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ABSTRACT: Preferential oxidation of CO (PROX) is an important reaction for
removing small amounts of CO to a parts-per-million level from the hydrogen-rich
stream, which will be ultimately supplied as a fuel to polymer−electrolyte membrane
fuel cells. The key to the application of PROX is to develop a highly active and
selective catalyst that operates well in a wide temperature window (e.g., 80−180 °C)
and has good resistance to CO2 and steam. In the past decades, various catalyst
formulations have been developed, among which platinum group metal catalysts,
including Pt, Ru, and Irin particular, those modified with promoters such as alkali
metals and reducible metal oxideshave received a great deal of attention for their
significantly improved catalytic activities in the low-temperature range. In this
minireview, the recent advances of the platinum group metal catalysts for the PROX
reaction are summarized, including performances of unpromoted and promoted
catalysts, reaction mechanisms, and kinetics. In addition, the important roles of hydroxyl groups in the PROX reaction are also
discussed.
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1. INTRODUCTION
The high demand for clean energy triggers the intensive
interest in fuel cell-powered systems for stationary and mobile
source applications. Among various types of fuel cells, the
polymer−electrolyte membrane fuel cell (PEMFC), which
operates typically around 80 °C with H+ as a charge carrier, has
been attracting much attention in the application to electric
vehicles or residential power generations. The PEMFC
possesses many attractive features, such as a low operating
temperature, sustained operation at high current density, low
weight, compactness, potential for low cost and volume, long
stack life, rapid start-up, and suitability to discontinuous
operation.1 The PEMFC utilizes hydrogen as a fuel, and
hydrogen is usually produced by autothermal reforming of
hydrocarbons or alcohols (fuel + O2 + H2O ↔ COx + H2),
where without water, it is partial oxidation, and without oxygen,
it is steam reforming and followed by the water gas shift
reaction (CO + H2O ↔ CO2 + H2) to eliminate most of the
CO.2−5

The typical composition of effluent gas from the water gas
shift reactor contains about 1% of CO in a large excess of H2.
However, the anode of PEMFC is prone to be poisoned by CO
at low temperatures, even in the presence of small amounts of
CO in the hydrogen stream.6,7 Thus, carbon monoxide should
be further removed to a trace level below 10 ppm.8 During the
past decade, great efforts have been put into the development
of advanced technologies toward the selective removal of CO
from H2-rich reformate while minimizing the loss of H2. Three
approaches, including Pd-membrane separation,9 catalytic
methanation,10 and preferential oxidation of CO in a large

excess of H2 stream (PROX),11,12 have been proposed and
investigated intensively. Among the three purification methods,
PROX appears to be the most promising one.
The PROX process involves two competitive reactions:

+ → Δ = −ΘHCO (1/2)O CO 283 kJ/mol2 2 298

+ → Δ = −ΘHH (1/2)O H O 242 kJ/mol2 2 2 298

Since the PROX operation unit is positioned between the
low-temperature shift reactor (∼200 °C) and the PEMFC
(∼80 °C), the catalyst for PROX should work between the two
temperatures for the efficient use of energy. Meanwhile, start-
up at low temperatures (e.g., room temperature) is also very
important for the transportation application of fuel cells. Thus,
an efficient PROX catalyst is required to exhibit good
performances over a wide temperature range.13

The first patent for the PROX catalyst was awarded to
Engelhard in the 1960s,14 in which supported Pt catalysts were
applied to purify the hydrogen for the application of ammonia
synthesis. Later on, various catalysts were developed, with the
aim of selectively removing CO while minimizing H2

consumption in a wide operation temperature window (e.g.,
80−180 °C) for the PEMFCs applications. According to the
active metal used, the catalysts can be classified into group VIII
metal catalysts (mainly platinium group metal cataysts, denoted
as PGM catalysts15−19) and group IB metal catalysts (Cu, Ag,
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and Au-based catalysts20−24). On the other hand, the support
materials have a great influence on the catalytic performance of
metals, and can be classified into “inert” and “active” supports.25

Figure 1 gives a conceptual comparison of different types of
metal catalysts for the PROX reaction. Supported gold catalysts

are famous for their exceptionally high activity in low-
temperature CO oxidation.26−32 However, for the PROX
reaction, there are very few gold catalysts that are able to
remove CO to below 10 ppm in the targeted temperature range
(e.g, 80−180 °C) because of the competitive oxidation of H2 at
elevated temperatures.33−40 In addition, the deactivation trend
of gold catalysts in a long operation term as well as their
sensitivity to the preparation procedure also limits practical
applications. In this context, supported gold catalysts may not
be the best candidates for PROX applications. On the other
hand, Cu-based catalysts, especially in combination with CeO2
and Fe2O3, are usually active only above 100 °C and exhibit
poor resistance toward water and CO2.

41−50 Therefore, the Cu-
based catalysts are also less attractive considering the practical
PROX applications, although they are cost-effective.
In comparison with Au- or Cu-based catalysts, PGM catalysts

(such as Pt, Ru, Ir, Rh catalysts)in particular, reducible metal
oxide-promoted Pt catalystsgive rise to very promising
performances in the reaction temperature range 60−150 °C,
as illustrated in Figure 1.51−55 In the past decade, there have
been intensive studies of the PROX reaction over promoted
PGMs, including searching for more effective promoters,
developing new advanced preparation methods, and clarifying
the underlying mechanisms as well as kinetic studies. Especially,
with the advancement of atomic resolution techniques as well
as of theoretical calculation methods, the identification of active
sites on the heterogeneous catalyst surface becomes possible. In
this minireview, we give a summary of the recent advances of
the PROX reaction over PGM catalysts, and the focus is put on
the catalytic performances and the mechanisms of the reducible
metal oxide-promoted PGM catalysts, since they have been
considered as one of the most promising candidates used for
practical hydrogen purification system connected to PEMFCs.

2. NONPROMOTED PGM CATALYSTS FOR THE PROX
REACTION

Monometallic PGM catalysts such as Pt, Ru, Rh, and Ir on inert
supports (named as nonpromoted PGM hereafter) usually give

very low activities at temperatures below 100 °C (see Figure 1).
Noticeable PROX activities were observed only above 120 °C
over these nonpromoted PGM catalysts.56−59 Oh and
Sinkevitch tested various PGM catalysts for the PROX reaction
and reported that Ru/Al2O3 and Rh/Al2O3 were active for CO
oxidation at 100 °C with a gas composition of 900 ppm CO,
800 ppm O2, and 0.85% H2 in N2.

18 Nevertheless, this reaction
condition is far from the practical application of PROX due to
the very low concentration of hydrogen.
The supported Ru catalysts were found to be sensitive to

preparation parameters such as Ru precursors, reducing agents,
and pretreatment conditions, which significantly affected the
activity and selectivity for the PROX reaction.60−70 Chin et al.60

prepared Ru/SiO2 and Ru/Al2O3 catalysts by incipient wetness
impregnation and observed that the use of a nitrate precursor
and hydrogen reduction treatment resulted in finely dispersed
Ru catalysts capable of completely eliminating CO in the
temperature range 120−150 °C for Ru/SiO2 and 160−180 °C
for Ru/Al2O3. In contrast, Ru catalysts prepared from RuCl3
precursor showed comparatively lower CO conversions, which
was ascribed to the selective blockage of the active sites by Cl−

or Cl−-induced structural rearrangements. Addition of H2O
essentially had no effect on the CO oxidation over Ru/SiO2,
whereas a slightly negative effect was observed with Ru/Al2O3.
On the other hand, the presence of CO2 suppresses the CO
oxidation over both catalysts at the high-temperature end.
Echigo’s group61−67 prepared Ru/Al2O3 by an impregnation

method and made a comparative study between the prereduced
and the nonreduced Ru catalysts. The result showed that over
the prereduced Ru catalyst, CO was removed to below 10 ppm
from the reformed gas between 85 and 170 °C at [O2]/[CO] =
1.5 and between 90 and 140 °C at [O2]/[CO] = 1.0,
respectively, which were much wider than that of the
nonreduced catalyst. Decreasing O2/CO molar ratio resulted
in an increasing outlet CO concentration and a narrow
temperatue window. Moreover, Ru/Al2O3 showed good
stability at 120 °C within 50 h in a reaction stream composed
of 0.5% CO, 20% CO2, 1.5% O2, 6% N2, 11% H2O, and the
balance H2.

62

Kim et al.71 prepared 0.5 wt % Ru/γ-Al2O3 and 5 wt % Ru/γ-
Al2O3 with a similar particle size distribution based on TEM
analysis and found that the latter catalyst with a smaller amount
of chemisorbed CO and O2 per Ru metal showed much better
PROX activity. In addition, Ru catalysts were reported to be
stable for more than 10 000 h during the CO removal
process.65,66

Han et al. reported that Ru/γ-Al2O3 showed excellent
stability over 1000 min at 150 °C in a reformate gas mixture (1
kPa CO, 1 kPa O2, 65 kPa H2, and 10 kPa H2O in CO2).

72 The
close correlation between the low-temperature PROX activity
and the percent of Ru0 was revealed by XPS study.63 The CO
conversion increased with an increase in the surface Ru0

percent at low temperatures, but the selectivity for CO
oxidation remained almost constant, regardless of the surface
Ru0 percent. It is supposed that the PROX activity of the Ru
catalyst at low temperatures is dominated by O2 activation on
Ru0, and the increase in the surface Ru0 percent by the H2/N2
reduction leads to the high activity of the activated Ru catalyst.
On the reduced Ru catalyst, two reactions contribute together
to the CO removal,68 including:

+ → +CO 3H CH H O2 4 2

Figure 1. Conceptual illustration of catalytic performances of different
types of catalysts for PROX reaction. For clarity, only the maximum
CO conversion and reaction temperature window are shown, while the
selectivity is not shown here.
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+ →CO (1/2)O CO2 2

In addition to the above two reactions, Echigo et al.62 also
found that adding CO2 into the feed mixture resulted in 100
ppm higher CH4 concentration at 160 °C than that in the
absence of CO2, and the difference is wider at a higher
temperature. Accordingly, the authors suggested that the
methanation of CO2 also occurred via the following reaction:

+ → +CO 4H CH 2H O2 2 4 2

Nevertheless, the contribution of this reaction is very small in
the low-temperature range (<180 °C).62−64 Similar conclusions
have also been drawn by Xu and Zhang.73

Specchia’s group74,75 prepared a series of Rh catalysts by an
incipient wetness impregnation method, including Rh catalysts
supported on A-type zeolites (3A, 4A, and 5A) Al2O3, TiO2,
and CeO2. The results of the PROX reaction under the realistic
conditions indicated that Rh catalysts supported on the
reducible supports, such as CeO2 and TiO2, were comparatively
less active at 80−120 °C than that on the inert supports. The
most suitable catalyst for application operating at a temperature
range compatible with the PEMFC is Rh-zeolite 3A. In contrast
with the pore sizes of 4A and 5A zeolite (4 Å and 5 Å,
respectively), the pore size of 3A zeolite (3 Å) was close to the
diameter of the CO2 molecules, which could make admittance
of CO2 into pores difficult and lower the CO2 concentration on
the active sites.
In addition, the different nature of the counterions, such as

K+, Na+, and Ca2+, may also have an effect on CO2 affinity with
the supports. Both effects relate to the enhancement of the
PROX activity and the inhibition of the CO2 methanation. It
has also been found that an increase in the O2 concentraion
widened the temperature window for 100% CO conversion.
The authors optimized the catalyst composition and the
reaction conditions and came to the conclusion that 0.5% Rh-
3A catalyst operating at λ = 2O2/CO = 3 could reach 100% CO
conversion in the temperature range from 80 to 120 °C at a
constant space velocity 0.66 N L min−1 gcat

−1, with no
appearance of undesirable side reactions and at a possibly more
acceptable cost for the reactor. In addition, the Rh catalyst
supported on a mixture support of Al2O3 and 3A zeolite was
also reported to be a promising candidate for the PROX
reaction.76

Ito et al.77,78 found that adding niobia to Rh catalysts
increased the activity and selectivity for the PROX reaction, and
the activity was as follows: Rh/Nb2O5 > Nb2O5−Rh/SiO2 >
Rh/SiO2 > RhNbO4/SiO2. Rh/Nb2O5 exhibited 100% CO
conversion at 100 °C in a feed mixture of 0.2% CO, 3% H2, and
1% O2 after reductin at 500 °C. Han et al.

79 made a comparison
among Rh/MgO, Ru/γ-Al2O3, and Pt/γ-Al2O3 catalysts in
idealized methanol reformate (1 kPa CO, 1 kPa O2, and 75 kPa
H2 in N2) and pointed out that the activity of Rh/MgO at 250
°C exceeded that of the other two catalysts at their optimum
temperatures by 2 orders of magnitude, indicating that Rh/
MgO was a more active catalyst at temperatures higher than
250 °C.
Alumina-supporting monometallic Pt catalysts are perhaps

the earliest studied catalysts, and typically, they have noticeable
PROX activities above 150 °C.80−82 Manasilp and Gulari56

prepared Pt/Al2O3 catalyst by a sol−gel method and observed
that 2% Pt/Al2O3 showed the maximum CO conversion (80%)
at 170 °C with a selectivity of ∼50%. Increasing the O2
concentration from 0.5 to 1.35% increased the CO conversion

from 40−50% to 100% between 130 and 150 °C and decreased
the selectivity from 55% to 35%. The presence of H2O
increased the activity over the whole temperature range of
110−190 °C by ∼10-fold, and the activation energy was found
to decrease from 74 to 37 kJ/mol after adding H2O. Om
contrast, the CO conversion decreased dramatically with the
addition of CO2 in the whole temperature range, and the
maximum CO conversion dropped from 80 to 65% after adding
CO2. On the other hand, Avgouropoulos et al.81 reported that
Pt/Al2O3 could maintain 100% CO conversion for ∼110 h at
100 °C in a reaction stream containing 1% CO, 1.25% O2, 50%
H2, 15% CO2, and the balance He. In addition, various zeolites
were also employed as supports for Pt catalysts, such as ZSM-
5,83 A type and X type zeolites,82,84 mordenite,80,84 and Y type
zeolite.85,86

Igarashi et al.84 prepared a series of Pt/zeolite catalysts by an
ion-exchange method, including Pt/A-zeolite, Pt/mordenite,
Pt/X-zeolite, and Pt/Al2O3, and found that the zeolite-
supported Pt catalysts exhibited a much higher selectivity
than the alumina-supported ones in feed gas containing a large
excess of hydrogen with the addition of a low concentration of
oxygen (nearly 100% at 0.05% O2). Pt/mordenite showed the
highest conversion of CO to CO2 among these catalysts, and
Pt/A-zeolite catalysts exhibited the highest selectivity with the
same CO conversion. In addition, a two-stage reactor was
developed to achieve 100% CO conversion at 200 °C on the
Pt/mordenite. The Pt catalysts supported on alkali metal-type
zeolites, such as NaY, NaX, Na mordenite, KL zeolite, NaZSM-
5, and Naβ zeolites were also claimed to be active for the
PROX catalyst.85

Recently, Sebastian et al.86 prepared different zeolitic material
(MOR, ZSM-5, FAU, and ETS-10)-supported Pt catalysts.
Among these catalysts, Pt/FAU had a larger pore size and
volume than the other three zeolites, which led to a higher Pt
dispersion. For Pt/ETS-10, Pt particles aggregated outside the
microporous structure, in accordance with a low Pt dispersion
and the low pore volume of ETS-10. Both Pt/FAU and Pt/
ETS-10 exhibited high activity and selectivity for the PROX
reaction when CO2 or H2O (or both) were also present in the
reaction atmosphere, but Pt/FAU was the only one that could
achieve 100% CO conversion below 180 °C.
By decreasing the oxygen content, both the selectivity and

the temperature required to achieve a given CO conversion
were increased on Pt/inert supports.82,83 For example, Ren and
Hong80 found that if the O2/CO decreased from 1.5 to 1, the
temperature window for the parts-per-million level operation
narrowed from 120−180 °C to 135−160 °C. Specchia’s group
prepared Pt-3A catalyst by an incipient wetness impregnation
method, which showed a better performance than that prepared
by an ion exchange method.87,88 With this catalyst, the
complete CO conversion and the maximum selectivity were
obtained at 264 °C at a space velocity of 536 000 h−1 in the gas
mixture, simulating water-gas shift (WGS) outlet composition
(37% H2, 5% H2O, 18% CO2, 0.5% CO, 0.75% O2, and the rest
He).87

From a more practical point of view, a structured catalyst
may be a better choice than a powdered one. Specchia’s
group89 deposited a mixed carrier of 3A-zeolite and γ-Al2O3-
supported Pt catalyst on the metal plates previously coated with
γ-Al2O3, and the catalyst achieved complete CO conversion in
the temperature range of 194−214 °C at GHSV = 2000 h−1 in a
synthetic gas mixture simulating the WGS outlet composition
(37% H2, 5% H2O, 18% CO2, 0.5−1% CO, and 1−2% O2 in
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He). Rh catalyst deposited on a microreactor could also
eliminate CO in a similar gas mixture in the temperature range
of 120−180 °C.90

Until now, it has been difficult to compare strictly the
activities of unpromoted PGM catalysts due to the broadly
varied reaction conditions and preparation procedures. Never-
theless, Ru/Al2O3 catalyst appears as the most promising one
for the PROX reaction among these catalysts on the basis of
real operation data. Supported Ru catalysts are distinguished
from other noble metal catalysts owing to their unique catalytic
activities for CO/CO2 methanation and reverse water gas shift
reactions, which will consume additional H2, accompanied by
the removal of CO. The simultaneous consumption of H2
reduces the scientific interest in developing this catalyst,
although both oxidation and hydrogenation can be accom-
plished with one catalyst, which can provide a widened
temperature range to achieve the acceptable CO removal.
Other unpromoted monometallic noble metal catalysts, such as
Rh, Pt, and Ir, were all suggested as bad candidates for the
PROX reaction because they showed low activities at
temperatures ranging from 80 to 120 °C (the operating
temperature of PEMFCs) and low selectivities to CO2 at higher
temperatures. Over these catalysts, the use of a large excess of
oxygen (λ ≥ 3) was essential to achieve a 100% CO conversion,
which would decrease the CO2 selectivity and complicate the
operation; therefore, the unpromoted PGM catalysts were not
promising candidates for the PROX reaction. To increase the
activities of the PGM catalysts at low reaction temperatures,
promoters must be added. Here, the promoters indicate
reducible metal oxides, alkali metal cations, or the second
noble metal component, all of which have a remarkably
promoting effect on the low-temperature activities of the PGM
catalysts. The following part will focus on these promoted
PGM catalysts.

3. PROMOTED PGM CATALYSTS FOR THE PROX
REACTION

The conceptual illustration of Figure 1 clearly shows PGM
catalysts modified by promoters exhibit greatly enhanced
PROX activities in the operating temperature range of
PEMFCs. To date, various promoters have been investigated,
including reducible metal oxides either as the promoters or as
the supports, the second noble metal that can form different
bimetallic structures with the first PGMs, and alkali or alkali
earth metal cations.
3.1. Bimetallic PGM Catalysts. Over the past few years,

bimetallic catalysts have attracted much attention owing to their
tunable chemical compositions and nanostructures, which in
turn greatly affect the catalytic performances.91−98 In particular,
with the advancement in the synthesis of colloid metal
nanoparticles, the size, morphology, and structure of bimetallic
nanoparticles have become controllable to some extent,99−102

which provides great opportunity for the development of high-
performance bimetallic nanocatalysts. According to Eichhorn et
al., the nanostructure of the bimetallic particles can be divided
into core−shell, alloy, and linked monometallic nanopar-
ticles.103 Nevertheless, one must keep in mind that these
structures may not be stable during the reaction, and some
structural changes induced by the temperature and atmos-
phere97,104 often occur, as illustrated in Figure 2. Therefore, in
situ techniques must be employed in identifying the active sites.
Pt−Ru catalysts supported on alumina,105 silica,106 and

mordenite107 were reported to be superior to the monometallic

Pt catalyst. Pt−Ru/Al2O3, which was prepared by an
impregnation method, showed 99% CO conversion and 62%
selectivity at 100 °C, with a feed composition of 35% H2, 17%
CO2, 28% N2, 17% H2O, 1% CO, and air as the oxidant, and by
using a multistaged reactor system.105 Chin et al.106 prepared a
Pt−Ru/SiO2 catalyst by an incipient wetness coimpregnation
method with a Ru/Pt atomic ratio of ∼2:1. The pretreatment of
the Pt−Ru/SiO2 catalyst by O2/H2 exhibited an activity
between Pt/SiO2 and Ru/SiO2, whereas the pretreatment by
H2 resulted in a PROX activity similar to that of Ru/SiO2. The
prereduced Pt−Ru/SiO2 by H2 showed 100% CO conversion
in the temperature range of 120−160 °C with 0.5% CO, 0.5%
O2, 45% H2 in N2.
Igarashi et al.107 found that Pt−Ru/mordenite with a Pt/Ru

atomic ratio of 2:1 showed 90% CO conversion and 90% CO2
selectivity at 150 °C, with the gas mixture composed of 1% CO
and 0.5% O2 in H2. Naknam et al.108 also used a incipient
wetness coimpregnation method to prepare Pt−Au/zeolite-A
catalyst with a Pt/Au atomic ratio of 2. In this catalyst, Pt and
Au appeared to be in separate phases. The Pt−Au catalyst has
been found to be more active than the monometallic Pt
catalyst, on which the temperature of 100% CO conversion has
been shifted approximately 50 °C to a lower temperature.
Furthermore, it was found that the Pt−Au catalyst exhibited
good stability even in the presence of CO2 and H2O.
Parinyaswan et al.109 prepared Pt−Pd/CeO2 catalysts using a

sol−gel method and found that the most active catalyst had a
composition of Pt/Pd = 1/7. This catalyst showed ∼76% CO
conversion at 90−110 °C, with a feed composition of 1% CO,
1% O2, 4% CO2, and 40% H2 in He. However, CO conversion
could be increased to ∼99% at 90 °C by increasing the O2
concentraion to 2%. In addition, adding 10% H2O in the feed
gas could also increase the CO conversion to 85%. In contrast,
CO2 was reported to exert a detrimental effect on CO
conversion. Increasing CO2 concentration from 4% to 25%
resulted in a decrease in the CO conversion from 76% to 50%.
Eichhorn and co-workers103,110 reported a series of nano-

particle (NP) catalysts made of a transition metal core (M =
Ru, Rh, Ir, Pd, or Au) covered with a 1−2-monolayer-thick
shell of Pt atoms. These catalysts were synthesized by using a

Figure 2. Different bimetallic structures and the possible trans-
formations induced by pretreatment and reaction conditions. One
metal is black and the other is red.
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sequential polyol process. The core nanoparticles were first
synthesized by reducing the corresponding metal precursors in
refluxing glycol in the presence of polyvinylpyrrolidone
stabilizer, and then the resulting core nanoparticles were
coated with Pt through adding PtCl2 to the core metal colloid.
This synthesis procedure produced a PGM@Pt core−shell
structure. Among the studied systems, Ru@Pt core−shell NPs
exhibited significantly higher activity for the PROX reaction
when compared with monometallic mixtures and bulk non-
segregated bimetallic nanoalloys. The best Ru@Pt catalyst
showed a 100% CO conversion below 20 °C (0.1% CO and
0.5% O2 in H2) and good stability.
3.2. Reducible Metal Oxide-Promoted PGM Catalysts.

Noble metals promoted with reducible metal oxides (denoted
as MOx hereafter) showed remarkable low-temperature
activities in the PROX reaction. Among the reducible metal
oxides, iron oxide is the most intensively studied promoter for
noble metal catalysts owing to its outstanding promotional
effect, especially in the temperature range 80−120 °C.
The work of Korotkikh and Farrauto51 appears to be the first

published study of supported PtFe catalysts for the PROX
reaction. They found that with iron oxide promotion, CO
conversion at 90 °C was increased significantly from 13.2% to
68.0% with a stoichiometric O2/CO ratio and a pretty high
weight hourly space velocity (WHSV = 150 000 L g−1 h−1), but
the selectivity remained relatively constant. Thereafter, many
researchers studied the PtFe catalysts supported on zeolites,
Al2O3 and SiO2.
Watanabe et al.52 developed a new Pt−Fe/mordenite catalyst

by an ion-exchange method, and the activity of this catalyst was
far superior to conventional Pt/Al2O3 and Pt/mordenite
catalysts. A complete removal of CO with 100% selectivity
was achieved by the addition of a stoichiometric amount of O2
from a simulated reformate at 80−150 °C with a high gas
hourly space velocity (GHSV = ∼80 000 h−1). Among various
Pt/Fe ratios on a variety of zeolites, 4 wt % Pt−2 wt % Fe/
mordenite gave the best activity and selectivity.52 The Pt−Fe/
mordenite catalyst could maintain 100% CO conversion for
more than 20 h, even in the presence of CO2 and H2O.

54

Furthermore, supported PtFe catalysts could be washcoated on
ceramic straight-channel monoliths111,112 and metal
foams.113,114 Watanabe’s group coated Pt−Fe/mordenite
catalysts on ceramic straight-channel monoliths and demon-
strated that the catalysts could achieve the 10-ppm target level
at a low O2/CO ratio (O2/CO = 1) in a single-stage reactor. In
addition, this catalyst exhibited excellent durability, since no
deterioration in performance was observed during 500 h of
operation.111

Bao’s group115 prepared a nanosized silica-supported PtFe
catalyst, in which nanosized silica support was first function-
alized with (3-aminopropyl)triethanoxysilane (APTES) fol-
lowed by sequential deposition of Pt and Fe precursors. This
synthesis procedure produced a structure with Fe patches on
the surface of Pt particles. The resultant catalyst (4% Pt and
0.5% Fe) gave very high activity and selectivity for the PROX
reaction with 100% CO conversion and 100% CO2 selectivity at
RT with a GHSV of 36 000 h−1. Even at 80 °C, the CO
conversion and CO2 selectivity attained ∼95%. More
interesting, this catalyst showed 92% CO conversion and
excellent stability under realistic PEMFC conditions when a
considerable amount of CO2 and H2O was present. Under
slight excess O2 conditions, the CO can be removed, even to 1
ppm. With this catalyst assembled into a 1 kW PEMFC

working system, the cell performance remained stable for more
than 900 h, which is in contrast to the deactivation after 30 min
without the Pt−Fe catalyst.
Different from the above work in which Fe is added as a

promoter in a small amount, our group used iron oxide directly
as the support for the Pt catalyst. Surprisingly, at a low Pt
loading (0.17 wt %), all the Pt species were dispersed as single
atoms.116 Aberration-corrected high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
and extended X-ray absorption fine structure (EXAFS)
characterizations provide unambiguous evidence that Pt exists
exclusively as single atoms on the whole catalyst without the
presence of any clusters or particles. PROX activity tests
showed that the single-atom catalyst Pt1/FeOx is 2−3 times
more active than the cluster-sized catalyst, giving CO
conversion of more than 95% at 80 °C at an extremely high
GHSV of 11 000 000 mL gPt

−1 h−1. More interesting, this
single-atom catalyst was rather stable in a 1000 min run at 80
°C, without any sintering or agglomeration. This unprece-
dented high activity of Pt single atoms supported on FeOx has
an important implication of developing low-cost but highly
active PROX catalysts.
The above iron oxide-promoted or -supported Pt catalysts

were all prepared by simple impregnation, coprecipitation, or
the ion-exchange method. An alternative approach to this type
of catalysts is to use the colloid Pt−Fe bimetallic nanoparticles
as precursors to get an improved interaction between Pt and
Fe. Shen’s group117 prepared colloid Pt−Fe bimetallic nano-
particles using a modified polylol method in which the Pt
nanoparticles first were obtained and then acted as crystal
nuclei for deposition of Fe. The as-prepared nanoparticles were
deposited onto an Al2O3 support. It was found that the Pt−
3Fe/Al2O3 gave a CO conversion of 99% and CO2 selectivity of
98% at 30−80 °C at a GHSV of 10 000 h−1 and was stable at 80
°C within 50 h.117 Our group also reported Pt−Fe/Al2O3
catalysts prepared with Pt(acac)2 and Fe(acac)3 as precursors
and ethylene glycol as a soft reducing agent in Ar, which
showed improved PROX activity over Pt/Al2O3.

118 Siani et
al.119 developed a cluster-derived PtFe/SiO2 catalyst by using
PtFe2(COD)(CO)8 and Pt5Fe2(COD)2(CO)12 organometallic
cluster precursors. Compared with PtFe/SiO2 prepared by
conventional impregnation procedure, the cluster-derived
catalysts possessed a high degree of metal dispersion and
more homogeneous mixing of Pt and Fe and were therefore
more active for the PROX reaction. However, this catalyst
showed a slow deactivation during the PROX reaction.
In addition to iron oxide, other reducible oxides have also

proved to be effective promoters for noble metal-catalyzed
PROX reaction. For example, CeO2-

120−125 as well as
CexZr(1−x)O2-

126−128 supported Pt catalysts were reported to
be much more active than the Pt/Al2O3 catalyst in the low
temperature range (60−100 °C). However, a complete
conversion of CO was achieved only with an excess amount
of O2, which caused additional consumption of H2. Thus, CO2
selectivity is rather low at a total conversion of CO over CeO2-
supported Pt catalysts.
Sn was also reported to be an effective promoter for the Pt-

catalyzed PROX reaction.129−134 The carbon-supported Pt3Sn
catalyst showed lower activation energy for CO oxidation than
that for H2 oxidation, whereas Pt/Al2O3 catalyst had similar
activation energies for both reactions that are larger than that
on Pt3Sn catalysts.129 The influence of Sn was remarkable,
increasing the catalytic activity of Pt atoms by 1 order of
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magnitude. Furthermore, the presence of hydrogen was found
to promote the rate of CO oxidation.130,131 Pt supported on
Nb2O5 catalysts presented higher activity than Pt/Al2O3 or
PtSn/Al2O3 in the PROX reaction at low temperatures, but
with a lower CO2 selectivity.

132

Both Co and Cu can form intermetallic compounds (IMCs)
with Pt. Komatsu and Tamura reported that Pt3Co and PtCu
IMCs supported on silica functioned as active catalysts for
PROX in the temperature range of 100−180 °C.135 The Pt3Co
catalyst was more selective than PtCu for CO2 formation.
Characterizations suggested that the formation of IMCs
induced elongation of the Pt−Pt bond distance and electron
transfer from Pt to Co or Cu; both effects weakened CO
adsorption and therefore increased the low-temperature
activity.
The promotional role of Co was also found in other

supported Pt catalysts, such as Pt−Co/TiO2
136 and Pt−Co/

Al2O3.
137 In particular, Pt−Co/YSZ (yttria-stabilized zirconia)

with Pt/Co = 1/5 (0.5 wt % Pt) exhibited the best performance
among various Pt−Co catalysts, which could reduce the CO
concentration to below 10 ppm in the temperature range of
110−150 °C, even under practical conditions (containing both
CO2 and H2O in the inlet gas).138 Similar to the Pt−Co
catalysts, Pt−Ni catalysts supported on Al2O3 or CNT (carbon
nanotube) were also active and selective at low temperatures
for the PROX reaction.139−142 The maximum CO conversion
could be obtained at 75 °C on Pt−Ni/CNTs, with the
selectivity ∼50% in 1% CO, 1% O2, 50% H2, and N2 (WHSV =
48 000 mL gcat

−1 h−1). In addition, Pt−Ni/CNTs could
maintain 100% CO conversion for ∼31 h in the absence of
CO2 and H2O at 115 °C.141 Surface science studies showed
that the synergy arose from a sandwich structure consisting of
surface Ni oxide nanoislands and subsurface Ni atoms at a Pt
surface. The surface Ni oxide nanoislands activate O2 to
produce atomic O, and the subsurface Ni atoms promote the
elementary reaction between CO and O.142

In contrast to the extensive studies on the Pt-based catalysts,
Ir catalysts received less attention, probably because of their
inferior activity. Recently, effective supported Ir catalysts have
been prepared. Okumura et al.15 prepared Ir/TiO2 catalysts by
deposition-precipitation and impregnation, both of which were
proved to be active for CO oxidation after pretreatment in a
stream of 20% H2 in Ar at 250 °C for 1 h. These catalysts
showed 100% CO conversion at room temperature with 1%
CO in air at a space velocity of 20 000 mL gcat

−1 h−1. Mariño
and co-workers120 were the first to report Ir/CeO2 as an active
catalyst for the PROX reaction. They used an expensive
chlorine-free Ir precursor, Ir[CH(COCH3)2]3, instead of
inexpensive and easily available H2IrCl6 in the preparation of
Ir/CeO2 and Ir/CexZr(1−x)O2 by means of impregnation.
Ceria−zirconia-supported Ir and Pt catalysts showed a similar
behavior; the same trends were observed for both catalysts, and
a maximum appeared at ∼100 °C in the evolution of the CO
conversion as a function of temperature, although the Ir catalyst
was slightly less active than the Pt catalysts.
Our group performed an intensive study of Ir catalysts for

thePROX reaction, including CeO2-supporting Ir cata-
lysts,143−149 and Al2O3- and SiO2-supporting Ir catalysts
promoted with FeOx.

150−155 It was found that deposition−
precipitation (DP) with either NaOH or urea as the
precipitation agent yielded highly active Ir/CeO2 catalysts,
whereas impregnation with Cl-containing precursor (H2IrCl6)
gave a rather poor catalyst.144 The underlying reason is that the

formation of Ce−O−Cl species inhibits the mobility of surface
oxygen in the CeO2 support. Among various supports
investigated (CeO2, TiO2, Al2O3, and MgO), only CeO2-
supporting Ir catalysts were active for the low-temperature
PROX reaction; the maximum CO conversion of ∼70% was
obtained at 80 °C with a stoichiometric ratio of CO/O2 at a
GHSV of 40 000 h−1.143,144

Since most of the Ir particles are on the surface of the CeO2
support when a DP procedure is employed to produce the Ir/
CeO2 catalyst (denoted as Ir-on-CeO2), this Ir-on-CeO2
catalyst will be less selective for CO oxidation due to the
competitive H2 oxidation occurring on the exposed Ir surfaces.
Therefore, we developed a new Ir-in-ceria catalyst in which
most of the iridium particles are embedded in the ceria matrix
through the redox reaction between Ce3+ and Ir4+ during
coprecipitation.145 The most attractive feature of this Ir-in-
CeO2 catalyst is the almost unchanged selectivity (over 70%)
for CO oxidation over a wide temperature window (80−180
°C). Due to the absence of extensively exposed Ir species on
the surface of the Ir-in-CeO2 catalyst, H2 oxidation occurring
on the Ir species and the ceria support at high temperatures was
significantly suppressed, thus keeping a high selectivity for CO
oxidation, even at elevated temperatures. Making use of the
different features of the two Ir/CeO2 catalysts, we developed a
dual bed system with the top Ir-in-CeO2 and the bottom Ir-on-
CeO2.

146 This dual bed system is unique in affording a high CO
conversion in a wide temperature window, from 80 to 200 °C,
which is superior to a single bed catalyst.
In addition to Ir/CeO2 catalysts, we also developed iron

oxide-promoted Ir/Al2O3
150,151 and Ir/SiO2

152−156 catalysts
that were prepared by a simple impregnation method using
H2IrCl6 and Fe(NO3)3 as the precursors. Similar to the iron
oxide-promoted Pt catalysts, the Ir−Fe/Al2O3 and Ir−Fe/SiO2
were also significantly more active than the nonpromoted
counterparts for the low-temperature PROX. The IrFe catalyst
showed a maximum CO conversion of ∼90% and CO2
selectivity of ∼90% at 80 °C in 2% CO, 1% O2, and 40% H2
in He at a GHSV of 40 000 h−1. Moreover, the impregnation
sequence of Ir and Fe remarkably affected the activity;
coimpregnation gave the best performance.150−153 Interestingly,
when we directly used Fe(OH)x as a support of Ir rather than
as a promoter, the resulting catalyst exhibited an even higher
activity in the PROX reaction.156 CO conversion reached 100%
at 20−40 °C on Ir/Fe(OH)x catalyst with a feed gas
composition of 1% CO, 1% O2, and 40% H2 in He and a
WHSV of 18 000 mL gcat

−1 h−1. The calculated turnover
frequency of the Ir/Fe(OH)x catalyst was at least 1 order of
magnitude higher than other reported PGM catalyst systems.

3.3. Alkali Metal-Promoted PGM Catalysts. It was found
that the addition of a suitable amount of alkali (Li, Na, K, Rb,
Cs) or alkali earth metals (Mg) to the precious metal catalysts
led to a significant increase in the PROX activity and
selectivity.157−163 Among various additives, the promotional
effect of K is most remarkable. It was reported that when the
atomic ratio of K/Pt = 10/1, the K−Pt/Al2O3 was 20 times as
active as that of Pt/Al2O3 for the PROX reaction at 80 °C and
was able to decrease the CO concentration below 10 ppm in
the range of 100−140 °C.158 Interestingly, it seems that the
promotional effect of K is more pronounced on the inert-oxide-
supported Pt catalysts than that on the reducible-oxide-
supported ones. Tanaka et al.162 observed that K−Pt/Al2O3
and K−Pt/SiO2 exhibited a much higher CO conversion and
CO2 selectivity than K−Pt/ZrO2, K−Pt/Nb2O5, and K−Pt/
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TiO2, and the high performance on the former catalysts was
temporarily ascribed to the high BET surface areas of Al2O3 and
SiO2. In addition, adding H2 or increasing the O2 concentraion
in the feed could enhance the CO oxidation rate much more
dramatically on K−Pt/Al2O3 than Pt/Al2O3. The promotional
role of H2 has also been claimed on M−Pt/Al2O3 (M = Cs, Rb,
Na, and Li);159,161 however, the CO2 selectivity on K−Pt
catalyst declined slightly with an increase in the O2
concentration in the feed.162

4. MECHANISTIC AND KINETIC STUDIES
4.1. The Mechanism of PROX on the Nonpromoted

PGM Catalysts. For the PROX reaction occurring on the
nonpromoted PGM catalysts, there is a competitive adsorption
on the same active sites between O2, CO, and H2. At low
temperatures, the surface is covered predominantly with
adsorbed CO, whereas O2 and H2 can be adsorbed on the
surface at high temperatures only when the desorption of CO
becomes obvious (Figure 3a). Therefore, the desorption of CO

from the surface or the adsorption of O2 is proposed as the
rate-determining step on the nonpromoted PGM catalysts. As
indicated in much of the literature,19,164−166 the kinetics of the
PROX reaction over Al2O3-supported noble metal catalysts can
be expressed by a simple power-law rate equation:

= − α βr A E RT P Pexp( / )a CO O2

where r is the reaction rate; A is the exponential factor; Ea is the
activation energy; and α and β are the reaction orders for CO
and O2 pressures, respectively.
The apparent activation energy is found to be in the range of

70−100 kJ/mol at temperatures up to 200 °C, increasing at
higher temperatures and CO partial pressures. The reaction
orders are found to be negative for the CO partial pressure and
positive for the oxygen partial pressure, respectively. These

kinetics are consistent with a Langmuir−Hinshelwood reaction
mechanism in the low-rate branch,165,167 on a surface
predominantly covered with adsorbed CO. Such a competitive
Langmuir−Hinshelwood reaction mechanism well predicts the
low activity of noble metals at low temperatures owing to the
inhibiting effect of CO adlayer on the O2 adsorption. Increasing
temperatures leads to the desorption of CO so that O2 can be
adsorbed and activated on the surface of noble metals.
Therefore, to reach the goal of removing CO in H2, it is

paramount to weaken the adsorption of CO on the surface of
the noble metals. There are various approaches to make the CO
adsorption weakened. For example, by changing the crystalline
phase of γ-Al2O3 to α-Al2O3,

69 it was found that the adsorption
of CO on Ru/α-Al2O3 was greatly weakened, which imparted
to Ru/α-Al2O3 the highest activity for CO oxidation among the
tested catalysts, especially at low temperatures, irrespective of
the presence of H2. It can reduce a high inlet concentration of
CO to <10 ppm, even in the presence of H2O and CO2 over a
wide temperature range. On the other hand, the strength of the
CO adsorption is closely related to the particle sizes; it
decreases with increasing the particle size, which results in the
activity for CO oxidation being inversely proportional to the
particle size of noble metals.168−172 The particle size of the
catalysts could be tuned by calcination temperature and
duration. The activation energy for the CO oxidation reaction
was observed to decrease with increasing particle size.168 The
reaction orders with respect to oxygen partial pressures increase
with increasing particle size, indicating a higher dependence of
the reaction kinetics on the oxygen partial pressure on larger
particles. The CO adsorption can also be weakened by forming
bimetallic catalysts.173 DFT studies suggest that the relative
differences in the catalytic activities for the various core−shell
M@Pt (M = Ru, Rh, Ir, Pd, or Au) NPs originate partially from
the relative availability of CO-free Pt surface sites on the M@Pt
NPs, which are necessary for O2 activation.

103,110 In addition, it
was suggested that the presence of H2 in the reactant gas
mixture enhanced dramatically the PROX reaction rate on Pt/
NaY and Pt/Al2O3 catalysts, which could be partially ascribed
to the interaction between COad and Had or the competitive
adsorption between H2 and CO that weakened the adsorption
of CO on the surface of noble metals.165,167,174

4.2. The Mechanism of PROX on the Promoted PGM
Catalysts. For MOx-promoted PGM catalysts, the widely
accepted mechanism is the noncompetitive Langmuir−Hinshel-
wood mechanism in which CO adsorbed on the noble metal
sites reacts with O provided by MOx at the interface of the
noble metal and MOx (Figure 3b). In this mechanism, the
adsorption and activation of O2 is no longer a rate-determing
step.53,129,175 The kinetics of the PROX reaction over this kind
of catalysts can also be expressed by the same power-law rate
equation as shown in section 4.1. Ea was found to be
comparatively smaller than that on the nonpromoted PGM
catalysts, which was in the range of 5−44 kJ/mol.129,155,156 The
reaction order was found to be positive for CO partial pressures
on IrFe catalyst,155 implying that the poisonous effect of CO is
eliminated by introducing promoters.
On the other hand, since the MOx is easily reduced at the

reaction temperature with the aid of PGMs, the Mars−van
Krevelen mechanism (also called the redox mechanism) was
also proposed in which the surface lattice oxygen directly
participates in the reaction for CO oxidation (Figure 3c);145 for
example, on Ir-in-CeO2

145 catalyst in which the iridium
particles embedded in the ceria matrix and interacting strongly

Figure 3. Different reaction pathways of PROX: (a) competitive
Langmuir−Hinshelwood mechanism over nonpromoted PGM cata-
lysts, (b) noncompetitive Langmuir−Hinshelwood mechanism over
promoted PGM catalysts, and (c) Mars−van Krevelen mechanism
over promoted PGM catalysts.
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with the ceria support could weaken the surface Ce−O bonds
and facilitate the formation of more reducible oxygen. 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 role of gas-phase
oxygen is limited to the regeneration of reduced ceria sites. 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 noble metals for providing CO adsorption sites.
By applying temporal analysis of products reactor measure-

ments from 80 to 400 °C, Behm’s group investigated the CO
oxidation over MOx-supported gold catalysts in detail and
proposed a gold-assisted Mars−van Krevelen mechanism.176,177

In this mechanism, the surface lattice oxygen of the support can
be removed and replenished with the aid of gold, and the active
oxygen species for CO oxidation are the surface lattice oxygen
at the perimeter of the gold NPs on the support. Although the
evidence for the Mars−van Krevelen mechanism were provided
for the MOx-supported gold catalyst system, a similar
mechanism may be applicable to MOx-supported PGM
catalysts, considering that PGM NPs resemble gold NPs in
promoting the reduction of MOx support at a significantly
decreased temperature. Actually, we have recently found that
FeOx-supported Pt and Pd catalysts also followed the noble
metal-assisted Mars−van Krevelen mechanism in the PROX
reaction.
Nevertheless, it must be kept in mind that various types of

mechanisms may work together for some catalyst systems,
depending on the reaction temperature.178 For example, four
types of reaction mechanisms were suggested to be present
simutanously for Pt/CeZrOx catalysts:128 (i) a competitive
Langmuir−Hinshelwood mechanism on the Pt particles; (ii) a
noncompetitive Langmuir−Hinshelwood mechanism on the
interface of Pt and CeZrOx, which was predominant at 90−130
°C; (iii) a hydrogen oxidation on the CeZrOx support; and (iv)
a water-gas-shift reaction at high temperatures.
The presence of MOx not only provides reactive oxygen but

also weakens the adsorption of CO on the noble metal sites due
to the strong interaction between the noble metals and the
MOx.

175 For PtFe or IrFe catalysts, FTIR, TPR, and TPD data
showed that CO coverage and CO bond strength on Pt or Ir
were lowered significantly by the addition of FeOx.

116,119,175,179

The FeOx is proposed to be located on the surface of noble
metal particles, blocking some of the noble metal surface and,
consequently, decreasing the amount of CO adsorbed. In
addition, the bridged CO is proposed to be more reactive than
the linearly bonded CO with respect to O2 on FeOx/Pt/
TiO2.

180 According to FTIR results, the addition of alkali
metals to a Pt single metal catalyst gave the bridge and 3-fold
CO, thus weakened the adsorption of CO and enhanced the
activity for CO oxidation.160 Nevertheless, it cannot be
concluded that “the weaker the CO adsorption is, the higher
the activity or selectivity is”. It was reported that the easier CO
desorption from the niobia-promoted Pt catalyst resulted in
lowering in the selectivity for CO oxidation, since the sites
released by CO desorption accelerated the H2 oxidation
reaction.132 For Rh/Nb2O5 catalyst, although the chemisorp-
tion ability toward CO changed drastically by the strong
metal−support interactions induced by the calcination or
reduction treatments, no direct correlation between the CO

chemisorption ability and the activity and selectivity has been
found.77,78

When the reducible metal oxide is used as a promoter rather
than as a support, it is usually highly dispersed together with
the noble metal components on an inert support. HRTEM in
combination with EDX reveals the noble metal is intimately
contacting with the reducible metal oxide, which results in an
enhanced interaction between them, thus giving a high activity
for the PROX reaction.119,179 For the alloy catalyst systems
such as Pt−Fe, Pt−Co, Pt−Ni, and Pt−Sn, although the alloy
phase is formed during the synthesis or the prereduction
treatment of the catalyst, it will segregate into the intimately
contacted noble metal and MOx in the PROX reaction
conditions,141,181 as shown in Figure 2. For example, the
formation of FeIr alloy was observed after the reduction in H2,
whereas the alloy phase was oxidized and segregated into Fe2+

and metallic Ir after the treatment in the PROX gas mixture.154

A similar phenomenon was also observed for PtSn181 and
PtNi139−142 catalysts. The entity PGM−MOx which is derived
from the PGM−M alloy, functions as the dual active sites
where CO adsorbed on PGM reacts with the active oxygen
provided by MOx at the interface. The maximized interface due
to the greatly reduced sizes of both PGM and MOx and the
strong interaction yielded by the alloy precursor are responsible
for the enhanced activity for PROX;141 however, the synergistic
effect between PGM and M appears to be limited to the case of
inert support. For the active support such as Nb2O5,

132 the
addition of tin induces the Pt−Sn alloy formation, but the
bimetallic interaction was partially suppressed by the niobia
support while the Pt−Nb2O5 interaction was suppressed by the
addition of Sn. In such a case, adding Sn has a negative effect
on the activity of Pt/Nb2O5 catalyst.
In addition to the strong interaction between noble metals

and reducible metal oxides, maintaining the reducible metal
oxides at a low valence is also very important for keeping a high
activity for CO oxidation because the low-valence metal oxides
function as the sites for activating O2. The presence of a large
excess amount of H2 in the PROX atmosphere plays a key role
in maintaining the metal oxide at a low valence state. A
commonly observed phenomenon in the PGM−MOx catalyst
systems is that the activity decreases with time on-stream in CO
oxidation while it is stable in the PROX atmosphere.
Isotopic transient kinetic analysis revealed that the

reoxidation of Fe, instead of carbon accumulation, was
responsible for the activity loss of PtFe catalyst in CO
oxidation.182 According to the XANES analysis,55 Fe sites exist
dominantly as FeO phase during the PROX reaction. We have
used a combination of quasi in situ Mössbauer spectroscopy, in
situ DRIFTS, and microcalorimetry to study systematically the
oxidation state of Fe as a function of H2 concentration for the
PROX reaction over Ir−Fe catalysts.154 The Fe3+ in the Ir−Fe/
SiO2 catalyst is easily reduced to low-valence Fen+ (2 < n < 3),
Fe0, Fe2+, and FeIr alloy with the aid of Ir, and the reduced Fe
species are also easily oxidized upon exposure to oxygen.
Upon exposure to the PROX reaction gas mixture, the

reduced catalyst turned into a real active catalyst that contained
only three Fe species: Fe3+, Fe2+, and Fe0. It was found that the
promotional role of Fe was associated with the presence of H2,
and the relative amount of Fe2+ increased with increasing the
H2 concentration in the reaction stream.154 This is very
consistent with the trend of reaction rate for CO oxidation,
strongly suggesting that Fe2+ was the active site for oxygen
activation. On the other hand, about half the amount of Fe0 in
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the reduced Ir−Fe catalyst remained intact during the PROX
reaction, implying that Fe0 is probably encapsulated by iron
oxide and does not play the part of activating O2 in the PROX
reaction. Moreover, by means of changing the deposition
sequence of Ir and Fe, the amount of active Fe2+ species in the
catalyst could be tuned, and consequently, the activity of the
PROX reaction was altered. The IrFe catalyst prepared by
coimpregnation contained more Fe2+ and gave a better
performance for the PROX reaction.153 The important role
of Fe2+ is further confirmed by surface science and theoretical
studies.115 Similar to the low-valence FeOx in Pt−Fe or Ir−Fe
catalyst systems, SnOx islands adjacent to the PtSn particles are
also proposed as the active sites for O2 activation.

129

4.3. The Roles of the OH Group. The mechanism of
PROX is often assumed as the competitive reaction of CO and
H with O. In this assumption, the presence of H2 will impose
the only negative effect of decreasing the selectivity of CO
oxidation. This is the actual case at high temperatures.
However, the presence of H2 is observed to have a remarkable
enhancement for the low-temperature CO oxidation. More-
over, this effect is much more pronounced when a reducible
oxide or an alkali promoter is present. Obviously, this
promotional effect cannot be explained by the above
competitive reaction mode. To give an insightful understanding
of the effect of H2 or H2O, both the kinetic and theoretical
calculations have been conducted, and various reaction
mechanisms have been proposed accordingly.183−186

By investigating the dynamics of the intermediates for low-
temperature PROX over FeOx/Pt/TiO2 and Pt/carbons with in
situ DRIFT technique,184−187 Tanaka et al. proposed that
hydroxyl groups participate directly in the CO oxidation
reaction through the following pathway:

+ → +−CO(a) OH HCOO e

+ + →+O e H OH

+ → +HCOO OH CO H O2 2

In this mechanism, the reaction between the formate (HCOO)
and hydroxyl groups is regarded as the rate-determining step.
In the absence of hydroxyl groups on the support surface, the

hydroxyl groups can be produced by the reaction between H2
and O2 via the following pathway:188

+ * → *O H HO2 2

* → * + *HO O OH2

This route is also called H-assisted O2 dissociation, which
explains well the promotional effect of H2 on the CO oxidation
over Ru@Pt core−shell nanoparticles.103,110
For some catalysts, the carboxyl (COOH) intermediates are

proposed to play an important role in the PROX reaction.
Microkinetic studies of CO oxidation, the water-gas shift
reaction, and the PROX reaction on Pt and Rh catalysts reveal
that the CO + O reaction in WGS and PROX reactions is slow,
and additional CO−H2 coupling reactions, including the
carboxyl and hydroxyl intermediates as well as H2O, are crucial
steps for these processes.189,190 Furthermore, CO−H2 coupling
via CO + OH reaction may involve a direct CO2 formation as
well as an indirect pathway via the formate or carboxyl
intermediate for these catalysts.189 The direct oxidation path
dominates over the indirect path in the water-promoted CO

oxidation, whereas the indirect carboxyl path plays a vital role in
the WGS and PROX simulations:190

* + * → * + *CO OH COOH

* + * → * + *COOH CO2

In this mechanism, the formate path was suggested to be
unimportant for PROX,189,190 Clearly, under these conditions,
hydrogen acts as a “catalyst” for CO oxidation.
In some cases, the direct formation of CO2 from CO and

OH is the dominant pathway. Our group observed by IR
spectroscopy that with the exception of CO, no other species,
such as formyls or carbonates, are present on the surface of IrFe
in the temperature range of 20−150 °C.155 A similar
phenomenon was also observed on PtSn.130 On IrFe catalysts,
a microkinetic model was established on the basis of the results
of characterization and steady state kinetic data in a
microreactor.155 The elementary steps involved in the PROX
reaction on the Ir−Fe catalyst can be described as eqs 1−7:

+ ⇆ −CO Ir Ir CO (1)

+ * → *O 2 2O2 (2)

− + −* → + + *Ir CO O CO Ir2 (3)

+ ⇆ −H 2Ir 2H Ir2 (4)

− + −* ⇆ −* +H Ir O OH Ir (5)

−* + − → + * +OH H Ir H O Ir2 (6)

−* + − → + − + *OH CO Ir CO H Ir2 (7)

where the asterisk, *, denotes a reduced iron site (Fe2+). In the
absence of H2 (i.e., CO oxidation only), only steps 1−3 are
involved in the reaction model. The model suggested that no
competitive adsorption between CO and O2 was observed for
CO oxidation; both the adsorption of CO and O2 reached
saturation on Ir and Fe2+, respectively, and the coverages of CO
and O were irrelevant to the partial pressure of CO or O2. The
surface reaction between CO and O was the rate-determining
step; however, for the PROX reaction, CO can be oxidized not
only by atomic O, but also by the surface OH (step 7). The
reaction between adsorbed H and O for the formation of OH
(step 5) was rate-limiting for PROX, and the oxidation of
adsorbed CO by surface OH (step 7) was the dominant
pathway for PROX, rather than by atomic O. The fast increase
in the coverage of OH on Fe2+ with the increase in the H2
concentrations up to 10% coincides with the increase in the
reaction rate of CO oxidation, indicating that OH plays an
important role in the PROX reaction. The presence of H2
increases the surface concentration of OH and, hence, lowers
the activation energy and increases the reaction rate of PROX.
Therefore, H2 not only stabilizes Fe

2+ species but also increases
OH groups on the surface, both of which can promote CO
oxidation. The reaction model of PROX on Ir−Fe catalyst is
illustrated in Figure , where both steps 3 and 7 are considered.
It was suggested that the promotional role of alkali metals is

also closely related to the increased concentration of OH
groups neighboring to the noble metals. Very recently, Zhai et
al.191 used sub-ångström resolution aberration-corrected
HAADF-STEM in combination with theoretical approaches
to study the water-gas shift reaction over a Na-promoted Pt/
SiO2 catalyst. According to these observations, the promotional
role of alkali metals can be understood in two aspects: one is to
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stabilize the active Pt atoms, and the other is to provide the
reactive OH species neighboring to the Pt atoms.
Our recent findings on the Pt single atom catalyst provided

even more clear evidence for the roles of OH group in
stabilizing Pt atom on iron oxide support.116 By using a FeOx
support that is rich in OH groups and with a high surface area,
the Pt metal can be well dispersed into single atoms on the
surface of the FeOx. Both experimental and theoretical studies
show that Pt single atoms carry positive charges, and the
remarkable catalytic activity of single Pt atoms in the PROX
reaction is correlated with the partially vacant 5d orbitals of
positively charged, high-valence Pt atoms, which help to reduce
both the CO adsorption energy and the activation barriers for
CO oxidation. Therefore, it appears that the active sites on the
MOx-promoted Pt catalysts are the same as those on the alkali
metal-promoted Pt catalysts on inert supports. In the case of a
reducible oxide as a promoter/support, the Pt single atoms can
be stabilized with the OH groups on the MOx, and the OH
groups neighboring the Pt atoms are reactive toward CO to
produce CO2.
Different from the explanation by enhancement of OH

groups, Iglesia and co-workers proposed that alkali metals
promoted the catalytic activity of Pt/Al2O3 (or Pt/SiO2) for the
PROX reaction mainly via the inhibition of the spillover-
mediated H2 oxidation pathway and of growth of dense
chemisorbed CO islands on the surface of Pt clusters;160

however, the coupling effect between H2 and CO was not
considered in their work.
In the above examples, the OH groups are associated with

the presence of promoters, either on the reducible oxide
support or on the alkali metal-promoted Al2O3 or SiO2 surfaces.
Quite different from these examples, Fukuoka’s group found
that Pt nanoparticles supported on FSM-type mesoporous silica
were extremely active and selective for the PROX of CO; both
the CO conversion and the CO2 selectivity were above 95% at
25−150 °C over Pt/FSM-16.192 By using an isotopic tracer
technique in combination with the IR experiments, the authors
came to the conclusion that the OH groups at the internal
surface of mesoporous silica are reactive toward CO to produce
CO2. Such an unprecedented reactivity of OH groups on the
silica surface appears to be closely related with the pore
structure and pore size.192 Since only a very limited number of
mesoporous silica possess such highly reactive OH groups, a
more rational correlation between the reactivity of OH groups
and the silica structure need to be established.
The important roles of OH groups are also demonstrated in

the effect of water. It is commonly observed that the addition of
water to the reaction stream157,180,184−186 or the pretreatment
of catalyst with water vapor6 can lead to a large increase in the
activity for a low-temperature PROX reaction. Such enhance-
ment was proposed to be due in part to the formation of

oxidant hydroxyl groups on the catalyst surface because no
evident WGS reaction was detected on most of the noble metal
catalyst systems at relatively low reaction temperatures.

5. SUMMARY AND REMARKS
The supported transition metals are a kind of attractive
candidate as catalysts for the PROX reaction. Usually, the
unpromoted transition metal catalysts show poor activities in
the low temperature range (<120 °C), since the metal surface is
predominantly covered with CO, which inhibits the adsorption
of O2. To enhance the low-temperature PROX activity of the
transition metals, weakening the CO adsorption on the metal
sites or providing vacant sites for O2 adsorption/activation (or
both) are the prerequisites. Following this rule, the catalytic
performances of transiton metal catalysts can be improved
greatly by the employment of the following three types of
promoters:

(i) Reducible oxides. The transition metals in combination
with reducible oxides, either as the supports or just as a
minor amount of promoters, show high activities and
selectivities for the PROX reaction in the low temper-
ature range, which is quite different from the
unpromoted counterparts. There are at least two
important roles of the reducible oxides: one is to weaken
the CO adsorption on the transition metal sites and the
other is to provide additional sites for adsorption/
activation of O2, thus changing the competitive L−H
mechanism into a noncompetitive dual site L−H
mechanism. Among various reducible oxides, iron oxide
(FeOx) appears to be the most remarkable one; the Pt−
Fe catalyst shows the most promising catalytic perform-
ance in the real PROX operation conditions.

(ii) Alkali metal cations. The addition of alkali or alkali earth
metal cations to the transition metal catalysts brings
about up to a 10-fold enhancement in the low-
temperature PROX activity. Similar to the reducible
oxides, the addition of alkali metal cations can also
weaken the adsorption of CO on the transition metals.
However, a more underlying reason for the promotional
effect is that the alkali cations provide reactive OH
groups neighboring the transition metals such as Pt.
These OH groups react smoothly with CO adsorbed on
neighboring Pt atoms to give CO2 as the product.
Actually, the important roles of surface OH groups in the
PROX reaction are being accepted by more and more
researchers, especially with the aid of theoretical
calculations.

(iii) The second transition metal component. Introduction of the
second transition metal component to form a bimetallic
nanostructure is another useful approach to weaken the
CO adsorption. Depending on the miscibility and surface
free energy of the two metals, different bimetallic
nanostructures, such as core−shell and alloy, can be
obtained just by variation in the deposition sequence of
the two metals or changing the pretreatment temperature
and atmosphere. A typical example is Ru@Pt core−shell
nanocatalyst which shows a weakened interaction with
CO and thus an enhanced low-temperature activity for
PROX. One advantage of such bimetallic structure is its
controllable size, morphology, composition, and struc-
ture, which endows it a good model catalyst system for
studying the structure-performance relationship.

Figure 4. Schematic illustration of the PROX reaction over IrFe
catalyst where the important roles of OH are considered.
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Although the above three types of promoters have been
proved effective, the approaches for the enhancement of PROX
activities of transition metal catalysts are absolutely not limited
to them. In particular, by increasing the surface OH groups and
making them more reactive toward CO, for example, by using a
metal hydroxide rather than oxide as the support,155 or by using
a mesoporous silica support that possesses confined space with
rich internal OH groups,192,193 one can also achieve a greatly
improved performance for PROX. Even with the same
promoter, different preparation methods and pretreatment
conditions will lead to a quite different performances of the
final catalysts. It can be expected that with the advancement of
materials science, new catalysts with the desired activity,
selectivity, and durability for the PROX reaction will be
developed in the future.
On the other hand, the evaluation of a PROX catalyst

requires the testing of the catalytic performance in a simulated
reformate gas atmosphere, that is, a significant amount of CO2
and steam is contained in the feedstock, which is ignored by
most laboratory studies. Some highly active catalysts in an ideal
feed gas condition may seriously lose their activities when
exposed to a high concentration of CO2 and H2O. In addition,
very few papers have focused on the lifetime of the catalysts
during the PROX reaction, especially in reformate gas mixtures.
Therefore, when a new catalyst is developed for the PROX
process, the evaluation of its lifetime under simulated
conditions should be strongly encouraged.
In fundamental science, a great deal of attention has been put

on the clarification of the reaction mechanism over the
promoted transition metal catalysts. In particular, with the
advancement of in situ characterization techniques, of atomic-
resolution electron microscopy techniques and of theoretical
calculations on more complex systems, the identification of
active sites is now becoming possible. Some excellent
contributions in this respect have emerged recently.115,116,194

Future efforts in this area should be encouraged with the aim of
revealing the nature of the active oxygen provided by reducible
oxide, the identification of real active sites that are possibly
composed of a transition metal and neighboring OH groups,
and the understanding of the respective role of transition metals
and promoters. Moreover, the promoted transition metal
catalysts are reminiscent of gold nanocatalysts in the PROX
reactions. Accordingly, a comparative study that will give a
better understanding of the nature of catalysis should be
encouraged.
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Gutieŕrez-Ortiz, M. A. Int. J. Hydrogen Energy 2006, 31, 2231−2242.
(124) Teschner, D.; Wootsch, A.; Pozdnyakova-Tellinger, O.;
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