the adsorption ap- 
paratus was lowered to about 0.1 Ton-, the 
connection with the vacuum pump was in- 
terrupted, and the temperature was raised 
above 60°C. Hydrogen and water desorp- 
tion were measured and converted to 
fAx(H2) and y(HzO) per mole oxide. The 
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results were as follows: 

T(T) 120 150 180 200 
bhx 0.22 0.29 0.24 0.03 

Y 0.02 0.0s 0.19 0.44 

Thus, up to about 150°C facile H2 is de- 
sorbed while the formation of water is low. 
Above 150°C the mixed oxide starts reduc- 
ing under the action of gaseous H2 and/or 
intercalated H. 

Note that the final equilibrium pressure 
P(H2) for which x = N, was between 135 
and 164 Torr in these one-step experiments. 
Under these conditions N,,, was 3.2. 

Multi-Step Experiments 

Three experiments were performed, the 
total number of steps x = 0 --, x1 + x2 . . . 
* x = N, being 23. This includes the multi- 
step procedure for the first and the third 
intercalation (after the oxidation and out- 
gassing). The equilibrium pressures vary 
between 2 x 10m2 and 348 Torr; the maxi- 
mum hydrogen uptake at the end of the first 
multi-step intercalation is N, = 3.46, 

whereas it is NA 5 2.9 at the end of the 
third multi-step intercalation. 

The regression analysis performed with 
the 18 values between x = 0 and x 5 2.90 
gave the following results: 

intercept: -3.02 kcal mol-l, standard er- 
ror: 3.3 kcal; 

slope: -30.53 kcal mol-r, standard error: 
1.5 kcal; 

correlation coefficient: 0.963. 

When x is larger than 2.9 = N,,, - xf, the 
AHi, measurements are randomly scattered 
about -46.9 kcal mol-‘. The average values 
of AHi, within x/2 = 0.05 intervals and the 
linear relationship AHi, function of x/2 are 
shown in Fig. 4. In Fig. 4, five data points 
out of 23 were obtained with samples where 
the Pt precursor was H&Cl6 calcined at 
200°C under vacuum. For the others, the 
precursor was Pt(NH&(OH)z , calcined at 
350°C in air. These two situations are, in 
fact, those with the lowest and the highest 
Pt dispersion, respectively (5). 

From these multi-step experiments it fol- 
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FIG. 4. Multi-step procedure: -Ani, vs x/2. The arrow indicates the onset of the adsorption of 
“facile” hydrogen. The squares show the results obtained for the first and third intercalation. The 
straight line results from the regression analysis on 18 data for 0 < x 5 2.9. The squares are obtained 
for x > 2.9. The circles show ABii, observed in the third one-step intercalation process for 12 experi- 
ments. 
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10~s that AHi, is -30.5 5 3.3 kcal 
mol-i. The standard deviation (from R*) is 
lower than that obtained for the one-step 
experiment. The average AHi, values 
obtained with both procedures overlap 
within the limits of uncertainty. In order to 
appreciate the margin of error, two points 
need to be emphasized. First, it may take as 
long as 6 hr to reach equilibrium, and by the 
end the recorded heat effect is lost within 
the noise. More important is the fact that in 
the one-step experiments were a large exo- 
thermic effect is obtained within a few min- 
utes, the local temperature of the sample 
undergoing intercalation may reach the 
temperature limit (-150°C) where the 
bronze becomes unstable, that is, the tem- 
perature where water may start forming at 
the expense of lattice oxygen. 

Second, the change in the lattice parame- 
ters is abrupt. The volume of the unit cell 
(3) (a * b * c) of the oxide is 291.13 A3 
whereas that of the bronze is 292.15 A3. The 
increase in volume is a moderate 0.38%, 
but it is very anisotropic, the contraction in 
the c parameter being on the order of the 
sum of (Au/a + Ablb) expansions. This an- 
isotropic lattice rearrangement is likely to 
create microfractures within the microcrys- 
tals which contribute to increase the NZ 
BET surface area (measured after outgas- 
sing for 6 hr at 100°C) from 11.3 to 16.2 
m2/g, from the oxide (coated with Pt) to the 
bronze (after oxidation). 

The formation of minute amounts of wa- 
ter, due to overheating in the one-step ex- 
periments, could result in overestimating 
AHi,( This effect must be much less 
pronounced in the multi-step experiments. 
Therefore, we suggest that AHi = 
-30.5 ? 3.3 kcal mol-i is nearer the actual 
enthalpy of intercalation than the value ob- 
tained in the one-step experiment. Addi- 
tional evidence for this choice follows. 

Deintercalation 

The average experimental Ax = (N, - 
xr) during the second intercalation in both 
the one-step and multi-step experiments is 

0.94 4 0.14 where o = 0.14 is the standard 
deviation for 15 data points. Ax should be 
identical to the H depletion occurring dur- 
ing deintercalation under vacuum. 

Using the calorimetric heat of deinterca- 
lation AHdr, the depletion can be estimated 
in two ways. Either the linear relationship 
obtained from the one-step experiment, 
namely, 

AHi, = + 11.06 kcal - 37.8 kcal . Ax/2 

= -A& . AX/~, (1) 

is used or Ax is calculated from 

AX = -2(AHd,)IAHi,(H2) + Xr, (2) 

where AHi, is -30.5 kcal mol-l, i.e., 
the value obtained from the multi-step ex- 
periment and where xr = 0.58. 

The average Ax obtained for 15 measure- 
ments of AHdr(HZ) is 0.79 t 0.07 using Eq. 
(I), whereas that obtained using Eq. (2) is 
0.88 ? 0.07. When compared with the ex- 
perimental Ax = 0.94 ? 0.14, it appears that 
AHi, = -30.5 kcal mol-’ is the better 
estimate. 

Therefore, the average stoichiometry of 
the bronze after prolonged outgassing at 
60°C should be x, 2 2.4 ? 0.1 H per mole 
oxide. 

Oxidation Reaction 

After the second reintercalation, the 
bronze is outgassed again under similar 
conditions as those used for the deinterca- 
lation step. We can, therefore, expect that 
at least 2.4 2 0.1 H atoms remain in the 
solid before oxidation. In seven out of 10 
experiments there is an acceptable agree- 
ment in the balance of H consumed by oxi- 
dation and H reintercalated as shown in Ta- 
ble 3. In the other three experiments, the 
oxygen consumption was in excess, per- 
haps because of incomplete outgassing be- 
fore oxidation. In this table the measured 
O2 consumption is transformed into H con- 
sumed: this is the experimental (x, - XL) 
and since x, is assumed to be 2.4 f 0.1, x: 
must be about zero; i.e., all the residual hy- 
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TABLE 3 

H Content Balance in the Oxidation Process and Third and Final Reintercalation 

Experiment 
no. 

x(02) 
consumed 

/mole oxide 
(exp.) 

x, - x: N, - x: 
H H 

consumed by reintercalated 
oxidation after oxidation 

(exp.) (exp.) 

A%(H,) 

AHTO) 
(kcal/mole H20 
or/oxygen atom) 

12 0.654 2.616 2.6 -47.8 
15 0.637 2.548 2.64 -40.5 
6 0.680 2.72 2.6 -40.7 
3 0.759 3.036 2.6 -41.5 
2 0.472 1.888 2.6 -46.1 

11 0.662 2.648 2.5 -39.4 
28 0.788 3.152 2.2 -33.2 

Average 2.66 k 0.26 2.54 t 0.1 -41.3 a 8 

Note. For the significance of x,, x: and N, , refer to Table 2. 

drogen is consumed during oxidation. The 
slight excess in oxygen consumption may 
be due to oxygen chemisorbed on vacancies 
or other defects within the fractures. The 
enthalpy AR0 for the oxidation reaction is 
expressed per number of 0 atoms or H2 
molecules consumed. In other words, it is 
the integral heat of oxidation divided by (x, 
- x:)/2. The average value is -41.3 ? 8 
kcal. The predicted value should be 

AH,(per $02) = -AHi, 

+ AH(HD), (3) 

where the enthalpy of formation of liquid 
water, e.g., -68.3 kcal mol-‘, is used with- 
out correcting for the fact that the reaction 
is carried out at 333 K. Thus, 

AH, = (+30.5 + 3.3 - 68.3) kcal 
= -37.8 + 3.3 kcal. 

The discrepancy between the predicted and 
measured value is within the margin of un- 
certainty. The liquid water must be in some 
way retained within the host lattice and the 
microfractures. It should be removed dur- 
ing the outgassing step following oxidation, 
before the final and third intercalation (see 
Table 2). 

One can wonder why the oxidation pro- 
cess leads to less reproducible results in the 

measurement of AH, compared with the 
very reasonable fits shown in Figs. 3 and 4 
and/or in the calculation of the H balance 
(compare for instance the results of Table 3 
to Ax = N,,, - xr in the deintercalation sec- 
tion). Again, it may be that the sample is 
overheated by the large thermal effect de- 
veloped within the few minutes following 
the introduction of OZ. Since (Table 3) x, = 
0, N, - x: should be 3.3 ? 0.1. It is obvious 
that this is incorrect. 

Thus, after oxidation the maximum up- 
take, N6, is always smaller than N,,, , indi- 
cating that the hydrogen intercalation ca- 
pacity of the host lattice has appreciably 
deteriorated upon oxidation. Actually, 
since N,!,, 5 2.9 and N, I 3.465, one may 
suggest that the oxidation step has sup- 
pressed the sites where facile Hz was physi- 
sorbed. This suggests that strongly physi- 
sorbed HZ0 molecules within the cracks are 
not removed upon outgassing at 60°C be- 
fore the third intercalation. 

A previous XRD study of the effect of 
oxidation has shown (Fig. 6 in Ref. (7)) that 
when compared to the initial oxide, the in- 
tensity of the Bragg reflections of the 
bronze having reacted with O2 during 5 min 
at 120°C is lower than that of the starting 
oxide, and that the widths of the reflections 
are appreciably larger (see also Fig. lc). A 
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contact time of 20 hr with O2 at 120°C is 
necessary to restore the initial XRD pattern 
of VMOO~,~. 

It is interesting to point out that the one- 
step third intercalation also never yields NL 
larger than 2.7 (average hydrogen pressure 
at equilibrium - 150 Tort), whereas the ex- 
perimental data shown by empty circles in 
Fig. 4 indicate that the corresponding AHi, 
(except for two points with x12 = 0.6 and xl 
2 = 1.2) scatter about the linear regression. 
These one-step third intercalation AJ7ir data 
were not taken into account in the regres- 
sion analysis which yields the linear varia- 
tion in Fig. 4. In contrast, if the one-step 
third intercalations AHi, are compared with 
the one-step first and second intercalation 
AHi, shown in Fig. 3, it is obvious that they 
do not follow the linear relationship which 
holds for samples accepting facile hydro- 
gen. 

Additional experiments, such as thermo- 
gravimetric measurements during oxida- 
tion, are planned in order to obtain informa- 

tion on the removal of water upon 
outgassing after oxidation. 

Intercalation Isotherms 

The intercalation isotherm obtained from 
four different experiments is shown in Fig. 
5. What is represented is Bln(P(H2)/P*(H2)) 
vs x, where P(H2) is the equilibrium pres- 
sure corresponding to the uptake of xH 
atoms and where 

-In P*(H?) = po(H2)RT 
= (& - EFJ/RT, (4) 

&Hz) being the reference chemical po- 
tential of H2 obtained from the partition 
function of gaseous HZ. (FO - Eg)/RT is 
taken from thermodynamic tables (see, 
for instance, Aston and Fritz (8)). Thus, 
+ln(P(H2)IP*(H2)) is In A,, where A, is 
the absolute activity of the intercalated 
guest hydrogen, 

RT In A, = pg = &(HZ), (5) 

1 2 2.85 3 

FIG. 5. Intercalation isotherm obtained from four different experiments (0, A, 0, 0). 
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and pg and p(HZ) are the absolute chemical sorbed or weakly chemisorbed within a net- 
potentials of the intercalated hydrogen and work of narrow pores resulting from the 
of the gaseous H2, respectively. Except for anisotropic dilatation of the microcrystals. 
the relatively large experimental error in Therefore, from the isotherm as well as 
the 0.01 - 0.1 Torr range due partially to from the calorimetric data we can postulate 
the very long time necessary to reach equi- (1) that the VMo05.~ bronze has the H2.aJ 
librium (~24 hr), the isotherm is smooth up VMo05,5 stoichiometry, the actual N,,, is 
toaboutx = 2.85. In the range between2.85 not 3.44 but (3.44 - xr) = 2.85, and (2) 
and 3.4, namely the range where “facile” that AHi, = -30.5 + 3.3 kcal mol-i. 
hydrogen is taken up without any notice- 
able enthalpy change (within a margin of 
uncertainty +3 kcal), the experimental data DISCUSSION 

are scattered about the dashed line in Fig. The hydrogen bronze formation can be 
5. It has been suggested earlier that “fat- analyzed, for 0 < x < N,,, = 2.85, as fol- 
ile” hydrogen is, in fact, H2 physically ad- lows: 

xPt, + HiOX-“” - - XPt, + OX-“” + X@ppil,over 

In the above cycle, Pt, refers to surface 
platinum, H&illover to the activated hydrogen 
spilt over the surface of the oxide, with a 
partial charge of +E, OX refers to the origi- 
nal oxide before contact with Hz, and 
OX-“” to the oxide as modified by its inter- 
action with spilt-over hydrogen, which in- 
cludes the transfer of XE electrons. I,, Z,, 
and Z3 refer to the interaction enthalpy be- 
tween the metal and the support, which 
may be different when either is modified. 

In our notation, the overall heat of reac- 
tion obtained from the calorimetric experi- 
ments is 

(X/2)A??i, = H(H,OX-““) - (~/2)Ji(Hz) 
- H(OX) + z3 - I,. (7) 

The value AHi corresponds to the inter- 
calation reaction enthalpy 

(x/2)AHi = B(H$OX-““) - H(OX-““) 

- W2PfCWpi~~over)~ (8) 

This step, most likely, does not imply a 
change in the metal-support interaction en- 
ergy. Thus, the difference A& between 
AHi, and AHi is 

(x/2)A& = [H(OX-““) - @OX)] 

+ ‘&‘2)[~(2W&over) - H(Hz)l + 13 - 11. 
(9) 

A& contains three terms: [H(OX-““) - 
R(OX)] is due to the modification of the 
ozde support upzn electron transfer; (x/2) . 
[fJW&il~over - H(Hz)l corresponds to the 
formation of hydrogen spillover; and Zx - I, 
corresponds to the modification of the 
metal-support interaction consecutive to 
it. 

Theoretically, one might further subdi- 
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vide Ai!& into AH, and AHb in the manner 
shown in the thermodynamic cycle; AH, 
would then be the enthalpy of Hz dissocia- 
tion by platinum supported on the transi- 
tion metal oxide, but it is important to real- 
ize that this treatment cannot separate AH, 
from Apb, i.e., from the effect of further 
interaction of dissociated hydrogen with 
the surface of the oxide. Remember that x 
is the uptake per mole oxide, (OX). In the 
equation above, we chose to express all en- 
thalpy changes per mole HI?. 

In order to obtain separately AHi and 
AEd, we must find a way to estimate 
AHi as defined by Eq. (8). This has 
been achieved by using a statistical thermo- 
dynamics treatment developed in Ref. (2), 
from which Table 1 has been taken. The 
main principles of this treatment have been 
recalled in the Introduction. The final equa- 
tion which applies is 

In A = Eo - Ev 
g 7 [l - <(l - cy)i-‘1 

- 

+ [(I - a)c-’ aH + In (y 
RT 1-ff 

- In[l + bX&‘(l - a)~-‘], (10) 

where LY is the ratio of the occupational 
probability per interstitial lattice site X0 to 
the maximum occupational probability X,,, . 
X0, depends on the lattice of interstitial 
sites which can be occupied by the guest 
hydrogen, 

a = X,/X,,,, = xlN,, (11) 

b and 5 are defined as 

5 = ~x,rn~U - &nJ (12) 

b = (1 - X0,)X&, (13) 

where Z is the coordination number of an 
interstitial site. (E, - Ev) is the difference 
in energy between occupied and vacant 
sites, expressed per gram atom H. The pa- 
rameters AH = iAHi(HZ) and (EO - E,) in 
Eq. (IO) are optimized in order to fit the 
experimental isotherm, namely In A, (Eq. 
(5)) plotted vs (Y (Eq. (1 I)). Generally, more 
than one interstitial lattice gives a good fit, 
as shown in Table 4. 

At this stage it is worth outlining that the 
interstitial lattice is not a real lattice in the 
sense that it is not supposed to match the 
crystal lattice of the host oxide (2). The in- 
terstitial lattice indicates solely the neigh- 
boring relationships between interstitial 
sites which allow one to fill these sites, in a 
way mimicking the insertion or intercala- 
tion process at equilibrium between the gas 
phase and the solid. 

It is, therefore, not surprising that sev- 
eral “interstitial lattices” may yield reason- 
able fits between “theoretical” and experi- 
mental isotherms. Since 5 is the number 
which characterizes the interstitial lattices, 
it may be suggested that any lattice with 
2.218 I 4 I 2.658 could be used for Hz.ss 
VMoOj.5. 

The numerical values of AHi( 2(E, - 
E,)(H2), AHd(H*), and the characteristic 

TABLE 4 

Best Fitting Api( (E, - E,)(Hr)” 

Lattice -Aii,(K) -C-C - f%)(K) -A%(Hd x om i z 

Cubic 12.96 14.94 17.54 0.308 2.658 6 
Square 12.42 15.22 18.08 0.363 2.274 4 
FCC 11.62 14.64 18.88 0.156 2.218 12 
Average 12.3 ? 6% 14.9 2 2% 18.2 2 4% 

Note. 5, Z and X0,, the maximum occupational probability, are characteristics of the “interstitial” lattice. 
Azd(H*) is obtained by difference, using Eq. (7). 

a In kcal mol-I, calculated from the intercalation isotherm in Fig. 6 (Eqs. (10) and (12)). 
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0.0 0 1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 IO 

Q 

FIG. 6. Calculated isotherms (Eq. (10)) fitting the 
experimental data shown in Fig. 5. N& = 2.85. Intersti- 
tial lattice: 1, cubic; 2, square (bidimensional); and 3, 
FCC. 1 and 3 are indicated, 2 is between 1 and 3. 
Average error on In A,: 20.12 (22 data points). Solid 
and open circles correspond to data from different iso- 
therms. 

values X0,, Z, and 5 of the three best fitting 
interstitial lattices are shown in Table 4. It 
is worth mentioning that the average error 
on In A, is iO.12 for the cubic, square, and 
FCC lattices (Fig. 6). The margin of uncer- 
tainty increases very significantly for the 
triangular, hexagonal, BCC, and linear lat- 
tices, indicating poor fits with these lat- 
tices. The average AE?r(Hz) and AG,J(H& in 
Table 4 can be directly compared with the 
values shown for other bronzes in Table 1. 
Remembering that AHir(H2) is -30.5 kcal 
mol-i, it is obvious that AHi in the hy- 
drogen bronze of the mixed VMOO~J oxide 
is very similar to that reported for the V205 
bronze. However, AHd(H2) is 50% larger 
on Pt supported on H2.85VMo05.5 than on Pt 
supported on H1.,Mo03. AHd(H2) is spread 
over a large range as shown below (in kilo- 
calories per mole): 

-5.26(H,W03) > - 11.4(H,MoOJ 
> - 16.9(H,Vz05) > - 18.2(H,VMo05.$ 

On the opposite, AHi spreads over a short 
range of values (in kilocalories per mole): 

- 11.2(H,W03) > - 12.2(H,V,05) 

= - 12.4(H,VMo05.5) > - 13.6(H,Mo03). 

It is worthwhile to emphasize that the 
results presented in Fig. 4 show that 
AHi, is independent of x in H,VMo05.5. 
This independence was central to the the- 
ory reported in Ref. (2), but at the time it 
was developed the experimental evidence 
for this constancy was founded in only 
three experiments. Thus, this is the first im- 
portant achievement of this contribution. 

The second point of interest deals with 
what could be considered the effect of some 
kind of strong metal-support interaction 
(SMSI) on the heat of dissociation of Hz on 
Pt, into spilt-over hydrogen (H,) on the sur- 
face of hydrogen bronzes. 

In order to explain the large range of AHd 
we must assemble a puzzle in which several 
pieces are missing. The situation is summa- 
rized in Fig. 7. In Fig. 7b, A@ is the differ- 
ence between the work function (10) of the 
systems Pt, H,Mo03 and Pt, $H2, OX. Aa 
was measured for the 100 face of a MoOj 
single crystal. In Fig. 7d, Ei represents the 
energy of ionization of the donor bound 
level, EC the energy at the edge of the con- 
duction band, and Eg the gap in H3.3 
VMo05.S. Ei - EC and Eg were obtained by 
plotting the logarithm of the DC conductiv- 
ity (C) vs l/Tfor pelletized H3.3VMoOS.s, as 
shown in Fig. 8. The transition between the 
extrinsic (at low temperature) and intrinsic 
conductivity (at high temperature) occurs 
around 400 K. Notice (in Fig. 8) that 
VMoOj.5 itself has a small band gap (E, = 
16.88 kcal) which is about the same as that 
measured in the high-temperature range for 
H3.3VMo05,5. In Fig. 7d, the bound donor 
level Ei must be near the Fermi level of the 
system. For the reason explained below it 
was pinned upon $A@, obtaine& for this 
system. In Fig. 7b, perhaps by coincidence, 
hA& is exactly equal to the change in the 
work function. Thus, the change in energy 
for removing one electron from the Fermi 
level of the system (Pt, Hs, H,Mo03) with 
respect to the Fermi level of (Pt, BH2, 
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FIG. 7. Energy levels of the (Pt, H”;OX-‘“) systems with respect to the energy level of the Pt, $HI, 
OX corresponding systems. See text. 

(1000/T “K-‘) 

Mo03) is the same as the value of Al?, as 
defined in Eq. (9). It will be remembered 
that one of the terms contributing to AH, is, 
indeed, @(OX-““) - I?(OX). 

Now the puzzle starts making sense. In- 
deed in Fig. 7d the edge of the conduction 
band is at about the same level as the Fermi 
level in Fig. 7b. This again may be fortu- 
itous but large differences in the band struc- 
ture of Mo03, VzOj, and VMo05.5 are not 
expected in view of their lamellar structure. 

FIG. 8. Logarithm of the conductivity (In C) vs lOOO/ 
T(K) observed for VMOO~J (a) and H3.4VMo05,s (b), 
under 1 atm Hr. In the high-temperature (intrinsic) 

In summary, what is suggested here is 
that the change in the heat of dissociation of 
HZ into H, on Pt particles supported by H 
bronzes follows the shift of the Fermi level 
in the (Pt, H.;OX--YE) system with respect to 
the Fermi level of the (Pt, $H2, OX) system. 
W03 with a Re03 structure must have a 
band structure which differs from that of 
the lamellar Mo03, V205, and VMOO~.~ 
structures; therefore, and as suggested in 
Fig. 7a, the position of the conduction band 

region, the slope is -E,/2ka. In the low-temperature 
region (extrinsic), the slope is -(I$ - E,)lka because of edge is not the same in H,W03 as in the 

the slight ionization of the uncompensated donors other three lamellar bronzes. Indeed Ho.4 
(14). W03, being a metal, should have its Fermi 
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level near the edge of the conduction band. 
This attempt at exploiting the variation of 
the heat of dissociation of H2 on supported 
Pt is no more than a first order approxima- 
tion and its sole merit is to provide guide- 
lines for further studies. 

Irrespective of the validity of the hypoth- 
esis underlying Fig. 7, and as far as cataly- 
sis is concerned, it is important to empha- 
size once more that the measurement of the 
heat of chemisorption of Hz on a metal sup- 
ported on an oxide liable to intercalate hy- 
drogen does not provide the heat of dissoci- 
ation. What is measured is 

AHi, = AHi + ARd(HZ) 
= AHi + AHa + AHb(H2). 

This remark can be extended to any system 
such as Ni/TiOz or Pt/Ti02 (anatase) for 
which an enormous set of references can be 
quoted (11). In agreement with others, 
Lambert et al. (Ref. (12)) and references 
therein) have observed notable H uptake by 
the Ti02 host lattice upon reducing at 573 
and 773 K while the XRD original pattern of 
anatase is not modified. 

For such systems AH, corresponding to 
the initial HZ on platinum is equal to the 
observed AHi, minus [AHi + 
AZ&(HJ]. Depending on the value of AHi 
and AH, for the “surface” or “bulk” 
bronzes formed under these conditions, 
A&HZ) may differ appreciably from the 
measured heat of chemisorption, 
-AHi,( However, and in agreement 
with Sen et al. (13), AHir(H2) is not a func- 
tion of the dispersion of the platinum. 
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