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CO multipulse TAP studies of 2% Pt/CeO2 catalyst: Influence of catalyst
pretreatment and temperature on the number of active sites observed
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Abstract

CO multipulse temporal analysis of products (TAP) experiments were used to characterize a ceria-supported platinum catalyst after various
oxidative and reductive pretreatments using O2, H2O, CO2, and H2. Based on the amount of CO consumed, using the final CO-saturated catalyst
composition as the common state point, the oxidatively pretreated catalyst could be described using a general scale. From a kinetic analysis of
the CO multipulse responses, two kinetic regimes corresponding to two types of active sites could be identified. As the temperature was raised,
the number of the most active sites did not change while the amount of the less active site increased. Comparison of the number of active sites
determined from the TAP data reported herein with that determined by a previous steady-state isotope transient kinetic analysis experiment showed
excellent agreement. This correlation indicates that the (very fast response) TAP experiments can provide information regarding the number and
type of active sites that are relevant to a catalyst under real reaction conditions.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The development of hydrogen fuel cells is among the most
promising of all of the future energy solutions, providing ef-
ficient power with little environmental impact. However, pro-
viding hydrogen in a form that has sufficient purity not to de-
activate the fuel cell is a major challenge. The reforming of
hydrogen-rich fuels, including from renewable sources, is of
major importance [1–4]. Such a reforming process involves a
catalytic water–gas shift (WGS) step, which converts water into
hydrogen while also removing CO, a poison for the fuel cell,
forming CO2; further removal of CO is achieved by selective
oxidation (PrOx) without oxidation of the hydrogen [5]:

(1)CO + H2O � CO2 + H2.

Recent studies have shown that noble metals (e.g., Pt, Au) sup-
ported on CeO2 are promising low-temperature catalysts for
these reactions [6–13]. However, there a number of conflicting
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reaction mechanisms by which the WGS and the PrOx reactions
proceed [14–25]. These may be split into two broad themes,
a redox process whereby the reactants oxidize and reduce the
surface sequentially and an intermediate-derived process in-
volving the formation of a surface species such as carboxylate,
carbonate, or formate. Burch has recently proposed that both
mechanisms may operate over the same catalyst for the WGS
reaction with the reaction conditions determining the dominant
route [9].

Over the last two decades, the temporal analysis of prod-
ucts (TAP) technique, developed by Gleaves and co-workers
[26,27], has been successfully applied to non-steady-state ki-
netic characterization and investigation of reaction mechanisms
of model and multicomponent industrial catalysts [28]. The
TAP technique provides an opportunity to control the catalyst
composition such that it does not change significantly during
a single-pulse experiment because there are far fewer mole-
cules pulsed than surface active sites/species. Furthermore, the
catalyst state may be changed incrementally by exposing the
catalyst to multiple pulses of gas [29].

In traditional approaches to the characterization of ac-
tive sites, the sites are quantified using separate probe mole-
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cule adsorption experiments, for example, in calculation of
the turnover frequency. In a multipulse TAP experiment, the
amount of reactant consumed (analogous to an adsorption ex-
periment) and the amount of product formed (characteristic
of active surface species) in each single-pulse experiment are
measured. These amounts are added from pulse-to-pulse to
characterize the catalyst composition before each pulse [29].
On the completion of the multipulse experiment (i.e., when no
further reaction is occurring), the total amount of the reactant
consumed and product formed are determined; this is analogous
to the uptake. An important advantage of the multipulse TAP
experiment is that it allows measurement of a gradual change
in the number of active sites/species as well as a change in the
overall activity associated with the remaining sites. Thus, in a
multipulse experiment it is possible to view the complete de-
pendence of catalyst activity as a function of the amount of
available active sites. A detailed analysis of this dependence
allows the sites to be distinguished kinetically with respect to
how rapidly the activity changes (e.g., decreases) as each site is
taken up.

This paper provides the first description of how this method-
ology may be applied to multipulse TAP data. Such a multipulse
experiment is particularly informative when combined with a
thin-zone TAP reactor (TZTR) [30], which ensures uniformity
in the catalyst zone [31]. The TZTR multipulse experiment al-
lows state-by-state transient screening of the catalyst to be used
to examine the active sites [32]. The catalyst state is contin-
uously changed by a long multipulse experiment and probed
kinetically by each single-pulse TAP experiment. A complete
characterization of the catalyst using this methodology involves
quantification/scaling of all catalyst states based on the amount
of consumed molecules (e.g., according to reduction or oxida-
tion), followed by understanding of the observed single-pulse
kinetics versus this scale of catalyst state.

The present work used the TZTR multipulse experimental
methodology to characterize the active sites for CO conversion
on a Pt/CeO2 catalyst studied previously using TAP for the re-
verse WGS reaction [33]. CO was used as a probe molecule in
multipulse experiments performed as a function of temperature
and normal pressure catalyst pretreatment under O2, H2, CO2,
and H2O. The characterization shows the presence of two dis-
tinct sites, the numbers of which are strongly determined by the
catalyst state.

2. Experimental

The 2% Pt/CeO2 catalyst, provided by Johnson Matthey, had
a BET surface area of 180 m2 g−1 and a platinum dispersion
of 17%. The metal dispersion was measured by H2 chemisorp-
tion; note that the dispersion was measured at −80 ◦C, to mini-
mize the potential spillover of H2 onto the support [34]. This
corresponds to a concentration of surface platinum atoms of
∼2 × 10−8 mol mg−1

cat . All gases were >99.9% purity and were
supplied by BOC. Double-distilled deionized water (18.2 M�)
was used. Before each reaction, the catalyst was activated under
flowing 20% oxygen in nitrogen for 1 h.
The TAP pulse-response experiments were performed in a
TAP-I reactor (Autoclave Engineers) using a stainless steel
microreactor (41 mm long and 5.5 mm i.d.). In all of the
experiments, the TZTR method was used where the reactor
was packed with 2–3 mg of catalyst sandwiched between two
500 mg beds of silicon carbide. All particles were 250–450 µm
in size. The reactor temperature was measured by a thermo-
couple positioned in the center of the catalyst bed. Reactants
and products were recorded using a UTI 100C quadrupole mass
spectrometer with a total collection time of 10 s. Each pulse
comprised a 1:1 mix of 13CO and argon. 13CO was used to
eliminate the influence of the high background observed at an
AMU of 28 as part of the residual gas atmosphere. Masses
at AMUs of 29, 40, and 45 were followed in the TAP tran-
sient mode. A typical multipulse experiment comprised >6000
pulses. The characteristic single-pulse responses were obtained
by averaging a number of responses, varying from 2 responses
at the beginning of the experiment to 10 responses at the end of
the multipulse experiment. In the entire multipulse experiment
reported, pulse intensity was determined from the monitored
argon response intensity (which gradually changed during the
experiment) and the pressure drop in the pulse chamber.

The following procedure was used for all experiments:

1. Pretreatment of the catalyst by exposing it to different gases
at 1 atm pressure. Four different pretreatments were inves-
tigated:

I. 20% O2 flow at 300 ◦C for 1 h.
II. 20% O2 flow at 300 ◦C for 1 h, followed by flowing H2

at 300 ◦C for 1 h, followed by 10% H2O flow at 300 ◦C
for 1 h.

III. 20% O2 flow at 300 ◦C for 1 h, followed by flowing
H2 at 300 ◦C for 1 h, followed by 100% CO2 flow at
300 ◦C for 1 h.

IV. 20% O2 flow at 300 ◦C for 1 h, followed by flowing H2
at 300 ◦C for 1 h.

2. Evacuation of the reactor to 10−6 Torr.
3. Vacuum pulse-response TAP experiments using CO multi-

pulses at the desired temperature.

The exit flow rate time dependence for each reactant/product
and inert was determined using standard mass spectrometry
fragmentation patterns and sensitivity factors normalized to ar-
gon.

3. Results and discussion

3.1. Influence of pretreatment

This section reports the results of CO multipulse experi-
ments over various catalysts that underwent different pretreat-
ments. During each multipulse experiment, the intensity of the
CO responses increased (i.e., CO consumption decreased) with
increasing pulse number; ultimately reaching a point at which
CO molecules were no longer consumed by the catalyst. The
single-pulse CO conversion was determined as the ratio be-
tween the amount of CO consumed and amount of CO injected
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Fig. 1. Single-pulse CO conversion variation with respect to the amount of consumed CO prior to each CO pulse at 300 ◦C as a function of O2 ( ), H2O ( ),
CO2 ( ), and H2 ( ) catalyst pretreatments.
into the reactor in a single-pulse. The change in catalyst com-
position in a multipulse experiment was characterized by the
amount of CO molecules consumed by the catalyst before each
pulse in the series (calculated from a single-pulse CO consump-
tion and pulse intensity monitored by the argon responses).
This scale is much more informative than the pulse number,
because both pulse intensity and CO consumption change dur-
ing a TAP multipulse experiment. Thus, the change in catalyst
composition varies significantly from pulse to pulse, and the
scale-based on the amount of CO consumed explicitly quanti-
fies this change.

Fig. 1 shows typical single-pulse CO conversion profiles as a
function of the amount of CO consumed before each CO pulse
over 2 mg of pretreated 2% Pt/CeO2 catalyst in a CO multipulse
TAP experiment at 300 ◦C. Four profiles are shown to illus-
trate the influence of the normal pressure pretreatments (I–IV).
The total amount of CO consumed in the full multipulse ex-
periment, the first pulse activity, and the profiles generally are
different for the different catalyst pretreatments. These results
indicate that, as expected, different normal pressure pretreat-
ment and evacuation regimes had different effects on catalyst
surface composition.

Despite these differences, a more informative graphical rep-
resentation of conversion profiles was found. In this represen-
tation, the pulse at which no more CO was consumed was used
as a common end point, corresponding to the point at which
the catalyst was saturated with CO in all four cases. Fig. 2
presents the same (as in Fig. 1) single-pulse CO conversion pro-
files plotted using this common end point. This figure clearly
shows that the single-pulse CO conversion observed in multi-
pulse experiments over differently preoxidized catalysts (i.e.,
using O2, H2O, and CO2) follows a single curve when plot-
ted against this new general scale. Within this general scale,
a different oxidizing pretreatment is reflected as a merely dif-
ferent starting point on the general curve according to total CO
consumption for each pretreatment, indicating that I (O2) >
II (H2O) > III (CO2). The maximum amount of CO consump-
tion was found after the oxygen treatment, corresponding to
1.28 × 10−6 mol mg−1

cat , whereas after the H2O treatment, con-
sumption was lower, by ∼5 × 10−8 mol mg−1

cat . This difference
is within the range of the number of surface platinum atoms,
possibly indicating that H2O oxidizes the same sites as O2
except those sites associated with platinum atoms. Compared
with the O2 pretreatment, CO2 pretreatment resulted in lower
CO consumption. The difference of 2.3 × 10−7 mol mg−1

cat is
clearly greater than the number of platinum atoms. In addi-
tion, the first pulse activity dropped by ∼25% compared with
the oxygen treatment case. For all oxidation pretreatments,
a small amount of CO2 (10–15% of CO consumed) was ob-
served in the form of a broad feature indicating slow reaction/
desorption.

As discussed below, most of the CO is consumed during the
reaction to form a stable surface intermediate, such as surface
carbonate. Therefore, although CO2 pretreatment will reoxi-
dize the catalyst surface after reduction, it also will produce
surface carbonates, which may block the active sites and cause
lower first pulse activity and a decrease in total CO consump-
tion compared with either O2 or H2O pretreatment. In summary,
the oxygen pretreatment results in a completely oxidized cata-
lyst surface, both platinum and support; the water oxidizes only
the oxide support, and not the metal sites as follows from dif-
ference; and the CO2 pretreatment not only oxidizes the oxide
support, but also blocks some other active sites through the for-
mation of surface carbonates.

In contrast to the oxidative treatments, after H2 pretreatment
only, no detectable amount of CO2 produced was observed,
although a significant CO consumption activity for the initial
pulses was seen (Fig. 1). This is likely due to CO disproportion-
ation, with the CO2 formed during the reaction being trapped
through strong readsorption on the reduced ceria [35]. The con-
version profile for H2 pretreatment did not follow the general
curve as for the oxidized catalyst (Fig. 2). With an increasing
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Fig. 2. Single-pulse CO conversion variation with respect to the amount of consumed CO prior to each CO pulse at 300 ◦C as a function of O2 ( ), H2O ( ),
CO2 ( ), and H2 ( ) catalyst pretreatments. Compared with the traces shown in Fig. 1, the curves have been shifted in order for all the profiles to have a common
ending point providing evidence of a general scale over a range pretreatments.
number of CO pulses, the activity decreased, but for the re-
duced catalyst, fewer pulses of CO were required before the
catalyst activity reached zero. This finding was expected, be-
cause the capacity to adsorb/react with CO after a reductive
treatment will decrease due to removal of labile oxygen from
the support. Interestingly, the amount of CO consumed far ex-
ceeded the number of exposed Pt atoms (CO/Pt ∼ 40) which is
consistent with previous observations made for this catalyst that
the carbon produced through CO disproportionation is unlikely
to be located only on the Pt [36]. In this case the disproportiona-
tion either occurs on the metal and part of the carbon spills over
the support, or at least part of the disproportionation reaction
occurs directly on the ceria support.

We analyzed single-pulse responses using moment formal-
ism as described in detail previously [29]. According to this
theory, each moment of observed response (M0, M1, M2) al-
lows the determination of only one independent kinetic para-
meter (R0, R1, R2), called the primary kinetic coefficient. For
the TZTR CO multipulse responses, the zeroth coefficient, R0,
is calculated from the zeroth moment, M0, as

(2)R0 = 1 − M0

τcatM0
,

R0 has the dimension of reciprocal time (s) and represents an
apparent rate constant of CO consumption.

The first coefficient, R1, is calculated from the first moment,
M1, as

(3)R1 = M1

τcatM
2
0

− τin

(
1

τcat
+ R0

3

)
.

R1 is dimensionless and represents CO apparent “intermediate-
gas” constant, which relates gaseous and adsorbed CO.
The second coefficient, R2, is calculated from the second
moment, M2, as

(4)−R2 = M2

2τcatM
2
0

− M2
1

τcatM
3
0

+ τin

6

(
τinR0

5
+ 2R1 + τin

τcat

)
,

where R2 has the dimension of time (s) and describes CO ap-
parent time delay on the catalyst surface.

τcat = LrLcat

2Din

is the residence time in the catalyst zone, and

τin = εinL
2
r

2Din

is the residence time in inert zones. The explicit expres-
sions (2)–(4) have been recently detailed by Shekhtman et
al. [37].

The fact that R1 and R2 calculated for CO were >0 through-
out the entire multipulse experiment suggested a holdup of the
CO in the reactor bed (as proposed in [29]). The same con-
clusion follows from the comparison of typical argon and CO
responses observed at the end of a multipulse experiment shown
in Fig. 3 where it is clear that the CO response is broader. This
indicates that the CO molecule adsorbs reversibly during the
multipulse experiments. The fact that the CO consumption is
not balanced by the CO2 release indicates that the adsorbed CO
also transforms into a long-lived surface intermediate. These
conclusions lead to the following mechanism for CO adsorp-
tion/desorption and reaction:

CO
ka−→←−
kd

COads,

(5)COads
ktrans−→ Intermediate.
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Fig. 3. Typical normalized argon (grey thick) and CO (black) responses observed near the end of multipulse experiment.

Fig. 4. Rate constant of surface CO transformation versus the amount of consumed CO prior to each CO pulse at 300 ◦C as a function of O2 ( ), H2O ( ), and
CO2 ( ) catalyst pretreatments. Dashed lines indicate two linear regimes.
The rate constants of these elementary steps (i.e., for CO
adsorption, desorption, and surface reaction) were determined
from the primary kinetic coefficients (R0, R1, and R2) us-
ing relationships reported in Table 1 (reversible adsorption +
irreversible reaction) of [29]. In particular,

(6)
1

ktrans
= R1

R0
− R2

R1
and kd = ktransR

2
1

R0R2
.

As reported previously in [33], the desorption constant re-
mained around 1.5 s−1 during all multipulse experiments while
the transformation constant varied. As found in Fig. 2, the
single-pulse CO conversion observed in the multipulse exper-
iments over differently preoxidized catalysts followed a sin-
gle curve when plotted against the general scale. Fig. 4 shows
the surface transformation constant plotted against the general
scale. Clearly, ktrans observed over differently preoxidized cat-
alysts also follows a single curve. This curve may be treated
as a combination of two linear relationships that are indicative
of two types of active sites, as indicated by the lines shown in
Fig. 4.

3.2. Influence of reaction temperature

The variation in CO conversion dependence versus the
amount of CO consumed for the oxygen-pretreated catalyst
as a function of reaction temperature was measured to deter-
mine the influence of temperature on of the number and activity
of different active sites. Oxygen pretreatment was chosen be-
cause it provides the most extensive multipulse dependence, as
discussed in the previous section. In all the experiments, the
normal pressure oxidation and evacuation were conducted at
300 ◦C to produce a similar catalyst surface. Thereafter, the
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Fig. 5. The single-pulse CO conversion versus the amount of CO consumed prior to each CO pulse observed for oxygen pretreated catalyst at 250 ( ), 300 ( ),
and 350 ◦C ( ).

Fig. 6. CO apparent rate constant versus the amount of CO consumed per mg of catalyst for the oxygen pretreated catalyst at 250 ( ), 300 ( ), and 350 ◦C ( ).
temperature was adjusted to the desired value under vacuum
before the corresponding CO multipulse.

Figs. 5 and 6 show the single-pulse CO conversion and CO
apparent rate constant [i.e., R0 calculated from Eq. (2)], as a
function of the amount of CO consumed before the correspond-
ing CO pulse observed at 250, 300, and 350 ◦C over 3 mg of
catalyst, respectively. Good consistency was found for the to-
tal amount of CO consumed in the multipulse experiment and
the kinetic characteristics at 300 ◦C between 2 and 3 mg of cat-
alyst, indicating that the TZTR remained well defined. From
Fig. 5, in general, the single-pulse conversion increased with
temperature throughout the entire multipulse experiment, as ex-
pected. Furthermore, the total amount of CO consumed in a
completed multipulse experiment also increased with temper-
ature, possibly indicating increasingly deeper reduction of the
support with increasing temperature. Irrespective of the tem-
perature, each curve is again characterized by two regions, with
the transition point between the regions denoted by a dashed
line in Fig. 5. The amount of CO consumed within the region
in which the conversion decreased most rapidly did not change
with the temperature, remaining at ∼1.5 × 10−7 mol mg−1

cat . In
contrast, in the second region, the amount of CO consumed in-
creased with increasing temperature, leading to the observation
that the overall amount of CO consumed also increased. A sim-
ilar pattern occurred for the apparent rate constant (R0) shown
in Fig. 6. The apparent rate constant decreased rapidly for the
first 1.5 × 10−7 mol of CO consumed, then decreased much
more gradually to zero activity. Again, the two regions found in
Fig. 5 are clearly shown in Fig. 6.

According to a general concept of active sites, the rate con-
stant should be proportional to the amount of available sites
and should decrease linearly as these sites are taken up. The
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(a)

(b)

Fig. 7. CO apparent rate constants observed in multipulse experiments at 250 ( ), 300 ( ), and 350 ◦C ( ) and rate constants, kmodel, calculated using the
model described by Eq. (2) (straight lines) as a function of the CO consumed. The x-axis of plot (b) is expanded compared with plot (a) to illustrate the fit in the
fast and slow change regions, respectively.
decrease in the CO apparent rate constant may be fitted by a
combination of two linear functions at all three temperatures,
but not by a single linear or quasi-linear function. The linear
decrease of the rate constant with CO consumption is indica-
tive of domination of a single type of active site when each CO
molecule takes up an active site while being consumed. The dif-
ferent slopes of the linear dependency indicate different activity
for the sites. Consequently, these two regions can be associated
with different active sites. The overall activity can be modeled
as a weighted average of the rate constants for an individual site
and the number of sites available,

(7)kmodel = k1(1 − θ1) + k2(1 − θ2),

where θ1 = NCO,1/N1 is the coverage of CO over more active
sites, N1; θ2 = NCO,2/N2 is the coverage of CO over less active
sites, N2; and k1 and k2 represent the activity of corresponding
sites.

With CO consumption, both NCO,1 and NCO,2 increase from
zero to maximum values (N1, N2) over the entire multipulse
experiment, and the amount of CO consumed in each pulse is
measured. The amount of CO consumed that reacts with sites 1
and 2 is proportional to the activity of the sites [i.e., k1(1 − θ1)

or k2(1−θ2), respectively], as calculated for the previous pulse.
The pulse-to-pulse evolution of model kmodel [Eq. (7)] was then
calculated from the observed single-pulse CO consumption and
fitted to experimentally observed kinetic dependencies (Fig. 6)
using least squares regression. Fig. 7 shows this fit, indicat-
ing that the reaction data is consistent with a two-site model
(but not a single-site model) in which the sites of very different
activity work independently in a parallel manner. Significant
differences in activity clearly separate the contribution of each
kind of site into two quasi-linear regions. The values of the fit-
ting parameters [i.e., the numbers (N1, N2) and activity (k1, k2)
of the two kinds of active sites] are given in Table 1. Table 1
also compares the equivalent site density determined using a
steady-state isotope transient kinetic analysis (SSITKA) exper-
iment at 225 ◦C [20]. Similar values for the calculated amounts
of two distinct kinds of active sites were found for the TAP
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Table 1
Fitting parameters of the two site model shown in Eq. (7) associated with the low and high activity sites

Temperature
(◦C)

More active sites Less active sites

Number, N1 (mol mg−1
cat ) Kinetic constant, k1 (s−1) Number, N2 (mol mg−1

cat ) Kinetic constant, k2 (s−1)

250 1.30 × 10−7 450 0.75 × 10−6 11
300 1.35 × 10−7 900 1.15 × 10−6 21
350 1.33 × 10−7 1050 1.95 × 10−6 55

Activation energy: 23 kJ mol−1 Activation energy: 44 kJ mol−1

SSITKA data at 225 ◦C [20] CO precursor: 2.2 × 10−7 mol mg−1
cat CO2 precursor: 8.4 × 10−7 mol mg−1

cat
Fig. 8. Arrhenius plot for the rate constants k1 ( ) and k2 ×10 ( ) determined
from the fitting using Eq. (2) for the high and low activity sites, respectively.

vacuum multipulse experiments and the reverse WGS SSITKA
study [33]. From the SSITKA data, the amounts of gaseous
CO and CO2 released by the catalyst surface after the isotope
switch were determined to be NCO = 2.2 × 10−7 mol mg−1

cat
and NCO2 = 8.4 × 10−7 mol mg−1

cat , respectively, at 225 ◦C. The
activity (k1, k2) of each site can be described by an Arrhe-
nius dependence as shown in Fig. 8 with activation energies
of 23 kJ mol−1 for the higher activity site and 44 kJ mol−1 for
the lower activity site.

The thermal variation may be investigated by assigning the
more active sites to those associated with the platinum parti-
cles (i.e., on both the metal and those in the close vicinity),
because the number of these sites exceeds the amount of plat-
inum atoms. The less active sites can be associated only with the
support. This is consistent with an earlier observation made for
this catalyst associating the most active sites with close proxim-
ity of the Pt particles [36]. These sites can be easily reduced and
thus likely to show little temperature variation in the number of
sites available. In contrast, sites further away from the metal are
more difficult to reduce, resulting in a significant temperature
variation. Interestingly, the fact that the two sites have different
apparent activation barriers demonstrates that the lower-activity
site will dominate at higher temperatures, resulting in a switch
to a different reaction mechanism as a function of temperature.
This is particularly relevant to the WGS reaction, for which a
debate is ongoing as to whether an associative or a redox mech-
anism predominates. It is possible that both mechanisms occur
and that only the temperature at which the reaction is performed
governs which one predominates.

4. Conclusion

In this work, CO multipulse TAP experiments were per-
formed to characterize the number and type of active sites on a
Pt/CeO2 CO oxidation/WGS catalyst. The influence of normal
pressure pretreatment and reaction temperature were studied in
detail. The influence of different normal pressure pretreatments
was quantified based on the amount of CO consumed. The ki-
netic characteristics (e.g., conversion) observed over differently
preoxidized catalysts followed a single curve when plotted us-
ing the final CO-saturated catalyst composition as the common
state. Different pretreatments are represented as different start-
ing points on this curve (indicating different levels of oxida-
tion).

Based on kinetic data obtained at different temperatures, the
catalyst was found to contain two distinct, independent sites
each with significantly different activity. These sites were con-
sidered to be associated with the metal/metal-modified support
and the support corresponding to high and low activity, respec-
tively. The number of low activity sites was found to increase
with temperature, whereas little temperature variation was seen
for the higher-activity sites. The higher activity of each type
of site followed an Arrhenius dependence, with higher activa-
tion energy for less-active sites. Good agreement was found
between the TAP and SSITKA experiments, demonstrating that
TAP experiments can provide information regarding the active
sites relevant to a catalyst under real reaction conditions.
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