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“Ir-in-ceria”: A highly selective catalyst for preferential CO oxidation
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Abstract

An Ir-in-ceria catalyst has been developed, in which most of the iridium particles are embedded in the ceria matrix through the redox reaction
between Ce3+ and Ir4+, which occurred during co-precipitation (CP). This Ir-CP catalyst exhibited high activity for preferential CO oxidation
under excess hydrogen conditions, and the selectivity to CO2 remained nearly constant, at around 70%, with increasing reaction temperature.
Temperature-programmed reduction and in situ diffuse reflectance infrared spectroscopy techniques were used to explore the structure of the
Ir-CP catalyst and to correlate it with the catalytic performance. It was found that the CeO2 support was activated by iridium and formed on the
surface the active sites for CO oxidation. Due to the absence of extensively exposed Ir species on the Ir-CP catalyst, H2 oxidation occurring on
the Ir species and the ceria support at high temperatures was significantly suppressed, thus keeping the selectivity to CO2 at a high level.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) oper-
ating with hydrogen have proven to be the most promising
candidates for transport applications [1]. The PEMFCs oper-
ate at relatively low temperatures (∼80–120 ◦C), and the anode
catalysts are easily poisoned by even traces of CO. Traditional
routes for hydrogen generation yield significant amounts of CO
(ca. 5–15%) as the byproduct. A subsequent water–gas shift
(WGS) reaction can reduce the CO amount to about 0.5–1%
[2]. Thus, it is necessary to further reduce the amount of CO to
about 10 ppm while minimizing the consumption of hydrogen.
Several chemical and/or physical methods have been used to
obtain a high purification level of the hydrogen fuel. Among
these alternatives, preferential oxidation of CO under excess
hydrogen conditions (PROX) seems to be a promising process
[3,4].

To date, various catalytic formulations have been investi-
gated in the PROX reaction. In particular, ceria-supported no-
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ble metal (NM) catalysts exhibited better performance in the
range of 90–130 ◦C compared with alumina-supported ones [5–
10]. A noncompetitive Langmuir–Hinshelwood mechanism has
been proposed to be responsible for the high activities of the
NM/CeO2, in which the CO adsorbed on the NM reacts with
the oxygen activated on the ceria support. This mechanism in-
volves the direct participation of the NM, which provides sites
for CO adsorption. Nevertheless, there is currently an ongoing
debate about the role of NM in these ceria-containing samples.
Hardacre et al. [11] observed enhanced rates of CO oxidation
on a Pt (111) single crystal encapsulated by ceria. Similarly,
Golunski et al. [12–14] found that the addition of the NM led to
a dramatic increase in the number of oxygen vacancies within
the ceria, which became active sites for CO oxidation. Recently,
Deng et al. [15] reported that Au/CeO2 catalysts can be effec-
tive for the PROX reaction even after removal of the neutral Au
clusters. In these examples, the activated ceria support, with-
out direct participation of the NM, can act as the active sites
for CO oxidation. A similar phenomenon also was found in the
WGS reaction; for example, the rate of the WGS reaction re-
mained the same when the metallic NM was removed [16] or
encapsulated in the ceria [17,18].
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Motivated by these experimental findings, we attempted to
design a highly selective PROX catalyst, in which the CO oxi-
dation reaction can proceed on the activated ceria surface alone
while the H2 oxidation occurring on the metal sites is signifi-
cantly suppressed. Toward this goal, we prepared an Ir-in-ceria
catalyst (with most of the Ir particles embedded in the ceria)
using co-precipitation (CP), as reported by Rajaram et al. [19].
The Ir-in-ceria was chosen due to the fact that Ir has been less
widely explored than Pt or Au, and also because Ir/CeO2 can
be as active as Pt/CeO2 for the PROX reaction [20]. For com-
parison, an Ir-on-ceria catalyst (with the Ir particles deposited
mainly on the ceria surface) also was prepared by deposition–
precipitation (DP). It was found that the difference in the struc-
tures of these two catalysts affected their catalytic performance,
especially in terms of selectivity behavior. Thus, the present
work provides an example of a structure–reactivity relation-
ship.

2. Experimental

2.1. Catalyst preparation

To prepare the Ir-in-ceria catalyst, an aqueous solution of
H2IrCl6 and Ce(NO3)3 was added to a heated NaOH solu-
tion (80 ◦C) to form a black precipitate, as described previ-
ously [19]. After aging for 2 h, the suspension was filtered
and washed with deionized water several times. Then the solid
material was dried at 60 ◦C overnight and finally calcined at
400 ◦C for 2 h. The resultant samples, designated Ir-CP, had Ir
metal loadings ranging from 0.20 to 5.00 wt%. For comparison,
Au-CeO2 and Pt-CeO2 catalysts with 1.60 wt% of metal also
were prepared under the same conditions and designated Au-
CP-1.60 wt% and Pt-CP-1.60 wt%. To study the effect of the
synthesis parameters on the properties of the resultant catalysts,
we used various precipitants (urea, Na2CO3, and NaOH) and
precipitation temperatures (ranging from 20 to 100 ◦C). The re-
sultant samples are designated Ir-CP-X, where X represents the
precipitant (in which case, with the precipitation temperature
fixed at 80 ◦C) or the precipitation temperature (in which case,
NaOH was always used as the precipitant).

The Ir-on-ceria catalyst was prepared by the conventional
DP procedure, where the ceria support was suspended in an
aqueous solution of H2IrCl6 and the pH was adjusted to 8–
9 using NaOH as the neutralizer. After the same drying and
calcining treatments as for the Ir-CP catalyst, the catalyst, des-
ignated Ir-DP, was obtained. The ceria support was prepared by
precipitation from Ce(NO3)3 under preparation conditions sim-
ilar to those used for the Ir-CP catalyst.

2.2. Activity test

Catalytic performance was evaluated in a fixed-bed flow re-
actor at atmospheric pressure using 100 mg of a catalyst diluted
with SiC. Before the test, the catalyst was reduced in situ with
hydrogen at 400 ◦C for 2 h. After cooling to room temperature,
a reacting gas containing 2 vol% CO, 1 vol% O2, and 40 vol%
H2 in He was allowed to pass through the reactor at a flow rate
of 67 cm3 min−1 (STP), corresponding to a space velocity of
40,000 mL h−1 g−1

Cat. In some cases, a feed stream composed of
2 vol% CO and 1 vol% O2 with He balance was used to evalu-
ate the activity for CO oxidation. H2O was introduced into the
system by passing the stream through a saturator to create the
required H2O concentration. The effluent gas was analyzed us-
ing an online gas chromatograph system (Angilent GC-8800)
equipped with a thermal conductivity detector. CO2 and H2O
were detected as the only products. No methane was found un-
der our experimental conditions.

CO conversion (XCO) is calculated as

(1)XCO = nin
CO − nout

CO

nin
CO

× 100(%).

Selectivity (S) to CO2 is defined as the ratio of the oxygen
transformed into CO2 to the total oxygen consumed:

(2)S = nout
CO2

2(nin
O2

− nout
O2

)
× 100(%).

The relation between conversion and selectivity is defined as

(3)XCO = SXO2

100
λ(%),

where λ is the oxygen excess factor, by definition,

(4)λ = 2nin
O2

nin
CO

.

2.3. Characterization

Brunauer–Emmett–Teller (BET) surface areas of the cata-
lysts were measured by nitrogen adsorption at −196 ◦C using
a Micromeritics ASAP 2010 apparatus. The actual Ir loadings
of the catalysts were determined by inductively coupled plasma
(ICP) analysis, and the chlorine residues in the catalysts were
determined by X-ray fluorescence (XRF). Powder X-ray dif-
fraction (XRD) patterns were obtained with a Rigaku (D/MAX-
βB) diffractometer equipped with an online computer.

Temperature-programmed reduction (TPR) experiments
were carried out on a Micromeritics AutoChem II 2920 Au-
tomated Catalyst Characterization System. First, 100 mg of a
catalyst was loaded into a U-shape quartz reactor and pretreated
with air at 400 ◦C for 1 h to remove adsorbed carbonates and
hydrates. Then, after cooling to room temperature, the flow-
ing gas was switched to a 10 vol% H2/Ar, and the catalyst was
heated to 900 ◦C at a ramping rate of 10 ◦C min−1.

In situ diffuse reflectance infrared spectroscopy (DRIFTS)
spectra were acquired with a BRUKER Equinox 55 spectrome-
ter, equipped with a MCT detector and operated at a resolution
of 4 cm−1. Before each experiment, a 40-mg sample in a pow-
der form was reduced in situ with H2 at 400 ◦C for 2 h. After
cooling to 100 ◦C, the gas for adsorption (CO alone or a PROX
reaction mixture) was introduced into the reaction cell at a to-
tal flow rate of 100 mL min−1 (GHSV = 120,000 mL h−1 g−1

Cat).
The spectra were recorded as a function of the time on stream
for 60 min in all cases, against a background of the sample at
the reaction temperature under flowing He. All spectra were ob-
tained under steady-state conditions.
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Fig. 1. CO conversion and selectivity to CO2 as a function of reaction temper-
ature in the PROX reaction over 100 mg of the Ir-CP-1.60 wt% (P), Ir-DP-
1.60 wt% (Q) and Ir-DP-0.50 wt% (2) catalysts. Reacting gas composition:
CO/O2/He/H2 = 2/1/57/40 (vol%); GHSV = 40,000 mL h−1 g−1

Cat.

3. Results

3.1. Activity test

Fig. 1 illustrates CO conversion and selectivity to CO2 on
both Ir-DP-1.60 wt% and Ir-CP-1.60 wt% samples. Note that
at low temperatures (<80 ◦C), the Ir-DP-1.60 wt% catalyst was
more active than the Ir-CP-1.60 wt%; however, above 80 ◦C,
the Ir-CP-1.60 wt% showed higher CO oxidation activity than
the Ir-DP-1.60 wt%. More importantly, the Ir-CP-1.60 wt%
exhibited high selectivity to CO2 in the PROX reaction. The
selectivity to CO2 remained nearly constant, at around 70%,
with increasing reaction temperature from 80 to 180 ◦C. In con-
trast, over the Ir-DP-1.60 wt%, the selectivity decreased from
57% at 80 ◦C to only 33% at 180 ◦C. Clearly, as desired, the
Ir-CP sample exhibited a wider temperature window to give a
high selectivity to CO2 and appeared to be more promising for
the PROX reaction. Because the Ir-CP was designed to have
an Ir-in-ceria structure, whereas the Ir-DP has an Ir-on-ceria
structure, it is reasonable to speculate that the difference in cat-
alytic performance between the Ir-CP and Ir-DP samples was
due to the difference in the number of the Ir sites exposed on
the ceria support surface. To confirm this, we reduced the metal
loading on the Ir-DP sample to 0.50 wt%, and found that this
Ir-DP-0.50 wt% sample exhibited higher selectivity than the
Ir-DP-1.60 wt% sample, although it had much lower activity
below 100 ◦C.

The effects of H2O and/or CO2 on CO oxidation behav-
ior over the Ir-CP-1.60 wt% catalyst are shown in Fig. 2. The
presence of 5% H2O in the feed stream seemed to be slightly
favorable to the catalytic activity, especially at relatively high
temperatures. Similar results also were obtained on other ceria-
based catalysts [15,21]. A possible explanation for this finding
is that the presence of water accelerated the WGS reaction, and
thus more CO was converted into CO2. A time-on-stream test
under the presence of 5% H2O showed that the Ir-CP-1.60 wt%
Fig. 2. CO conversion as a function of reaction temperature over the Ir-CP-
1.60 wt% in the presence of 5% H2O (2), both 5% H2O and 25% CO2 ("),
and none of them (P).

catalyst had good stability; CO conversion at 100 ◦C remained
constant at around 68% over 10 h. On the other hand, addition
of 25% CO2 led to a significant decrease in CO conversion,
which may be associated with carbonate deposition. This de-
activation process became less prominent at high temperatures
due to the decomposition of carbonate species.

For the CP process, the precipitant and precipitation tem-
perature were important parameters affecting the catalytic per-
formance of the resultant catalysts (Table 1). We investigated
the effect of precipitant using different bases (Na2CO3, urea,
and NaOH) as the precipitants, while keeping the precipitation
temperature at 80 ◦C. The CO conversions on the Ir-CP-NaOH
were higher than those on the Ir-CP-urea, which in turn were
higher than those on the Ir-CP-Na2CO3. Thus, it seems that the
activities of the resultant Ir-CP catalysts for CO oxidation are
related to the base strength of the precipitants used. Clearly,
NaOH was the preferred base precipitant in our case.

Choosing NaOH as the most suitable precipitant, we investi-
gated the effect of precipitation temperature (Table 1). CO con-
version at 80 ◦C was used as an index for the activity, whereas
that at 180 ◦C was regarded as an indicator for the selectiv-
ity to CO2. When CP was carried out at 20 ◦C, the resulting
Ir-CP-20 ◦C exhibited a very poor activity for CO oxidation. In-
creasing the precipitation temperature from 20 to 80 ◦C resulted
in enhanced activity. For example, when precipitation was car-
ried out at 80 ◦C, the CO conversion at 80 ◦C was similar to that
at 180 ◦C, indicating that the catalyst was both highly active and
selective. However, on a further increase in precipitation tem-
perature from 80 to 100 ◦C, CO conversion at 80 ◦C remained
high, but conversion at 180 ◦C decreased. This indicates that the
selectivity to CO2 decreased when the catalyst was prepared at
a precipitation temperature above 80 ◦C. From the foregoing re-
sults, it can be concluded that the best precipitation temperature
was 80 ◦C.

Besides the precipitation parameters, the Ir loading also ex-
erted a significant effect on the catalytic performance for CO
oxidation (also Table 1). On increasing metal content from 0.20
to 1.60 wt%, the CO conversion at 80 ◦C increased from 3
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Table 1
Activity data for the PROX reaction on the Ir-CP-X catalysts at a reaction temperature of 80, 140, and 180 ◦C

Catalysts
Ir-CP-X

80 ◦C 140 ◦C 180 ◦C TOF (×10−3 s−1)c

XCO (%)a XO2 (%)b XCO (%) XO2 (%) XCO (%) XO2 (%)

X: precipitant
Ir-CP-Na2CO3 1 4 3 25 14 100 0.8
Ir-CP-urea 29 40 44 100 35 100 4.1
Ir-CP-NaOH 68 92 77 100 68 100 10.1

X: precipitation temperature
Ir-CP-20 ◦C 7 8 13 18 43 97 1.6
Ir-CP-40 ◦C 26 33 67 100 68 100 2.9
Ir-CP-60 ◦C 54 71 71 100 68 100 7.2
Ir-CP-80 ◦C 68 92 77 100 68 100 10.1
Ir-CP-100 ◦C 68 100 54 100 54 100 13.0

X: Ir loading
Ir-CP-0.20 wt% 3 4 28 36 65 100 0.6
Ir-CP-0.50 wt% 22 28 67 100 67 100 2.7
Ir-CP-1.00 wt% 34 39 71 100 68 100 5.7
Ir-CP-1.60 wt% 68 92 77 100 68 100 10.1
Ir-CP-5.00 wt% 52 100 38 100 33 100 21.4

a XCO = CO conversion.
b XO2 = O2 conversion.
c The TOFs of CO oxidation were calculated on the basis of the amount of reducible oxygen on the surface as measured by H2-TPR; test condition: 2% CO–1%

O2–40% H2–He; temperature: 100 ◦C.
to 68%, but the CO conversion at 180 ◦C remained constant
(around 68%). However, the Ir-CP-5.00 wt% sample exhibited
low CO conversions at both 80 and 180 ◦C, possibly due to
competitive H2 oxidation. Thus, there appears to be an opti-
mum metal loading for the Ir-CP samples, with the best results
found on the catalyst containing 1.60 wt% iridium. Conse-
quently, we chose the Ir-DP and Ir-CP samples with a nominal
metal loading of 1.60 wt% for further characterization stud-
ies.

3.2. Routine determinations

The BET surface areas of the Ir-CP-1.60 wt% and Ir-DP-
1.60 wt% were 120 and 106 m2 g−1, respectively. The Ir load-
ings on the two catalyst samples, as determined by ICP, were
similar (1.50 wt% for the Ir-CP-1.60 wt% and 1.47 wt% for the
Ir-DP-1.60 wt%); however, the surface Ir/Ce atomic ratio on
the Ir-CP-1.60 wt% sample, determined by XPS analysis, was
significantly lower than that on the Ir-DP-1.60 wt% (0.0035 vs
0.0091). This implies that most of the Ir particles on the Ir-
CP-1.60 wt% are embedded in the ceria matrix, in accordance
with the Ir-in-ceria structure. No Cl residues were detected by
XRF analysis in either sample. XRD patterns of the Ir-CP-
1.60 wt% and Ir-DP-1.60 wt% were similar (results not shown).
Only those diffraction peaks corresponding to crystalline CeO2
were observed, and neither an IrO2 nor an Ir phase was de-
tected, irrespective of preparation method. This is likely due to
the very small sizes of the Ir particles in both samples; CeO2
particle sizes were estimated to be ∼6 nm according to the
Debye–Scherrer equation, as confirmed by HRTEM. Thus, the
Ir-CP-1.60 wt% and Ir-DP-1.60 wt% had similar metal load-
ings, similar support particle sizes, and complete removal of
chlorine, which allowed us to analyze the difference in their
Fig. 3. H2-TPR profiles of ceria, Ir-CP-1.60 wt% and Ir-DP-1.60 wt% samples.

catalytic performance without the need to consider these para-
meters [6,20].

3.3. H2 TPR

The H2-TPR technique is often used to characterize ceria-
supported catalysts, because it can provide useful information
on the generation of oxygen vacancies as well as on metal–
support interactions. The H2-TPR profiles of CeO2, Ir-CP-
1.60 wt% and Ir-DP-1.60 wt% are shown in Fig. 3. The TPR
profile of CeO2 presented two reduction peaks. The broad
peak at around 480 ◦C was assigned to the reduction of sur-
face oxygen, whereas the peak at around 800 ◦C was due to
bulk ceria reduction [22,23]. In agreement with previous studies
[20,24,25], the loading of iridium had no affect on the reduction
of bulk ceria, but effectively promoted the reduction of surface
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Table 2
Reducibility of Ir/CeO2 catalysts and ceria support as measured by H2-TPR

Sample H2 consumed (µmol g−1
Cat)

Peak 1 (T ) Peak 2 (T )

CeO2 1160 (470 ◦C)

Ir-DP-1.60 wt% 937 (89 ◦C) 223 (295 ◦C)

Ir-CP-1.60 wt% 1071 (140 ◦C) 178 (350 ◦C)

oxygen on ceria, associated with a new signal appearing at low
temperatures. The peak temperatures and corresponding hydro-
gen consumptions are listed in Table 2.

For the Ir-DP-1.60 wt% sample, the major reduction peak
at around 90 ◦C should be an overlap profile of the reduction
of the Ir4+ species and the most easily reducible CeO2, be-
cause the amount of H2 consumed (∼937 µmol g−1

Cat) greatly
exceeded that required for the reduction of iridium oxide. (The
calculated amount of hydrogen consumed for reducing Ir4+ to
metallic Ir is only 150 µmol g−1

Cat.) In addition, the reduction
peak at about 300 ◦C would be due to the reduction of surface
CeO2, which has no strong interaction with iridium [19,24].
The Ir-CP-1.60 wt% sample showed an initial reduction peak
at about 140 ◦C, 50 ◦C higher than that of the Ir-DP-1.60 wt%
sample. This lower reduction temperature should be related to
the Ir-DP-1.60 wt% sample’s slightly higher activity at low tem-
peratures (Fig. 1). Moreover, the hydrogen consumption cor-
responding to the first peak was greater for Ir-CP-1.60 wt%
than for Ir-DP-1.60 wt%, leading to more oxygen vacancies on
the former catalyst. As described previously [19], the NM in a
NM/CeO2-CP catalyst exists mainly in a metallic state, regard-
less of the thermal treatment. Moreover, the NM species are
mostly blocked within the internal surface of the solid. Thus, we
can speculate that the first reduction peak of the Ir-CP-1.60 wt%
should be mainly associated with the reduction of surface oxy-
gen of CeO2. Our observations seem to be consistent with the
idea of a “junction effect” [26] arising from the contact between
ceria and a metal with a high work function.

From the foregoing results, we can postulate that the acti-
vated ceria can be easily reduced at low temperatures, and thus
be responsible for the creation of oxygen vacancies. Oxygen
vacancies are known to be chemically active and play an im-
portant role in low-temperature CO oxidation [27–29]. Accord-
ingly, we characterized the Ir-CP catalysts with different pre-
cipitants and precipitation temperatures, as well as with various
Ir loadings, giving special attention to their low-temperature re-
Fig. 4. Typical DRIFTS spectra of Ir-CP-1.60 wt% and Ir-DP-1.60 wt% samples
obtained under steady-state CO adsorption conditions at 100 ◦C.

duction peaks (Table 3). Varying the precipitant from Na2CO3,
urea to NaOH, the amount of hydrogen consumed for the Ir-CP
samples increased from 750, to 892, and then to 1071 µmol g−1

Cat.
In addition, both the Ir loading and the precipitation temper-
ature had a significant affect on the reducibility of the ceria
support. A higher precipitation temperature or a higher Ir load-
ing resulted in higher H2 consumption and a lower reduction
temperature. Comparing the H2 consumption (Table 3) with
the activity level (Table 1) demonstrates a direct correlation
between the reducibility of the surface ceria and its catalytic
activity for CO oxidation. Higher hydrogen consumption often
was observed on the highly active samples.

3.4. In situ DRIFTS

To further verify whether the Ir particles in the Ir-CP sample
were embedded in the ceria matrix, as desired, we investigated
the CO adsorption behavior over the Ir-CP-1.60 wt% at 100 ◦C
using in situ DRIFTS. For comparison, we also performed the
same experiments on the Ir-DP-1.60 wt% catalyst. As shown
in Fig. 4, CO adsorption on the Ir-DP-1.60 wt% sample pro-
duced a strong band at 2050 cm−1 and a shoulder at 2063 cm−1,
which can be attributed to CO species linearly adsorbed on the
different Ir0 sites [30–32]. In contrast, CO adsorption on the Ir-
CP-1.60 wt% sample yielded only a very weak band of at least
10-fold lower intensity than that on the Ir-DP-1.60 wt% sam-
ple. This result strongly suggests that most of the Ir particles
Table 3
Reducibility of the Ir-CP-X catalysts as measured by H2-TPR

Precipitants Metal loadings Precipitation temperatures

Sample H2 consumed (µmol g−1
Cat) Sample H2 consumed (µmol g−1

Cat) Sample H2 consumed (µmol g−1
Cat)

Ir-CP-Na2CO3 750 (147 ◦C)a Ir-CP-0.20 wt% 830 (197 ◦C) Ir-CP-20 ◦C 580 (183 ◦C)

Ir-CP-0.50 wt% 915 (182 ◦C) Ir-CP-40 ◦C 758 (145 ◦C)

Ir-CP-urea 892 (140 ◦C) Ir-CP-1.00 wt% 973 (150 ◦C) Ir-CP-60 ◦C 803 (141 ◦C)

Ir-CP-1.60 wt% 1071 (140 ◦C) Ir-CP-80 ◦C 1071 (140 ◦C)

Ir-CP-NaOH 1071 (140 ◦C) Ir-CP-5.00 wt% 1343 (117 ◦C) Ir-CP-100 ◦C 1116 (136 ◦C)

a The number in brackets indicates the first reduction peak temperature.
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Fig. 5. Typical DRIFTS spectra of Ir-CP-1.60 wt% and Ir-DP-1.60 wt% samples
obtained under steady-state PROX conditions at 100 ◦C.

in the Ir-CP-1.60 wt% sample were embedded in the ceria sup-
port, whereas those on the Ir-DP-1.60 wt% sample were mainly
exposed on the ceria surface.

Fig. 5 compares the DRIFTS spectra on the Ir-CP-1.60 wt%
and Ir-DP-1.60 wt% samples during the PROX reaction at
100 ◦C. The bands in the 1700–1200 cm−1 region can be as-
cribed to different carbonates [7,8,18,33,34]. The broad bands
centered at 3421 cm−1 are assigned to hydrogen-bonded ad-
sorbed water on the ceria surface [7,8], whereas the bands at
around 2360 cm−1 are associated with gas-phase CO2. Com-
paring the spectra on the two catalysts raises some interesting
points. First, the main difference between them concerns the
strength of the CO adsorption band. The low intensity of the
CO adsorption band on the Ir-CP-1.60 wt% should relate to the
Ir-in-ceria structure. Second, the band for gas-phase CO2 was
stronger on Ir-CP-1.60 wt% than on Ir-DP-1.60 wt%, indicating
greater CO oxidation activity on the former. Third, the bands
attributed to hydrogen-bonded water (centered at 3421 cm−1)
were stronger on Ir-DP-1.60 wt% than on Ir-CP-1.60 wt%, sug-
gesting greater H2 oxidation activity on the former, in agree-
ment with the H2-TPR findings. In addition, we found that CO
formed several carbonates by reacting with the surface oxygen
on both samples, and the intensity of these species was greater
on Ir-DP-1.60 wt% than on Ir-CP-1.60 wt%.

The DRIFTS spectra on the Ir-CP-1.60 wt% recorded un-
der different reaction environments (PROX mixture, CO alone,
and CO oxidation) are shown in Fig. 6. Initially, the spectra
were collected under the PROX condition after a steady-state
condition was established; later, the H2 and O2 were removed
from the stream. In this case, the gas-phase CO2 bands dis-
appeared quickly, along with the hydrogen-bonded adsorbed
water. Subsequently, oxygen was introduced to the stream. The
gas-phase CO2 band reappeared, but was smaller than that un-
der the PROX condition, implying a lower activity level in the
absence of H2.

The DRIFTS spectra collected on Ir-CP-Na2CO3 (a nonac-
tive catalyst) and Ir-CP-NaOH (a highly active catalyst) under
the PROX condition at 100 ◦C are compared in Fig. 7. The car-
Fig. 6. Typical DRIFTS spectra of Ir-CP-1.60 wt% sample obtained under dif-
ferent steady-state conditions at 100 ◦C.

Fig. 7. Typical DRIFTS spectra of Ir-CP-NaOH and Ir-CP-Na2CO3 samples
obtained under steady-state PROX conditions at 100 ◦C.

bonyl species were very weak on both samples, implying that
the CP procedure could yield an Ir-in-ceria structure regardless
of whether NaOH or Na2CO3 was used as the precipitant. In
contrast to the appearance of a stronger band for gas-phase CO2
on the Ir-CP-NaOH, neither CO2 nor H2O was detected on the
Ir-CP-Na2CO3 sample. These observations are consistent with
the results obtained in the catalytic reactor tests. Moreover, the
stretching vibration bands at 1700–1200 cm−1 were relatively
weak on the Ir-CP-Na2CO3. Considering that such species are
generally formed on activated ceria supports [34], we thus can
propose that the ceria on the Ir-CP-Na2CO3 was not sufficiently
activated to form extensive oxygen vacancies.

4. Discussion

An effective PROX catalyst should have a wide operation
window to avoid the need for precise temperature control. How-
ever, in most cases, the selectivity to CO2 tends to decrease
with increasing reaction temperature due to the competitive ox-
idation of H2. To address this problem, we prepared a highly
selective ceria-supported iridium catalyst with a special Ir-in-
ceria structure (as revealed by the DRIFTS spectra in Figs. 4
and 5), on which H2 oxidation on the metallic Ir sites can be
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significantly suppressed. In contrast, the Ir-DP-1.60 wt% sam-
ple unambiguously exhibited an Ir-on-ceria structure. The dif-
ferent structures of the Ir-CP-1.60 wt% and Ir-DP-1.60 wt%
determined their different behaviors in the PROX reaction, es-
pecially in terms of selectivity to CO2. The Ir-CP-1.60 wt%
sample exhibited high CO oxidation activity in the PROX reac-
tion and almost no loss in selectivity in the temperature range
80–180 ◦C, whereas the Ir-DP-1.60 wt% catalyst, due to its high
H2 oxidation activity, demonstrated a continuous drop in selec-
tivity.

To gain insight into this structure–reactivity relationship, we
changed precipitants from NaOH to Na2CO3 and compared the
catalytic performance of the resultant catalysts. Fig. 7 and Ta-
ble 1 clearly show that the Ir-CP-Na2CO3 sample exhibited
very poor activity and selectivity even though it also had an
Ir-in-ceria structure. This unexpected result reminds us that the
metal-in-ceria structure is not the only factor determining cat-
alytic performance; some other intrinsic factors must be affect-
ing the activity and selectivity of the Ir-CP catalyst. Considering
the several preparation parameters that influence catalytic per-
formance (Table 1), we believed that analyzing the interaction
between Ir and ceria during the preparation process would help
us uncover those unknown factors in the Ir-in-ceria structure
that are actually responsible for the high selectivity to CO2.

It is well known that Ce3+ can be oxidized to form Ce4+
hydroxyl species in alkaline environments and in the presence
of oxygen [19,35,36]. In a basic solution, the redox potential
can be quantified by the equation ECe(4+)/Ce(3+) = [0.787 −
0.0592∗pH] V [37], corresponding to Ksp values of 1.6×10−20

and 2.5 × 10−47 for Ce(OH)3 and Ce(OH)4, respectively. A de-
crease in emf will occur with increasing the pH, thus facili-
tating the oxidation of Ce3+ to Ce4+; however, the reaction is
thermodynamically unfavorable due to the high emf. On the
other hand, if CeO2 were formed instead of Ce(OH)4, then
oxidation would be strongly favored due to its very low Ksp
(1.25 × 10−63). In that case, the redox potential can be quanti-
fied by the equation ECe(4+)/Ce(3+) = [−0.112−0.0592∗pH] V
[37]. In this CP process, the oxidation of Ce3+ to Ce4+ is cou-
pled with the reduction of Ir4+ to Ir0. Our XRD examination of
the as-synthesized (uncalcined) Ir-CP catalysts revealed the for-
mation of a phase-pure CeO2. Moreover, the black color of the
as-synthesized Ir-CP (compared with the green-colored Ir-DP)
also is indicative of the metallic state of iridium. Therefore, the
key to this coupled redox process is the formation of CeO2 in
solution, which is favored under strongly basic conditions and
at high temperatures [38].

This redox-precipitation procedure, besides the formation of
an Ir-in-ceria structure, induces strong, extensive interactions
between Ir and ceria. The metal–support interactions can be
roughly quantified by the reducibility of the surface ceria pro-
moted by iridium. Fig. 8 plots the CO conversions at 80 ◦C
(Table 1) versus the amount of H2 consumed for surface ceria
reduction (Table 3). The clear strongly positive correlation be-
tween them implies that oxygen vacancies on the ceria surface,
formed with the aid of iridium, may act as the active sites in
this reaction [12–14]. Consequently, we calculated turnover fre-
quencies (TOFs) of CO oxidation on the basis of the amount of
Fig. 8. CO conversions at 80 ◦C plot for the hydrogen consumed for the sur-
face CeO2 reduction over the Ir-in-ceria catalysts. The scatters are experimental
data. The lines are obtained by linear fitting.

reducible oxygen on the surface as measured by H2-TPR [15].
Although this calculation may underestimate the TOF values by
considering that not all of the surface oxygen vacancies partici-
pate in the reaction, it can help us better understand the reaction
on the different Ir-CP catalysts. As shown in Table 1, the TOFs
increased with increasing base strength, precipitation tempera-
ture, and Ir loading. When the precipitation proceeded under a
less strongly basic environment (such as with urea or Na2CO3)
or at a lower temperature (below 80 ◦C), the redox reaction be-
tween Ce3+ and Ir4+ occurred to a lesser extent or did not occur
at all. In such cases, the interaction between Ir and ceria was not
strong enough to activate the surface ceria, resulting in lower
activity. In contrast, when the precipitation was conducted at a
higher temperature or more Ir species were incorporated into
the ceria support, as in the case of Ir-CP-100 ◦C and Ir-CP-
5.00 wt%, a stronger interaction between Ir and ceria was seen.
In these cases, the ceria was overactivated, and the resulting Ir-
CP catalysts were more active for the undesired H2 oxidation
reaction as well, leading to decreased CO conversion and se-
lectivity to CO2 [39]. This finding demonstrates that the ceria
support must be properly activated to obtain the desired selec-
tivity to CO2.

For comparison, we also calculated the TOF on Ir-DP-
1.60 wt% on the basis of the reducible oxygen atoms, and found
it to be slightly higher than that on the Ir-CP-1.60 wt% catalyst
(Table 4). But if the extensively exposed Ir sites on the Ir-DP-
1.60 wt% were considered the active sites for CO oxidation and
the dispersion was assumed to be 100%, then its TOF value
(0.184 s−1) was one order of magnitude greater than that on the
Ir-CP-1.60 wt% catalyst (0.010 s−1). Such a high activity level
of the Ir-DP-1.60 wt% would cause undesirable H2 oxidation
and thereby decrease the selectivity to CO2.

Because Au/CeO2 and Pt/CeO2 have been extensively stud-
ied for the PROX reaction [5–10,15], we prepared Au-CP-
1.60 wt% and Pt-CP-1.60 wt% catalysts under the same pre-
cipitation conditions and evaluated their catalytic performance
for the PROX reaction in comparison with Ir-CP-1.60 wt%. The
selectivities of these catalysts at 100 and 180 ◦C, as well as their
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Table 4
Comparison of reducibility, TOFs of CO oxidation, and selectivity to CO2

Catalyst H2 consumed

(µmol g−1
Cat)

Selectivity to CO2 TOF

(×10−3 s−1)b100 ◦C 180 ◦C

Ir-DP-1.60 wt% 937 (89 ◦C)a 54 33 14.0
Ir-CP-1.60 wt% 1071 (140 ◦C) 71 68 10.1
Pt-CP-1.60 wt% 1442 (34 ◦C) 66 30 11.6
Au-CP-1.60 wt% 536 (154 ◦C) 75 73 7.2

a The number in brackets indicates the first reduction peak temperature.
b The TOFs of CO oxidation were calculated on the basis of the amount of

reducible oxygen on the surface as measured by H2-TPR; test condition: 2%
CO–1% O2–40% H2–He; temperature: 100 ◦C.

TOFs at 100 ◦C, are given in Table 4. Of the three NM-CP cata-
lysts (NM = Ir, Pt, Au), the Pt-CP-1.60 wt% exhibited the high-
est TOF value, demonstrating its highly active nature; however,
such high activity also caused competitive H2 oxidation, result-
ing in a dramatic decrease in selectivity to CO2 at 180 ◦C. In
contrast to the Pt-CP-1.60 wt% catalyst, the Au-CP-1.60 wt%
catalyst yielded the best results in terms of selectivity to CO2,
while exhibiting the lowest activity for CO oxidation. These
catalysts’ differing performance likely is related to their differ-
ent natures, with different work functions (Pt > Ir > Au) [26].
Clearly, the Ir-CP-1.60 wt% catalyst is the best choice in terms
of both activity and selectivity.

Based on the foregoing discussion regarding the active sites
responsible for the catalytic activity of the Ir-CP catalysts, we
believe that CO oxidation could proceed via the Mars–van
Krevelen mechanism [40,41]. The iridium particles embedded
in the ceria matrix and interacting strongly with the ceria sup-
port could weaken the surface Ce–O bonds and facilitate the
formation of more reactive oxygen [26]. In CO oxidation, the
CO takes an oxygen atom from the ceria surface and creates
an oxygen vacancy. The gas-phase oxygen will adsorb on the
vacancies and be activated by the electron-rich environment
created by the vacancies. The activated O2 reacts with CO to
form a carbonate, which decomposes to release CO2 and heal
the oxygen vacancy; thus, a catalytic cycle from CO to CO2 is
completed without direct participation of the Ir for providing
CO adsorption sites.

Along with the reaction mechanism, another important point
is the promoting role of H2. In accordance with the DRIFTS
study illustrated in Fig. 6, we found that the CO conversions
without the presence of H2 were significantly lower than those
under the PROX conditions (Fig. 9). One of the promoting
mechanisms of the oxidation of H2 to CO may be due to the
WGS reaction originating from the oxidation of H2 to H2O on
the basis of previous reports [6,7]. Consequently, we investi-
gated the WGS reaction over the Ir-CP-1.60 wt% catalyst using
a gas composition of 2% CO and 2% H2O balanced with He. As
shown in Fig. 9, the WGS reaction began at temperatures above
140 ◦C, and the CO conversion was only 10% at 220 ◦C. Thus,
we can conclude that the contribution from the WGS reaction
to CO oxidation was minor in the PROX reaction, which agrees
well with the effect of 5% H2O on the PROX activity (Fig. 2).
We also fed 2% H2O to the reacting gas for CO oxidation and
found that even a small amount of H2O had a significant promo-
Fig. 9. CO conversion as a function of reaction temperature over the Ir-CP-
1.60 wt% under different reaction conditions.

tional effect on CO oxidation. In fact, the presence of H2 and/or
H2O has been reported to enhance the rates of CO oxidation
on ceria-based catalysts [9,15,21]. In this case, we tentatively
attribute this promotion to the formation of bicarbonates (by
reaction of carbonates with OH and/or H2O), which decom-
pose at a higher rate than carbonates [42,43]. Under the PROX
conditions, the significant broadening above 1611 cm−1 may
imply the formation of bicarbonate [7], as shown clearly in
Fig. 6.

Finally, it should be kept in mind that our experimental
results do not provide absolute and incontrovertible evidence
of total encapsulation of the Ir species. The exposed Ir, even
in a very low concentration, would contribute to the reaction
through the Langmuir–Hinshelwood mechanism.

5. Conclusion

The redox-precipitation reaction between Irδ+ and Ce3+ oc-
curring during the CP procedure resulted in Ir particles becom-
ing embedded in the ceria matrix. The resulting Ir-in-ceria cata-
lyst exhibited a wide temperature window for producing a high
selectivity to CO2 and appeared to be a highly selective catalyst
for the PROX reaction. The desired selectivity was probably
due to the absence of extensively exposed Ir species on the ceria
support, allowing suppression of hydrogen oxidation at higher
temperatures. Our findings provide promising possibilities for
preparing improved ceria-based catalysts for the PROX reac-
tion.
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