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The application of temperature-programmed desorption (TPD) and reduction (TPR) to the study
of subsurface diffusion in high surface area powders is considered. Although subsurface diffusion
may be important in catalysis, relatively few techniques have been developed to study this process
in high surface area materials. Since oxygen is very mobile in Mo,C, we chose to study Mo,C to
illustrate how TPD and TPR can be used to study subsurface diffusion. In particular, the effect of
the Mo : C ratio on the oxygen mobility is investigated. The TPR spectrum of oxygen adsorbed on
Mo,C contains two water peaks, a narrow one at 479 K, and a second much broader peak near 573
K. While the first peak is produced by surface oxygen, the second peak is caused by oxygen that
diffuses into the subsurface region of the catalyst during the temperature ramp. As the surface
becomes depleted at higher temperatures, this oxygen diffuses back to the surface, reacts with the
gas-phase hydrogen, and desorbs as water. For carbon-deficient catalysts the two peaks merge into
one asymmetric peak at 510 K with a tail extending to higher temperatures. A model is presented
which gives a semiquantitative description of the effect of subsurface diffusion on TPD and TPR
spectra. The model is able to explain the changes in the spectrum caused by varying the Mo : C
ratio; the data cannot be explained by a model which assumes that the two peaks are due to two
distinct adsorption sites on the surface. An important result of this work is that in cases in which a
peak produced by subsurface diffusion is resolved, the activation energy for diffusion in the

subsurface can be measured.

INTRODUCTION

Temperature-programmed desorption
(TPD) and related spectroscopies are useful
tools for characterizing adsorption states
on catalytic materials. A TPD spectrum
contains one or more peaks which typically
are produced by desorption of preadsorbed
species from the surface. Multiple peaks
may be produced by desorption from multi-
ple adsorption states of different energies
(surface heterogeneity) or they may be the
result of lateral interactions between ad-
sorbate molecules (induced heterogeneity)
(I). Recently, low-temperature peaks in
TPD spectra have been assigned to desorp-
tion of hydrogen absorbed in the subsurface
or bulk regions of noble metals. For exam-
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ple, Behm er al. (2) observed a desorption
peak from Pd which was produced by hy-
drogen desorbing from subsurface ad-
sorption sites. Also, Yates and co-workers
(3) implanted hydrogen in Ni (111) and
assigned low-temperature peaks in the TPD
spectrum to desorption of hydrogen from
the bulk. This paper investigates the effect
of subsurface absorption and diffusion on
the temperature-programmed desorption
and reduction (TPR) spectra from materials
with high surface areas.

Since we have demonstrated that oxygen
is mobile in Mo,C (4), we chose to study
Mo,C to illustrate how TPD and TPR can
be used to study subsurface diffusion. This
system is particularly interesting because
the oxygen mobility as well as the catalytic
properties depend very strongly on the
Mo: C ratio. Moreover, transition metal
carbides in general have attracted a con-
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siderable amount of attention recently be-
cause they have shown promise as substi-
tutes for noble metal catalysts. Most of the
attention has focused on Mo,C (5-17) and
WC (7,8, 14, 15, 17-23).

In a previous paper (4) we used TPR
of oxygen adsorbed on Mo,C to probe
changes in the catalyst caused by different
pretreatment conditions. We found that the
spectrum contained two water peaks, a
narrow one located between 483 and 513 K,
and a second much broader peak between
573 and 586 K. The location of these peaks
depended on the Mo : C ratio of the sample.
In that paper (4), we suggested that the
second peak was not the result of a second
surface site, but instead might be caused by
diffusion of oxygen into the subsurface
layers of the carbide. This assignment was
based on three pieces of information: (1)
the extreme broadness of the peak, (2) the
anomalous variations of the peak size and
temperature with Mo : C ratio, and (3) the
high mobility of oxygen in Mo,C at room
temperature and above. In this study, we
present more definitive data which show
that the second peak is indeed the result of
oxygen diffusion between the surface and
the subsurface. We also present a numeri-
cal model to account for the effect of sub-
surface diffusion on temperature-pro-
grammed desorption (TPD) and TPR
spectra.

EXPERIMENTAL
Apparatus

The apparatus used for this study has
been described previously (4). The catalyst
was placed in a quartz microreactor which
could be heated linearly to 1200 K at rates
ranging from 0.01 to 5 K/s. The system is
interfaced to an IBM PC which was used
for data acquisition and control.

Materials

The Mo,C catalysts used in this study
were prepared according to the procedure
described by Boudart et al. (9). X-ray dif-
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fraction (XRD) patterns indicated that the
catalyst was predominantly hcp Mo,C and
contained less than 5% Mo by weight. As
before, there was no evidence in the XRD
patterns of oxide formation despite the fact
that the samples had been exposed to the
air for several months and contained the
equivalent of more than nine monolayers of
oxygen. The BET area of the catalyst was
approximately 4 m?%g; this varied only
slightly after different pretreatments.

Hydrogen (99.995%) was purified by
passing it through a bed of 0.3% Pd/SiO,
(heated to 450 K) to convert traces of
oxygen to water, and the water was re-
moved by molecular sieves cooled by a dry
ice—ethanol bath. Traces of oxygen were
removed from the helium (99.998%) by an
Oxisorb cartridge (Alltech Associates), and
then water was removed by cooled molecu-
lar sieves. Cooled molecular sieves also
were used to trap water in the oxygen
(Liquid Carbonic certified standard 20.6%
O, in He). Because of a relatively high
water background in the mass spec-
trometer, deuterium (98.5% D) was used
instead of hydrogen to obtain the TPR
spectra of chemisorbed oxygen. The deu-
terium was purified by the same method as
that used to purify the hydrogen.

Experimental Procedure

Before each TPR spectrum was mea-
sured, the catalyst was pretreated in one of
three ways. By varying the pretreatment
conditions, the Mo : C ratio of the catalyst
could be varied, and thus it was possible to
study the effect of this ratio on the TPR
spectra. In each case, 100 mg of catalyst
was placed in the reactor and evacuated at
0.1 Torr or less for at least 1 h. Then the
catalyst was reduced by heating in 100 cm?
(STP)/min of flowing deuterium according
to one of three temperature schedules
which will be described later. After reduc-
tion, the catalyst was evacuated for 5 min at
the final temperature and then cooled under
helium to 298 K.
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Oxygen was adsorbed on the freshly pre-
treated catalyst by injecting known quanti-
ties into a helium carrier gas which flowed
over the sample. Following a 5-min evacu-
ation at 298 K, deuterium was flowed over
the catalyst and the temperature was raised
linearly while monitoring the products with
the mass spectrometer. Then the catalyst
was reduced for 5 min at the final ramp
temperature to completely remove all of the
adsorbed oxygen. After a 5-min evacu-
ation, the catalyst was cooled to room
temperature and was ready for subsequent
TPR experiments.

EXPERIMENTAL RESULTS
TPR of Air-Exposed Mo,C

As discussed in our earlier paper (4),
when Mo,C is exposed to the air, it con-
tinues to incorporate oxygen over several
months. This oxygen does not desorb as
molecular oxygen, but can be removed
from the sample by a reduction in hydro-
gen. However, the carbon in the catalyst
also reacts with the hydrogen and is re-
moved mainly as methane. The relative
rates at which carbon and oxygen are re-
moved from the sample as a function of
temperature are shown in the temperature-
programmed reduction spectrum in Fig. 1.
For this experiment, hydrogen was used
instead of deuterium so that methane could
be easily distinguished from water in the
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F1G. 1. TPR spectrum of Mo,C after exposure to air
for several months. H, flow rate = 100 cm?/min (STP),
heating rate = 1 K/s.
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Fi1G. 2. Temperature schedule used during low-
temperature reduction (L TR).

mass spectrometer. As discussed in our
earlier paper, the first water peak is pro-
duced by water that was not removed by
the evacuation. The other water peaks are
attributed to the reaction of the hydrogen
with oxygen in the sample. The amount of
oxygen removed is the equivalent of over
nine monolayers, assuming that one mono-
layer consists of one oxygen atom per sur-
face Mo atom and that there are 1.1 x 10"
surface Mo atoms/m?>.

In our earlier paper (4), we also found
that we could remove all the oxygen from
the near surface region without removing
much carbon. This was accomplished by
reducing the catalyst in hydrogen while
heating it according to the temperature
schedule shown in Fig. 2. We referred to
this pretreatment as ‘‘low-temperature re-
duction’” (LTR). Conversely, if we reduced
in hydrogen for 15 min at 873 K, we re-
moved 14.5% of the carbon originally con-
tained in the sample, and greatly increased
the Mo: C ratio at the surface. This pre-
treatment was referred to as ‘‘high-
temperature reduction”” (HTR). Thus by
varying the pretreatment conditions, we
were able to vary the Mo:C ratio in the
sampie.

TPR Spectra of Oxygen after
Low-Temperature Reduction

Figure 3 shows TPR spectra of oxygen
adsorbed on an Mo,C catalyst that was



396

50 7T T T T o
i a. 1.00

v b. 0.80
=] c. 060 |
x d. 0.45
2
s .
x
i ]
g -
B
5 4
[
@ ]
(=]

0 L 1 | ) | I

40C 500 600 700 800

Temperature (K)

Fi1G. 3. TPR spectra of oxygen adsorbed on LTR-
activated Mo,C as a function of the initial surface
coverage.

activated by low-temperature reduction.
Before each spectrum was measured, the
sample was dosed with differing amounts of
oxygen corresponding to initial coverages
between 0.45 and 1.0. In each case, the
heating rate used was 1 K/s. At saturation
(6 = 1), one oxygen atom was adsorbed per
surface Mo atom, assuming there are 1.1 X
10" Mo atoms/m®. From this we conclude
that the oxygen is adsorbed dissociatively
on the surface, and no surface oxide is
formed.

As shown in the figure, the TPR spec-
trum contains two peaks when 6, = 1, a
relatively narrow peak at 479 K, and a
second much broader peak at 570 K. These
peak temperatures agree quite well with
those obtained in the previous study (4)
with a different Mo,C catalyst, but the
peaks are not as well resolved. The activa-
tion energies for each peak were measured
by the heating rate variation method (24)
and found to be 9.3 kcal/mole for the first
peak and 18.0 kcal/mole for the second. For
this measurement, the heating rate was
varied from 0.3 to 3.0 K/s, and the results
were quite reproducible.

The presence of two peaks in a TPD or
TPR spectrum often indicates the existence
of one or more surface states on the cata-
lyst surface (1). Therefore, the results
shown in Fig. 3 suggest that there are two
distinct types of sites present for oxygen

LEARY, MICHAELS, AND STACY

chemisorption on the Mo,C catalyst.
However, it is difficult to explain the cover-
age dependence of these spectra in the
context of a two-site model. The broadness
of the second peak could be explained
either by assuming that readsorption of
water on this site is important, or by assum-
ing that the activation energy is coverage-
dependent for this site. However, in either
case, the peak should shift to higher tem-
peratures as the initial coverage decreases
(25). As shown in Fig. 3, this peak shifts to
lower temperatures with decreasing oxygen
coverage.

This apparently anomalous shift in peak
temperature could be explained by assum-
ing that the rate of reaction of hydrogen
with the oxygen follows a rate expression
of the form

Ry = keb(1 — )", (1]

where @ is the oxygen coverage. However,
this type of rate expression should produce
a very narrow peak, in contrast to the
observed broadness of the second peak.
Furthermore, if the two peaks result from
adsorption on two sites, then as the initial
coverage decreases, the low-temperature
peak should disappear before the high-
temperature peak since the highest energy
sites are expected to fill first. This type of
behavior was not observed. Comparison of
the spectra for 8, = 1.0 and 6, = 0.8 reveals
that the sizes of both peaks decrease as the
initial coverage decreases, and the second
peak shrinks more than the first. Thus, we
can conclude that the two peaks are not the
manifestation of two distinct adsorption
sites on the surface of the catalyst. We
believe that the high-temperature peak is
caused by oxygen that diffuses into the
subsurface during heating and then back to
the surface when the surface becomes de-
pleted at higher temperatures.

To test whether oxygen diffused into the
subsurface during the temperature ramp,
we conducted the following experiment.
The surface of the catalyst was saturated
with oxygen at 298 K. Then the catalyst
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FiG. 4. TPR spectrum of oxygen on LTR-activated
Mo,C after saturating the surface at 298 K, annealing
in deuterium for 1 min at 400 K (lower curve), and
resaturating with oxygen at 298 K (upper curve).

was heated to 403 K at 1 K/s in flowing
deuterium and annealed at this temperature
for 1 min. Subsequently, the catalyst was
evacuated for 5 min at 403 K and cooled to
298 K. During the anneal period less than
1% of the oxygen reacted with the deuter-
ium and desorbed. However, upon cooling
to 298 K, 16% more oxygen adsorbed on
the catalyst surface. This strongly suggests
that oxygen diffused into the subsurface
during the anneal, and this has a significant
effect on the TPR spectrum as shown in
Fig. 4.

The upper curve in Fig. 4 shows the TPR
spectrum obtained following saturation
with oxygen at 298 K, a 1-min anneal in
deuterium at 403 K, and subsequent re-
saturation with oxygen at 298 K. Also
shown in the figure is the TPR spectrum for
the case in which the catalyst was not
resaturated with oxygen following the an-
neal in deuterium. The desorption rate from
the resaturated sample is higher at all tem-
peratures. Also the relative height of the
first peak to the second peak is higher when
the catalyst surface is resaturated than
when it is not.

We also observed that shorter evacuation
times at 403 K had a negligible effect on the
amount of oxygen that could be read-
sorbed. Thus oxygen diffusion is appar-
ently much faster in the presence of deuter-
ium than in vacuo. This is consistent with a
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further observation that it was necessary to
heat the catalyst in helium for 10 min at 573
K to allow the same amount of oxygen to
diffuse into the subsurface as had diffused
during the 1-min anneal in deuterium at
403 K.

The results presented above show that
the two peaks in the TPR spectrum of the
catalyst activated by LTR are not caused
by two distinct surface sites. Moreover, the
results strongly suggest that the second
peak is produced by oxygen that diffused
into the subsurface during the temperature
ramp and then came back out when the
surface became depleted. In our previous
paper (4) we showed that the relative height
of the second peak compared to the first
decreased as the catalyst became more
carbon deficient. If the second peak is due
to diffusion as suggested, then this would
indicate that less oxygen diffuses into the
subsurface when the Mo:C ratio is in-
creased. Therefore, we need to check
whether this is indeed the case.

TPR Spectra of Oxygen after
High-Temperature Reduction

Figure 5 shows TPR spectra of an Mo,C
sample that was activated by high-tempera-
ture reduction and subsequently dosed with
oxygen. The initial surface coverage was
varied from 0.53 to 1.0. The spectra contain
one narrow peak at 510 K with a long tail at
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Fic. 5. TPR spectra of oxygen adsorbed on HTR-
activated Mo,C as a function of the initial surface
coverage.
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higher temperatures. This peak tempera-
ture is consistent with the results reported
in our previous paper (4) for a different
Mo,C catalyst. Unlike the previous results,
however, a second high-temperature peak
is not resolved. Since the location of the
sharp peak is independent of the initial
oxygen coverage, we conclude that the
reaction rate (or desorption rate) is first
order in oxygen coverage. Also, water
readsorption is negligible since this would
cause the peak temperature to increase
with decreasing coverage (25). Moreover,
the activation energy must not be coverage
dependent on the carbon-deficient surface
since this would also cause a shift in the
peak temperature with initial coverage. The
activation energy of the narrow peak was
measured as 15.2 kcal/mole by the heating
rate variation method (24). This is signifi-
cantly larger than 9.3 kcal/mole measured
on the more carbon-rich catalyst activated
by LTR, suggesting that oxygen is held
more strongly on the carbon-deficient
surface.

The fact that the high-temperature peak
is unresolved in the TPR spectrum of the
carbon-deficient catalyst suggests that less
oxygen diffused into the subsurface during
the temperature ramp. To test this hypothe-
sis, we repeated the annealing experiment
described above. During this annealing pro-
cedure, less than 0.5% of the oxygen re-
acted with the deuterium and desorbed; yet
after it cooled to 298 K, we were able to
readsorb an additional 3% of oxygen.
Therefore, diffusion of oxygen into the sub-
surface does take place during the 1-min
anneal in deuterium; however, the rate of
diffusion is measurably lower for the highly
carbon-deficient surface than for the rela-
tively carbon-rich catalyst.

If we replaced the 1-min anneal in deuter-
ium at 403 K with a 15-min anneal in helium
at 773 K, we found that a significant amount
of oxygen diffused into the subsurface of
the carbon-deficient catalyst. In this experi-
ment, the catalyst was saturated with oxy-
gen at 298 K, and subsequently heated at 1
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F16. 6. TPR spectrum of oxygen on HTR-activated
Mo,C after saturating the surface at 298 K (bold
curve), annealing in helium for 15 min at 773 K (dashed
curve), and resaturating the surface at 298 K (dot-
dashed curve).

K/s to 773 K in flowing helium and held
there for 15 min. During this anneal in
helium, nothing desorbed from the catalyst;
yet after cooling to 298 K, 33% more oxy-
gen could be readsorbed on the surface.
This has a marked effect on the TPR spec-
trum as shown in Fig. 6.

Figure 6 shows three different TPR spec-
tra of oxygen on the HTR-activated Mo,C
catalyst. The bold curve is the TPR spec-
trum shown in Fig. 5 for a saturated sur-
face. The dashed curve is the TPR spec-
trum obtained after saturating the surface
with oxygen at 298 K, and then annealing
for 15 min in helium at 773 K. As seen in the
figure, the narrow peak at 510 K is removed
by the annealing process and is replaced by
a second much broader peak at 690 K. If
after annealing in helium, the catalyst is
cooled to 298 K and resaturated with oxy-
gen, the narrow peak reappears in the spec-
trum along with the second broader peak,
as shown by the dot-dashed curve. The
broadness of the peak produced by anneal-
ing the sample indicates that diffusion of
oxygen into the subsurface produces a
broad peak in the TPR spectrum. This is
further evidence that the second peak in the
TPR spectrum after LTR is due to oxygen
that diffused into the subsurface during the
temperature ramp.
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TPR Spectra of Oxygen as a Function of
Mo : C Ratio

The results presented above suggest that
as the catalyst becomes more carbon defi-
cient, the amount of oxygen that diffuses
into the subsurface decreases. As a result,
the relative height of the second peak com-
pared to the first peak decreases. This trend
is shown more clearly in Fig. 7a. This figure
shows the TPR spectra from oxygen-
saturated surfaces of Mo,C samples which
were activated by low- (dotted curve) and
high- (solid curve) temperature reduction.
Also shown are two additional spectra at
intermediate levels of carbon deficiency.
The dashed curve is the spectrum obtained
after a 15-min reduction at 823 K. This does
not remove quite as much carbon as the
high-temperature reduction. The other
curve is the spectrum obtained on a catalyst
that was activated by low-temperature re-
duction and then subjected to several TPRs
up to 650 K. During each TPR, a small
amount of carbon was removed so that this
catalyst became slightly more carbon defi-
cient than the one activated by LTR.

It is clear from Fig. 7a that the relative
size of the second peak decreases as the
sample becomes more carbon deficient.
Also, the temperature difference between
the two peaks decreases. Eventually the
second peak merges into the first, as shown
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by the spectrum of the HTR-activated
sample. The activation energy of the first
peak was measured for each curve and
increased from 9.3 to 12.1 to 15.0 to 15.2
kcal/mole as the sample became more car-
bon deficient. Thus it appears that oxygen
is held more strongly as the sample be-
comes more carbon deficient, and that the
rate of diffusion into the subsurface de-
creases.

Effect of Deuterium Flow Rate on the
TPR Spectra

Before attempting to model the TPR
spectra, we wanted to verify that the spec-
tra were not affected either by readsorption
of water or by slow diffusion in the pores of
the catalyst. To do this, we examined how
the TPR spectrum varied with deuterium
flow rate. If flow rate has no effect on the
TPR spectrum, then it can be concluded
that readsorption is not important and that
pore diffusion limitations do not affect the
spectra. Figure 8 shows the effect of deu-
terium flow rate on the TPR spectrum of a
moderately carbon-deficient Mo,C sample.
From this figure, we can conclude that
readsorption and pore diffusion limitations
are not significant.

The observed changes in the TPR spec-
trum when the deuterium flow rate is varied
are also inconsistent with a model which
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Fi1G. 7. (a) TPR spectra of oxygen adsorbed on Mo,C as a function of the Mo : C ratio. After LTR,
the catalyst is only slightly carbon deficient; after HTR, it is highly carbon deficient. Also shown are
two intermediate cases described in the text. (b) Simulated TPR spectra for the four cases considered

in Table 1.
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assumes that the two peaks are the result of
two distinct adsorption sites. In such a
model, the broadness normally would be
attributed to readsorption, and the resolu-
tion between the peaks should increase
with increasing flow rate. However, the
opposite behavior is observed. This de-
crease in resolution is consistent with the
subsurface-diffusion model. Since a slightly
higher deuterium pressure is required for
the higher flow rate, the rate of reaction
(water desorption) is larger at the higher
flow rate. The higher deuterium pressure
does not affect the rate of diffusion into the
subsurface; therefore, the rate of surface
reaction increases relative to the rate of
subsurface diffusion as the flow rate in-
creases. As a result, less oxygen diffuses
into the subsurface during the temperature
ramp, and the relative size of the second
peak decreases as seen in the figure.

The results presented above provide
strong evidence that the second peak in the
TPR spectrum of oxygen adsorbed on
Mo,C is caused by oxygen that diffuses into
the subsurface during the temperature
ramp. To aid in interpreting these results
we now present a numerical model which
accounts for the effect of subsurface diffu-
sion on TPD and TPR spectra.

MODEL

Any quantitative model to describe TPD
or TPR spectra in which subsurface diffu-
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sion of adsorbates is significant would in-
volve a large number of parameters. Since
the values of many of the parameters can-
not be measured independently, they would
become adjustable parameters, and this
would make discrimination between mod-
els difficult. Therefore, in the model pre-
sented below, we have not included many
of the complexities required to model the
system quantitatively. The purpose of this
model is to demonstrate that subsurface
diffusion of adsorbates can produce extra
peaks in a TPD or TPR spectrum. We also
hope to gain a semiquantitative understand-
ing of how subsurface diffusion affects the
TPD or TPR spectrum. Although the model
is developed to describe TPR spectra of
oxygen on Mo,C, it can easily be adapted to
any system in which subsurface diffusion is
important.

The model is shown schematically in
Fig. 9. The surface is assumed to be ener-
getically homogenecous. A fraction of the
surface sites, 6, is covered by preadsorbed
oxygen. As the sample temperature is
raised, this oxygen can either react with the
gas-phase hydrogen and desorb as water
with rate Ry, or penetrate into the subsur-
face layers of the catalyst with rate R,,. It is
expected that the oxygen will penetrate
only a small number of atomic layers during
the temperature ramp; therefore, it is inap-

SUBSURFACE
REGION

&

F1G. 9. Schematic of the model. Surface oxygen can
react with gas-phase hydrogen and desorb as water, or
diffuse into the subsurface during the temperature
ramp.
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propriate to use a distributed model for
diffusion such as Fick’s law. For simplicity,
we have chosen a lumped formulation for
subsurface diffusion. Oxygen penetrates
into a subsurface region of N atomic layers
and distributes itself evenly in this region,
filling a fraction, &, of the available subsur-
face sites. At higher temperatures, when
the surface becomes depleted, the oxygen
diffuses out of the subsurface back to the
surface at a rate Ry .

Since the location of the first, narrow
peak in the TPR spectrum of carbon-
deficient Mo,C showed no dependence on
the initial oxygen coverage, we conclude
that the reaction of adsorbed oxygen with
hydrogen is first order in oxygen coverage.
We also conclude that readsorption is not
significant, and that the activation energy
for desorption is not a strong function of
coverage. These conclusions may not be
valid for the relatively carbon-rich catalyst
for which the location of the first peak did
vary with the initial coverage. Neverthe-
less, to keep from adding additional param-
eters to the model, we make these assump-
tions for the carbon-rich catalyst as well.
We also neglect diffusion limitations in the
pores of the catalyst. With these assump-
tions, we can express the desorption rate
simply as

Rd = vdexp(—Ed/RT)H, [2]

where Ry is the desorption rate (s™'), Ey is
the desorption activation energy (kcal/
mole), vq is the preexponential factor (s )
which is assumed to be independent of
temperature and coverage, and 6 is the
surface coverage.

The rate of penetration of oxygen into the
subsurface is assumed to be first order in
the surface oxygen coverage, and first or-
der in the fraction of subsurface sites
available. Since this is an activated pro-
cess, it 1s assumed to follow the Arrhenius
expression given in Eq. [3],

Ry = vpexp(—E/RT)O(1 — &),  [3]

where R, is the penetration rate s, E,is
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the activation energy for penetration, v, is
the preexponential factor for penetration,
and ¢ is the fraction of filled subsurface
sites. It is assumed that the preexponential
factor and activation energy for diffusion
are independent of coverage. In a similar
manner, the rate of diffusion of oxygen
from the subsurface back to the surface is
assumed to be first order in the fraction of
filled subsurface sites and available surface
sites. This is expressed as

Rp = vpexp(—Ep/RT)(1 — 6)¢, [4]

where Rjp is the rate of diffusion, and vp and
Ep are the preexponential factor and activa-
tion energy for diffusion, respectively.

These reaction and diffusion rate expres-
sions can be combined with unsteady-state
material balances on the surface and sub-
surface regions to describe the time evolu-
tion of the system,

doldt = —k4b — k,0(1 — &)
+ kp(1 = 0)¢ (5]

déldt = (1/M)[k,0(1 — &)
= k(1 = 0)¢1, [6]
where
k; = vexp(—E/RT) (7]

and M is the ratio of the total number of
subsurface sites to the total number of
surface sites. For TPD or TPR experi-
ments, the temperature is varied in a linear
fashion, so we can write

drldr = B. (8]

We now have the equations which de-
scribe the system. Examination of Egs.
[5]-[7] reveals that there are seven parame-
ters that must be set in the model: three
preexponential factors (v4, vp, vp), three
activation energies (Eq, E;, Ep), and the
relative capacity of the subsurface for oxy-
gen (M). For each of the TPR spectra
shown in Fig. 7a, the desorption activation
energy, E4, was measured by the heating
rate variation method (24). For LTR-
activated samples, it was possible also to
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measure the activation energy for the sec-
ond peak in a similar manner. If the spec-
trum is subsurface diffusion limited, this
activation energy should correspond to Ep.
This was verified by simulating a heating
rate variation experiment and comparing
the calculated value of Ep to the actual
value input to the model. The value of Ep
was not measurable for the other three
spectra due to the poor resolution, and
must therefore be left as an adjustable
parameter. The remaining parameters are
also unknown. However, we can estimate
values for each of the parameters as a first
guess, and then iterate on those estimates
to obtain a best fit of the spectra.

It seems reasonable that the activation
energy for penetration into the subsurface
should not be very different from the acti-
vation energy for diffusion from the subsur-
face to the surface. Therefore, as a first
guess, E, was set equal to Ep. Then in the
iteration procedure used to fit the spectra,
the value of E, was not allowed to vary
from that of Ep by more than 1 kcal/mole.
Since the system being modeled is TPR of
adsorbed oxygen, we do not expect the
preexponential factor for ‘‘desorption’’ (or
reaction) to be the same as it would be for a
simple first-order desorption process (10"
s™!). In this case, the preexponential factor
must incorporate the adsorption/desorption
kinetics of hydrogen. However, it is possi-
ble to obtain a good estimate of v4 from the
desorption data. This is done by simulating
a first-order desorption process with the
measured value of E4 and determining the
value of v4 which yields the correct peak
temperature. As seen in Table 1, the values
of v4 which best fit the data are many orders
of magnitude lower than the values ex-
pected for a simple first-order desorption
process.

For the LTR-activated sample, since Ep
was measurable we used the same ap-
proach to obtain an estimate of vp. By
assuming that vp is unaffected by the Mo : C
ratio, this estimate of »p could be used for
each spectrum in Fig. 7a. Furthermore, we
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TABLE 1

Parameter Values Used to Simulate TPR Spectra

Curve 1 Curve 2 Curve 3 Curve 4

va(s™H 130 3800 75,000 75,000
Ey4 (kcal/mole) 9.3 12.1 15.0 15.2
vp (57 19 x 106 19x10°  1.9x10% 1.9 x 108
E, (kcal/male) 17.5 18.0 19.2 20.0
vp (571 L9x 106  19x10° 19 x 105 1.9 x 10
Ep (kcaVmole) 18.0 18.2 19.0 19.5
M 1.0 1.0 1.0 1.0

assume that the preexponential factor for
diffusion between the surface and the sub-
surface is the same (v, = vp). Thus we have
estimates for all three of the preexponential
factors for each Mo:C ratio. The most
difficult parameter to estimate is the value
of M. Since we believe that the oxygen only
penetrates a few layers into the subsurface
during the ramp, we arbitrarily set the value
of M = 1 (the subsurface capacity is the
same as the surface oxygen capacity).

MODEL RESULTS

Figure 10 presents a simulation of the
TPR spectrum for a Mo,C catalyst acti-
vated by low-temperature reduction. For
this simulation, the initial surface oxygen
coverage was set equal to unity. This simu-
lation can be compared to the experimental
spectrum shown in Fig. 3 for 6, = 1. The
values of the parameters used in this simu-

10— =TT %0
i N ]
8(m)
‘o 80 \\_, —Jo.s0
X - \ .
£ eo} \ Ho.s0
[+ 4 ©
* .
-
2 a0 0.40
o
3
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o) 0
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Temperature (K)

Fic. 10. Simulated TPR spectrum of oxygen ad-
sorbed on LTR-activated Mo,C. Changes in the sur-
face and subsurface oxygen coverage as a function of
temperature are also shown.
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lation are listed in the first column of Table
1. Also shown in Fig. 10 are the surface and
subsurface oxygen concentration profiles.
From this figure we see that at lower tem-
peratures, oxygen is removed from the sur-
face by both desorption and diffusion into
the subsurface. As the surface becomes
depleted of oxygen, the desorption spec-
trum goes through a maximum and then
decreases, producing the first peak. As the
surface coverage approaches zero, oxygen
starts diffusing from the subsurface back to
the surface, and the TPR spectrum be-
comes diffusion limited. As the tempera-
ture increases, the rate of diffusion in-
creases so the desorption rate increases.
Eventually, the subsurface also becomes
depleted, and the desorption goes through
another maximum and decreases again,
producing the second peak. Thus, it’s clear
from Fig. 10 that subsurface diffusion can
lead to an extra peak in a TPD or TPR
spectrum.

In a similar manner, simulations were
made of each of the TPR spectra shown in
Fig. 7a for various levels of carbon defi-
ciency; the results are shown in Fig. 7b.
The values of the parameters used to simu-
late each spectrum are listed in Table 1. As
seen in Fig. 7b, the model reproduces the
changes in the relative heights of the first
and second peak as the sample becomes
more carbon deficient. This variation is
caused by a decrease in the rate of diffusion
of oxygen into the subsurface relative to the
rate of desorption, although both rates de-
creased with increasing carbon deficiency.
This is consistent with the observation that
less oxygen diffused into the subsurface
region of HTR-activated Mo,C than into
LTR-activated Mo,C during a 1-min anneal
in deuterium at 403 K. The model also
indicates why the peaks move closer to-
gether as the catalyst becomes more carbon
deficient. This is caused by a larger in-
crease in E, than in Ep as the sample
becomes more carbon deficient.

Comparison of the simulated spectra in
Fig. 7b with the experimental spectra in
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Fig. 7a reveals some interesting differ-
ences. The simulated values for the desorp-
tion rate at each temperature are slightly
higher than the experimentally measured
values. This suggests that a significant
amount of the oxygen that diffuses into the
subsurface does not desorb completely dur-
ing the temperature ramp. This is consis-
tent with the experimental results; exami-
nation of Fig. 7a reveals that a large amount
of oxygen continues to desorb as water at
the end of the temperature ramp. In fact, it
was necessary to reduce the catalyst an
additional 5 min at the final ramp tempera-
ture to remove all of the oxygen that was
adsorbed originally. This was confirmed by
integrating the area under the TPR spec-
trum. The probable reason why the model
overestimates the desorption rate is that it
does not account for the fact that the oxy-
gen is inhomogeneously distributed over
several subsurface layers.

The first peak in the simulated spectrum
for each case is significantly broader than
what is experimentally observed, and the
second peak is slightly narrower. We be-
lieve that the reason the model predicts a
broader first peak is because it oversimpli-
fies the kinetics and the mechanism of the
reaction of hydrogen with surface oxygen
and the subsequent desorption of water.
The probable reason why the second peak
in the simulated spectra is slightly narrower
than the experimental peak is because we
have not accounted for the gradient in the
subsurface oxygen concentration.

Despite the discrepancies between the
simulated and experimental TPR spectra,
we have been able to show with a simple
model that subsurface diffusion can pro-
duce an extra peak in a TPD or TPR
spectrum.

DISCUSSION

The results presented above have shown
that the two peaks in the TPR spectrum of
oxygen on Mo,C are not caused by two
distinct adsorption sites for oxygen on the
surface of the catalyst. Such a model can-
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not explain the broadness of the second
peak and its shift to lower temperatures
with decreasing initial coverage. It also
cannot explain the observation that after
saturating the surface of Mo,C with oxygen
at 298 K, annealing in deuterium at 403 K
frees surface sites for the adsorption of
additional oxygen despite the fact that
nothing desorbs.

Instead, we have shown that the second
peak is produced by initially adsorbed oxy-
gen which diffused into the subsurface re-
gion during the temperature ramp. Such a
diffusion-limited peak is expected to be
very broad if the oxygen in the subsurface
is distributed over several layers. As shown
by the annealing experiments, the rate at
which surface oxygen penetrates into the
subsurface decreases as the catalyst be-
comes more carbon deficient. This change
in oxygen mobility causes the observed
change in the relative heights of the two
peaks in the TPR spectrum. Furthermore, if
the activation energy for penetration, E,,
increases more than the activation energy
for diffusion from the subsurface to the
surface, Ep, then the two peaks in the TPR
spectrum should move closer together as
the Mo:C ratio increases. This was ob-
served experimentally.

Another possible explanation for the data
presented above is that a second state of
more strongly bound surface oxygen is
created during the temperature ramp.
However, this explanation is inconsistent
with our previous observation that more
than nine monolayers of oxygen could be
removed from an air-exposed Mo,C sample
during activation. For this to occur, oxygen
must be able to diffuse from the subsurface
to the surface of the catalyst. Therefore, we
conclude that this second peak is produced
by diffusion between the surface and the
subsurface region of the catalyst during the
temperature ramp.

An interesting observation in this study is
that a 10-min anneal in helium at 773 K is
necessary to allow the same amount of
oxygen to diffuse into the subsurface region
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as diffuses during a 1-min anneal in deuter-
ium at 403 K. This suggests that hydrogen
(or deuterium) facilitates oxygen transport
in Mo,;C, perhaps by producing a mobile
OH species. This is consistent with an
observation in our earlier paper (4) that
carbon mobility in Mo,C was higher in the
presence of hydrogen than in helium.

It is important to note that the compe-
tition between desorption and diffusion of
adsorbates into the subsurface layers of
catalysts during TPD or TPR is not con-
fined to oxygen on Mo,C. This competition
exists in any system in which adsorbed
atoms or molecules are small enough to
diffuse into the subsurface region. For ex-
ample, we have also found that subsurface
diffusion of hydrogen in Pd can lead to an
extra peak in the TPD spectrum of hydro-
gen on Pd/SiO; (26). Whether or not a
diffusion-limited peak is seen in the spec-
trum and how far it is separated from the
surface desorption peaks depends on the
relative rates of desorption and subsurface
diffusion. As a result, care should be taken
when assigning TPD peaks to different sites
on a catalyst surface.

An important result of this work is that
when a peak due to subsurface diffusion is
well resolved, it is possible to measure the
activation energy for diffusion from the
subsurface to the surface by the same tech-
nique used to measure desorption activa-
tion energies; namely, the heating rate vari-
ation method (24). This activation energy is
not necessarily the same as the bulk diffu-
sion activation energy which can be mea-
sured by other methods.

The observation that subsurface mobility
has a pronounced effect on a TPD or TPR
spectrum suggests that this technique might
be useful in studying the role of carbon,
oxygen, and hydrogen mobility in catalysts.
It is interesting to note that one very good
hydrogenation catalyst is palladium which
absorbs hydrogen. One might speculate
that subsurface mobility of hydrogen is
important to the catalysis over this metal.
This is under further investigation.
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APPENDIX: NOMENCLATURE
Desorption activation energy (kcal/
mole)

Activation energy for diffusion from
the subsurface to the surface (kcal/
mole)

Activation energy for penetration of
surface oxygen into the subsurface
region (kcal/mole)

Rate constant for desorption (s™!)

Rate constant for diffusion from the
subsurface to the surface (s™')

Rate constant for penetration of sur-
face oxygen into the subsurface re-
gion (s 1)

Ratio of the number of subsurface
sites available for oxygen to the
number of available surface sites

Desorption order

Number of atomic layers over which
subsurface oxygen diffusion occurs

Gas constant (kcal/mole K)

Desorption rate (s~ ')

Rate of diffusion from the subsurface
to the surface (s™')

Rate of penetration of surface oxygen
into the subsurface region (s™!)

Time (s)

Temperature (K)

Heating rate (K/s)

Surface adsorbate coverage

Initial surface coverage of adsorbate

Fraction of subsurface sites filled

Preexponential factor for desorption
™

Preexponential factor for diffusion
from the subsurface to the surface
(s™)

Preexponential factor for penetration
of surface oxygen into the subsur-
face region (s™)
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