Available online at www.sciencedirect.com

ien ir JOURNAL OF
ScienceDirect CATALYSIS

oo F N L MRS
ELSEVIER Journal of Catalysis 249 (2007) 318-327

www.elsevier.com/locate/jcat

Partial pressure dependent in situ spectroscopic study on the preferential
CO oxidation in hydrogen (PROX) over Pt/ceria catalysts

D. Teschner **, A. Wootsch®, O. Pozdnyakova-Tellinger®, J. Krohnert ®, E.M. Vass ®, M. Hivecker?,
S. Zafeiratos *, P. Schnorch ?, P.C. Jentoft?, A. Knop-Gericke?, R. Schlogl?

4 Fritz-Haber-Institut der Max-Plank-Gemeinschaft, Faradayweg 4-6, D-14195 Berlin, Germany
b Institute of Isotopes, Hung. Acad. Sci., POB 77, H-1525 Budapest, Hungary

Received 18 January 2007; revised 10 May 2007; accepted 10 May 2007
Available online 19 June 2007

Abstract

Platinum supported on ceria can oxidize CO in excess hydrogen selectively (PROX process). In situ DRIFTS and high-pressure (~1 mbar)
XPS experiments were performed to study the mechanism of the PROX reaction on Pt/ceria catalysts. The partial pressure of O, and/or CO was
varied and correlated with induced changes in activity and selectivity as well as with the surface state and species under reaction conditions. Pt-
carbonyl species changed rather insignificantly, especially relative to the wide variations of the product pattern with changing feed composition.
Furthermore, the interconversion of formate and carbonate species was observed. Therefore, the changes in the evolution of surface species
detected by in situ DRIFTS cannot explain the variation observed in CO oxidation activity. On the other hand, high-pressure XPS showed
significant modification of the surface state with changing feed composition. Most significantly, oxygen vacancy formation seemed to correlate
with enhanced CO oxidation activity. At higher vacancy density, water desorption was hindered. Highly hydrated ceria with significant vacancy
density was found to be beneficial for the PROX process; here surface water blocked H,4¢ oxidation sites. Moreover, lower apparent activation
energy of CO oxidation was measured in the PROX reaction on catalysts with more vacancies. The results given here reinforce the view of
catalysts being adaptive to a certain reaction rather than having active sites as prepared. Whereas IR-detectable surface species may only be
indicators and/or consequences of this surface change, formation of the beneficial surface/near-surface state may be the rate-limiting factor in
several catalytic processes.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction The other route involves the development and application of
specially designed in situ spectroscopic experiments to collect
information about the catalyst under working conditions and
perform online product analysis [5-10]. Based on quantitative
correlations of performance and spectral properties, the in situ
methods provide experimental derivation of structure—function
relationships and/or information on surface species present dur-
ing catalytic turnover. Because none of the current in situ char-
acterization techniques is capable of providing all of the infor-
mation needed to gain a full understanding of catalytic function,
combining the results of such in situ experiments is a highly
desirable approach. In this study, we combine two complemen-
tary methods for studying Pt/ceria catalysts: in situ DRIFTS,
* Corresponding author. Fax: +49 30 8413 4676. which yields information mainly on the constitution of surface
E-mail address: teschner @fhi-berlin.mpg.de (D. Teschner). species, and high-pressure XPS, which reveals the surface elec-

In fundamental catalytic research, two major routes are
available to gain insight into catalytic function. Theoreticians
use, for instance, density functional theory (DFT) calculations
to acquire intrinsic kinetic data and apply them in kinetic Monte
Carlo simulation for macroscopic modeling of elementary steps
and comparison with experimental kinetic data [1-4]. This
route is very effective in predicting reaction mechanisms, in-
cluding adsorption energies and activation barriers of the ele-
mentary steps, albeit mainly on simplified surface units.
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tronic structure under reaction conditions. To take advantage of
the full potential of the mentioned techniques (i.e., to differenti-
ate between relevant and nonrelevant surface information), it is
important to modify reaction parameters (i.e., temperature, par-
tial pressure of reactants) and to relate the induced changes in
reactivity to the in situ spectroscopic observations.

The preferential oxidation of CO (PROX reaction) is one key
process in the development of an economically feasible technol-
ogy to produce hydrogen for proton-exchange membrane fuel
cells (PEMFCs) [11,12]. The concentration of CO in the up-
stream of hydrogen production unit (by, e.g., a steam-reforming
process) must be kept as low as possible (preferentially in the
low ppm region) by using sequential water—gas shift (WGS)
and PROX units [13]. Pt/ceria catalysts can be used in both
processes [14—18].

Recently, we reported on the in situ spectroscopic char-
acterization of ceria-supported Pt [18] and Pd [19] catalysts
during the PROX reaction. We assigned bands observed un-
der reaction conditions by in situ DRIFTS and interpreted sur-
face oxidation states revealed from in situ high-pressure XPS
studies. The poor activity of Pd/CeO, in the PROX reaction
can be clearly explained by the formation of detrimental Pd-
hydride [19]. However, these studies were limited to one given
concentration of reactants (i.e., 1% CO and 1% O, in H»),
which cannot provide sufficient information about the reac-
tion mechanism. In the present study, Pt/CeO, catalysts were
examined using the aforementioned in situ techniques under
variation of the partial pressure of O, and/or CO in the reactant
feed, and the catalytic pattern was correlated with the surface
information. Although our catalysts prepared by the simple im-
pregnation technique are likely not the best PROX catalysts,
they still are able to remove 99% of CO from a model feed
and thus are suitable for use in mechanistic studies. The in situ
experiments were somewhat limited to slightly higher temper-
ature than the optimal condition of best CO removal (due to
charging effects in XPS and possible water condensation in the
DRIFTS cell), but the systematic variation of reaction parame-
ters during the spectroscopic experiments clearly allowed us to
derive essential correlations between surface state/species and
activity.

2. Experimental
2.1. Catalysts

This study used two catalysts with nominal metal loadings
of 1 and 5% [18] prepared by wet impregnation with an aque-
ous solution of Pt(NH3)4(OH),. The impregnated samples were
dried at 393 K overnight, calcined for 4 h at 773 K in flow-
ing air, and reduced at 673 K for 4 h in flowing H>. Disper-
sions determined by low-temperature H, adsorption [20] were
D = 62% for 1% Pt/CeQO, and 18% for 5% Pt/CeO,.

We have previously reported that similar catalytic results
as well as infrared spectra were observed on both 1 and
5% Pt/CeO, samples [18]. For the sake of clarity, here we
present only the results of the 1% sample except for the high-
pressure XPS experiments, in which the 5% Pt/CeO;, [21]

produced less charging and Pt 4f spectra with satisfactory
quality.

2.2. Catalysis

Catalytic tests were carried out at 383 K in an atmospheric
continuous-flow glass reactor system as described previously
[18]. Before catalytic testing, a charge of 43 mg of 1% Pt/CeO,
was activated in situ in flowing air at 573 K, and between differ-
ent measurement series, it was reactivated by the same air treat-
ment at 573 K. The flow of reactant feed was 100 N mL/min
(GHSV = ~190,000 h™!), containing 0.5-4% CO, 0.2-4% O,
(oxygen excess, A, from 0.8 to 2) and the balance Hp. Oxy-
gen excess is defined by the ratio of 2-times p(O,)/p(CO) in
the inlet stream (where A = 1 corresponds to a stoichiomet-
ric mixture). The amount of catalyst used here did not allow
achievement of the maximum conversion but was well suited
to clarify the effect of the feed composition. In a separate ex-
periment, apparent activation energies were determined in the
range of 308-343 K (GHSV = 60,000 h™') on a sample ac-
tivated similarly in the same apparatus. Product analysis was
performed using (i) a Balzers QMG 4211 mass spectrometer,
(ii) a gas chromatograph with a thermal conductivity detector
equipped with a polar column (Poropak Q) to separate CO»
and HyO from the other effluent gases, or (iii) a hydrogen-
compensated flue-gas analyzer (MRU DELTA 65-3) for CO and
O3 quantification.

2.3. In situ DRIFTS

A diffuse reflection attachment (Selector, from Graseby
Specac) was placed in a Bruker FTIR spectrometer equipped
with a D315M MCT detector to collect DRIFT spectra. Re-
actions were conducted in a gold cup (2.5 mm high, 8.5 mm
o.d., 7.2 mm i.d.) placed in a Graseby Specac environmental
chamber with a ZnSe window. A spectrum of KBr recorded
in N served as background. Inlet gases were analytical grade
and controlled by mass flow controllers. The total gas inlet was
50 N mL/min, containing 0.25-4% CO and 0.25-2% O, in Hj.

The measurements were carried out on a ca. 150 mg
1% Pt/CeO, sample previously pretreated in situ in flowing
air at 573 K. The catalyst was purged in N> while cooling to
383 K, and then the reaction mixture (premixed in a bypass)
was introduced to the catalyst in a single step. Spectra were
collected as a function of contact time for at least 30 min in all
cases, ensuring that steady-state operation was reached. Only
spectra obtained under the steady-state conditions are shown.
Gas composition was analyzed by a Pfeiffer OmniStar mass
spectrometer.

The following IR bands were used for quantification of the
surface species of interest [18]: formates, 3000-2675 cm™L;
carbonyls, 2100-1880 cm~!; carbonates, 1150-970 cm™!; wa-
ter (including individual OH groups), 3750-2600 cm™! (here
formates subtracted). The original spectra were transformed
into the Kubelka—Munk function. Baselines were subtracted ac-
cording to the profile of the spectral background, and bands
were integrated.



320 D. Teschner et al. / Journal of Catalysis 249 (2007) 318-327

2=0.8 A=1 A=1.5 A=2

90

T b CO conversion

: : Selectivity -

Selectivity /"*\' Selectivity 0, conversion

70 4 4 4 i
’\3 e O, conversion 4 0 conversion O, conversion
o
< |
50 A 8 . y -

4 1 CO conversion Selectivity

1 1 CO conversion
30 A 1A 4 i

1 CO conversion 1
10 +——rrrrr e e e e . e R R

Fig. 1. CO oxidation activity and oxygen conversion in different PROX feeds on 43 mg 1% Pt/CeO; catalyst (GHSV = 190,000 h~!) at 383 K as a function of CO
content at different oxygen excess, A. Hydrogen oxidation is the only side reaction decreasing PROX selectivity.

2.4. High-pressure XPS

The in situ XPS experiments were performed at beam line
U49/2-PGM1 at BESSY, Berlin, Germany. Details about the
setup construction as well as about the PROX experiments were
published previously [18,22]. A pressed pellet of 5% Pt/CeO,
containing about 100 mg of catalyst was activated in situ
in oxygen (0.5 mbar, 573 K). The PROX mixture contained
0.72 mbar H,, 0.03—0.24 mbar CO, and 0.015-0.12 mbar O,
and the reaction temperature was set to 393 K. Gas flow (22—
32 NmL/min) into the reaction cell was controlled using cali-
brated mass flow controllers and leak valves. Gas-phase analy-
sis was performed with a quadrupole Balzers mass spectrometer
connected to the experimental cell through a leak valve.

Ce 3d, O 1s, and Pt 4f spectra were recorded with photon en-
ergies of hv = 1035, 660, and 460 eV, respectively. The binding
energies were calibrated using internal references, such as the
Ce 3d v° (882.4 eV) and u”” (916.7 eV) states (where v° and
1" correspond to different final states) [23] or the Ce 4f state in
the band gap.

3. Results
3.1. Catalytic reaction

Fig. 1 compares the CO oxidation activity and selectivity on
1% Pt/CeO, as a function of CO content and oxygen excess.
CO conversion [X (CO)] increased first and remained constant
while the CO content of the feed was increased at constant oxy-
gen excess (A). Hence the amount of converted CO increased
overproportionally at low CO content and scaled proportion-
ally from 2% and above. On the other hand, oxygen conver-
sion increased continuously with more CO and O; in the feed.
Consequently, maximum selectivity was observed as a func-
tion of partial pressure, which was more pronounced at lower
A values. With higher oxygen excess, selectivity decreased and
X (CO) clearly increased, whereas the increase in X (0O;) was
somewhat less pronounced. In addition (although not directly
highlighted), higher p(CO) at constant oxygen partial pres-
sure resulted in more CO, and less H,O with approximately
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Fig. 2. Activity and selectivity of 1% Pt/CeO; in PROX feed of 1% CO, 1% O
(A =2)in Hy (GHSV = 16,000 hfl) as a function of temperature.

the same oxygen conversion. The higher CO oxidation rate
at higher p(CO) is in contrast to the negative reaction order
(—0.4) of CO observed on Pt/Al,O3 [24] but is in line with the
data on gold catalysts, the CO reaction order being +0.55 on
Au/Fe>03 [25] and +0.82 on Au/TiO, [26].

In a separate experiment with a higher catalyst charge
(GHSV = ~16,000 h_l), 1% Pt/CeO, was able to remove most
of the CO—from a feed containing 1% CO and 1% O in H»
at lower temperature. The best CO removal was achieved at
333-343 K, with 98-99% conversion (Fig. 2).

3.2. In situ DRIFTS

Different formates, carbonates, and carbonyls were identi-
fied on ceria-supported Pt catalysts by IR spectroscopy during
the PROX reaction; details on band assignment can be found
in [18]. Fig. 3 compares the steady-state DRIFT spectra of
Pt/CeO; recorded during PROX reaction at low (0.25% CO
and 0.25% O3) and high (4.1% CO and 2% O,) feed CO con-
centration. In the region of OCO vibrations, intense bands of
different types of carbonates were present. The v(CO3) bands
of unidentate (1464, 1358, and 1085 Cm_l) and bidentate car-
bonate (1565, 1298, and 1010 cm_l), as well as some poly-
meric carbonate species (1470, 1353, and 1045 cm’l), were
observed [27,28]. OCO vibrations of formate species, which
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were also identified from the corresponding CH vibrations
(2717, 2837-2845, 2935, and 2950 cm_l), were also visible
at 1800—-1000 cm™—! [29,30]. Intense broad, however poorly re-
solved v(OH) bands of hydroxyl groups indicated hydrogen
bonded adsorbed water on Pt/CeQO,, as reported earlier [18].
A pronounced band representing linearly adsorbed carbonyls
appeared at around 2050 cm™!. Interestingly, a carbonyl band
with almost the same intensity was observed at both low and
high CO concentrations. The reaction product, CO;, can be
quantified from both IR and MS data. The catalytic MS data
observed during the in situ DRIFTS experiments are compared
in Table 1. Although the temperature in these experiments (7 =
383 K) was beyond the optimal temperature for Pt/CeO, [17],
we decided to work above 373 K to decrease the possibility of
water condensation and enhance the effect on selectivity. Fur-
ther, activity trends observed in the DRIFTS cell were similar
to those in flow reactor but with different nominal values. Two
sets of experiments were performed:

1%Pt/Ce0, PROX 383 K, steady state
(]
3]
=
S
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2
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Fig. 3. DRIFT spectra of 1% Pt/CeO, at T = 383 K in two different PROX
mixtures (4.1% CO/2% O3 and 0.25% C0/0.25% O3 in Hp).
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(i) Atlow CO concentration, the oxygen excess was increased
until CO oxidation was enhanced only insignificantly.

(i) CO was added stepwise to the previous mixture (with high
oxygen excess).

Generally, oxygen conversion was very high and remained
nearly constant during these experiments. When the concen-
tration of inlet oxygen was increased, CO, production—and
X (CO)—increased asymptotically but still remained quite low,
whereas X (O2) slightly and selectivity strongly dropped (Ta-
ble 1). In contrast, adding CO to the oxygen-rich feed dra-
matically improved both CO;, production and selectivity. CO
conversion achieved a maximum, whereas X (0O;) remained
constant. All of these changes in the latter sequence indicate
a strong positive dependence on the CO partial pressure. This
can lead to the conclusion that the reaction is limited by the
surface concentration of “adsorbed” CO; however, as we show
later, this conclusion is not supported by the in situ IR data.
The corresponding spectroscopic information is summarized
in Figs. 4-7. Changes in the characteristic carbonyl band are
shown in Fig. 4. Increasing oxygen content red-shifted the

Table 1

PROX reaction during the in situ DRIFTS experiment
0.25% O  0.5% Oy 0.9% O, 1.7% O
(0.23% CO) (0.24% CO) (0.24% CO) (0.25% CO)

Xco (%) 26.1 31.7 35.0 36.5

Xo, (%) 73.0 72.9 70.2 68.3

S (%) 16.9 10.7 6.8 39

CO; produced (mbar) 0.6 0.76 0.86 0.91
0.25% CO  0.8% CO 1.9% CO 4.1% CO
(1.7% Oy)  (1.7% 0y) (1.8% O3)  (2.0% O9)

Xco (%) 36.5 50.6 49.2 43.8

Xo, (%) 68.3 67.5 67.0 67.9

S (%) 3.9 17.5 38.0 65.8

CO; produced (mbar)  0.91 4.05 9.2 17.9

Note. Reaction mixtures contained 0.25% CO, and 0.25-1.7% O, (O, excess
A = 2-6.6) (upper part of the table), and 1.7-2 mbar O, and 0.25-4% CO
(down) both series is balanced with Hy. 7 =383 K.
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Fig. 4. DRIFT spectra in the 2200-1850 em™! region—CO vibrations—of 1% Pt/CeO, in the presence of different PROX mixtures at 383 K (a), O; content is
varied (0.25, 0.5, 1 and 2%) at constant CO (0.25%) content; (b) CO content is varied (0.25, 0.8, 1.9 and 4.1%) at approx. constant Oy (1.7-2%) content.
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Fig. 5. Integrated intensity of formate and carbonate bands as a function of O
and CO content of the PROX feed. T = 383 K.
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Fig. 6. DRIFT spectra in the 3000-2690 em™~! region—CH vibrations—of 1%
Pt/CeO, at T =383 K in different PROX mixtures. CO content is varied (0.25,
0.8, 1.9 and 4.1%) at approx. constant Oy (1.7-2%) content.

overall carbonyl band up to 7 cm™! and decreased the inten-
sity at the maximum by approximately 15%, whereas intensity
developed at ~2020 and ~1970 cm~!. Opposite changes oc-
curred in the second experiment with increased CO concentra-
tion (Fig. 4b). The carbonyl band at the highest CO level was
slightly more intense (~5%) and blue-shifted slightly from the
original spectra in the first series, as depicted in Fig. 3. In addi-
tion, intensity at the low wavenumber side of the linear carbonyl
band was lower at high CO levels. These alterations indicate
that along with the insignificant changes in carbonyl coverage,
Pt particles might undergo restructuring under different PROX
conditions.

Alterations in the integrated intensities of formates and car-
bonates are depicted in Fig. 5. In both sets of experiments,
these species had a complementary behavior, with carbonates
typically increasing and formates decreasing. Less significant
changes were found in the first experiment when more O was
added into the feed. The main formate band at ~2840 cm™!—
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Fig. 7. Integrated intensity of surface water as a function of O, and CO content
of the PROX feed. Concentration of gas-phase water according to the MS data
in both series are also shown. T = 383 K.

besides decreasing—red-shifted by 4 cm~! with increasing Oy
and blue-shifted by 8 cm™! (Fig. 6) as a function of CO partial
pressure. Although the overall carbonate intensity increased,
unidentate carbonate decreased by approximately 15% in the
second experiment when CO was increased. The intensity of
surface water increased significantly (up to ~50%) with in-
creasing p(0O7), whereas it went through a maximum and de-
creased slightly in the second set of experiments (Fig. 7).

3.3. High-pressure XPS

Similar to DRIFTS, two sets of measurements were per-
formed in the high-pressure XPS experiments (summarized in
Table 2):

(i) In the first set, the oxygen excess was increased (partial
pressure of O;: 0.015-0.12 mbar) up to A = 8.

(i1) In the second set, the CO pressure was increased so that A
again reached 1.

Although the applied pressure was approximately only
1 mbar in these experiments, the catalytic tendencies closely
resemble those seen in the flow reactor. CO conversion in-
creased significantly but X (O,) increased only slightly in the
first measurement set; selectivity decreased as a function of O,
partial pressure and increased with increasing CO; and in the
second experiment, more CO, was produced and X (O,) de-
creased slightly, as did the amount of byproduct water.

Fig. 8 depicts a part of the Ce 3d region under different ex-
perimental conditions. The catalyst pretreated in oxygen was
completely oxidized to Ce**. In hydrogen, surface reduction
occurred; that is, the top layers of ceria were in the Ce3t
state, in good agreement with TPR findings [31]. As we re-
ported recently [18], ceria clearly reoxidized when CO + O,
was introduced into the hydrogen feed; however, cerium was
never purely Ce*t during the PROX reaction. Broadening of
the v° (~882.4 eV) state toward higher binding energy was
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Table 2
PROX reaction during the high-pressure XPS experiment

0.015 mbar Oy 0.03 mbar Oy 0.06 mbar Oy 0.12 mbar Oy
Xco (%) 5.4 8.5 13.2 18.6
Xo, (%) 12.2 12.2 13.5 14.0
S (%) 443 34.9 243 16.6
CO; produced (mbar, 1013) 1.63 2.55 3.95 5.57

0.03 mbar CO 0.06 mbar CO 0.12 mbar CO 0.24 mbar CO
Xco (%) 18.6 15.1 12.0 7.8
Xo, (%) 14.0 12.9 11.7 11.2
S (%) 16.6 29.3 51.3 69.7
CO; produced (mbar, 1013) 5.57 9.05 14.4 18.8

Note. Reaction mixtures contained 0.03 mbar CO, and 0.015-0.12 mbar O, (O, excess A = 1-8) (upper part of the table), and 0.12 mbar Oy and 0.03-0.24 mbar

CO (down); both series in 0.72 mbar Hy. T =393 K.

Intensity (a.u.)

H, 573 K

895 890 885

Binding Energy (eV)

880

Fig. 8. Part of the Ce 3d region of the 5% Pt/CeO, at different conditions: (i) in
0.5 mbar Oj at 573 K, and in 0.48 mbar Hy at 573 K; (ii) in ~1 mbar PROX
mixture at 393 K in the O series (Op: 0.015 and 0.12 mbar); (iii) in ~1 mbar
PROX mixture at 393 K in the CO series (CO: 0.03—-0.24 mbar).

observed, which was more pronounced with more CO in the
feed. This CO-enhancing feature is situated between the v’
(~885.8 eV; Ce>T) and v° (Ce**) states and corresponds for-
mally to an intermediate oxidation state. We have shown by
high-resolution transmission microscopy (HRTEM) that ceria
exists mainly in an oxygen-deficient CeO1 g95 bulk structure
during the PROX reaction [18,32]. The broad feature around
884.0 eV represents the surface termination of the bulk vacancy
structure identified in the microscope. Excess oxygen clearly
suppressed the formation of such defect sites, whereas more
CO (even at the same A = 1) enhanced the partial reduction of
ceria.

Fig. 9 compares the oxygen s core level of 5% Pt/ceria in
the second set of experiments when CO was added stepwise
to the initial reaction mixture of A = 8. The main part of the
spectrum originates from the surface of the catalyst, whereas
the narrow peaks on the left side correspond to the gas-phase
components. Because platinum covers only ~2% of the sur-
face of ceria, essentially all of the surface information should
be related to the ceria. Moreover, all of the different surface
species seen in IR (carbonates, formate, carbonyl, OH, ad-
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Fig. 9. O Is spectra of the 5% Pt/CeO, at 393 K in the CO series of PROX
mixtures (CO: 0.03-0.24 mbar). A non-constrained GL curve was used to fit
adsorbed water to account for the broadening at the high BE side of the surface
peak at high CO content in the feed.

sorbed water) contribute to the surface signal. Therefore, it is
not surprising that deconvolution is not necessarily straightfor-
ward here. Nonetheless, following the fitting procedure that we
reported recently [18], we can differentiate among ceria lattice
oxygen (529.4 eV), chemisorbed oxygenates (carbonates, for-
mats; ~530.5 eV), OH groups (531.5 eV; oxygenates might be
obscured here as well), and adsorbed water (~533.0 eV). In-
creasing CO content in the feed reduces the fraction of lattice
oxygen, in line with the partial reduction of ceria, and further-
more, the high-binding energy side of the surface spectrum
increased and broadened toward higher BE, indicating more
water on ceria. In the first series—increasing the O, partial
pressure—O 1s spectra were quite independent of p(O;) (not
shown separately).

The platinum 4f core levels of Pt/ceria in the second series,
when changing the CO partial pressure, are shown in Fig. 10.
For comparison, Pt 4f, measured in H; and after O, treatment,
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Fig. 10. Pt 4f region of 5% Pt/CeQ, at different conditions: (i) in 0.5 mbar H, at
573 K; (ii) in 0.5 mbar H, at RT after 0.48 mbar O, treatment at 573 K; (iii) in
~1 mbar PROX mixtures at 393 K in the CO series (CO: 0.03-0.24 mbar). La-
beled bars mark: A, metallic Pt; B, CO induced core level shift; C, interface Pt;
and D, oxidized Pt.

is also included. According to the figure, platinum exists in dif-
ferent chemical states during the PROX reaction. Metallic Pt
(71.0 eV), surface atoms linearly adsorbing CO (CO-induced
surface core level shift; 72.0 eV), interface with Pt at the Pt-
oxidized ceria boundary (72.6 eV), and oxidized Pt (~74.0 eV)
is produced during the reaction. By adding more CO into the
feed, less metallic Pt and more Pt in other states (i.e., oxidized,
CO-induced, and interface) were observed.

4. Discussion
4.1. Surface species under PROX reaction

Through partial pressure-dependent in situ spectroscopic ex-
periments, we monitored in parallel the modification of cat-
alytic activity and the surface chemical state. We also quantified
the corresponding changes in the population of surface species.
The different experiments revealed very similar catalytic trends
(Fig. 1; Table 1; Table 2). Consequently, despite the different
actual values of conversion and selectivity (as described in de-
tail previously [18]), the trends observed for surface species
(DRIFTS) and surface oxidation states (XPS) can be consid-
ered general responses to the systematic variation of the partial
pressure of a given reactant. In other words, surface species
can be considered to follow the same trend during the DRIFTS
and XPS measurements with, for example, changes in CO par-
tial pressure; this holds for oxidation states as well. Further,
similar to the variation in actual catalytic values in different se-
tups, the quantities measured by spectroscopic techniques (e.g.,
concentration of surface species, vacancy density) cannot be
transferred directly one by one from IR to XPS (or vice versa)
through the 3 orders of magnitude pressure difference. Only
spectroscopic trends will be similar and thus transferable.

First, Pt-carbonyl species must be taken under considera-
tion as an obvious candidate for a reaction intermediate in CO

oxidation. The coverage with linear carbonyls decreased only
slightly when the oxygen content of the feed was increased
(Fig. 4a), as did the reaction rate. This finding is in good ac-
cordance with the traditional mechanism of CO oxidation on
platinum [33,34], in as much as O, activation and oxidation are
possible only when carbonyl coverage is incomplete. In con-
trast, adding increasing amounts of CO to the O;-rich feed in-
creased the amount of linear carbonyls (Fig. 4b) and drastically
improved the activity (Table 1). Obviously, in the case of re-
ducible supports (especially on ceria), oxygen can be activated
on the support site, and can react with CO through spillover to
the Pt particles or at the metal-support interface; thus no ac-
tivation of Oy on Pt is necessary [17,35]. But can the small
increase in carbonyls explain the 20-fold increase in CO, pro-
duction with increasing CO concentration in the DRIFTS cell
from 0.25 to 4% (cf. Table 1 and Fig. 4b)? Moreover, the car-
bonyl bands at 0.25% C0O/0.5% O, and 0.8% CO/1.7% O, are
identical (compare them in Figs. 4a and 4b) even with a more
than fivefold difference in CO oxidation activity. Therefore,
we can conclude that although linear carbonyls may play an
important role (as an intermediate) on Pt/ceria in the PROX
reaction, their surface coverage certainly does not determine
the CO oxidation activity. Furthermore, the changes seen in
the Pt-carbonyl band (Fig. 4) and Pt 4f spectra probably are
not two independent processes, and morphological alteration of
Pt nanoparticles may be partly responsible for both variations.
Such restructuring could be induced by the red-ox changes of
ceria at different feed compositions (similar to the observation
on Cu/ZnO [36,37]), giving rise to surface wetting at more re-
duced ceria. Note that changes in Pt-carbonyl are likely due to
both slight coverage and morphological modification [38,39].

Formate species correlated negatively with CO oxidation ac-
tivity in both experiments (see Fig. 5, Table 1). There are four
explanations for such a correlation. First, formates could act as
reaction intermediates in the CO oxidation route, and their de-
composition is rate-determining. Second, formates could block
catalytic sites or at least hinder a surface process relevant to
achieve good activity. Third, the presence of formates can be an
indicator of a surface state that is not beneficial for CO oxida-
tion in the presence of hydrogen. Fourth, it could have occurred
accidentally (i.e., the increased activity and decreased formate
band intensity are two independent processes).

The first model was applied to explain CO, production in
the WGS reaction [16,40]. In the WGS reaction, formate de-
composition by their interaction with water (to produce uniden-
tate carbonate and Hp) was suggested to be the rate-limiting
step. We consider this route or a similar mechanism involving
formates not likely here, however. First, those studies [16,31]
were carried out at a temperature about 100-150 K higher
than in this study (7 = 383 K in our case). Second, the in-
tensity of formates (according to the peak integral) decreased
from ~11.6 to ~8.8 (factor of 1.3) when the oxygen concentra-
tion was changed, whereas CO oxidation increased by a factor
of ~1.5. In the second set of experiments, formates dropped
from ~8.8 to ~4.8 (by a factor of 1.8), whereas the amount of
produced CO; increased 20 times. The proportionality between
the changes in formate intensity and activity differed signifi-
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cantly in the two cases; therefore, the changes in the formate
concentration alone cannot explain the changes in the activity
(expressed as CO molecules converted to CO, molecules). For
this same reason, the second possibility (i.e., a site-blocking ef-
fect), although possible, by itself is not sufficient to explain the
activity changes.

Concerning the last two possible explanations, the amount
of formates was highest when both CO and O; concentrations
were the lowest. Furthermore, the situation of the lowest CO
and O; concentrations represents the highest Hyqs concentra-
tion on the platinum particles among the conditions studied and
likely the highest spillover rate of H toward the ceria as well.
Hydrogen partially reducing the surface of ceria creates OH
groups (especially type 1IB [41,42]), which react with CO to
form formates [43]. Therefore, the highest formate population
is likely to imply the highest hydrogen spillover rate from plat-
inum toward the ceria. Moreover, as formates decreased, car-
bonates (except unidentate) always increased (Fig. 5), indicat-
ing the transformation of formates to carbonates. However, H»
alone—when reducing the catalyst at 573 K—produced only
a small formate band (not shown) by partial reduction of car-
bonates initially present on the surface. Thus the presence of
gas-phase CO (or COy) is essential to form formates. In a pre-
vious study [18], we compared the evolution of surface species
in the presence of CO alone, CO + O3 in He, and the PROX
mixture (CO + Oy in Hy). The formation of formate species
was suppressed by the presence of oxygen (CO + O;) and was
most pronounced in the presence of the PROX mixture.

Based on the aforementioned considerations, we propose
that an equilibrium exists between formate and carbonate
species and that their actual abundance is a strong function of
surface hydrogen and oxygen concentration, of the availability
of OH groups, and thus of gas-phase composition. This equi-
librium can be related to the amount of produced CO; but by
itself cannot explain the changes in CO oxidation activity in the
PROX reaction.

Concerning the undesired side reaction, water can be pro-
duced when O,gs and Hygs are adjacent; however Ertl [44] has
shown that reaction (A) is much faster than reaction (B):

Oads + H2O4uds — 20H,qs; (A)
Oads + Hadgs — OHygs. (B)

Because O, rapidly reoxidizes reduced-ceria surface even at
room temperature (as we previously demonstrated by high-
pressure XPS [18]), we can assume that O,4s will be available
on ceria if Oy is present in the gas phase. Water production on
Pt (especially when introducing a PROX mixture to the pre-
oxidized catalyst) cannot be completely neglected, but more
likely, Haqgs spills over onto the ceria and reacts with the first
OH group forming surface water. In this way, production of sur-
face water is a function of H spillover rate and O, concentration
in the gas phase. In steady-state operation, surface water is in
equilibrium with gas-phase water; thus, the latter also should
be a function of H spillover rate and gas-phase Oy concentra-
tion.

4.2. Structural changes/oxygen vacancies

In situ XPS indicated that the surface of ceria contains oxy-
gen vacancies (i.e., is partly reduced), and that the concentration
of those vacancies decreased with addition of O, and increased
with increasing CO in the gas feed (Fig. 8). It was shown that
a perfect, nonreduced ceria is not effective in adsorbing signif-
icant amounts of water and thus building up an intermolecu-
lar H-bonding network [45]. Therefore, the surface/gas-phase
equilibrium of water (i.e., desorption of surface water) is ex-
pected to be a significant function of surface defects and thus
a function of feed composition. Indeed, an approximately 50%
increase in surface water concentration as a function of p(O;)
(Fig. 7) can be understood as the convolution of a strong in-
crease in water production (open triangles in Fig. 7) and a de-
crease in vacancy concentration (similar to that shown Fig. 8).
(Note again that the trends are transferable only between XPS
and DRIFTS.) The maximum type (decreasing) curve with in-
creasing p(CO) is the result of decreased gas-phase water pro-
duction (open squares in Fig. 7) and increasing vacancy density.
During XPS, the strong effect of vacancy formation (Fig. 8)
seems to overcompensate for the loss of water production, re-
sulting in an increasing surface water concentration. Therefore,
vacancy formation seems to be slightly more pronounced in the
reaction feeds applied during XPS than at atmospheric condi-
tions.

In an earlier communication [18], we suggested that the
preferential CO oxidation on Pt/ceria is related to the pres-
ence of adsorbed water, and that CO» is produced at the phase
boundary between Pt and ceria by the interaction of carbonyl
and activated water. Considering the foregoing discussion on
the abundance of different surface species, we can conclude
that their coverage by itself is not able to control the PROX
activity. PROX performance improved significantly at higher
p(CO), which increased the number of oxygen vacancies on
the ceria surface. Water stabilized on such a vacancy ceria site
slows further water production by poisoning H oxidation sites
by hindering desorption, and thus improves selectivity. This
is in complete agreement with the perfect positive correlation
of decaying surface water concentration and decreasing CO»
production as a function of temperature [46], because HyOgyqs
desorption liberates active sites for H oxidation at full oxygen
conversion, shifting the selectivity toward hydrogen oxidation.

A possible explanation for the enhanced activity with hy-
drated vacancy-rich ceria could be that the catalyst itself adapts
to the reaction feed composition. The transition state of the
rate-determining step can be reached more easily in this way,
and thus the activation energy (Ej,) of the reaction decreases
when the surface properties of the catalyst change, that is, with
changing feed composition (CO and O; partial pressures). To
validate this hypothesis, the temperature dependence of the
CO oxidation rate was measured for calculating apparent ac-
tivation energies (app. E,) at two different feed compositions
(4% CO, 2% Oy and 0.25% CO, 0.25% O,, both in Hj).
These data are compared in Fig. 11. The apparent activation
energy was approximately 18 kJ/mol lower with the higher
CO + O; content feed (4% CO, 2% 0O;). This lower appar-



326 D. Teschner et al. / Journal of Catalysis 249 (2007) 318-327

1.0E-07 -
1 ©4c0-202
~~ ] D0.25C0-0.2502
: - —
3 ] T=322-308K
o~ R? = 0.9594
O Ea=75 kJ/mol
O N
1.0E-08 4
i W (55,025
J R?=0.9151
Ea=93.7 kJ/mol
1 T=326-319K
1.0E-09 T )
3.05 3.15 3.25
1000/T(K)

Fig. 11. Arrhenius plot for 1% Pt/CeO, in PROX reaction at two different feed
compositions (4% CO + 2% O, in Hj and 0.25% CO and 0.25% O, in Hj).
Temperature range: 308-326 K.

ent activation energy may be due to (i) lower activation energy
of the rate-determining step, (ii) changes in the reaction order,
or (iii) higher adsorption enthalpy at the higher concentration.
We recently demonstrated that the coverage with surface Pt-
carbonyls on Pt/ceria was independent of reaction temperature
below 420 K under PROX conditions [46]; thus, so it is not
likely that the adsorption enthalpy changes and plays a signif-
icant role here. Furthermore, based on the discussion of the
DRIFTS results, we might assume that changes in apparent
activation energy should originate mainly from the activation
energy of the rate-determining step rather than from alterations
in the reaction order. The lower apparent activation energy at
higher CO + O; content could account for a dramatic increase
in the CO oxidation rate, to levels even significantly higher than
observed here.

Because correlation between surface species and activity
alone cannot fully explain the activity changes, we suggest that
the modification of the surface state is the driving force be-
hind the lower activation energy, higher CO oxidation activity,
and accordingly higher selectivity toward CO oxidation. This
modification involves the creation of a significant amount of re-
duced ceria sites (increase in O-vacancies), greatly decreasing
the possibility of water desorption. This model is in good accor-
dance with the finding of decreased CO oxidation selectivity
with increasing temperature ([18,46]; also see Fig. 2) as well
as with the fact that the best PROX performance (98-99% CO
conversion) on Pt/ceria was achieved at fairly low temperature
(333-343 K). Moreover, reversible Pt structural modification is
also likely involved in the catalyst transformation, giving rise
to altered performance with changing feed composition. Fur-
ther studies could clarify this point.

The results presented here reinforce the view that the surface
of a catalyst is meta-stable with respect to its as-synthesized
form. Its interaction with the reactant gases turns the synthe-
sized “precursor” state to a “real” catalyst. The changes in the

evolution of (IR-detectable) surface species can be understood
as either a cause or consequence of these structural responses;
distinguishing between these two possibilities may be impossi-
ble in some cases.

5. Conclusion

Multiple steady-state in situ spectroscopic (DRIFTS and
XPS) experiments were carried out to correlate activity changes,
surface species, and chemical states in the preferential oxida-
tion of CO in the presence of hydrogen (PROX reaction). The
“classical” mechanism of low-temperature CO oxidation on
ceria-supported Pt [16,35], a noncompetitive mechanism (i.e.,
CO adsorption on metal and oxygen activation on the support),
and reaction on the metal/oxide interface may be possible here
as well. The changes seen in the Pt-carbonyl band, however,
indicate that this type of reaction is not determined by the avail-
ability of CO species on Pt particles, because of the insignifi-
cant correlation between Pt—CO and CO; production. Formate
species showed clear negative correlation with CO oxidation
activity. The proportionality between the amount of formates
and CO; production differed greatly in the two cases when oxy-
gen and CO concentration were increased stepwise. We propose
that these are not reaction intermediates. Their evolution can be
interpreted as resulting from a distorted equilibrium transfor-
mation between surface carbonates and formates induced by
changes in gas-phase composition, surface H,qs concentration
(i.e., availability of type IIB OH groups), and surface struc-
ture.

Oxygen vacancy formation detected by in situ high-pressure
XPS showed good correlation with enhanced CO oxidation ac-
tivity. Water desorption was hindered at higher vacancy densi-
ties, however. Highly hydrated ceria with significant vacancy
density is believed to be beneficial for the PROX process. Here
surface water blocks H,gs oxidation sites, making more oxy-
gen available for the desired CO oxidation reaction. Moreover,
lower apparent activation energy of CO oxidation was measured
in the PROX reaction on catalysts with greater numbers of va-
cancies. The evolution of surface species also can be interpreted
as a consequence of the changes in surface chemical state.

From a general standpoint, we suggest that the surface of an
effective catalyst can adapt to the reaction conditions in a way
that is beneficial for the reactions, with decreased activation en-
ergy, a decreased number of “blocking species,” and increased
mobility of surface species active in the desired reaction or
sometimes decreased mobility and desorption of undesired side
products.
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