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Recent progress in selective CO removal in a H2-rich stream
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A B S T R A C T

In this review, recent works related to the selective CO removal in a H2-rich stream for the application of

the low-temperature fuel cell are discussed. The membrane separation, the selective CO hydrogenation,

and the preferential CO oxidation (PROX) have been generally studied to meet the requirement for the

polymer electrolyte membrane fuel cell (PEMFC) where the CO concentration should be controlled to be

less than 10 ppm not to degrade the electrochemical performance of Pt anode. For the membrane

separation, the thin layer of Pd-based alloy metal on the porous ceramic material coupled with the

catalytic purification is the most advanced method at present. For PROX catalysts, supported Ru catalysts

and Pt-based alloy catalysts have been successfully developed so far. The combination of highly selective

PROX catalysts and the CO methanation catalyst can provide the extended temperature range to achieve

the acceptable CO removal. Because each method has presently its own weak points, the further advance

is still in need. The non-noble metal-based membrane requiring smaller pressure differentials is highly

plausible in the membrane separation. The highly selective catalyst for CO methanation in the presence of

excess CO2 and H2O can simplify the CO removal step. The PROX catalyst should be operative over a wide

reaction temperature as well as at low temperatures not to cause the reverse water–gas shift reaction.

During the development of these catalysts, the progress on the high-temperature PEM fuel cell or the CO-

tolerant anode should be carefully evaluated.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells which convert chemical energy directly into electro-
chemical energy with high efficiency and low emission of pollutants
encompass the alkaline fuel cell (AFC), the polymer-electrolyte-
membrane fuel cell (PEMFC), the phosphoric-acid fuel cell (PAFC),
the molten-carbonate fuel cell (MCFC), and the solid-oxide fuel cell
(SOFC) [1]. Each fuel cell has its own characteristics such as the
operating temperature, kinds of fuel and electrolyte. Among them,
the PEMFC, which is typically operating around 80 8C with H+ as a
charge carrier, has been attracting much attention in the application
to electric vehicles or residential power-generations because of its
many attractive features such as high power density, rapid start-up,
and high efficiency. Because this PEMFC utilizes hydrogen as a fuel,
the fuel processor is in need to convert various hydrocarbons into
hydrogen via a couple of catalytic reactions such as a steam
reforming and a water–gas shift reaction [2–8]. The water–gas shift
reaction (CO + H2O$ CO2 + H2) is exothermic and thermodynami-
* Corresponding author. Tel.: +82 31 219 2384; fax: +82 31 219 1612.
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cally limited. Therefore, the high CO conversion only can be obtained
at low temperatures. Fig. 1 shows the exit equilibrium CO
concentration depending on the inlet feed composition such as
H2O/CO ratio and the reaction temperature [9]. The CO concentra-
tion below 100 ppm cannot be achieved only via the water gas shift
reaction even with the high H2O/CO ratio at reaction temperature
above 470 K. Furthermore, conventional water–gas shift catalysts
show low catalytic activities at low temperatures [8,10]. Therefore,
about 1 vol% of carbon monoxide is usually contained in the
hydrogen stream after the water–gas shift reactor. Since platinum,
an anode of PEMFC, is prone to be poisoned in the presence of small
amounts of CO in the hydrogen stream, carbon monoxide should be
removed to a trace-level [11]. The acceptable CO concentration is
below 10 ppm at Pt anode and below 100 ppm at CO-tolerant alloy
anodes [12]. Two different approaches have been investigated to
remove CO in a H2-rich stream, such as hydrogen separation
including cryogenic separation, pressure swing adsorption and
selective diffusion and catalytic transformation of CO into CH4 or
CO2. For the application of small-scale fuel processor, the selective
diffusion, the selective CO methantion, and the preferential CO
oxidation (PROX) have been considered to be promising. Recent
progress on these topics is covered in this work.

mailto:edpark@ajou.ac.kr
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2008.06.027


Fig. 1. The calculated equilibrium CO concentration at different temperatures with

different initial H2O/CO ratios.
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2. Selective diffusion of H2 through the membrane

Various types of membranes from polymeric constituents to
inorganic ones such as dense phase metal including metal alloys
and porous ceramic materials have been applied to purify H2

[13,14]. To meet the requirements of PEMFC feed such as a high
permselectivity for H2 and a high H2 permeability, the dense phase
metal membrane in which the solution diffusion is dominant has
been considered to be most plausible. Among them, the Pd metal
has been well known as the representative material for hydrogen
separation because of its high hydrogen permeability, good
mechanical characteristics and highly catalytic surface. The
permeation of hydrogen through Pd involves following three
steps [14].
(1) R
Fi
eversible dissociative chemisorption of hydrogen on the Pd
surface.
(2) R
eversible dissolution of surface atomic hydrogen in the bulk
layers of the Pd.
(3) D
iffusion of atomic hydrogen in the membrane.
g. 2. The schematic diagram of the fuel processor incorporated with the membran
This causes the extremely high selectivity for hydrogen
separation compared with those of other size-selective membrane
separation methods. Because the pure Pd membrane becomes
brittle after a few cycles of a$ b transitions at the temperature
below 300 8C and pressure<20 MPa [15–17], Pd-based alloys such
as Pd–Ag and Pd–Cu have been generally adopted as the
membrane material. The bulk diffusion is often the rate-limiting
step, which can be facilitated by increasing pressure differentials
as well as the operating temperature. The hydrogen flux can also be
increased by decreasing the membrane thickness, which has the
positive effect on the cost control as well. Further decrease in the
expensive Pd metal has been achieved by deposition of thin layer of
Pd-based alloy metal on the porous ceramic material [18].
However, this suffers from the fatal flaw of ‘‘pinhole’’ short circuit
paths, which will allow for other species to pass directly through
the membrane thus reducing the purification factor of the
membrane [19]. Recently, a composite comprising a hydrogen
diffusion membrane and a methanation catalyst has been claimed
to be effective to cope with this problem [20].

There are several advantages of membrane separation as
follows [21].
(1) T
e rea
he fuel cell becomes smaller and cheaper because pure
hydrogen can be fed to it.
(2) F
uel cell can run without the bleed-out of the anode gas from
the stack, which maximizes the hydrogen utilization.
(3) T
he system can be simplified because various components
required in the PROX system to control the heat and the air-
injection rate is not necessary.

There is another room to reduce space and weight of the fuel
processor if a reformer and membrane module is combined as
shown in Fig. 2. The hydrogen, which does not permeate, and the
carbon monoxide are converted in a catalytic burner into heat and
utilized for the endothermic reforming process.

The development of non-palladium-based membranes that
offer a lower cost, high flux, and high durability is still demanding.
V-, Nb- and Ta-based alloy metals have been proposed and
intensively investigated as the possible candidates [22,23].
ctor concept (left-hand side) or the catalytic purification (right-hand side).



E.D. Park et al. / Catalysis Today 139 (2009) 280–290282
3. Selective CO methanation

The following reactions can be carried out over the hydro-
genation catalyst in the presence of CO, CO2, and H2 which are main
gaseous components in the exit of water–gas shift reactor.

COðgÞ þ 3H2ðgÞ!CH4ðgÞ þH2OðgÞ DH�298

¼ �205;813 J=mol (1)

CO2ðgÞ þ 4H2ðgÞ!CH4ðgÞ þ 2H2OðgÞ DH�298

¼ �164;647 J=mol (2)
The selective CO methanation (Eq. (1)) can be promising
because this does not require the introduction of any gases such as
air in the PROX system. Ru or Rh supported on an alumina [24] and
Ru/TiO2 [25] were claimed to be effective for the selective CO
methanation in the presence of CO2. Rehmat and Randhava [26]
compared some commercial catalysts such as Ru/a-Al2O3, Raney
nickel and alumina-supported Ni catalysts and found that Ru was
the most effective, followed closely by the Raney nickel-type
catalyst. Takenaka et al. proposed Ni/ZrO2 and Ru/TiO2 as
promising catalysts based on the screening experiment and
concluded that the larger Ni and the smaller Ru was plausible
for the high catalytic activity [27]. They also showed that the CO
concentration can be decreased from 0.5% to 20 ppm in the gases
formed by the steam reforming of methane. Echigo and Tabata [28]
reported that the CO concentration below 10 ppm could be
obtained only by multi-stage CO methanation over Ru/Al2O3. Some
catalysts for this reaction and their performance are summarized
in Table 1. Even though most previous works were conducted with
rather low inlet CO concentration below 0.5 vol%, the acceptable
CO concentration below 10 ppm cannot be obtained. The H2

consumption as well as the exit CO concentration in ppm levels
should be reported to be comparable with the competing PROX
system in future works.

There are some obstacles to be overcome in this system as
follows.
(1) T
Tab
Com

Cata

0.5%

0.5%

0.5%

35%

65

5% R

10%

3% R

Re2Y
he temperature window showing high CO conversion is very
narrow even in the lab-scale experiments. This can cause
severe problems in the scale-up process because this reaction is
highly exothermic.
(2) T
he reaction temperature is still relatively high for the reverse
water–gas shift reaction to occur, which can cause the
le 1
parison of the catalytic performance for the selective CO methanation reported in the

lyst Preparation method Feed composition Temperatu

(K)

Ru/Al2O3 Deposition-

precipitation

0.3% CO, 16.7% CO2, 15.0% H2,

15.0% H2O, and He balance

�430

Rh/Al2O3 Deposition-

precipitation

0.27% CO, 19.7% CO2, and H2 balance �473

Ru/a-Al2O3 Commercial catalyst 0.3% CO, 20.0% CO2, and H2 balance 523

Ni, 5% Al,

% Al2O3-H2O

Commercial catalyst 0.27% CO, 19.7% CO2, and H2 balance 473

u/TiO2 Impregnation 0.5% CO, 15.0% CO2, 60.0% H2,

0.8% H2O, and He balance

493

Ni/ZrO2 Impregnation 0.5% CO, 15.0% CO2, 60.0% H2,

0.8% H2O, and He balance

553

u/Al2O3 Impregnation 0.9% CO, 24.5% CO2, 68.9% H2,

5.7% H2O, and He balance

493

9Ni89Ox Sol–gel 2% CO, 14.9% CO2, 63.3% H2, and

N2 balance

�513
unacceptable CO concentration at low space velocities
frequently encountered in the cyclic operation.
(3) T
he rapid consumption of hydrogen can be carried out via the
CO2 methanation in the absence of the fine temperature
control.
(4) T
he inlet CO concentration should be low to reduce CO
concentration satisfactorily, which requires a large amount of
water–gas shift catalyst.

4. Preferential CO oxidation

The carbon monoxide in the exit of the water–gas shift reactor
can be removed over the oxidation catalyst with the oxygen
supplied externally. Although this PROX system requires the units
to control the temperature and the flow rate of air, the smaller
amounts of hydrogen can be consumed compared with those of the
selective CO methantion. The following reactions can be carried
out in the PROX system.

COðgÞ þ 1
2O2ðgÞ!CO2ðgÞ DH�298 ¼ �282;984 J=mol (3)

H2ðgÞ þ 1
2O2ðgÞ!H2OðgÞ DH�298 ¼ �241;818 J=mol (4)

In the earlier works, the PROX catalyst was sought to be
applied to purify the hydrogen for the application of ammonia
synthesis. Supported Pt, Ru, and Rh were appeared to be effective
and the supported Pt catalyst was evaluated on reformer gas in a
pilot plant [31]. The supported Pt catalyst was claimed to be
effective for the PROX [32,33]. Later on, Oh and Sinkevitch
compared various commercial catalysts for the PROX to be
applied to fuel cell feed streams and reported that Ru/Al2O3 and
Rh/Al2O3 were more selective than Pt/Al2O3 [34]. Since then, a
number of catalysts more active for the CO oxidation than the H2

oxidation have been reported, such as metal oxides (CoOx, CuO-
CeO2), supported gold catalysts, and supported noble metal (Ru,
Pt, and Rh) catalysts.

4.1. Metal oxides

A pair of transition metal and its oxide such as copper/copper
oxide, silver/silver oxide, nickel/nickel oxide, and the higher and
lower oxides of cerium has been claimed to be applied in PROX
system [35]. CoO was reported to show the best performance
among 3d transition metal oxides [36]. Supported cobalt oxide
catalysts were also reported to be active for this reaction [37–40].
However, it was found that the CO methantion became dominant
literature

re CO conversion

(%)

Exit CO

concentration

(ppm)

Space

velocity

Stability Reference

96.57 103 500/h n.d. [24]

�95 n.d. 500/h n.d. [24]

98.3 50 900/h n.d. [26]

98 60 900/h n.d. [26]

n.d. �20 2,525 ml/min/gcat n.d. [27]

n.d. �20 2,525 ml/min/gcat n.d. [27]

n.d. �10 13,500/h n.d. [29]

�100 n.d. 1,250 ml/min/gcat n.d. [30]



Table 2
Comparison of the catalytic performance over CuO-CeO2 catalysts for the preferential CO oxidation reported in the literature

Catalyst Preparation method Feed composition Temperature

(K)

CO conversion

(%)

Exit CO

concentration (ppm)

Space velocity Stability Reference

20% CuO-CeO2 Co-precipitation 1% CO, 1% O2, 13.5% CO2, 50% H2, 20% H2O,

and He balance

438–448 �100 �10 250 ml/min/gcat Not stable [44]

3% Cu-CeO2 Impregnation 2% CO, 1% O2, 70% H2, and He balance 409 76.2 n.d. 1000/h n.d. [45]

Cu0.1Ce0.9O2-y Sol–gel 1% CO, 1.25% O2, and H2 balance 393 �80 n.d. 1000 ml/min/gcat Stable [46]

Cu0.15Ce0.85 Urea nitrates combustion 1%CO, 1.25%O2, 15%CO2, 50%H2, 10%H2O,

and He balance

463 99 n.d. 417 ml/min/gcat n.d. [47]

15% Cu-CeO2 Single-step citrate 0.03% CO, 0.03% O2, 1% H2, and He balance 473 98 n.d. 83,000/h Not stable [48]

5% CuO-CeO2 Urea gelation/co-precipitation 1% CO, 1% O2, 20% CO2, 50% H2, 10% H2O,

and He balance

438 99 n.d. 1333 ml/min/gcat n.d. [49]

25% CuO-CeO2 Citrate-hydrothermal 1% CO, 1.25% O2, 15% CO2, 50% H2, 10% H2O,

and He balance

473–483 99 n.d. 417 ml/min/gcat Stable [51]

Ce0.8Cu0.2O2 Microemulsion 1% CO, 1.25% O2, 50% H2, and Ar balance 353–363 �100 n.d. 80,000/h n.d. [53]

Cu/CeO2 Hydrothermal synthesis with

cetyltrimethylammonium bromide

CO/O2/H2/H2O/CO2 (1/1/50/10/20) 393 97.3 n.d. 1.12 gcat h/mol Stable [56]

5% Cu/Sm-CeO2 (Sm:Ce = 1:9) Impregnation/co-precipitation 1% CO, 2% O2, and H2 balance 423 �90 n.d. 2500 ml/min/gcat n.d. [59]

Cu4Ce15.8Co0.2/g-Al2O3 Impregnation 1% CO, 1% O2, 13% CO2, 60% H2, 10% H2O,

and He balance

483–493 �100 n.d. 60,000/h n.d. [60]

Cu0.15CeFe0.5 Urea nitrates combustion 1% CO, 1% O2, 25% CO2, 40% H2, 10% H2O,

and He balance

448 �67 n.d. 500 ml/min/gcat n.d. [65]

Cu5Ce47.5Zr47.5 Co-precipitation 0.49% CO, 0.61% O2, 2.08% CH4, 23.26% CO2,

26% H2O, and H2 balance

423 �100 n.d. 5000/h Stable [66]

5% CuO/20%CeO2/g-Al2O3 Impregnation 0.6% CO, 0.6% O2, 30% H2, and He balance 473 99 n.d. 300 ml/min/gcat Stable [68]

7% CuO/Ce0.9Zr0.1O2-Al2O3 Suspension/co-precipitation 1% CO, 1% O2, 15% CO2, 50% H2, 10% H2O,

and He balance

433–443 �100 n.d. 167 ml/min/gcat Stable [69]

4% Cu-CeO2 Impregnation 0.5% CO, 0.5% O2, 50% H2, and N2 balance 383 99.8 10 120 ml/min/gcat n.d. [73]
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Fig. 3. The effluent concentrations of CO based on the dry gas composition after the

preferential CO oxidation over the single bed (CuO-CeO2) or the double bed system

(CuO-CeO2 and Ni/Y-ZrO2) with increasing reaction temperatures at a ramping rate

of 1 K/min. Reactants: 0.9% CO, 0.45 (0.68, 0.9) % O2, 17.4% CO2, 64. 6% H2, 13.0% H2O,

balanced with N2. F/W = 69 ml/min/gcat.
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in the presence of excess hydrogen over this catalyst [41]. Among
mixed metal oxides, CuO-CeO2 has been reported to be quite active
and intensively studied by several groups [41–72]. The effect of
preparation method [47–57], pretreatment condition [58], pro-
moters [41,59–65], and support [66–69] on the PROX has been
reported. Some CuO-CeO2 catalysts for this reaction and their
performance are summarized in Table 2. Most catalysts showed
the narrow temperature window showing high CO conversions in
the realistic condition. The exit CO concentration in ppm level has
been seldom reported over this catalyst system. Its catalytic
activity has been reported to be strongly dependent on the
preparation methods including pretreatment conditions. For co-
precipitated CuO-CeO2 catalysts, the optimum calcinations tem-
perature was determined to be 973 K [58]. Its surface area can be
increased by adopting a citrate method, which accompanied the
increase in the catalytic activity [48]. Although the addition of Co
on CuO-CeO2/g-Al2O3 has been reported to have the positive effect
on the catalytic activity [60–62], no promotional effect of noble
metals such as Pt and Ru has been observed [41]. The reduction/
oxidation processes of both copper and ceria have been accepted to
be responsible for the high catalytic activity of CuO-CeO2 catalysts.
Therefore, the synthesis parameter inducing efficient mixing of
Cu2+ and Ce4+ can give rise to the high PROX activity [51]. The
importance of the interfacial positions between CuO and CeO2 was
also supported by DRIFTS and XANES study [72]. Based on the
kinetic study, Caputa et al. reported that the reaction order in CO is
variable with temperature ranging from values<1 up to 383 K and
>1 at higher temperatures [73]. Some groups reported the gradual
decrease in the activity with time on stream and proposed the
different causes of deactivation such as accumulation of carbonate
species [44], copper redistribution [46], and amassment of
hydroxyl species as well as the sintering of copper species
[70,71]. The presence of H2O and CO2 in the feed stream retarded
their catalytic activity noticeably [41,44]. Furthermore, it was quite
difficult to accomplish acceptable CO conversions over a wide
reaction temperature in the practical condition. To overcome this
weak point, the methanation reaction can be utilized after the
PROX. Fig. 3 shows that the double-bed system composed of CuO-
CeO2 and Ni/Y-ZrO2 can decrease the CO concentration from about
1 vol% to less than 10 ppm over a wide reaction temperature in the
practical condition even in the presence of stoichiometric amounts
of O2 [74].

4.2. Supported gold catalysts

Supported gold catalysts have been reported to be quite active
for the PROX especially at low temperatures [75]. However, the
selectivity for CO oxidation over H2 oxidation decreased rapidly
with increasing reaction temperature. Kandoi et al. explained this
observation based on the theoretical calculation [76]. They found
that H oxidation (OH formation) competed with CO oxidation in
PROX. The activation energy barrier for CO oxidation was
calculated to be 0.18 eV on Au(1 1 1) and 0.96 eV on Pt(1 1 1),
whereas the barrier for OH formation is 0.90 and 0.83 eV,
respectively. The significantly weaker CO adsorption was calcu-
lated on Au at high temperature, which caused the substantial loss
in the selectivity. Until now, Au/Mn2O3 [77], Au/MOx/Al2O3

(M = Mg, Mn) [77–79], Au/CeO2 [80–87], Au/Fe2O3 [88–91] and
Au/TiO2 [92–95,100] have been reported to be active for the PROX.
Some supported gold catalysts for this reaction and their
performance are summarized in Table 3. No supported gold
catalyst has been reported to show stable activity to meet
acceptable CO conversion over a long period of time in a realistic
condition except the Au/Fe2O3 catalyst prepared using a two-stage
calcinations to remove active sites for the water–gas shift reaction
[90,91]. However, this catalyst exhibited narrow temperature
window showing high CO conversions. Furthermore, the space
velocity also strongly affects the PROX activity [90,91]. Recently, an
aqueous phase PROX system mediated via polyoxometalates over
supported gold catalysts has been proposed to be quite selective
[101,102]. Because this reaction condition is quite different from
the conventional case, further studies should be carried out to
show its feasibility. The supported liquid-phase catalyst containing
supported gold catalysts and a co-catalyst is claimed to remove
high concentration of CO effectively at low temperatures [103].

4.3. Supported Pt-based catalysts

Since the conventional monometallic Pt catalyst has the
noticeable PROX activity above 150 8C [107–111], the complete
CO oxidation cannot be achieved at a low space velocity often
encountered in the cyclic operation because of the reverse-water
gas shift reaction. In the beginning, various zeolites were utilized
as supports for Pt catalysts, such as A type zeolite [112–114],
mordenite [115,116], and X type zeolite [115]. The catalyst
material comprising an A type zeolite carrying at least one metal
selected from the group consisting of Pt, Pd, Ru, Au, Rh and Ir, or an
alloy of two or more metals was claimed for the PROX catalyst
[117]. The Pt catalysts supported on zeolites such as NaY zeolite,
NaX zeolite, Na mordenite, KL zeolite, NaZSM-5 zeolite and Nab
zeolite was also claimed for the PROX catalyst [118]. Recently, The
Pt catalyst supported on a mesoporous silica such as FSM-16
showed the noticeable PROX activity at low temperatures
[119,120]. Authors ascribed this enhanced activity to the
electron-deficiency at the Pt surface due to the interaction with
FSM-16. To increase catalytic activities at low temperatures,
different methods have been tried for supported platinum
catalysts. The pretreatment of Pt catalyst with water vapor was
reported to reduce the metallic Pt particle size and enhance low-
temperature catalytic activities for the PROX [121]. Various
promoters have been investigated. A catalyst comprising Pt and
at least one metal selected from the group consisting of Co, Ni, Cu,
and Mn was claimed for the PROX catalyst [122]. Pt-Ru catalysts



Table 3
Comparison of the catalytic performance over supported gold catalysts for the preferential CO oxidation reported in the literature

Catalyst Preparation method Feed composition Temperature

(K)

CO conversion

(%)

Exit CO

concentration (ppm)

Space velocity Stability Reference

Au/MnOx (Au/Mn = 1/50) Co-precipitation 1% CO, 1% O2, and H2 balance 323 �100 n.d. 10,000/h Stable [77]

5% Au/MnOx/MgO/Al2O3

(Au:Mg:Mn = 1:5:5)

Homogeneous

deposition-precipitation

1.14% CO, 0.57% O2, 2.3% H2, and He balance �323 �93 n.d. 2500/h n.d. [78]

5% Au/MnOx/MgO/Al2O3

(Au:Mg:Mn = 1:5:5)

Homogeneous

deposition-precipitation

0.8% CO, 0.4% O2, 70% H2, and He balance 343 61 n.d. 2500/h Stable [79]

Au/CeOx Co-precipitation 1% CO, 1.5% O2, 48% H2, and He balance 393 �98 n.d. 120,000/h Stable [80]

2.5% Au/CeO2 Deposition-precipitation 0.78% CO, 3.66% air, 72.06% H2, 23.50% CO2 423–473 n.d. �100 624 ml/min/gcat n.d. [81]

2.8% Au/CeO2 Deposition-precipitation 0.8% CO, 0.4% O2, 58.4% H2, and He balance 333 �60 n.d. 2509 ml/min/gcat Stable [82]

0.28AuCeGd Urea gelation/co-precipitation 1% CO, 2.5% O2, 15% CO2, 50% H2, 10% H2O,

and He balance

383 �100 n.d. 125 ml/min/gcat Stable [83]

5.38% Au/FeOx Co-precipitation 1% CO, 1% O2, 2% CO2, 40% H2, 2.6% H2O,

and He balance

323 �100 n.d. 500 ml/min/gcat Stable [88]

5% Au/FeO3 Co-precipitation 0.9% CO, 0.9% O2, 50% H2, 22% CO2, 4.7% H2O,

and N2 balance

353 99.8 n.d. 12,000/h Stable [90]

2% Au/TiO2 Deposition-precipitation/gel

combustion

1% CO, 2% O2, 18% CO2, 37% H2, 5% H2O,

and He balance

353 n.d. 450 667 ml/min/gcat n.d. [92]

3% Au/TiO2 Deposition-precipitation 1% CO, 1% O2, 50% H2, and N2 balance 283–323 �100 n.d. 2750 ml/min/gcat n.d. [93]

1% Au/Ti/SBA-15 Deposition-precipitation/

impregnation

2% CO, 3% O2, 10% H2, and He balance 323 100 n.d. 2400/h n.d. [94]

0.38% Au/g-Al2O3 Deposition-precipitation 1% CO, 0.5% O2, 48% H2, and He balance 373 �37 n.d. 4500 ml/min/gcat n.d. [96]

2.7% Sm-3.5% Pb-2.4% V-2.6% Au/MgO Urea precipitation 1% CO, 1% O2, 58% H2, and He balance 373 �85 n.d. 1000 ml/min/gcat n.d. [97]

2% Au/ThO2 Deposition-precipitation 1% CO, 1% O2, 48% H2, and Ar balance 333 �100 n.d. 6000/h n.d. [98]

1% Au/Mn0.5Ce0.5O2 Deposition-precipitation/

impregnation

1.33% CO, 1.33% O2, 65.33% H2,

and He balance

353 97.8 n.d. 30,000/h n.d. [99]

1% Pt-Au/CeO2 (Pt:Au = 1:1) Single-step sol-gel 1% CO, 1% O2, 25% CO2, 40% H2,

10% H2O, and He balance

403 58 n.d. 30,000/h Stable [104]

1.5% Au/ZnO Co-precipitation 0.4% CO, 1% O2, 20% CO2, 70% H2,

and N2 balance

313–393 �97 n.d. 3000/h n.d. [105]

1% Au-Pt/A zeolyte (Au:Pt = 1:2) Co-impregnation 1% CO, 1% O2, 10% CO2, 40% H2,

10% H2O, and He balance

463 �100 n.d. 500 ml/min/gcat n.d. [106]
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Table 4
Comparison of the catalytic performance over supported Pt catalysts for the preferential CO oxidation reported in the literature

Catalyst Preparation method Feed composition Temperature

(K)

CO conversion

(%)

Exit CO

concentration (ppm)

Space velocity Stability Reference

0.5% Pt/Al2O3 Commercial catalyst 0.09% CO, 0.08% O2, 0.85% H2, and N2 balance 473 �97 n.d. 20,000/h n.d. [34]

1% Pt/Al2O3 monolith Impregnation 1% CO, 1% O2, 19% CO2, 38.39% H2, 17% H2O,

and N2 balance

433 �100 n.d. 12,000/h Stable [108]

5% Pt/g-Al2O3 Impregnation 1% CO, 1% O2, and H2 balance 423–473 �100 n.d. 1000 ml/min/gcat n.d. [121]

0.5% Pt/Al2O3 Commercial catalyst 1% CO, 1% O2, 75% H2, and N2 balance 498 �82 n.d. 1200 ml/min/gcat n.d. [109]

1% Pt/3A Impregnation 0.5% CO, 1% O2, 18% CO2, 37% H2, 5% H2O,

and He balance

453–493 �100 n.d. 67,000/h n.d. [114]

6% Pt-mordenite Ion-exchange 1% CO, 1% O2, 20% H2O, and H2 balance 473 �70 n.d. 1000 ml/min/gcat Stable [115]

1% Pt-mordenaite Impregnation 1% CO, 1.5% O2, 40% H2, 20% CO2,

and N2 balance

393–453 n.d. �10 10,000/h n.d. [116]

5% Pt/FSM-16 Impregnation 1% CO, 0.5% O2, 5% N2, and H2 balance 333–423 �100 n.d. 200 ml/min/gcat Not stable [120]

Pt-Ru/Al2O3 Impregnation 1% CO, 2% O2, 17% CO2, 36% H2, 17% H2O,

and N2 balance

373 �100 n.d. 667 ml/min/gcat n.d. [123]

1% Pt-1% Ru/SiO2 Co-impregnation 0.5% CO, 0.5% O2, 45% H2, and N2 balance 393–433 �100 n.d. 2000 ml/min/gcat n.d. [124]

1% Pt-3% Sn/Al2O3 Sol–gel 1% CO, 1% O2, 58% H2, 25% CO2, 10% H2O,

and He balance

383 99.5 n.d. 400 ml/min/gcat Stable [127]

Pt-Fe/mordenaite (Pt:Fe = 2:1) Ion-exchange 1% CO, 0.5% O2, 20% H2O, 25% CO2,

and H2 balance

353–473 100 n.d. 2000 ml/min/gcat n.d. [130]

4% Pt-0.5% Fe/Mordenaite Ion-exchange 1% CO, 0.5% O2, and H2 balance 323 �90 n.d. 50,000/h n.d. [132]

FeOx/1% Pt/CeOx Impregnation 1.5% CO, 3% O2, 20% H2, and N2 balance 333 �98 n.d. 66.7 ml/min/gcat n.d. [134]

FeOx/Pt/TiO2 (Fe:Pt = 350:1) Impregnation 3% CO, 1.8% O2, 75% H2, 3.5% H2O,

and N2 balance

353 �80 n.d. 15,000/h n.d. [135]

1% Pt-0.11% Fe/SiO2 Co-impregnation 0.5% CO, 0.5% O2, 45% H2, and N2 balance 433 � 96 n.d. 2000 ml/min/gcat Not stable [137]

5% Pt-5% Ce/g-Al2O3 Co-impregnation 1% CO, 1% O2, and H2 balance 423 �95 n.d. 1000 ml/min/gcat n.d. [140]

1% Pt-1% Ce/g-Al2O3 Co-impregnation 1% CO, 1% O2, 10.09% CO2, 2.3% H2O,

and H2 balance

473 �100 n.d. 1000 ml/min/gcat n.d. [141]

1% Pt-1% CeOx/activated carbon Impregnation 1% CO, 1% O2, 60% H2, 15% CO2, 10% H2O,

and He balance

423 �100 n.d. 400 ml/min/gcat Stable [142]

1% Pt/15% Mn/Al2O3 Impregnation 1% CO, 1% O2, 60% H2, 5% CO2, 5% H2O,

and He balance

453 �90 n.d. 12,000/h Stable [143]

0.5% Pt-Co/YSZ (Co/Pt = 10) Impregnation 0.9% CO, 0.9% O2, 64.6% H2, 17.4% CO2,

13% H2O, and N2 balance

380–423 n.d. �10 278 ml/min/gcat Stable [149]

3.32% Co/1.44% Pt/TiO2 Impregnation 1% CO, 1.25% O2, 7% H2O, 18% CO2, and H2

balance

293 �96 n.d. 22,000/h Not stable [152]

1.4% Pt-1.25% Co-1.25% Ce/Al2O3 Co-impregnation 1% CO, 1% O2, 60% H2, 25% CO2, 10% H2O,

and He balance

383 �100 n.d. 400 ml/min/gcat stable [150]

1.4% Pt-1.25% Co-1.25% Ce/MgO Impregnation 1% CO, 1% O2, 60% H2, 25% CO2, 10% H2O,

and He balance

423 �100 n.d. 400 ml/min/gcat n.d. [151]

1% Pt-1.5% Ni/g-Al2O3 Impregnation 1% CO, 1% O2, 50% H2, 20% CO2, 2% H2O,

and He balance

403 �99 n.d. 1000 ml/min/gcat n.d. [153]

1% Pt/5% Nb-Al2O3 Co-precipitation 0.8% CO, 0.8% O2, 51% H2, and He balance 423 �100 n.d. 975 ml/min/gcat n.d. [154]

K-Pt/Al2O3 Impregnation 0.2% CO, 0.2% O2, 75% H2, 5% H2O, and He

balance

403 �100 n.d. 30,000/h n.d. [157]

2% Pt-3% Mg/Al2O3 Impregnation 1% CO, 0.75% O2, 65% H2, 20% CO2, 10% H2O,

and N2 balance

443 87.9 n.d. 60,000/h n.d. [155]

(2.0% Na) 1% Pt-1.8% Co/Al2O3 Impregnation 0.1% CO, 0.1% O2, 1% H2, and N2 balance 373 n.d. �0 25,000/h n.d. [156]

1% Pt/Ce0.8Zr0.2O2 Impregnation/

co-precipitation

5% CO, 2.5% O2, and H2 balance 333 �80 n.d. 280 ml/h/gcat Stable [161]

1% Pt-7% Pd/CeO2 Co-impregnation/sol-gel 1% CO, 1% O2, 40% H2, 25% CO2, 10% H2O,

and He balance

363 �84 n.d. 500 ml/min/gcat n.d. [168]

Pt/CeO2 Impregnation 1% CO, 1% O2, 60% H2, 5% CO2, 5% H2O,

and He balance

373 �100 n.d. 12,000/h n.d. [163]

1% Pt/CeO2 Impregnation 1% CO, 0.5% O2, and H2 balance 383 65 n.d. 1220 ml/min/gcat n.d. [164]
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Fig. 4. The temperature programmed reduction (TPR) pattern of Pt-Co/YSZ

containing 1 wt% Pt and 1.5 wt.% Co calcined at 573 K, the temperature

programmed oxidation of the same catalyst after the TPR experiment (b) and

the TPR pattern of the same catalyst after the TPO experiment (c).

Fig. 5. The reaction scheme for the preferential CO oxidation over supported Pt-M

(M = Co or Ni) catalysts.
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supported on alumina [123], SiO2 [124], and mordenite [125] were
reported to be superior to the monometallic Pt catalyst. Several
groups have reported that the PROX at low temperatures could be
enhanced by the addition of 2nd metals such as Sn [126,127], Fe
[128–139], Ce [140–142], Mn [143,144], Co [144–152], Ni
[144,153], Nb [154], and alkali metals [155–160]. Pt catalysts
supported on CeZrOx [161,162] and CeO2 [163–168] were also
reported to be active for this reaction. Some supported Pt catalysts
for this reaction and their performance are summarized in Table 4.
Although lots of works have been conducted over Pt-based
catalysts compared with other PROX catalysts, only a few catalysts
have been reported to show a wide temperature window showing
the acceptable CO conversion in a realistic condition over a long
period of time.

Until now, several catalyst systems have been characterized to
reveal their superior catalytic activity to the conventional
monometallic Pt catalysts. The carbon-supported Pt3Sn catalyst
has the lower activation energy for CO oxidation than that for H2

oxidation, while Pt/Al2O3 catalyst has the similar activation energy
for both reactions which are larger than those of Pt3Sn catalysts
[126]. The mechanistic model involving separation of the CO or H2

adsorption sites (Pt sites) and oxygen adsorption sites (Sn sites and
SnOx islands adjacent to the active PtSn particles) was also
proposed [126]. The enhanced PROX activity over Fe-oxide
promoted Pt/alumina catalyst was also explained with a dual site
non-competitive mechanism for CO oxidation similarly to that of
Pt3Sn catalyst [129]. In addition, it was suggested that the
electronic states of the Pt metal particles could be changed by
the Fe oxide [129]. In the case of Pt-Fe/zeolite catalysts, CO
coverage and CO bond strength on Pt were observed to be
extremely lowered by the combination with Fe [130]. In a separate
work, reoxidation of Fe was proposed to be a significant cause of
the loss of activity of PtFe/g-Al2O3 catalyst [131]. The promotional
effect of Mg was ascribed to an increase in the hydroxyl groups as
well as to an increase in the electron density on the surface of the Pt
catalyst [155]. The incorporation of sodium with alumina inhibits
the formation of the surface spinel cobalt species and promotes the
formation of the Pt-Co bimetallic interphase [156].

Recently, Pt-Co/Y-ZrO2 has been proposed to be one of active
PROX catalysts after a careful pretreatment [149]. This catalyst can
reduce the CO concentration to below 10 ppm in the temperature
range 380–423 K in the practical condition. The isolated bimetallic
Pt-Co nanoparticles interacting with the support was observed. As
shown in Fig. 4, the O2 consumption is observed in the temperature
range 300–450 K over reduced Pt-Co/YSZ. This oxidized catalyst
can be reduced again in the almost same temperature region. From
this result, the reduced Co in the bimetallic Pt-Co phase can be
oxidized with O2 and reduced again with H2. This is consistent with
the previous XAFS result that part of the Pt–Co bonds disappear
while an oxidation of Pt is observed when it was exposed to air
[169]. Based on these results, the reaction scheme can be proposed
as shown in Fig. 5. A dual site non-competitive mechanism is valid
and the role of reduced M (M = Ni or Co) is to activate O2. The
oxidized M can be reduced by H2, which can be facilitated in the
presence of Pt metal.

4.4. Supported Ru, Rh, and Ir catalysts

Supported Ru catalysts have been actively applied to the PROX
system since Oh and Sinkevitch reported that Ru/Al2O3 was the
most active among commercial catalysts [34]. The catalyst
comprising Ru supported on an alumina hydrate was claimed
for the PROX catalyst [170]. The supported Ru catalyst has been
reported to be affected noticeably by the preparation parameters
such as Ru precursors, reducing agents, and pretreatment
conditions [171–174]. The combination of a direct hydrogen
treatment and use of a nitrate precursor resulted in the finely
dispersed Ru catalysts highly active for PROX [171]. The Ru/Al2O3

catalyst prepared by the liquid-phase reduction showed the best
performance after reduction at 523 K [172–174]. The close
relation between the low-temperature PROX activity and the
ratio of Ru(0) was revealed by XPS study [173]. Until now, this Ru/
Al2O3 catalyst can be considered to be the most promising based
on the real operation data [175–178]. However, there has been no
report that the acceptable CO removal can be achieved with the
high inlet CO concentration such as around 1 vol% in the real gas
composition.

Supported Ru catalysts have also some advantages over other
supported noble metal catalysts because both oxidation and
hydrogenation can be accomplished at once. This can provide
the extended the temperature range to achieve the acceptable
CO removal [174,179]. Compared with supported Ru catalysts,
supported Rh and Ir catalysts have been reported to be less
selective for the PROX. Some supported Ru, Rh, and Ir catalysts
for this reaction and their performance are summarized in
Table 5.
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5. Summary and outlook

Two different approaches such as hydrogen separation through
the selective diffusion and catalytic purification to remove CO in a
H2-rich stream for the PEMFC were compared and discussed on
their characteristics. In the case of membrane separation, the thin
layer of Pd-based alloy metal on the porous ceramic material
coupled with the catalytic purification is the most advanced
method at present. The development of non-palladium-based
membranes that offer a lower cost, high flux, and high durability is
quite plausible in the future.

Due to the intensive works during last decades, supported Ru
catalysts and Pt-based alloy catalysts have been successfully
developed. However, the PROX catalysts which can selectively
remove high concentrations of CO above 1 vol% can contribute to
reduce the size of fuel processor by minimizing the water–gas shift
reactor. The combination of highly selective PROX catalysts and the
CO methanation catalyst can provide the extended temperature
range to achieve the acceptable CO removal. During this research
on the catalytic purification, the progress on the membrane
operating at relatively high temperatures [185–188] or the CO-
tolerant anode [189] should be carefully kept eye on not to be
superfluous.
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Gutiérrez-Ortiz, Catal. Today 116 (2006) 391.
[163] J.L. Ayastuy, A. Gil-Rodrı́guez, M.P. González-Marcos, M.A. Gutiérrez-Ortiz, Int. J.
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Hävecker, S. Zafeiratos, P. Schnörch, P.C. Jentoft, A. Knop-Gericke, R. Schlögl, J.
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