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Abstract  
The aim of the PROX reaction is to reduce the CO content of hydrogen feed to proton exchange membrane fuel cells (PEMFC) by selective oxi-
dation of CO in the presence of excess hydrogen. Both Pt and Pd on ceria are active in CO oxidation (without hydrogen) while Pd is poorly active 
in the presence of hydrogen. In this paper we aimed at finding the reasons of such behavior, using the same techniques for Pd/CeO2 as for 
Pt/CeO2 in Part I: catalytic tests, in-situ DRIFTS, high-pressure XPS, HRTEM and TDS. The reaction mechanism of CO oxidation (without 
hydrogen) was also examined. It does not occur via the exactly same mechanism on Pt and Pd/CeO2 catalyst. In the presence of hydrogen 
(PROX) at low temperature (T=350-380 K), the formation of Pd β-hydride was confirmed by high-pressure in-situ XPS. Its formation greatly 
suppressed the possibility of CO oxidation, because oxygen both from gas phase and support sites reacted fast with hydride H to form water, and 
this water desorbed from Pd easily. Nevertheless, CO adsorption was not hampered here. These entities transformed mainly to surface formate 
and formyl (-CHO) species instead of oxidation as observed by DRIFTS. The participation of a low-temperature water-gas-shift type reaction 
proposed for the platinum system [Part I] was hindered. Increasing temperature led to decomposition of the hydride phase and a parallel increase 
in the selectivity towards CO oxidation was observed. However, it remained still lower on Pd/CeO2 than on Pt/CeO2. 
 
Keywords: Hydrogen purification; fuel cell; preferential CO oxidation; PROX; palladium; palladium-hydride; Pd/CeO2; 
ceria; high pressure XPS; in situ DRIFT; TDS; HRTEM 
 
 
1. Introduction  
 

The importance of the PROX reaction has been de-
scribed in detail in the Introduction of the first part of this 
paper [1]. Briefly, for the proper operation of proton ex-
change membrane fuel cell (PEMFC), the CO content of 
the hydrogen feed must be kept, as a rule, under 1-100 ppm 
[2]. The aim of the preferential oxidation reaction (PROX) 
is to oxidize selectively CO reducing its concentration from 
1-1.5 % to under 100 ppm without oxidation of the excess 
hydrogen present [1,3,4].  

Catalyst formulations found to be active in the 
PROX reaction can be classified as: gold based catalysts 

[5-8], supported Pt [5,8-12], Rh [9], Ru [9,13], and bimetal-
lic Pt-Sn [11,14] and other systems not containing metallic 
phase, such as CuO/CeO2 [5,15]. These systems, as a rule, 
are also active in the low temperature CO oxidation. Palla-
dium based catalysts represent a class of its own: while Pd 
on different supports, especially on those active in the tran-
sient oxygen storage (such as ceria) is remarkably active in 
CO oxidation [16-20], it shows very low selectivity to-
wards CO oxidation in the presence of hydrogen [9,21-23]. 

This low activity/selectivity of Pd in the PROX reac-
tion has not been elucidated yet in detail. A group of au-
thors [9,12] explains this fact by the change in the 
oxidation state of Pd. The highly active reduced Pd form 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

mailto:ressler@fhi-berlin.mpg.de


Preferential CO oxidation in hydrogen (PROX) on ceria supported catalysts PART II. Oxidation states and surface species on Pd/CeO2 under reaction conditions, suggested reaction 
mechanism, O. Pozdnyakova et al., J.Catal.237 (2006) 17-28 
 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

2

(active in low temperature CO oxidation) can be oxidized 
to PdOx, which is less active in CO oxidation (without hy-
drogen). This change occurred around 360 K on Pd/Al2O3 
in the presence of oxygen [9]. The authors stated that this 
PdOx is very active in hydrogen oxidation, while it shows 
low activity in CO oxidation, thus low selectivity in the 
PROX reaction. It was also suggested that other metals, 
like Au or Pt, cannot be oxidized as easily as Pd, and the 
rate of CO oxidation on their metallic form is higher than 
that of H2 oxidation. Nevertheless, this tentative proposi-
tion was not supported by any experimental evidence.  

In this paper, we studied the PROX reaction on 
Pd/CeO2 catalysts, active in CO oxidation both in the pres-
ence [19] and absence of oxygen (OSC) [24,25], using the 
same experimental methods as in the first part [1], namely 
catalysis, high-pressure XPS, TDS, HRTEM, and in situ 
DRIFT spectroscopy. The aim of this paper is to clarify the 
reaction mechanism of both CO oxidation and the PROX 
reaction on a Pd catalyst, study the role of the reducible 
ceria support, and to compare its behaviour with Pt/CeO2, 
which was found to be remarkably active in the PROX 
reaction [1,12]. 
 
 
2. Experimental 
 
2.1. Catalysts 
 

Two catalysts with nominally 1% and 5% metal 
loadings were prepared on the same ceria support used in 
Part I [1] (Rhodia Catalysts & Electronics, France, BET=96 
m2 g-1, [26]) by wet impregnation with aqueous solution of 
Pd(NH3)4(NO3)2 [12,27]. The impregnated samples were 
dried at 393 K overnight and calcined for 4 hours at 773 K 
in flowing air (30 mL/min) and reduced at 672 K for 4 
hours in flowing H2 (30 mL/min). Dispersion was deter-
mined by low temperature (223 K) H2 adsorption after re-
duction [28,29]. The received values were D=68% for 1% 
Pd/CeO2 and 23% for 5% Pd/CeO2. 
 
 
2.2. Catalysis 
 

Catalytic tests were carried out in the same atmos-
pheric continuous flow reactor system as in the first part 
[1], using stainless steal tubing, connections and analytical 
grade gases controlled by mass-flow controllers. Products 
were analysed by (i) a gas-chromatograph (TCD) equipped 
with a polar column, Poropak Q separating CO2 and H2O 
from the other outlet gases, and (ii) by a hydrogen compen-
sated flue-gas analyzer (type: MRU DELTA 65-3) for CO 
and O2 quantification. Methane formation did not occur on 
Pd catalysts; CO2 and H2O were detected as only products, 
similar to Pt [1]. The total gas inlet was 100 NmL/min, 
containing 1% CO, 0.4-1% O2 (oxygen excess, λ, from 0.8 
to 2) and the rest was H2.  

The catalysts were activated in situ in flowing air (30 
mL/min) at 573 K, before catalytic tests. A charge of 95 mg 
1% Pd/CeO2 and 83 mg 5% Pd/CeO2 was used in the cata-
lytic reactor and reactivated between different measurement 
series by the above mentioned treatment [12]. CO and O2 
conversion, as well as the selectivity were calculated as 
previously [1,12]. 
 
 
2.3. Temperature programmed desorption (TDS) 
 

Different gas mixtures were adsorbed at room tem-
perature on the 5% Pd/CeO2: (i) CO+O2 (10-2 mbar O2 + 
2*10-2 mbar CO for 20 min), and H2+CO+O2 (4.7*10-1 
mbar H2 + 2*10-2 mbar CO + 10-2 mbar O2 for 20 min). 
After adsorption the sample was evacuated and transferred 
to the UHV part of the setup to follow the desorption pat-
tern (heating rate 1 K/s). For more details see Part I. 
 
 
2.4. In situ diffuse reflectance infrared spectros-
copy (DRIFTS) 
 

DRIFTS experiments were carried out under the 
same conditions as in Part I [1], with the same Bruker spec-
trometer. Inlet gases were analytical grade and were con-
trolled by mass-flow controllers. The total gas flow was 50 
NmL/min, containing 1% CO in N2 (referred to as CO 
alone), 1% CO, 1% O2 in N2 (CO+O2) or 1% CO, 1% O2 in 
H2 (PROX).   

All measurements were carried out on a ca. 100 mg 
fresh sample previously pre-treated in situ in flowing air 
(30 mL/min) at 573 K. The catalyst was purged in N2 while 
cooling down to the desired reaction temperature of 383 or 
523 K, respectively. A spectrum of the activated sample 
before adsorption was collected in N2 at the reaction tem-
perature and then the reaction mixture – pre-mixed in a 
bypass – was introduced to the catalyst in one step. Spectra 
were collected as a function of time on stream for 90 min-
utes in all cases. Only spectra under steady state conditions 
will be shown.  

The gas composition was analyzed only in the case 
of the PROX reaction by a mass spectrometer. Selectivity 
and activity values were calculated using the same formula 
as presented earlier [1]. 
 
 
2.5. High pressure X-ray Photoelectron Spec-
troscopy (XPS) 
 

The in-situ XPS experiments were performed at 
beam line U49/2-PGM2 at BESSY in Berlin. Ce 3d, O 1s, 
Pd 3d, and C 1s spectra were recorded with photon energies 
of hν = 1035, 920, 725 and 670 eV. The binding energies 
were calibrated using internal references, such as the Ce 3d 
V (882.4 eV) and U’’’ (916.7 eV) hybridization states or 
the Ce 4f state in the band gap. Decomposition of the Pd 
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3d, O 1s and C 1s regions were performed using Gauss-
Lorentz curves, except the metallic Pd 3d component at 335 
eV, which was fitted using a Gauss-Lorentz profile with 
exponential tail. The 5% Pd/CeO2 pellet (~ 100 mg) was 
activated in-situ in oxygen (0.5 mbar, 573 K). The PROX 
mixture contained 0.45 mbar H2, 0.031 mbar CO and 0.015 
mbar O2. Gas phase analysis was carried out using a quad-
rupole Balzers mass spectrometer. For more details, see 
Part I. 
 
 
2.6. High Resolution Transmission Electron Mi-
croscopy (TEM) 
 

HRTEM investigations were performed in a Philips 
CM200 FEG electron microscope operated at 200 keV. The 
microscope was equipped with a Gatan imaging filter (GIF 
100), Gatan Slow-Scan-Camera and an EDX system. The 
sample was prepared from a piece of 5% Pd/CeO2 that was 
previously activated in O2 and used in the PROX mixture in 
the in-situ XPS cell (as was done for the in-situ XPS ex-
periments). 
 
 
3. Results 
 
3.1. Catalytic reaction 
 

Figure 1 shows the CO oxidation activity on the 1% 
Pd/CeO2 catalyst in the absence of hydrogen. The sharp 
“light off” observed on Pt/CeO2 [1] was also found here 
when excess oxygen was used (Figure 1), while it was less 
pronounced on Pd when λ≤1 was applied than on Pt under 
the same conditions.  

 
Figure 1: Conversion of carbon monoxide on 1% Pd/CeO2 
at different oxygen excess, λ (in the absence of hydrogen). 

 
In the presence of hydrogen (Figure 2), the oxygen 

conversion was very high on Pd/CeO2 (Figure 2) – around 
98-100% – similar to that on Pt/CeO2 [1,12]. On the other 
hand, the CO conversion was very low on Pd/CeO2 and 
increased as a function of temperature as opposed to 

Pt/CeO2 [1,12]. This increase was rather steep up to 380 K, 
and then only little variation was observed. Interestingly, 
the CO conversion was almost independent of the oxygen 
excess used (Figure 2a). Figure 2d presents hydrogen con-
version values calculated as the consumption of the inlet 
excess hydrogen. Their nominally low values are due to the 
high hydrogen excess present in the inlet stream. Hydrogen 
oxidation was enhanced by the higher excess of oxygen i.e. 
by higher p(O2). As the CO conversion was more or less 
independent of λ, the CO2 selectivity pattern (Figure 2c) is 
dictated by the enhanced hydrogen conversion at higher 
oxygen excess. The actual selectivity values (Figure 2c) 
were much lower on Pd than on Pt, in good agreement with 
earlier data [9,21-23].  
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Figure 2: The PROX reaction on 1% Pd/CeO2 catalyst at 
different oxygen excess, λ. CO oxidation activity in the 
presence of hydrogen (a), oxygen conversion (b), selectiv-
ity towards CO oxidation (c) and conversion of the excess 
hydrogen (d). 
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Similar to the methodology used in Part I, the 5% 
Pd/CeO2 catalyst was measured in the high-pressure XPS 
apparatus and the 1% sample in DRIFTS experiments, 
while both of them were tested in the catalytic reactor. The 
different results are compared in Table 1. The activity pat-
tern showed similar trends with different actual values (Ta-
ble 1). In the catalytic reactor, the almost total oxygen 
conversion was accompanied by ca. 10% CO conversion 
independent of the reaction conditions. In the spectroscopic 
apparatus, the lower contact time (and much higher dead-
volumes than in the catalytic reactor [1]) manifested itself 
in lower oxygen conversion values.  

Summarizing the catalytic results, Pd/CeO2 catalysts 
showed much lower selectivity towards CO oxidation in the 
presence of hydrogen than Pt/CeO2, especially at low tem-
perature (365-385 K), at about the same high oxygen con-
version, using approximately the same mass of catalyst 
with about the same dispersion. On the other hand, this 
formulation was active in CO oxidation without hydrogen 
(Figure 1). 
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Figure 3 shows the desorption curves of CO2 for 5% 

Pd/CeO2 after adsorbing different gas mixtures at ambient 
temperature. For comparison the corresponding data of the 
platinum catalyst are also included. Both catalysts reveal 
very similar CO2 desorption curves when no hydrogen was 
added, with a broad first maximum at ~ 400 K and a second 
maximum at or above 573 K. The first is attributed to CO2 
formed on metallic particles, while the second is due to 
CO2 desorbing from the support. In the presence of hydro-
gen, however (i) the first broad peak separates into two 
peaks: a narrow one at lower (~ 360 K) and a second one at 
higher temperature (~ 440-450 K); (ii) the amount of CO2 
desorbing in the narrow peak is roughly three times less for 
Pd/CeO2 than for Pt/CeO2 and (iii) the desorption pattern 
above 450 K is the same for the two samples. Water forma-
tion was similar for both catalysts (slightly lower for Pd), 
while a significant amount of hydrogen desorbed from 
Pd/CeO2 (not shown). 
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Figure 3: Temperature programmed desorption (TDS) 
curves of CO2 from the 5% loading catalysts after adsorb-
ing different gas mixtures at room temperature: CO+O2 to 
10-2 mbar O2 + 2*10-2 mbar CO for 20 min, and PROX 
mixture 4.7*10-1 mbar H2 + 2*10-2 mbar CO + 10-2 mbar 
O2 for 20 min. Pt/CeO2 in CO+O2: thin dashed line. 
Pt/CeO2 in PROX: thick dashed line. Pd/CeO2 in CO+O2: 
thin full line. Pd/CeO2 in PROX: xxx. 
 
 
3.3. In-situ DRIFTS 
 
DRIFT spectra in the region 2200-1800 cm-1 
 

The DRIFTS spectra of 1% Pd/CeO2 at 383 and 523 
K under CO alone, CO+O2 and PROX conditions in the 
region 2200-1800 cm-1 are shown in Figure 4. Bands ob-
served were denoted following the original assignments of 
Palazov et al. [30]. Adsorption of CO alone (Figure 4a) 
produced strong bands at 2082 cm-1 (L2) (with significant 
broadening at the low-frequency side) and ca. 1971 cm-1 
(B2) as well as weak bands at 2177, 2152 and 2135 cm-

1(L3). The broad tail towards lower wavenumbers of the 
strong L2 band contains a component at ca. 2065 cm (L1).  

 
Figure 4: DRIFT spectra in the 2200-1800 cm-1 region - 
CO vibrations - of 1% Pd/CeO2 in the presence of a) 1% 
CO alone in N2 b) in 1% CO and 1% O2 in N2 and c) in 1% 
CO and 1% O2 in H2 - PROX at 383 and 523 K, respec-
tively. 
 
The ν(CO) bands above 2000 cm-1 are attributed to termi-
nal, mono-coordinated or linearly bonded carbon monox-
ide, while the broad, convoluted bands under 2000 cm-1 are 
assigned to multi-coordinated CO [31]. The L2 and L3 
bands were ascribed to the linear adsorption of CO on Pd0 

and Pdn+ sites, respectively [30]. The asymmetrical broad 
B2 band is attributed to the bridged adsorption of CO on 
Pd0 sites. The doublet encompassing weak broad bands at 
2177 and 2152 cm-1 was ascribed to CO linearly adsorbed 
on oxidized ceria sites [32], overlapping with the gas-phase 
CO.  

Increasing temperature leads to (i) almost complete 
disappearance of the L2 and L1 bands, (ii) appearance of a 
broad feature at 2115 cm-1, and (iii) shift of the B2 band to 
lower wave numbers (from ca. 1971 to ca. 1945 cm-1). The 
broad feature at ~2115 cm-1 might encompass contributions 
from CO stretching on Ce3+ as well as on Pdn+ sites.  

The presence of oxygen (Figure 4b) in the gas mix-
ture did not affect the position and intensities of the ν(CO) 
bands at T=383 K, while at elevated temperature no bands 
of multi-coordinated CO and a general decrease in the band 
intensities were observed.    

Under PROX conditions at T=383 K, (i) the broad L1 
band with an additional feature at ca. 2044 cm-1 dominates 
the spectra, while L2 becomes obscured by the intensive L1 
band; (ii) the intensity of B2 decreases significantly while a 
very broad band formed at ca. 1900 cm-1 (B1). Increasing 
temperature in the presence of hydrogen leads to (i) a gen-
eral decrease in intensities and a shift of the bands to lower 
wavenumbers: main band from 2063 to ca. 2035 cm-1, B1 
band from 1900 to ~1870 cm-1 and B2 band from 1965 to 
1947 cm-1; (ii) decrease in the relative intensity of the broad 
feature observed at ca. 2170 cm-1 (ν(CO) on Ce4+ sites) and 
increase of that at ca. 2120 cm-1. The range of positions of 
the B and L bands observed might be due to changes in the 
CO coverage upon different experimental conditions 
[31,33,34]. Downshift and decrease in the intensities of B 
bands at higher temperature and in the presence of H2 as 
well as decrease in the relative intensity of the L2 band and 
increase of the L1 band in the presence of H2 at T=383 K 
indicate lower CO coverage at higher temperature and in 
H2-rich atmosphere. 
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DRIFT spectra in the region 1800-1000 cm-1 
 

Similarly to the Pt/CeO2 catalyst [1], a large variety 
of carbonate species (OCO vibrations) are present on the 
O2 pre-treated sample (Figure 5). Mainly uni- and/or 
polydentate carbonate (giving strong bands at 1465 and 
1359 cm-1 and a weak band at 1080 cm-1) and traces of 
bidentate carbonate (bands at 1566, 1300 and 1019 cm-1), 
bicarbonate (medium bands at 1390, 1227 and weak bands 
at ca. 1609 and 1050 cm-1) and carboxylate (1516 cm-1) 
species are present on the surface of the O2 pre-treated 
sample at T=383 K. Increasing temperature (Figure 5b) 
resulted in a decrease of the bicarbonate and bidentate car-
bonate species on the surface of the activated sample.  

 
Figure 5: DRIFT spectra in the 1800-1000 cm-1 region - 
OCO vibrations - of 1% Pd/CeO2 at a) T=383 K and b) 
T=523 K after activation, in the presence of 1% CO alone 
in N2, in 1% CO and 1% O2 in N2, and in 1% CO and 1% 
O2 in H2 - PROX, respectively. 
 

Exposure to CO alone or in the presence of oxygen at 
T=383 K (Figure 5a) yields bands characteristic of (i) bi-
carbonate species: strong bands at 1609, 1395 and 1217 cm-

1 and a medium band at 1044 cm-1; and (ii) bidentate car-
bonate species: ν(CO3) bands (at 1570 and 1295 cm-1). 
Under PROX conditions, bicarbonate species, which were 
observed in the H2-free gas mixture, do not form, while 
ν(CO3) bands of uni- and bidentate carbonate species of the 
same intensities are present in the spectra. At the same 
time, the spectrum became dominated by a strong broad 
band centered at ca. 1584 cm-1 and medium one at 1375 
cm-1. These bands were assigned to νas(OCO) and δ(CH) 
vibrations of bridged formate species on the ceria surface. 
Accordingly, a strong ν(CH) band at 2838 cm-1 appeared 
(Figure 7). The νs(OCO) band of bridged formate species 
was poorly resolved at ca. 1330 cm-1.  

At T=523 K, the presence of CO alone over Pd/CeO2 
did not affect significantly the positions and intensities of 
the bands corresponding to different carbonate species pre-
sent on the surface (Figure 5b). An additional feature at ca. 
1584 cm-1 appeared, which is assigned to νas(OCO) vibra-
tion of bridged formate species, further supported by the 
appearance of strong ν(CH) band at 2847 cm-1 (Figure 7). 
Exposure to the CO+O2 gas mixture at T=523 K resulted in 

spectra very similar to that observed at T=383 K, except 
that the bands of bicarbonate species were of significantly 
lower intensities. Under PROX conditions at elevated tem-
perature a slight decrease in the intensities of the νas(OCO) 
and δ(CH) bands of formate species at 1584 and 1372 cm-1, 
respectively,  was observed as compared to in PROX con-
ditions at T=383 K. The small feature at 1335 cm-1 with the 
weak band at 1516 cm-1 and the small contribution (1695 
cm-1) on the broad shoulder at ca. 1600 cm-1 reflect the 
presence of carboxylate and hydrated carboxylate species 
on the surface. 
 
 
DRIFT spectra in the region 3800-3100 cm-1 
 a) T=383 K
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After oxidative pre-treatment of the 1% Pd/CeO2 

sample, mainly three OH groups at 3708 (with weak band 
at 3684), 3653 (with shoulder at 3625 cm-1) and 3516 cm-1 
(with shoulder at 3427 cm-1) were resolved as shown in 
Figure 6. The sharp band at 3708 cm-1 was assigned to 
mono-coordinated OH (I) groups, the broad band at 3653 
cm-1 and the shoulder at ca. 3625 cm-1 have been assigned 
to two types of doubly bridging OH (II-A and II-B, respec-
tively) groups, while a broad band centered at 3516 cm-1 
was assigned to triply bridging OH (III) species [35]. In-
crease of the temperature resulted in a slight (~10 cm-1) 
down-shift of all ν(OH) bands and a decrease in the number 
of mono-coordinated (OH-I) hydroxyl groups on the ceria 
surface.  
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Figure 6: DRIFT spectra in the 3900-3300 cm-1 region - 
OH vibrations - of 1% Pd/CeO2 at a) T=383 K and b) 
T=523 K after activation, in the presence of 1% CO alone 
in N2, in 1% CO and 1% O2 in N2, and in 1% CO and 1% 
O2 in H2 - PROX, respectively. 
 

Exposure to CO at T=383 K over Pd/CeO2 results in 
(i) immediate appearance of a strong ν(OH) band at 3619 
cm-1 and a weak broad band at ca. 3589 cm-1; (ii) signifi-
cant decrease in intensity and shift to lower (3698 cm-1) 
wavenumbers of the ν(OH-I) band. The development of a 
strong band at 3619 cm-1 and the decay of the band at 3708 
cm-1 were attributed to the formation of HCO3

- species 
(accordingly to the corresponding ν(CO3) bands in Figure 
5) through reaction of CO with terminal (OH-I) hydroxyl 
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groups. The presence of oxygen had no effect on the posi-
tions and relative intensities of the ν(OH) bands of isolated 
OH groups. Upon CO adsorption at elevated temperature 
ν(OH) bands were down-shifted, as compared to at T=383 
K, with significant decrease in the intensities of the ν(OH-I) 
and ν(OH-II) bands (Figure 6b). In the presence of oxygen 
more intense bands were observed.  

a) T=383 K
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b) T=523 K

2650275028502950

cm-1

1-
R

CO+O2

CO alone

PROX

in N2

2847

2947

2711

2832

2947

0.1

Upon introduction of the PROX gas mixture at 
T=383 K, isolated peaks convolute into intense and broad 
absorption features becoming difficult to follow individu-
ally, similar to Pt/CeO2 [1]. We attributed this feature to 
adsorbed water (with hydrogen bonding to surface OH 
groups and to each other) on the ceria surface in the case of 
Pt/CeO2. Its overall intensity on Pd/CeO2 was lower than 
on Pt/CeO2. At T=523 K, however, three well-resolved 
bands of isolated OH groups were observed at 3674 (de-
noted as OH-IIA*), 3630 (OH-IIB) and 3591 cm-1. Shoul-
ders and less well-defined adsorption features were also 
observed, among which those centered at ca 3648 (OH-
IIB*), 3520, 3450 and 3320 cm-1 were the most visible. The 
difference between the ν(OH) (II-B) and (II-B*) wavenum-
bers (3630 and 3648 cm-1) may be due to different cerium 
oxidation states [35] involving surface or subsurface reor-
ganization [35,36]. The ν(OH) band at 3591 cm-1 indicates 
the presence of hydrated carboxylate species (-COOH) on 
the surface of ceria support. 
 
 
DRIFT spectra in the region 3000-2600 cm-1 

 
After oxidative treatment of the Pd/CeO2 sample no 

bands were observed in the region 3000-2600 cm-1, while 
exposure to CO alone or in the presence of oxygen at 
T=383 K gave weak broad absorption features at ca. 2880-
2840 cm-1 (Figure 7). Under steady-sate PROX conditions 
a strong band at 2838 cm-1 (with a well-resolved shoulder 
at 2812 cm-1) and weaker broad bands at 2947, 2907, 2736 
and 2713 cm-1 were observed. The main bands were as-
signed to formate species on the ceria surface [37,38,39] as 
follows: 2838 cm-1 as ν(CH), 2947 cm-1 as combination of 
νas(OCO) at ~1580 cm-1 (Figure 5) and the C-H in-plane 
vibration, 2736 cm-1 as overtone 2δ(C-H) (δ(C-H) ~1375 
cm-1 in Figure 5). The pronounced shoulder at 2812 cm-1 

and the broad band centered at 2713 cm-1 could be due to 
C-H stretching vibrations of formyl species [38].  

Increasing temperature (Figure 7b) under conditions 
of CO alone resulted in a ν(CH) band at 2847 cm-1 and a 
combination mode band at 2947 cm-1. In the presence of 
oxygen at elevated temperature no distinct bands were re-
solved in this region. Under PROX conditions at T=523 K 
(i) the position of the maximum of the ν(CH) band shifted 
to 2832 cm-1 (with a poorly resolved shoulder at ca. 2848 
cm-1);  (ii) the band of the formyl species at 2812 cm-1 is 
not resolved anymore, and that at 2713 cm-1 decreases and 
shifts to 2711 cm-1. 
 
 
 

 
Figure 7: DRIFT spectra in the 3000-2650 cm-1 region - 
CH vibrations - of 1% Pd/CeO2 at a) T=383 K and b) 
T=523 K after activation, in the presence of 1% CO alone 
in N2, in 1% CO and 1% O2 in N2, and in 1% CO and 1% 
O2 in H2 - PROX, respectively. 
 
 
3.4. High pressure XPS 
 

The same procedure was carried out with the palla-
dium sample as described for Pt/CeO2 [1]: activation in 0.5 
mbar O2 at 573 K, cooling down in O2, and at ~340 K oxy-
gen was exchanged to hydrogen (0.45 mbar). At room tem-
perature, first CO (0.031 mbar) and then O2 (0.015 mbar) 
were added to the hydrogen. The reaction was run with this 
mixture at 358 and 523 K. The surface state of the sample 
was investigated in these different environments. The cata-
lytic activity observed during high-pressure XPS measure-
ments is presented in Table 1. 

 

 
 

Figure 8: Part of the Ce 3d region of the 5% Pd/CeO2 at 
different conditions: 1, in 0.5 mbar O2 at 573 K; 2, in 0.48 
mbar H2 at RT; 3, in ~ 0.5 mbar PROX mixture at 358 K; 4, 
in ~ 0.5 mbar PROX mixture at 523 K; the measurements 
were carried out in sequence as indicated by the numbers. 

 
Figure 8 depicts part of the Ce3d region in oxygen 

(573 K), in hydrogen (300 K) and in the PROX mixture. 
The cerium 3d signal of Pd/ceria behaved in these different 
conditions very similar as in case of Pt/ceria, thus the sur-
face state of ceria is not affected by the different nature of 
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Table 1: PROX reaction in different experimental setups and on different catalysts. Reaction mixtures contained 1% CO, 0.5 or 
1% O2 (O2 excess λ=1 or 2) in H2. Total pressure: P=1 atm in catalytic reactor and DRIFT cell and P=0.5 mbar in high pressure 
XPS. 
 

Conditions Catalytic reactor DRIFTS XPS 

Catalyst 1% Pd/CeO2 5% Pd/CeO2 1%Pd/CeO2 5%Pd/CeO2 

O2 excess (λ) 1 1 2 2 1 1 2 2 2 2 1 1 

T (K) 383 523 383 523 383 523 383 523 383 523 358 523 

XCO, % 9 9 9 10 10 11 9 12 4 10 1 8 

S, % 9 9 5 5 10 11 5 6 3 6 6 17 

XO2, % 96 99 98 100 97 100 99 100 70 82 14 53 

 
 

 
 
Figure 9: Pd 3d region of 5% Pd/CeO2 at different condi-
tions: 1, in 0.5 mbar O2 at 573 K; 2, in ~ 0.5 mbar PROX 
mixture at 358 K; 3, in ~ 0.5 mbar PROX mixture at 523 K 
 
precious metal particles. Ce was in the +4 state in oxygen. 
Hydrogen induced the reduction of the topmost layer to 
Ce3+. In the PROX mixture Ce was almost completely re-
oxidized. The only difference was that at 358 K in the 
PROX mixture cerium in Pd/CeOx was slightly more oxi-
dized and no further oxidation occurred at 523 K.  

Activation of the sample in O2 at 573 K brought the 
palladium particles in an almost completely oxidized PdO2 
state seen by the 2.6 eV BE shift (with respect to the metal-
lic state) in Figure 9. Tailing in the low-BE side might be 
caused by some partly reduced states; however an asym-
metric broadening of the PdO2 peak by differential charg-
ing cannot be excluded. Charging of ~ 8 eV was observed 
in O2, while in the PROX mixture it was as low as 2 eV. 
Hydrogen introduced at 340 K reduced a part of the palla-
dium. Metallic-like Pd (~ 335.3 eV) was predominant over 

PdO2 during reaction at 358 K. At higher reaction tempera-
ture the contribution of PdO2 decreased, while the low-BE 
component shifted -0.25 eV to 335.05 eV, i.e. to the posi-
tion of bulk metallic palladium. Closer inspection of the 
low-BE component revealed that its shape was roughly 
symmetric at 358 K, and the well-known asymmetry of 
Pd3d evolved just at higher T (see the upper part of Figure 
9). The different form and binding energy position of the 
low-BE component can be well explained by the formation 
of a hydride-like structure in the excess of hydrogen at low 
T, which decomposes at elevated temperature [40]. Forma-
tion of β-hydride is effectively enhanced by (i) the limited 
size of nanoparticles [41], (ii) the presence of adsorbed CO 
that promotes H bulk dissolution, as it reduces the H diffu-
sion barrier between surface and subsurface sites by about 
50% [42], (iii) and by the hindrance of oxygen diffusion 
from the PdO2 core still remaining below the metallic shell 
of Pd particles. Non-destructive depth profiling on the Pd 
3d core level (by using different excitation energies, thus 
different photoelectron kinetic energies) indicated that 
PdO2 was at least partly below the low-BE component, i.e. 
below the hydride. As surface hydride decomposed, the 
further reduction of PdO2 was more effective. Curve fitting 
of the PROX spectra provided an intermediate binding 
energy component at ~ 336.1 eV. Considering the surface 
core level shift of 0.94-0.99 eV when CO is linearly ad-
sorbed on palladium single crystals [43-45], the small 336.1 
eV peak can be attributed to surface palladium atoms ad-
sorbing CO. Thus, the Pd 3d spectra do not indicate the 
presence of a high amount of adsorbed CO on palladium. 

The carbon 1s spectrum of Pd/ceria in the PROX 
mixture at 358 K (not shown) reveals a similar picture as 
the platinum sample at 523 K, with a high amount of graph-
ite/C-H and a low amount of adsorbed CO. The only differ-
ence was that the component at about 288.2 eV (most 
probably surface formates) was more pronounced for 
Pd/CeOx. 

In the first part of our paper we concluded that sur-
face water species are formed during the reaction, which  
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Figure 10: O 1s spectra of 5% Pt/CeO2 at different condi-
tions: 1, in 0.48 mbar H2 at RT (after O2 activation at 573 
K); 2, in ~ 0.5 mbar PROX mixture at 358 K; 3&4, in ~ 0.5 
mbar PROX mixture at 523 K; 3: measured with surface 
sensitive (650 eV) photon energy (as 1&2, as well) while 4 
was measured with more bulk sensitive energy (920 eV). 
Some difference spectra are also shown. 
 
can play a crucial role in the oxidation mechanism. There-
fore we discuss the O 1s spectra of both catalysts in this 
part together. In the upper part of Figure 10 selected O 1s 
spectra of Pt/ceria are depicted at different conditions, 
while the lower part shows some difference spectra. Spec-
tra 1-3 were taken with surface sensitive photon energies 
whereas spectrum 4, the same reaction condition as 3, was 
measured with a more bulk sensitive photon energy. The 
comparison of spectrum 3 and 4 confirms that the high-
binding-energy part of the O 1s spectrum belongs to sur-
face species. Therefore the peak at 529.4 eV corresponds to 
oxygen in the ceria lattice (bulk oxygen), in agreement with 
earlier studies [46,47]. The O-to-Pt atomic ratio was 
roughly in the range of 100, thus all the information in the 
high BE side of O 1s should necessarily correspond to the 
surface of ceria. (Changes in the scale of 0.2-1 % in the 
oxygen spectra are not distinguishable.) In hydrogen a 
strongly pronounced broad peak overlapped with the lattice 
oxygen component, indicating the presence of OH groups 
on the surface. This peak was asymmetrically broadened to 
the high energy side, as seen in the upper difference curve, 
involving already surface water. (As shown by the DRIFTS 
data, different carbonates exist on the surface of ceria al-
ready in the activated state, which should contribute to this 
part of the O 1s signal.) Introduction of CO + O2 to the 
hydrogen (and heating to 358 K) resulted in a small loss of 
intensity in the OH region and a new component at ~ 530.2 
eV appeared. This feature corresponds to some newly 
formed oxygenate from CO on the support. Interestingly,  

 
 
Figure 11: Comparison of O1s spectra of 5% Pt/CeO2 and 
5% Pd/CeO2 in PROX mixture. 
 
the reoxidation of ceria (see Ce 3d) was not accompanied 
by a significant loss of OH groups, therefore the presence 
of OH groups does not necessarily indicate that cerium is in 
the +3 oxidation state. Heating to 523 K removed gradually 
most of the high BE components. Figure 11 shows the O 1s 
spectra of Pd/ceria during the reaction together with the 
low T spectrum of the platinum sample. The relative inten-
sity of the surface components is considerably lower on 
Pd/ceria, and especially the components at 530.2 and 532.7 
eV are missing. The latter peak corresponded to water. Its 
lower amount points to the importance of surface water in 
the reaction mechanism, as Pd/ceria is ineffective to re-
move CO in a hydrogen excess. The difference between the 
O 1s spectra of the two samples was much smaller at higher 
temperature (compare Figure 10 and 11). 
 
 
3.5. High-resolution TEM 
 
High-resolution TEM measurements were carried out on 
the post-reaction 5% Pd/CeOx sample (used in the XPS cell 
at 0.5 mbar PROX mixture at 358 K). Part of the ceria par-
ticles were still in the oxidized CeO2 state (mainly with 
some lattice distortion), but part of them were reduced. 
However, crystalline Ce2O3 has never been observed. Fig-
ure 12 depicts a typical reduced ceria particle with its 
power spectrum. After Fast-Fourier-Transformation of the 
selected part of the image, the power spectrum indicated 
inverse lattice fringes not permitted in CeO2. Comparison 
with possible partly reduced ceria phases revealed the pres-
ence of CeO1.695, in which the ordering of oxygen vacancies 
leads to the formation of a super-cell structure with a lattice 
constant slightly more than twice that of CeO2 [48]. Some 
of the reflections are indexed in the power spectrum for the 
CeO1.695 phase. The fraction of reduced ceria was less in 
Pd/CeOx compared to the platinum sample after the same 
reaction treatment. 
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Figure 12: High-resolution TEM image of 5% Pd/CeO2 
after PROX reaction at 358 K. The inset shows the power 
spectrum of the selected area (full circle) revealing a partly 
reduced ceria particle (CeO1.695). The dotted line indicates 
the dimension of the reduced ceria particle. 
 
 
4. Discussion 
 

Both ceria supported Pt and Pd catalysts are active in 
low temperature CO oxidation [16-20], cf. results on 
Pt/CeO2 in the Part I [1] and on Pd/CeO2 in Figure 1. How-
ever, Pd/CeO2 exhibits a much lower activity in CO oxida-
tion reaction, when it was carried out in the presence of 
excess hydrogen (PROX) [9,21-23], cf. catalytic results 
presented on Pt/CeO2 in Part I [1] and on Pd/CeO2 in Fig-
ure 2. In this paper we aimed at explaining these large dif-
ferences, considering surface species, oxidation states and 
reaction mechanism. 

The first principal question is whether CO oxidation 
(without hydrogen) occurs via the same mechanism on Pt 
and Pd/ceria catalysts. It was concluded [1] that the CO 
coverage is rather high on Pt particles, and oxygen from 
support sites promotes CO2 formation, both in CO alone 
and CO+O2 case. In the latter case, gas phase oxygen can 
re-oxidize the ceria surface.   

In the case of pre-oxidized Pd/CeO2 fewer CO mole-
cules are adsorbed on the metal particles, estimated from 
the DRIFTS results (Figure 4) and from transmission IR 
data not presented in this study, than in the case of Pt/CeO2 
pretreated similarly [1]. Particularly at T=523 K, M-CO 
bands on Pd/ceria were poorly developed, and almost com-
pletely disappeared in CO+O2 (Figure 4). At the same time, 
high pressure XPS showed an oxidized, PdO2 state during 
the oxidizing pretreatment (Figure 9). PdOx is reportedly 
less active in CO oxidation than reduced metallic Pd [9]. 
Nevertheless, we found remarkable activity of pre-oxidized 
Pd/CeO2 in CO oxidation (Figure 1). Consequently, CO 
oxidation on pre-oxidized ceria supported Pd and Pt does 

not occur exactly the same way due to the different affinity 
of Pt and Pd to oxygen. Palladium particles are oxidized, 
and thus adsorb less CO than Pt particles. This adsorbed 
CO can react with oxygen from PdOx particles, which can 
then be replenished by oxygen either from the gas-phase or 
from the support.     

It was also concluded in the case of Pt/CeO2 that not 
only back spill-over of oxygen from the support to the 
metal particles is possible, but also spillover of CO (or 
CO2) to the support (and/or direct adsorption of CO on the 
support). These processes lead to accumulation of different 
carbonate species on ceria, mainly bicarbonate (HCO3

-) 
species upon exposure to CO or CO+O2 at low temperature. 
At higher temperature this species is decomposed and CO2 
is also produced this way (as observed by TDS as well). 
Accordingly, a similar reaction pathway can be suggested 
for Pd/ceria as well. The pronounced formation of bicar-
bonate species was observed at low temperature here, too 
(Figure 5 and 6). 

 Let us remember the original question of this work: 
“why Pd is not active and selective in the PROX reaction 
(CO oxidation in the presence of H2) although both Pt and 
Pd on ceria are active in CO oxidation (without hydro-
gen)”? It was proposed earlier [9] that the highly active 
reduced Pd form (active in low temperature CO oxidation) 
is oxidized to PdOx around 360 K, which is, in fact, less 
active in CO oxidation but very active in hydrogen oxida-
tion. It was also suggested that other metals, like Au or Pt, 
cannot be oxidized as easily as Pd, and the rate of CO oxi-
dation on their metallic form is higher than that of H2 oxi-
dation. This tentative proposition, however, was not 
supported by any experimental evidence. 

In order to clarify this issue, the differences observed 
in the PROX reaction between Pt/ceria (part I [1]) and 
Pd/ceria (this paper) in various experiments are summa-
rized: 

(i.) Pd/CeO2 exhibits much lower selectivity 
towards CO2 formation in the PROX reac-
tion than Pt/CeO2. 

(ii.) The selectivity (S) towards CO oxidation 
first sharply increased as a function of 
temperature from 330 K to 360 K, then a 
slight increase was observed on Pd/CeO2; 
on the other hand, S (from much higher 
value) decreased continuously as a func-
tion of T on Pt/CeO2. 

(iii.) More hydrogen and less water desorbed 
from Pd than from Pt in the TDS experi-
ment. Roughly three times more CO2 de-
sorbed from Pt/ceria in the first sharp TDS 
peak (at temperature optimal for Pt/CeO2 
in PROX reaction). 

(iv.) Less CO is adsorbed on Pd than on Pt indi-
cated by IR results. 

(v.) At T=383 K, much more formate species 
were found on Pd than on Pt  and their 
amount slightly decreased on Pd, while 
greatly increased on Pt as temperature in-
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creased. Also, there is a negative correla-
tion between the intensity of the C-H 
stretching band of formates and the amount 
of CO2 produced (part I, [1]). Additionally, 
formyl species were found on Pd at low 
temperature as opposed to Pt, but they 
were not observed at higher temperature. 

(vi.) More adsorbed water was found on the 
ceria surface of Pt/CeO2 than on Pd/CeO2, 
observed by both, high pressure XPS in the 
O1s spectra (Figure10) and in the DRIFT 
spectra. 

(vii.) Ceria was slightly more oxidized (less re-
duced) at low T under PROX condition in 
the case of Pd/ceria than in Pt/ceria (XPS). 
However, this slight difference disap-
peared at higher temperature. 

(viii.) Formation of Pd β-hydride could be de-
tected on Pd/ceria, as opposed to no hy-
dride formation on Pt.  

 

 

 
 
Figure 13: Proposed models describing the reactions hap-
pening on a, Pt/ceria and b, Pd/ceria in the PROX reaction 
mixture at low and high temperature. 
 

On the bases of the above mentioned differences, dif-
ferent reaction pathways can be proposed for ceria sup-
ported Pd and Pt catalysts in the PROX reaction. Their 
simplified visualization is presented in Figure 13. On the 
platinum sample at low temperature, a low-temperature 
water-gas-shift type reaction was suggested at the Pt/ceria 
interface between the linearly adsorbed CO molecules (on 
Pt) and the adsorbed water (on ceria). As reported recently 
[49], such reaction may occur directly (COads+ H2Oads or 
OH groups) or via carboxylate intermediates, which are 
present in our case [1]. The by-product hydrogen before 
desorption (or another hydrogen molecule from the gas-
phase) regenerates the water structure on the support in the 
close vicinity of Pt. This adsorbed water, which ensures 
that CO is linearly bonded to the interface Pt site, might be 
stabilized by the oxygen-deficient character of ceria 
(CeO1.695). At higher temperature the hydrogen-bonded 
structure decomposes and water desorbs allowing the lib-
eration of coordinatively unsaturated (cus) Cen+ sites at the 
interface. Thus CO can adsorb at the interface in a bridged-
like manner, oxygen coordinating to this cus site. The ad-
sorbed CO can then dissociate or hop to the ceria and react 
with an OH group forming formates. The latter species are 

stable on the ceria at this condition and might block the 
way of still existing surface water to the Pt particles. The 
negative correlation of surface formates and CO2 yield 
strengthens the proposed model. 

At low temperature (T=358-385 K) in the PROX 
mixture H dissolves in Pd particles forming a hydride-like 
structure (Figure 9). At the same time, CO adsorption is not 
hindered (Figure 4), but CO oxidation may occur at a low 
rate, since the selectivity is very low. The reason might be 
that such a structure dramatically decreases the possibility 
of the reaction between CO adsorbed on metal particles and 
oxygen either from the gas phase or from the support, be-
cause oxygen reacts very fast with H on the hydride surface 
during the formation of water. This water most probably 
desorbs or might move to the support, stabilized in hydro-
gen-bonded structure similar to Pt/CeO2 [1]. Such a struc-
ture, indeed, was observed on Pd/ceria by DRIFTS (Figure 
6), but in much lower amount than on Pt/ceria, as also con-
firmed by XPS (Figure 11). Consequently, water preferen-
tially desorbs from Pd under reaction condition. The much 
higher affinity of palladium to hydrogen might be one rea-
son why the hydrogen spillover to the support is less pro-
nounced, thus (i) the surface of ceria is slightly less 
reduced, (ii) fewer CeO1.695 particles were found and (iii) 
less water is formed and stabilized on the ceria surface as 
compared to the Pt/CeO2 case. Less water on the ceria sur-
face, less linearly adsorbed CO on Pd and more formates 
probably on the way between water and CO might be an 
additional important factor why Pd/ceria is much less active 
in CO oxidation in the presence of hydrogen. 

Increasing the temperature leads to decomposition of 
the Pd β-hydride to metallic Pd as found by XPS (Figure 
10). Parallel to the decomposition of hydride-like structure, 
the selectivity towards CO oxidation sharply increased as a 
function of temperature up to ~380 K and then remained 
almost constant with a slight increase (Figure 2). The pres-
ence of small adsorbate-induced Pd in XPS (Figure 9), and 
poorly discernable M-CO bands in DRIFT (Figure 4) indi-
cate a low CO coverage on the metallic Pd phase at T=523 
K. Consequently, metallic Pd might still adsorb hydrogen 
rather than CO. Further, the remaining PdO2 surface is 
supposed to oxidize hydrogen faster than CO [9]. These 
two facts might be the reason why the selectivity towards 
CO oxidation is still lower on Pd/CeO2 than on Pt/CeO2 at 
high temperature, even though no Pd-hydride phase was 
present here. 
 
 
5. Conclusions, Summary 
 

The aim of this paper was to examine the PROX re-
action on ceria supported Pd catalyst by different, mainly in 
situ experimental techniques, and to answer the question 
why both Pt and Pd catalysts are active in CO oxidation 
and Pd is not active in the presence of hydrogen.  

It is concluded that CO oxidation (without hydrogen) 
does not occur via the same mechanism on Pt and Pd/CeO2 
catalysts. On pre-oxidized Pd/CeO2, CO is adsorbed at low 
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coverage and reacts with oxygen from the PdOx phase. 
This oxygen can then be substituted either from the gas 
phase or from the support. On the other hand, the CO cov-
erage on Pt/CeO2 is high and adsorbed CO reacts with oxy-
gen from the support. On both samples, spillover of CO to 
the support and/or its direct adsorption and accumulation as 
carbonate species and finally their desorption in the form of 
CO2 is a possible reaction route in the absence of hydrogen.  

In the presence of hydrogen (PROX) at low tempera-
tures T=350-380 K, formation of Pd β-hydride was evi-
denced from high-pressure in-situ XPS. Its formation 
greatly suppressed the possibility of CO oxidation, because 
oxygen both from gas phase and support sites (and also 
from PdOx) reacts fast with H to form water, and this water 
desorbs easily. Nevertheless, CO adsorption was not ham-
pered here. These entities turned partly to surface formate 
and formyl (-CHO) species instead of oxidation. The in-
volvement of LTWGS type reaction was also hindered by 
the (i) smaller amount of water on the ceria surface, (ii) less 
linearly adsorbed CO on Pd and (iii) significantly more 
formates species blocking the reaction, compared to 
Pt/CeO2. 

Increasing temperature leads to decomposition of the 
hydride phase and a parallel increase in the selectivity to-
wards CO oxidation. However it remained lower on 
Pd/CeO2 than on Pt/CeO2, most probably because (i) metal-
lic Pd still preferentially adsorbed H to CO (low COads 
signal in both DRIFTS and XPS) and (ii) the PdO2 surface 
(found by XPS) oxidizes preferentially H rather than CO. 
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