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Abstract

We present in-situ IR (DRIFTS) measurements on CO adsorption and preferentiall CO oxidation (PROX) in H,-rich gas on
Pt/y-Al,O5 and Au/a-Fe,O, catalysts at their envisaged operating temperatures of 200°C and 80°C, respectively, which in combination
with kinetic data show that the underlying reason for the very different PROX reaction kinetics on these two catalysts is the difference in
steady-state CO coverage. Whereas on the platinum catalyst this is aways near saturation under reaction conditions, causing a negative
reaction order (—0.4) and a pgg-independent selectivity, the amount of adsorbed CO on the gold particles (indicated by an IR band at
~ 2110 cm™1) strongly depends on the CO partial pressure. From the position of the IR band of CO adsorbed on Au/a-Fe,Oj, the
steady-state coverages on the Au surface are shown to be significantly below saturation, with an upper limit of approximately 6.5 = 0.2.
Low reactant surface concentrations on Au explain the positive reaction order with respect to poo (+0.55 at 80°C) as well as the
observed decoupling of the CO and H, oxidation rates, which results in a loss of selectivity with decreasing peo. © 1999 Elsevier
Science SA. All rights reserved.
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1. Introduction [7-9]. The mass-specific reaction rates [mol o /(ga, - 9]
on supported Au catalysts are equally high at 80°C, and
even lower temperatures, as compared to standard PROX
catalysts such as Pt/y-Al,O; [10,11] and Ru/vy-Al,O,
[12] at their operating temperature [13] of 150°C—-200°C.
This, in principle, improves the cold-start properties in a
fuel cell system and also allows for a thermal (and spatial)
integration of the PROX unit with the PEM fuel cell stack
in form of a thin second layer placed on top of the
anode-side of the membrane electrode assembly (MEA)
[14]. Since the efficiency, in particular with respect to the
load-following behavior, of the PROX unit critically de-
pends upon the rate of back-formation of CO from CO,
via the reverse water gas shift reaction, a significantly
improved performance can be expected at low tempera
tures, where the shift equilibrium becomes more favorable
[15].

Highly dispersed Au supported on reducible oxides
(eg., Fe,0;, Co;0,, TiO,) is a well-known catalyst for
low temperature oxidation of carbon monoxide, which for
example is being used for CO/0O, recombination in CO,-
lasers [1]. Several groups examined different preparation
methods, pretreatment procedures, and reaction kinetics on
Au/metal oxide catalysts (see, eg., Refs. [1-6]). Re-
cently, these catalysts have gained attraction for the prefer-
ential oxidation of CO in H ,-rich gas (PROX), used for the
purification of feed gas streams for polymer electrolyte
membrane (PEM) fuel cells from a methanol reformer
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The general suitability of the Au catalysts for the PROX
reaction was investigated in previous studies on a Au/«a-
Fe,O, catalysts, where we determined the CO oxidation
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rates and selectivity (S=r<° /(r + rH2), with r° and
rHz being the oxidation rates of CO and H.,, respectively)
in H,-rich gas [9]. These studies reveaed drastic differ-
ences in the reaction kinetics as compared to the PROX
reaction over Pt/y-Al,O; which we had studied earlier
[15-17]. While the selectivity of the Au/a-Fe,O, catalyst
decreased strongly with decreasing CO partial pressure
(1.5-0.02 kPa) and increasing temperature (40°C—-80°C), it
remained constant on Pt/y-Al,O, for operating tempera-
tures < 200°C. It was proposed that these differences
result from different steady state CO coverages on the two
catalysts during the reaction, with the Pt catalyst operating
at very high CO coverages, practically at saturation cover-
age, while the Au catalyst was expected to run at low CO
coverages. Direct proof for these assumptions, which are
crucial for the mechanistic understanding of the reactions,
however, is dtill lacking. In the present article we will
show and discuss results of a spectroscopic study using
in-situ DRIFTS (diffuse reflectance FTIR), which clearly
supports these ideas.

Following a brief description of the experimental setup
and procedures, we will first discuss basic kinetic data on
the PROX reaction on both catalysts. We then present
in-situ DRIFTS measurements, during CO adsorption/
selective oxidation at varying CO partial pressures, which
yield direct information on the steady-state CO coverage
under PROX operating conditions. These data show unam-
biguously that the steady state CO concentration is low on
the gold particles compared to platinum. This difference is
shown to lead to the observed independence of S vs. peg
on Pt, while the selectivity on Au strongly decreases with
decreasing peo. Finaly, we show DRIFTS data on the
temperature dependence of the CO coverage which support
the above-conclusions and aso rationalize the observed
changes in the CO reaction order with temperature ob-
served experimentally.

2. Experimental

The experiments were performed at a 3.15 wt.% Au/a-
Fe,O, catalyst (for preparation details, see Ref. [9]), which
was conditioned at 400°C in a stream of 10% O, /N, (20
Nml /min) for 30 min prior to reaction (volumetric flow
rates are expressed in terms of Nml /min, i.e,, ml /min at
standard conditions of 1.013 - 10° Pa and 273.15 K). The
calcined catalyst has an average Au crystallite size of 6.5
nm (corresponding to a dispersion of ca. 24%), obtained
from X-ray diffraction line-broadening of the Au(111)
peak using the Scherrer equation.

For comparison a commercia 0.5 wt.% Pt /Al,O, cata-
lyst (Degussa F 213 XR/D) is used, which was condi-
tioned at 350°C in 10% O,N, (20 Nml/min, 30 min),
followed by reduction in H, (20 Nml /min, 30 min). The
dispersion of 38% (corresponding to an average particle

diameter of around 4 nm) was determined by CO desorp-
tion (for more details, see Ref. [17]). The reactant gasesH ,
(N5.0), N, (N6.0), 2% CO (N4.7) in H, (N5.6), 2% CO
(N4.7) in N, (N6.0) and 10% O, (N5.0) in N, (N5.0;
CO-free) were supplied by Linde, Messer Griesheim or
MTI.

All reactions were carried out at atmospheric pressure.
The DRIFTS measurements were performed in an in-situ
reaction cell (modified Harricks model HV-DR2), which
allowed continuous gas flow through the catalyst bed (ca.
0.1 g) during spectra acquisition. A praying mantis optical
geometry (Harricks PM-DRA-2-XXX) was used to direct
the infrared beam. The spectra were obtained on a Mattson
Infinity AR 60 (resolution 4 cm™!) and on a Nicolet
Magna 560 (at 8 cm™!) spectrometer, both equipped with
aMCT narrow band detector, by coadding 300 single-beam
spectra, equivalent to an acquisition time of ~ 2.5 min.
All infrared data were evaluated in Kubelka—Munk units
which are linearly related to the absorber concentration in
DRIFTS. Spectra contributions from gas phase CO were
eliminated by subtracting the corresponding spectra from
the pure support material.

Kinetic measurements were conducted in a quartz tube
(i.d. 4 mm) placed in a ceramic tube furnace (catalyst bed
mass ca. 0.1 g) with on-line gas chromatograph analysis
(DANI). A detailed description of the reactor and detection
system has been reported elsewhere [17]. Experimenta gas
flow rates were between 100 and 135 Nml/min, corre-
sponding to space velocities of 6-8 - 10* h™!. To guaran-
tee differential flow conditions, the catalysts were diluted
with a-Al,O,. All rates are expressed as turnover frequen-
cies TOFs, and the term idealized reformate refers to a
mixture of up to 1.5% CO and variable amounts of O, in
75% H,, balance N,.

3. Results and discussion

3.1. Kinetic observations

Fig. 1 compares the turnover frequencies and selectivi-
ties of both catalysts at their envisaged operating tempera-
tures during selective CO oxidation in idealized reformate
at a constant A-value of 2 (A =2pg_/Peo), demonstrating
the high activity of Au/a-Al,O, at 80°C and its superior
selectivity at high CO partial pressures. Assuming a simple
power-law model for the CO oxidation kinetics, the slope
in Fig. 1a corresponds to the sum of the reaction orders
with respect to po, and peo [17].

In microkinetic studies on the PROX over Pt/y-Al,O,
at 150°C-250°C, the reaction orders with respect to peo
and po, were determined to be —0.4 and + 0.8, respec-
tively [17]. Mechanigtically, this is consistent with the
selective CO oxidation reaction occurring in the so-called
low-rate branch [18]. In this reaction regime, the Pt sur-
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Fig. 1. Selective CO oxidation in idesalized reformate at A =2 over
Pt/y-Al,0; a 200°C (O) and Au/a-Fe,0; at 80°C (@): (@) CO
oxidation rates; (b) selectivity.

face is thought to be completely covered by CO under
reaction conditions, with dissociative O, adsorption being
the rate limiting step [16]. Consequently, the oxidation rate
of co-adsorbed hydrogen is aso rate-limited by the same
step (dissociative O, adsorption), so that CO and H,
oxidation rates are coupled, effecting an essentially con-
stant selectivity of ca 40% (Fig. 1b) on Pt/v-Al,O, over
the entire range of CO and O, partial pressures at tempera-
tures below 250°C [17]. The following in-situ DRIFTS
experiments were conducted to give further credence to the
above-assumption of low-rate branch conditions during
the PROX reaction on Pt /y-Al,O,.

As already mentioned, the Au/«a-Fe,O, catalyst shows
a comparable activity at the much lower temperature of
80°C. However, from the different slope in Fig. 1a, it is
already apparent that the reaction orders, i.e., the reaction
kinetics, are very different on the gold catalyst. The reac-
tion orders with respect to pe, and po, determined in
microkinetic studies in idealized reformate were +0.55
and +0.23, respectively [9]. In terms of a mechanistic
model, the positive CO reaction order suggests that there is
no self-poisoning of the CO oxidation reaction by ad-
sorbed CO, contrary to what is observed for the Pt catalyst.
Boccuzzi et al. [19] proposed that the reaction follows a

Langmuir—Hinshelwood type mechanism where both reac-
tants are adsorbed on the Au surface, as it is well estab-
lished for CO oxidation on platinum metal surfaces[18]. In
this case, the positive CO reaction order implies that under
reaction conditions, the CO coverage is significantly below
saturation and hence a decrease of the CO partia pressure
decreases the reaction probability for CO oxidation. The
relatively high selectivity of the Au catalyst, particularly at
high CO partial pressures (Fig. 1b), can be rationalized by
the very low dissociative sticking probability for H, on a
gold surface [20,21]. Assuming low CO coverages under
PROX conditions, hydrogen dissociation would be ex-
pected to be essentially unperturbed by adsorbed CO, so
that the H, oxidation rate (at constant py ) should be
independent from the CO oxidation rate which, indeed, is
experimentally observed [9]. Consequently, a decrease in
Pco With a concomitant decrease in the CO oxidation rate
results in the loss of selectivity shown in Fig. 1b, a striking
difference to the behavior of the Pt /y-Al,O, catalyst. As
mentioned above, the following in-situ DRIFTS experi-
ments were conducted to support the suggested low CO
coverage conditions during the PROX reaction on Au/a-
Fe,O, [9,15,16].

3.2. Steady state CO coverage on Pt / y-Al,O,

Since the DRIFTS signal depends on the penetration
depth of the infrared beam into the powder catalyst sample
and is a strong function of the support material, the particle
size, and the packing density [22], a direct quantitative
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Fig. 2. DRIFTS spectra of the COj;,o band on Pt/y-Al,O5 in 10 kPa
CO in a pure N, background and during the selective CO oxidation in
idealized reformate with 10 kPa CO and A =2 (dashed line). Inset:
Comparison of the integrated IR intensitiesin a N, background (hatched
bars) and under PROX conditions (unhatched bars) at different tempera-
tures.
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Fig. 3. IR intensity of linearly bonded CO during selective CO oxidation
in idealized reformate at A= 2 over Pt/y-Al,O; a 200°C (O) and
Au/Fe,0O; at 80°C (@); IR intensity of linearly bonded CO on Au/ a-
Fe,O; during CO adsorption in a pure N, background (2 ). (b) Corre-
sponding band positions on Au/ a-Fe,O5 during selective CO oxidation
(@) and CO adsorption () at 80°C.

determination of the CO coverage from the DRIFTS spec-
tra is generally not possible. Therefore, the experimental
CO adsorption intensities measured during the PROX reac-
tion by in-situ DRIFTS will be referenced to the CO,
intensities produced by CO adsorption in a pure N, back-
ground. For the latter, the CO-coverage on Pt can be
estimated using first order Langmuir adsorption—desorp-
tion kinetics for CO. Employing literature data for the CO
adsorption energy at high coverages (e.g., 85 kJ/mol on
Pt(111) [23], 97 kJ/mol on Pt(533) [24], and 151 kJ/mol
on Pt(321) [25)), and standard values for the corresponding
preexponential factors and the sticking coefficient of 10%
to 10% s™! and 0.5-0.8, respectively, we compute CO
coverages which for a CO partia pressure of 10 kPa and
temperatures up to 200°C in all cases are close to satura-
tion (6o > 0.964,).

DRIFTS spectra recorded under CO adsorption—desorp-
tion equilibrium (1 kPa CO, balance N,) and during the
PROX reaction (1 kPaCO, A =2, 75% H,) are practicaly
identical (see for 150°C in Fig. 2). In the inset to Fig. 2 we
compare the integrated CO,;,.,, band intensity of the two
cases at different temperatures, which shows that the
steady-state CO coverage is essentially unperturbed by the
selective CO oxidation reaction. (The ratio between bridge
and linear CO was constant in these experiments.) This is

not surprising if we consider that under reaction conditions
the kinetic equilibrium r_ = ry has just to be expanded
by the reaction process

lg = Tlges T+ TOF (1)

and that the additiona term in Eq. (1), the CO turnover
frequency, is on the order of 1 s (see Fig. 1). This is
more than two orders of magnitude lower than r if the
above-quoted parameters for the CO adsorption kinetics
are used. Therefore, essentially identical CO,, intensities
(see Fig. 2) are predicted on the basis of Eq. (1) (assuming
that the IR cross-section of CO, is not significantly
altered by the presence of O, and H,). This, in conjunc-
tion with the above-estimated CO coverage based on the
pure adsorption experiments provides strong evidence that
the PROX reaction under the conditions of Fig. 2 does,
indeed, occur at close to CO saturation coverage.

Based on Eq. (1) we can estimate that the CO coverage
remains close to saturation during the reaction even at
much lower CO partia pressures, reflecting the adsorp-
tion—desorption behavior in the high pressure regime of a
Langmuir isotherm. This is confirmed by the DRIFTS
measurements in Fig. 3a (square symbols), which show
that the IR intensity and hence the steady-state CO cover-
age (see above) decreases by less than 20% as the CO
partial pressure is reduced from 1 to 0.05 kPa. At the same
time, the CO frequency remained almost constant at 2050
cm™~ (not shown). Despite the slight loss in CO coverage,
the adlayer is till sufficiently dense to efficiently inhibit
the adsorption of H, (and O,) during the reaction, explain-
ing the small loss in selectivity (Fig. 1b, square symbols).
Hence, over the entire pressure range in Fig. 1, selectivity

1 kPa CO
= 0.5 kPa CO
= 0.25 kPa CO
iz 0.1 kPa CO
ﬂ_é 0.05 kPa CO
:
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Fig. 4. In-situ DRIFTS spectra (spectral region 1950-2250 cm™1) of
linearly bonded CO recorded during in adsorption—desorption equilibrium
on Au/ o-Fe,0; at varying CO pressures between 0.5 and 10 kPa and at
80°C.
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in the PROX reaction on the Pt/y-Al,O; catalyst is
controlled by the high CO coverage.

3.3. CO coverage on Au / a-Fe, O,

The IR vibrational spectra of the Au/a-Fe,O, catalyst
during CO adsorption or oxidation are characterized by a
CO band at ca. 2110 cm™ ! (see Fig. 4), which is generally
assigned to linearly adsorbed CO on single crystalline gold
surfaces [26,27] and supported Au particles [28]. An asym-
metric tailing on the low frequency side was interpreted by
Boccuzzi et al. [19,28] in terms of a second CO adsorption
state at the perimeter places on their Au/ZnO catalyst.
However, since such a tailing could also emanate from a
heterogeneous particle dispersion, we will refer to the band
a ~ 2110 cm™?! as deriving from a single CO adsorption
species. Additional CO species, such as CO adsorbed on
(partly) ionic Au atoms (e.g., via metal—support interac-
tion) as it had been assigned to the high frequency bands
on Au/TiO, and Au/ZnO at 2133 cm~* [19] as well as
on Au/Fe,O, at around 2138 and 2159 cm~* [29], were
not observed under our experimental conditions. The ab-
sence of these species is probably related to different
catalyst pretreatment conditions and/or the presence of H,
during our CO oxidation experiments.

Similar to the above-analysis of the CO adsorption
characteristics of the Pt /y-Al,O, catalyst during the PROX
reaction, we will first examine the adsorption of CO on the
Au/a-Fe,0; catalyst in the absence of reaction, i.e,, in a
pure CO/N, mixture at the PROX operating temperature.
DRIFTS spectra obtained at different CO partial pressures
at 80°C are reproduced in Fig. 4; the resulting CO adsorp-
tion intensities and the corresponding IR frequencies are
plotted in Fig. 3a and b, respectively (triangular symbols),
as a function of CO partial pressure (balance N,). Upon
increasing the CO partial pressure from 0.05 to 1 kPa, the
CO,-intensity increases by nearly one order of magnitude.
Assuming a roughly linear relationship between signa
intensity and absorber concentration, this represents a sig-

Table 1

nificant increase of the CO coverage on the gold particles.
The conclusion is supported by a concomitant decrease in
wavenumber from 2111 cm™! to 2104 cm~?! (Fig. 3b)
since v, on gold surfaces decreases with increasing 6.,
contrary to what is observed for platinum metals [30]. For
comparison, the CO coverage dependence of the IR vibra-
tional frequency of CO,, on various gold surfaces reported
in the literature are summarized in Table 1. In contrast to
platinum, neither the adsorption temperature nor the dis-
persion (i.e, particle size) seem to have a significant
influence on vey. The highest values are between 2120
and 2130 cm™* for the low coverage regime and generally
decrease to dightly below 2110 cm™!. The maximum
coverage under the conditions listed in Table 1, which
corresponds to the lowest wavenumbers, does not exceed
6o = 0.2. This relatively low saturation value even at
high pressures (see Table 1) may be due to a strong
decrease in adsorption energy at higher adsorbate densities
[26], more likely it reflects the strong variation in adsorp-
tion energy on substrate sites of different coordination,
such as terrace, step or kink sites, as it had been observed
recently for CO adsorption on Au single-crystals or thin
films [26,27]. Therefore, a simple comparison of band
positions suggests that the equilibrium CO coverage in 1
kPa CO (balance N,) on the Au particles of our catalyst
should not exceed 6., = 0.2.

The low CO coverage under our conditions (1 kPa CO)
is consistent with the data by lizuka et al. [31], who for
pure gold powder determined a coverage of ~0.2 a a
partial pressure of 3 kPa CO and 0°C. It is furthermore
consistent with an estimate based on Langmuir adsorp-
tion—desorption kinetics for CO, in conjunction with pub-
lished CO adsorption energies on Au surfaces (recon-
structed Au(100): 58 kJ/moal [32]; polycrystalline Au: 55
kJ/mol [33]; Au(332): 55 kJ/mol [26]; Au(110): 33
kJ/mol [34]), pre-exponential factors between 10 and
10" s, and a maximum sticking coefficient of one.

In contrast to the approach used for the Pt/y-Al,O,
catalyst, where the CO intensity for the pure adsorption

CO vibrational frequency shifts as a function of CO partia pressure (and CO dosing) reported for unsupported and supported gold particles and estimated

CO coverages for the maximum indicated saturation pressure

System T [K] Pressure range Vibrational shift [cm™?] 03 Reference
Au(332) 92 25-10710-107° kPa 2124-2110 0.17 [26]
105 2.5-1071%-107° kPa 2125-2113
Au powder 273 0.7-3 kPa - ~0.2° [31]
Aufilmon Al,O, 2 0.01-0.8L°¢ 2125-2108 [36]
Au/SiO, 298 0.034-10.9 kPa 2120-2110 [37]
Au/SiO, 298 1.7-10"*-59 kPa 2129-2106 0.17¢ [30]
Au/ZnO 298 2.10~* kPa 2116-2106 0.22 [28]
Au/Fe,0, 353 0.05-1 kPa 2111-2104 this work

%, = 0 at highest pressure and lowest veg.

PCalculated from their adsorption isothermes using an atomic density of 10%° m

°CO dosing in UHV.
dCoverage a 2 kPa.

-2
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Fig. 5. In-situ DRIFTS spectra (spectral region 2000-2200 cm™?) of
linearly bonded CO recorded during CO oxidation in idealized reformate
a A=2 on Au/a-Fe,0O; a varying CO pressures between 0.5 and 10
kPa and at 80°C.

case (CO/N, mixtures) was directly compared to the
intensity observed under PROX conditions, this direct
comparison is not possible in the case of the Au/a-Fe,0,4
catalyst. In the latter case, the support phase changes from
a-Fe, O, to Fe;O, in the presence of H, concomitant with
a change in the DRIFTS signal due to a different penetra-
tion depth. Therefore, a comparison of the absolute CO
intensities in CO /N, with those measured during selective
CO oxidation in idealized reformate (A = 2) is meaning-
less. We therefore estimate the steady state coverage dur-
ing the PROX reaction under our experimental conditions
from the adsorption /reaction kinetics. Asin the case of Pt,
l'es iN EQ. (1) is several orders of magnitude larger (using
the above kinetic parameters) than the TOF for the gold
catalyst (see Fig. 1a), so that the CO coverage in a pure N,
background should be the same as during the PROX
reaction, i.e., < 0.2 ML (assuming that the CO adsorption
properties of the Au particles do not change in the pres-
ence of O, and H,). To reflect the similar coverages, the
CO intensities were normalized to each other at the highest
CO partial pressure in Fig. 3a.

Consistent with a low CO coverage even at the highest
CO partial pressure of 1 kPa (filled circles in Fig. 3a), the
CO intensity /CO coverage decreases with decreasing CO
partial pressure. This coverage dependence fits also to the
observed positive reaction order with respect to pcg,
owing to a reduced reaction probability at reduced 6.

The po-dependence of the CO vibrational frequency
during the selective CO oxidation (A = 2) is shown in Fig.
3b (filled circles), the associated DRIFTS spectra are
displayed in Fig. 5. Compared to the case of CO adsorp-
tion from a pure CO/N, mixture (Fig. 4), the CO fre-

guency under PROX conditions is now shifted to signifi-
cantly higher wavenumbers and barely changes with de-
creasing CO partia pressure (2113-2111 cm™1). This
increase in v, IS assigned to coadsorption of oxygen and
its effect of decreasing the electron density in the gold
particles. Since the bonding of CO to gold surface is
dominated by the 5o orbital [30], electron donation to the
metal becomes more favorable under these conditions.
Owing to the weak antibonding effect of the 50 orbital
with respect to the C-O bond, the IR band frequency
would increase for a reduced electron density of the gold
surface. Since Fig. 5 was recorded at a constant value of
A= 2, po, decreases in the same way as pco, SO that the
up-shifting effect of O, is expected to be smaller. The
nearly zero net shift observed in Fig. 5 (also filled symbols
in Fig. 3b) can be understood as a result of these two
counteracting effects (decreasing v, withincreasing 6.4,
but increasing wavenumber v, Wwith increasing po,). A
similar effect may also exist for the IR cross-section,
which would explain the more pronounced decay of the
intensity with smaller coverages for the PROX reaction as
compared to CO adsorption.

Under the above-hypothesis of low CO coverages dur-
ing the PROX reaction even at the highest CO partia
pressure of 1 kPa examined in our study, it is reasonable to
assume that the dissociative adsorption of hydrogen on the
Au surface is not significantly perturbed by the presence of
CO. Therefore, one would expect that the H, oxidation
rate is independent of the CO partia pressure if the O,
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Fig. 6. (2) Rates of CO (m) and H, oxidation (O) and (b) selectivity
(2) over Au/ a-Fe,0, a 80°C and pg, =10 kPain idedlized reformate.
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Fig. 7. In-situ DRIFTS spectra on Au/ «a-Fe,O5 during CO oxidation in
idealized reformate at a constant A of 2 at different temperatures. Inset:
integrated IR intensities of linearly bound CO vs. temperature.

partial pressure remains constant. This, indeed, is con-
firmed by kinetic measurements on both CO and H,
oxidation rates over Au/a-Fe,O, in idealized reformate at
80°C and p,, = 1 kPa at 80°C, shown in Fig. 6 [9]. While
the CO turnover frequency decreases with decreasing CO
partial pressure owing to a decrease in CO coverage, the
H, oxidation rate remains essentially constant (Fig. 6a).
This demonstrates that r“© and r"2 are completely decou-
pled, contrary to what is observed for the Pt/y-Al,O,
catalyst. As a consequence, the selectivity of the Au
catalyst decreases with decreasing pc,, (Fig. 6b). Since the
dissociative sticking probability for H, on agold surfaceis
very low [20], probably due to a strongly activated adsorp-
tion process [21], the overall selectivity is till rather high.
This is different from the case of the Pt/y-Al,O, catalyst,
where the high selectivity is only caused by the nearly
complete blocking of the surface with adsorbed CO.

3.4. Temperature dependence

We finally present and discuss in-situ DRIFTS data
recorded during the PROX reaction on Au/a-Fe,O; at
varying temperatures, which will provide a final piece of
evidence for the hypothesis that the CO coverage under
PROX conditions at 80°C is very low, far below satura
tion. Furthermore, these data will rationalize the observed
decrease in the CO reaction during selective CO oxidation
with temperature, which was found to change from + 0.55
at 80°C down to +0.35 at 40°C [9]. A similar behavior
was observed also by Lin et a. [35] on a 23 wt.%
Au/TiO, catalyst, with a decrease in the CO reaction
order from 0.6 to 0.2 as the temperature was decreased
from 87° to 37°C in a H,-free gas mixture ( pgo = 1-25

kPa, py = 1-20 kPa, balance He). Fig. 7 shows in-situ
DRIFTS spectra recorded in idealized reformate (1 kPa
CO, A =2) at 20°C, 40°C, 60°C and 80°C, respectively (all
spectra taken after 30 min of equilibration). Clearly, the
amount of linearly adsorbed CO decreases by a factor of
three (see inset in Fig. 7) with increasing temperature. The
strong decrease of the CO coverage with temperature
resembles the behavior expected in the steep, middle regime
of a Langmuir adsorption—desorption isobar, where the CO
coverage is far below saturation, which in turn gives
further credence to the hypothesis that the CO coverage
under PROX conditions a 80°C is rather low on the
Au/a-Fe,O, catalyst. Finaly, the strong variation of the
steady-state CO,; concentration fits well to a reaction
scheme where CO supply is increasingly rate limiting,
which qualitatively rationalizes the increase in CO reaction
order with increasing temperature.

4. Summary

We have shown by direct in-situ DRIFTS observations
that under typical reaction conditions, the reaction kinetics
and the selectivity in the PROX reaction on Pt/vy-Al,O4
and on Au/a-Fe,O are largely determined by the steady-
state CO coverage on the active metal surfaces. Whereasin
the former case, the CO coverage remains practically
constant and close to saturation with varying CO partia
pressure, it changes significantly with temperature or CO
pressure in the latter case, with coverages below 0.2 ML at
80°C and at 1 kPa CO. The CO coverage and its variation
with partial pressure and temperature not only parallel the
selectivity behavior in our kinetic measurements, with
practically constant selectivity on Pt/y-Al,O; and a pro-
nounced loss in selectivity for lower CO partial pressures
on Au/a-Fe,O,. It adso rationalizes the observed CO
oxidation reaction orders with respect to CO and O, and
their temperature dependence as well as the coupling
(Pt/v-Al,O5) or independence (Au/a-Fe,0,), respec-
tively, between H, and CO oxidation.
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