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The effect of catalyst preparation on the the morphology of Pt/MoO, and the kinetic effects of
hydrogen spillover have been quantitatively investigated in this second of two works. A simplified
intrinsic kinetics model of hydrogen spillover has been used to simulate two series of ITR and TPR
experiments in Pt/MoO; samples. An interpretation of the experimental results consistent with the
assumed mechanism is as follows: (1) For the noncalcined or low-temperature (100°C) calcined
samples, formation of the hydrogen bronze occurs by a series—parallel mechanism; first, reduction
of the MoQO; surface by hydrogen spillover from Pt must occur, but then direct adsorption of H,
onto the partially reduced MoO; surface supplies most of the hydrogen to the MoO; bulk. (2) In the
high-temperature calcined sampies, hydrogen spillover is effectively the single bronze formation
pathway and rate-determining step, as the rate of spillover increases by three orders of magnitude
with respect to the noncalcined sample and is much faster than direct adsorption onto the partially
reduced MoO; surface. (3) In simulations of the high-temperature calcined samples, the activation
energy for spillover decreases a small amount, while the preexponential factor increases over
200 times. The most plausible explanation for these trends is thought 10 be a lessening of block-
age of adlineation sites or hindrance of hydrogen diffusion across the Pt surface by residual

chlorine. ¢ 1993 Academic Press. Inc.

INTRODUCTION

In the previous study of H, spillover in
Pt/MoQO, (1), it was shown that an increase
in calcination temperature caused the rate
of H, uptake to increase and the initial tem-
perature of reduction to decrease. Charac-
terization by TEM, chemisorption, and XPS
revealed that calcination induced MoO,
overlayers to grow on Pt, but also showed
that the amount of chlorine associated with
the Pt phase decreased. It was suggested
that the amount of residual chlorine was the
predominant cause for the observed trend
in H, uptake in the series of samples with
the same initial Pt precursor dispersion. To
further interpret the cause of the increased

! To whom correspondence should be addressed.

H, uptake rates in these samples, in the pres-
ent work a simple model of intrinsic kinetics
is employed to simulate the isothermal
reduction (ITR) and temperature-pro-
grammed reduction (TPR) experiments con-
ducted previously.

The integrated kinetics—reactor model is
of the type originally developed to model
catalytic surface reactions (2, 3) consisting
of several simultaneous differential gas and
surface mass balances related to the pro-
posed catalytic sequence through the law
of mass action for each intrinsic step. An
important advantage of this type of model is
that a rate-determining step (RDS) need not
be assumed, enabling several kinetic re-
gimes to be accounted for with little or no
parameter adjustment. The further goal of
these types of models is to incorporate to
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FiG. 1. (a) Schematic diagram of hydrogen spillover model. (b) Elementary steps of H, spillover

mechanism: (1) H, adsorption on Platinum, (2) H, spillover step, (3) H, diffusion into bulk, (4) H,

adsorption directly on bronze.

the greatest extent possible independently
obtained intrinsic rate constants found from
low-pressure or single-crystal studies.

This type of approach has been extended
to multicomponent, competitive adsorption
(4), multisite adsorption (5), and absorption
or subsurface migration into solids (5-7).
The framework adopted here to describe hy-
drogen spillover from Pt crystallites into the
bulk of MoO; consists of a combination of
multisite adsorption (onto Pt and a partially
reduced MoO; surface) and absorption into
the bulk (of MoQ,). The simulation results
for spillover in calcined Pt/MoO; suggest a
change in the RDS changes as the calcina-
tion temperature changes and also more
clearly suggests how residual chlorine or
MoO; overlayers affects the hydrogen up-
take rate.

THEORY

A schematic of the adsorption-absorp-
tion mechanism and the individual reaction
steps are shown in Fig. 1. Surface diffusion
over both the Pt and MoO; phases is as-
sumed to be very rapid, a common assump-
tion of simple lumped parameter models of
this type. A rough check of this assumption
can be made using the reported values for
the bulk diffusion coefficients, 1077~7.9 x
10~ % cm¥/s (8, 9). The value for the surface
area of MoO; employed here is 13 m?/g (10),
inrough agreement with a limited TEM sam-
pling (7.3 m?/g) (/). From chemisorption
data, the average MoQ; area corresponding
to one Pt crystallite is 20,000 nm? and the

spacing of Pt crystallites is 160 nm. The mo-
lar flux of H from diffusion in the bulk, as-
suming that the concentration gradient is
given by the difference of the proton con-
centration between a full and empty unit
cell, divided by the unit cell thickness (9)
gives a rough value of 1200 mol/cm?/s. Con-
verting this to a linear velocity assuming
again the concentration of a full unit cell,
results in a velocity of 100 cm/s at the edge
of a Pt crystallite, which reduces to a value
of about 5 cm/s midway between Pt parti-
cles. Mixing is established in microseconds,
using the bulk diffusion coefficient. Even
if the surface diffusion coefficient is many
orders of magnitude larger than the bulk dif-
fusion coefficient, good mixing still seems
plausible since the duration of kinetic effects
seen in the ITR and TPR experiments is on
the order of tens of minutes.

Values for intrinsic, fixed rate constants
and their references are given in Table 1.
Hydrogen adsorption is modeled to occur
dissociatively over Pt (step 1), as is com-
monly reported (//-13, 15). The number of
Pt sites (Syr) in each experiment was deter-
mined by selective chemisorption (/), and is
presented with other calculated parameters
(S, and S,;) in Table 2. The number of
Pt exposed sites for the highest calcination
temperature drops to 14% of the noncal-
cined sample due to Pt coverage by overlay-
ers of MoO; (/). The H, adsorption rate
constant was calculated from kinetic theory,
and the sticking coefficient of 0.1 (8) was
used. The desorption preexponential factor
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TABLE 1
Values of Parameter for Spillover Model

Symbol Meaning Units Value Source
keotr (Pt Collision rate constant s 1.48 x 10" (273 + )} Theory (7)
Sc, (Pt) Sticking coefficient none 0.099 un
keotg (M0O3) Collision rate constant 57! 2.43 x 10 (273 + T)°* Theory (7)
Scg (MoO;) Sticking coefficient none 1077 This work
Sor Total surface moles of Pt mol Table 2 Measured
Sit Total surface moles of MoO, mol Table 2 (10)
Sor Total bulk moles of MoO, mol Table 2 Calculated
ko Preexp’l, desorption mol~!s-! 108 12)
E, Desorption act. energy cal/mol 1.75 x 104
kg Preexp’l, spillover mol ! 57! Table 3 This work
Eg, for ITR Spillover act. energy in ITR cal/mol 1.15 x 10 (19
E, for TPR Spillover act. energy in TPR cal/mol Table 3 This work
ke Preexp’l, penetration mol ! 57! 4.7 x 107 kepoexp(E/Ey) (8)
E, Penetration act. energy cal/mol 0.94 x 104 (14)
ks Preexp'l, back diffusion mol~'s™! 9.15 x 10% This work
E Back diffusion act. energy cal/mol 0.94 x 10° 14)

and desorption activation energy were taken
from the work of Seebauer ef al. (/1) and
Zhdanov (/2), respectively.

It was found necessary to include a term
for dissociative adsorption of H, directly
onto the partially reduced MoO; surface
(step 4 of Fig. 1b), a phenomenon reported
by Fripiat and co-workers over single-crys-
tal MoO, (the 100 face) at low pressure (9,
16). Step 4 is similar to the form originally
postulated (/6),

H, + 25,, < 2S,..H,

except that as written above dissociative ad-

TABLE 2

Values of Syr. S;7, and Sy (mol)

ITR SUT X 106 SlT X 105 SZT X ]0.4

ITR TPR
Noncalcined 0.952 3.796 1.835 2.446
100°C Calcined 0.889 3.802 2.140 2.446
200°C Calcined 1.013 3.790 2.446 2.344
300°C Calcined 0.903 3.801 2.956 2.344
400°C Calcined 0.398 3.852 2772 2.344
500°C Calcined 0.129 3.879 2.201 2.344

sorption would occur over the unreduced
trioxide, which does not physically occur.
Partially reduced MoO,; sites are necessary,
and the inclusion of two such sites on either
side of step 4 represents the catalytic role of
these sites for the dissociative adsorption of
hydrogen. The value for rate constant for
this reaction was obtained from the experi-
mental data, as described in the results, and
is reported as the adsorption rate constant
from kinetic theory multiplied by the fitted
sticking coefficient (Table ). The collision
frequency for MoO, differs from that of Pt
due to different surface densities of the two
materials.

The number of MoO; surface sites (S,1)
was calculated from the surface area of the
MoQO, samples and is given in Table 2. Ad-
sorption onto MoO, was assumed irrevers-
ible (k; = 0). The value for the forward
penetration rate constant (k) was con-
strained by results of Taylor et af. (8) that
the rate constant of H penetration into bulk
MoO3 was 4.7 x 107 times faster than the
spillover rate constant. This relationship
was kept constant with changing tempera-
tures by using the relation shown in Table 1
along with the &, and E,, values for the

sp
noncalcined sample. The value for the back
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penetration rate constant (ks) was adjusted
(as described in the results) to values much
lower than the forward penetration rate con-
stant, consistent with reports that the MoO;
surface is self-cleaning (/6).

The number of bulk MoO; sites (S,1) was
taken from the integrated H, uptake area of
each sample used in the ITR or TPR runs;
these are also given in Table 2. A more rigor-
ous manner of varying S, between the ITR
and TPR runs would be to keep the total
number of bulk number of sites constant,
but vary the forward and reverse diffusion
constants to reflect the thermodynamically
dictated lower bronze composition at the
higher temperature of the TPR experiment.
This method, however, could not accurately
reflect the number of MoO; particles iso-
lated by extensive overlayer formation at
the higher calcination temperatures, with-
out an additional adjustment. The number
of §, and §, sites is approximately constant
in the series of samples; the only major dif-
ference between samples is the number of
exposed Pt sites.

The hydrogen spillover step (step 2) is
modelled as the product of a rate constant,
Pt surface coverage by hydrogen, and the
fraction of open MoQ, surface sites,

. — ! .
’spillover - l‘spH SOSI
or

Fypillover = k;pS()TSlTOSn(l - esx)

in scaled form and including surface mole
balances. A more rigorous spillover model
would have the true intrinsic spillover rate
constant multiplied by the number of adlin-
eation sites,

Fypitiover = képSO,HSO(l - Osl)

where S, represents the number of adlinea-
tion sites and is some function of §; and S,.
In a series of samples in which no overlayers
were present, and Pt existed as Pt%, S,
would simply be the number of Pt perimeter
sites and could be calculated directly from
chemisorption data. The diameter of Pt par-
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ticles has, in fact, been estimated from mea-
sured spillover rate constants in this vein
(17). However, in the presence of MoO,
overlayers on Pt, or when residual chlorine
potentially blocks adlineation sites, the cal-
culation based on Pt perimeter is not valid.
Consequently, the number of adlineation
sites will be lumped into the spillover rate
constant, that is, k, = k5o, . The strategy
for determining values of kg, will be de-
scribed in the results, and the implications
of this lumping of the fraction of adlineation
sites into k,, will be discussed.

The intrinsic kinetic model consists of
four transient mass balances: one for the
reactor gas phase, and one each for H ad-
sorbed on Pt (H - §;), H on the surface of
MoO, (H - §)), and H in the bulk of MoO,
(H - S,). The accumulation of hydrogen in
the gas phase includes the reactor balance
and the net loss or gain from the Pt and
MoQ, surfaces:

dH,

vdt

= Q(Hy, — H,)

— (kyH,85 — k»(H - $0)%)
- (kﬁHZ(H ’ S|)2(Sz)2
— k(H-SDH-S)). (1)
Hydrogen accumulation on the Pt sur-
face, H - $,, equals the adsorption minus

the desorption rate, minus the loss due to
spillover:

dH S , X
T" = kH,82 — ky(H - Sp)?
— ky(H- Sp)S,. )

Hydrogen accumulation on the MoO; sur-
face, H - §,, equals the gain from spillover,
less the net diffusion rate into the bulk, plus
the net H, adsorption rate directly onto
MoO;:

dH-§,
dt

= k,(H - S()S$,

— ky(H - 5)S, + ks(H - 5,)8,
+ k(,Hz(H ' Sl)zs%
- k7(H ' Sl)Z(H ) Sz)z- (3)
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The accumulation of H in bulk MoO, is
given as the sum of the net rates of diffusion
from the surface layer and direct H, adsorp-
tion onto the MoQ; surface:

dH- S,
dt

= ,\4(H * Sl)Sl

— kg(H - 5,)8, + keHo(H - $,)°53

- I\7(H . SI)Z(H * Sz)l. (4)
Surface and bulk mass balances are
Se=S+H-S§ or §=S8;—-H-§,
where i = 0, 1, or 2 for the Pt surface, MoO,
surface, or MoQO; bulk, respectively. These
are substituted into Egs. (1)-(4). The equa-
tions are then scaled by the inlet hydrogen
concentration, Syr, S,1, or S,r where appro-

priate, and are solved with a standard differ-
ential equation solving package.

RESULTS

The ITR and TPR runs which were simu-
lated are shown in Figs. 2 and 3, respec-
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tively. The simulations shown represent the
best fits of all adjustable parameters; in each
of the sensitivity analyses to follow (Figs.
4-7), one particular rate parameter will be
perturbed about this best fit (BF) value. Sen-
sitivity analyses were performed with simu-
lations of the noncalcined sample, which
represents the highest amount of exposed Pt
surface area in the series, and the 500°C
calcined sample, which represents the low-
est amount of exposed Pt area. The process
with which the final set of parameters was
derived and from which mechanistic inter-
pretations are made are now discussed.
The initial attempt of the modelling effort
was to determine if all ITR and TPR experi-
ments could be adequately simulated by fit-

ting only the spillover rate constant, &,
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FiG. 3. H, uptake in TPR, experiment (smeme=) vs
model ( ): (a) noncalcined: calcinations at
(b) 100°C, 1 h; () 200°C, 1 h; (d) 300°C, 1 h, (e) 400°C,
1 h; (f) 560°C, 1 h.
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while neglecting entirely mechanistic step 4,
H, adsorption onto partially reduced MoO;.
These initial simulation runs failed to repro-
duce the lag time and initial maximum seen
in the noncalcined and 100°C calcined sam-
ples of both sets of experiments (Figs. 2
and 3, spectra a and b). The lag time and
inflection point could be reproduced only
with a combination of spillover and direct
H, adsorption onto the bronze.

Incorporating the mechanism of H, ad-
sorption onto the partially reduced MoO,
surface required two additional adjustable
parameters, one the rate constant for ad-
sorption onto the S, surface, k¢, and the
other the value of the bulk back penetration
rate constant k<. The latter rate constant had
to be made smaller than the bulk forward
rate constant (kg), so that the adsorption
capacity of the MoO3 surface was regener-
ated, yet not so small that sufficient H - §,
could not accumulate for step 4 to proceed.
Once values for &, and k; were established
for simulations of the noncalcined samples,
they were kept constant since there is no
physical reason why they should change.
That is, the MoO; surface is assumed to be
largely unaffected by different temperature
treatments in oxygen. Orthorhombic MoO3
is known to form irreversibly from the am-
monium hyeptamolybdate precursor, and
has been shown to be completely stable to
additional calcinations at 300°C (/8). With
these two values established, it was possible
to simulate the rest of the ITR spillover runs
(Fig. 2) satisfactorily by changing only the
spillover rate constant. This *‘bootstrap-
ping’’ procedure for finding the best values
of rate constants, possible due to the nature
of this transient kinetic model, reduces the
number of adjustable parameters for any
one set of experiments and also simplifies
the optimization routine. If a sufficient range
of experimental conditions is simulated, the
rate parameters can be optimized one (or a
few) at a time.

The sensitivity of the simulations of the
noncalcined samples to the three rate con-

stants k., k¢, and &5, can be seen in Fig. 4,
sp 6 5
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S, and 6. The sensitivity of the H, uptake
spectra for the noncalcined sample to &, is
shown in Fig. 4a, and for the 500°C calcined
sample, in Fig. 4b. In Fig. 4a, the lowest
spillover rate resulted in the longest lag
time. Increasing &, by a factor of 10 and
200 only decreased the lag time but did not
significantly change the shape of the reduc-
tion profile. The shape of the reduction pro-
file at these lower spillover rates can be al-
tered only by changing the value of &, (Fig.
5). The interpretation is as follows: for the
noncalcined or 100°C calcined samples the
spillover rate controls the rate of reduction
of the MoO, surface, but once the surface is
sufficiently reduced, reduction of the bulk
occurs primarily by H, adsorption onto the
MoO, surface.

For the 500°C calcined sample, Fig. 4b, a
much larger value of k, is needed to model
the data. The simulation is still sensitive to
changes in &, and is more sensitive to de-
creases than to increases. Insensitivity at
the highest values of the spillover rate must
mean that spillover is no longer rate deter-
mining, but that H, adsorption is. This con-
dition is far removed from the simulated ex-
periment, however. The same trends were
noted for the noncalcined and 500°C cal-
cined simulations of the TPR experiments.

The sensitivity of the ITR simulation for
the noncalcined sample to &, is shown in
Fig. 5a. With no adsorption onto the MoQO,
surface, the reduction occurs at an almost
neghgible pace. Increasing &, deepens the
reduction profile but does not change the lag
time except at the highest values of k. The
reason is that for the same spillover rate, the
MoO, surface becomes reduced at the same
time in all the curves. At the highest values
of &, the bulk reduction can occur with a
much lesser extent of reduction of the MoO,
surface. This does not appear to occur in
the realm of the experiment, however. The
same qualitative arguments can be made for
the effect of £, on the TPR simulations, seen
in Fig. 5b.

In simulations of the 500°C calcined sam-
ples (Fig. 5¢ for ITR and Fig. 5d for TPR)
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(a) Effect of variation of spillover rate (k.;) on ITR model for noncalcined 1% Pt/MoOs, k
(mol~'s 1) of: —B— 1.65 x 10'; —5— 1.65 x 10%;

5P
3.31 x 10° (BF); —0— 1.65 x 10%;

—&— 1.65 x 105, —— 1.65 x 10°. (b) S00°C Calcined 1% Pt/MoOs, k,, (mol ™' s™') of: —Ml—

1.65 x 105, —3—8.26 x 10°; —@—4.13 x 10%;

4.96 x 107,

higher values of k,, are employed. These
profiles are almost completely independent
of the value of k. In Fig. Sc, the value of &,
has to be increased three orders of magni-
tude above the highest value used in Fig. Sa
for any appreciable effect to be seen. The
reason for this insensitivity is that the rate
of bulk reduction by spillover is very much
larger than the rate of bulk reduction by
adsorption onto the MoO, surface.

Figure 6a shows the effect of perturbing
ksabout the best fit value for the noncalcined
sample simulation. Increasing the value of
ks causes a more rapid reduction, while de-
creasing ks lowers the rate. The best fit value
for the backward penetration value, 4 X
10-'2 (mol~! s~ 1) at 50°C, is much smaller
than the forward penetration constant,
[.1 x 1072 (mol~! s™!). Interestingly, for
the 500°C calcined simulation, Fig. 6b, the

9.92 x 10°(BF); —#— 1.49 x 107; —<&—

effect is the opposite. Increasing the value
of ks from the best fit value lowers the rate
of reduction, while decreasing ks increases
the rate of reduction slightly. The difference
between the two cases is that the spillover
rate is much larger in the latter case; the
corresponding interpretation is that when
spillover is slow, increases in the level of S,
surface coverage bring about faster adsorp-
tion onto the bronze, while if the spillover
rate is fast, increasing the level of H - §,
slows down the spillover rate which is pro-
portional to the fraction of open 5, sites. The
same trends are noted for TPR sensitivity
analyses for the noncalcined and 500°C cal-
cined simulations.

The general indication with the assumed
mechanism is that at higher calcination tem-
peratures, spillover is much faster than ad-
sorption onto the bronze and is the only rate
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determining step. For the noncalcined or
low-temperature calcined samples the spill-
over rate is very slow; the predominant bulk
reduction pathway is via adsorption onto
partially reduced MoO;. Both steps are nec-
essary, however, as spillover is needed to
reduce the MoO, surface before direct ad-
sorption can occur. A simplified view of the
overall reduction mechanism is as follows:

direct
adsorption

l

spillover— H-§, —H:'S,.

For the noncalcined or low temperature cal-
cined samples, the mechanism shifts from a
series to a parallel mechanism, and direct
adsorption predominates after the MoO,
surface becomes partially reduced. For the
high-temperature calcined samples, the di-
rect adsorption step is insignificant com-
pared to spillover.

For the noncalcined or 100°C calcined
samples, decreases in either rate constant
appreciably worsens the fit of the simulation
to the experiment, and efforts to increase
one to compensate for the decrease in the
other do not yield as good a fit. The spillover
rate constants used for the simulation
curves in Fig. 2 are given in Table 3.

To simulate the TPR experiments (Fig. 3),
the spillover rate constant obtained from the

TABLE 3

Values of k,,, kg, and E,

Sample ITR at 50°C TPR
kg (mol ™! 571

Kypo (mol ™! s~ 1) E (cal/mol)

Noncalcined 331 x 10 3.73 x 100 2,52 x 10°
100°C Calcined 1.32 x 10* 4.29 x 107 2.44 x 10°
200°C Calcined 3.14 x 10° 2.51 x 107! 2.35 x 10%
300°C Calcined 9.83 x 10° 7.85 x 107 235 x 104
400°C Calcined 2.40 x 10® 191 x 107 2.35 x 10*
500°C Calcined 9.92 x 100 7.91 x 107 235 x 10¢
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ITR experiments was used as a constraint,
thatis, the value for k,, at 50°C was retained.
The spillover preexponential factor and acti-
vation energy were varied within this con-
straint to achieve the best fit. All other rate
constants were kept the same as for the cor-
responding ITR simulation; the above over-
all shift in mechanisms is still found to
occur. The sensitivity to changes in preex-
ponential factor and activation energy is
shown in Fig. 7. Both Fig. 7a, for the noncal-
cined sample, and Fig. 7b, for the 500°C
calcined sample show that the H, uptake
profiles are sensitive to changes in k,, and
E,. The preexponential and activation en-
ergies of all the simulations in Fig. 3 are
listed in Table 3. Of considerable note is
that the main effect of calcination was not a
lowering of the activation energy, although
there was a slight decrease from 25.2 to 23.5
kcal/mol. The preexponential factor in-
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creased by a factor of 212 at the highest
calcination temperature. This is opposite to
the change in the preexponential factor ex-
pected of a compensation effect. The spili-
over rate constant increased by a factor of
3000 at 50°C, or about 1400 at 175°C.

The last sensitivity analysis, for the H,
adsorption rate on Pt, is shown in Fig. 8.
Decreasing the adsorption rate of H, onto
Pt by four orders of magnitude, and increas-
ing it by one order of magnitude had abso-
lutely no effect on the ITR simulation (Fig.
8a) or on the TPR simulation (Fig. 8b) of the
noncalcined samples. For the 500°C cal-
cined samples, no effect was observed until
the H, adsorption rate was decreased by
three orders of magnitude for the ITR simu-
lation, and no effect was seen at all for the
TPR simulation even after reducing the rate
by four orders of magnitude. The effect is
visible at the high-temperature calcined
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cases, since the amount of free Pt surface
area is relatively very low in this case. Even
s0, according to the assumed model inhibi-
tion due to H, adserption does not occur
anywhere close to the realm of experimental
conditions. The same results as those in Fig.
8 were achieved by varying the activation
energy of H, desorption from Pt. The main
conclusion here is that the adsorption equi-
librium constant for H, adsorption onto Pt
is so large that even reducing its value by
three or four orders of magnitude has little
effect of H, surface coverage of Pt.

The remainder of the modelling results of
the ITR and TPR runs of Figs. 2 and 3 are
plotted in Figs. 9 and 10. The surface cover-
age of Pt by hydrogen is shown in Fig. 9a
and the MoO; surface coverage by hydrogen
in Fig. 9b, while the amount of H in bulk
MoO3 is shown in Fig. 9¢c, as functions of
calcination temperature for the ITR simula-
tions. The corresponding plots for H - S,
H - S§,, and H - §, for the TPR runs are

9.9 X 1073 (BF);—<— 1.0. Noncalcined 19 Pt/MoOs, Sc, of : —8—1.0 x 10~%; —=5—
20 X 1074 —@— 1.0 x 1073 —8—1.0 x 10°%;

9.9 x 1072 (BF): —&— 1.0.

shown in Figs. 10a, 10b, and 10c. Because
the initial gas phase concentration in the
TPR experiments is higher, and because the
hydrogen uptake rate at the lower starting
temperature of the TPR runs is lower, the
Pt surface coverage during TPR runs (Fig.
10a) is always saturated with H,, while for
the ITR runs it is not. Hydrogen coverage
on the MoQO; surface shows the same trends
in both simulations; slower spillover rates
result in slower reduction of the MoO, sur-
face. Finally, Figs. 9c and 10c represent H,
absorption into the MoO; lattice, deconvo-
luted from the reactor effects. Differences
in the initial rates of H, uptake as a function
of calcination temperature are best seen in
the simulation of the TPR experiments, Fig.
10c.

DISCUSSION

The partial corroboration of these model-
ling results with those of Fripiat and co-
workers (9, /6) is interesting, as their work
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was conducted using a single crystal of
MoO; at low pressure (<5 x 107% Torr).
The reduction mechanism for the noncal-
cined and low temperature calcined samples
appears to match their observations: first an
induction period in which the MoO; surface
became reduced by spillover and then arate-
determining step of H, adsorption directly
onto the partially reduced MoO, surface.
The two sets of results differ in that direct
adsorption onto the bronze was reported as
the rate-determining step for all of the sin-
gle-crystal runs (9), that is, bulk reduction
from spillover was always relatively slow.
In the present study with Pt impregnated
onto powdered MoO,, spillover became

faster than adsorption onto the bronze for
the high-temperature calcined samples. The
effect of calcination was not studied in the
single crystal work (9, 16), but was noted
by the same group in studies of H,PtCl,-
impregnated MoO, powders (/9).

The physical factors which could be re-
sponsible for the differences in H, uptake
caused by calcination of Pt/MoO; and which
are consistent with the simulation results of
the assumed model can now be discussed.
A number of effects were addressed qualita-
tively in the previous work (/). Two, Pt
crystallite size and the presence of water,
were dismissed and are not considered fur-
ther in the present work. The remaining two
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possible factors which could explain the in-
crease of hydrogen uptake with increased
calcination temperature are the growth of
MoO; overlayers or the riddance of chlorine
(1). The nature of these effects can be clari-
fied somewhat.

It is first noted that the simulation is quite
insensitive to the adsorption rate of H, on
Pt (Fig. 7) and the H, desorption activation
energy from Pt. That is, the supply of H, to
the Pt surface is much more rapid than the
amount of H, shuttled off of the Pt surface
to MoO, via spillover, even for the 500°C
sample, which had the highest spillover rate
and the lowest amount of exposed Pt sites.
Thus a possible effect of chlorine in blocking

H, adsorption sites (20-22) can be dis-
counted. The extent of site blockage has
been reported to be about 509 in the case
of Ru/Si0, (21). The simulation shows that
a far greater extent of blockage is needed to
affect the supply of hydrogen from the gas
phase. Site blockage in these systems is seen
only when MoO; overlayers are grown so
extensively (at 500°C, for long calcination
times) that all of the Pt sites are covered
and no CO chemisorption or H, uptake is
observed (/).

Perhaps the most significant manifesta-
tion of the enhanced H, uptake in calcined
samples is seen in the way the spillover rate
changes with increasing calcination temper-
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FiG. 11. Schematic of possible calcination effects:

(a) MoO; overlayer promotion, (b) lessening of chlorine
inhibition at adlineation, and (c) lessening of chlorine
hindrance of H surface diffusion.

ature. According to the (admittedly rough)
adjustment of fitted parameters for the TPR
simulations, the activation energy for spill-
over decreased by slightly less than 10%,
the frequency factor increases by a factor of
212 (Table 2). Several physical factors can
account for this change. The first cause
would be an increase in the adlineation
length, or the line of contact between Pt and
MoO;. There are two ways in which this can
occur. One is that MoO, overlayers serve to
increase the adlineation length. This would
occur even as the total exposed Pt area is
being decreased. The physical implication
to account for increasing adlineation but de-
creasing exposed Pt area is that MoO; over-
layers grow in some sort of a fingerlike net-
work over the Pt surface. The number of
adlineation sites would initially correspond
(for the noncalcined sample) to the number
of perimeter sites at Pt particles and would
then increase with overlayer growth. A
schematic for an increased adlineation
length due to overlayers is shown in Fig.
11a.

The removal of residual chlorine from the
Pt-MoO, adlineation is a second manner in
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which the number of adlineation sites would
increase as a function of calcination temper-
ature. This interpretation is schematized in
Fig. 11b. In contrast to the overlayer inter-
pretation, the number of adlineation sites
in the noncalcined, chlorine-laden samples
would be much less than the number of Pt
perimeter sites and would increase as the
amount of chlorine decreased. In this way
the chlorine effect can be thought of as a
lessening of inhibition, while the overlayer
effect would be considered true promotion
of H, spillover.

Residual chlorine might also inhibit spill-
over in a different way: by slowing the diffu-
sion of adsorbed hydrogen across the Pt sur-
face to the adlineation sites. This process is
also lumped into the spillover rate constant.
It is sketched in Fig. 1lc,

It is not possible to ascertain between
these factors from the limited resolution of
TEM characterization reported earlier (/).
On the basis of control ITR experiments
which isolated the effects of overlayers (Fig.
11 of (1)) and chlorine (Fig. 12 of (1)), over-
layers were postulated to increase the de-
gree of contract between Pt and MoO,,
resulting in a larger total uptake upon calci-
nation of poorly contacted Pt + MoQO; phys-
ical mixtures. However, the intrinsic rate of
spillover from the Pt surface to the MoO,
bulk, was shown to most strongly correlate
with the amount of chlorine removed from
the Pt surface. In a series of samples with
the same initial dispersion of Pt precursors
on MoO;, the chlorine effect was thought to
dominate the H, uptake spectra. Given the
high insensitivity to the amount Pt surface
and the rate of H, adsorption onto Pt in the
model, however, it would not appear that
H, needs to be supplied from large distances
away from the adlineation. Blocking of the
adlineation is perhaps the more reasonable
of the chlorine effects.

CONCLUSIONS

A simplified intrinsic kinetics model of
hydrogen spillover has been used to simu-
late two series of ITR and TPR experiments
in Pt/MoO; samples, with adjustment of
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only the hydrogen spillover rate constant
(including the preexponential factor and ac-
tivation energy in the TPR simulations) and
the rate constant for H, adsorption onto a
partially reduced MoO; surface, and H,
back penetration for the noncalcined
samples.

A mechanistic interpretation of the exper-
imental results of hydrogen bronze forma-
tion in a series of calcined Pt/MoO; samples,
consistent with the assumed mechanism is
as follows:

(1) for the noncalcined or low-tempera-
ture (100°C) calcined samples, formation of
the hydrogen bronze occurs by a series—
parallel mechanism: first, reduction of the
MoO,; surface by hydrogen spillover from Pt
must occur, but then direct adsorption of
H, onto the partially reduced MoO; surface
supplies most of the hydrogen to the MoO;
bulk.
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(2) In the high-temperature calcined sam-
ples, the rate of hydrogen spillover in-
creases by three orders of magnitude with
respect to the noncalcined sample such that
spillover is the single rate-determining step.

(3) In the high-temperature calcined simu-
lations, the activation energy for spillover
decreases a small amount, while the preex-
ponential factor increases up to 212 times.
This trend could arise from an increased
number of adlineation sites due to a promo-
tional effect of MoO, overlayers; however,
from a comparison with earlier experimental
characterization, the more plausible expla-
nation for this trend is a lessening of block-
age of adlineation sites or hindrance of hy-
drogen diffusion across the Pt surface by
chlorine.

(4) Blockage of H, adsorption on Pt by
chlorine does not appear to play a factor in
the observed kinetics.

APPENDIX: NOMENCLATURE

= H, adsorption rate constant onto S, (s ') = k. % S¢,

k, =

ky = H, desorption rate from S, (mol ' s ')

ke = H, spillover rate (mol™' s™") = k exp(—E_/RT)
koo = H; spillover rate preexponential (mol~'s~")

k, = H, spillover rate (mol~' sec™ ) = kyexp(—E,/RT)

ks = H, back diffusion rate (mol~' s~ ') = kexp(— Es/RT)
ke = H, adsorption rate onto S, (s ') = k.6 X Scq

E, = H, desorption activation energy from S, (cal/mol)

E,, = H, spillover activation energy (cal/mol)

E, = H, penetration activation energy (cal/mol)

E; = H, back diffusion activation energy (cal/mol)

E, = H, desorption activation energy (cal/mol)

AW = number of Pt sites (mol)

S, = number of surface MoO; sites (mol)

S, = number of bulk MoO; sites (mol)

H - §; = number of moles occupied by H on site 0 (Pt)

H - S, = number of moles occupied by H on site 1 (MoQO; surface)
H - 8§, = number of moles occupied by H on site 2 (MoO; bulk)
O = mole fraction of H on site 0

05 = mole fraction of H on site |

Sc, = sticking coefficient for H, on Pt

Sc, = sticking coefficient for H, on MoO,

H,, = H, concentration of reactor inlet (mol/cm?)

H, = H, gas phase concentration

0 = flow rate (cm’/min)

vV = volume of reactor (cm?)
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