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Abstract

The selective, catalytic oxidation of CO in H2-containing streams was investigated over titania-supported Co, Pt and Co/Pt catalysts. The
work was motivated by the need to remove CO from the reformate fed to a polymer electrolyte fuel cell (PEFC) before it can poison the Pt
anode. Pt/TiO2 catalysts were active over a broad range of temperatures with a maximum at 120◦C. Co/TiO2 catalysts were effective for
CO oxidation at high temperatures (>100◦C). Mixed metal Co/Pt catalysts were quite effective, even at room temperature. The presence
of H2O and CO2, major components of actual reformate, reduced the activity of all the catalysts tested, but less so for the Co/Pt catalyst.
Activity decreased over long times but an intermittent, high-temperature “purge” regenerated the original activity. X-ray photoelectron
spectroscopy (XPS) and temperature-programmed reduction (TPR) were used to understand the synergism between metal components. The
Pt either influenced activity by helping reduce the Co, or the Pt and/or Co stabilized a Ti suboxide state that may play a role in the reaction
process. The latter is most likely attributable to the strong metal support interaction (SMSI) effect previously noted on Pt/TiO2 catalysts.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) show considerable
promise for fuel-efficient vehicles and therefore a substan-
tial effort has recently been directed at their production and
optimization. The PEFC currently requires hydrogen as its
fuel source. In order to avoid storing high-pressure hydro-
gen, the fuel can be generated in an onboard fuel processor.
Although the term “reformer” is often used for the whole
system, the production of hydrogen actually occurs in three
processes: (1) hydrogen is produced by autothermal re-
forming of a hydrocarbon (fuel+ O2 + H2O ↔ COx + H2)
where without water it is partial oxidation and without oxy-
gen it is steam reforming; (2) the water-gas shift reaction
(CO+ H2O ↔ CO2 + H2) eliminates most of the CO, pro-
ducing more hydrogen; (3) and any remaining CO is reduced
to parts per million levels by selective, catalytic oxidation,
usually referred to as preferential oxidation (PROX)[1].
Many auxiliary processes such as fuel vaporization, sulfur
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removal, heat integration, water management and effluent
gas combustion can make this a very complicated device.

The CO concentration from the low-temperature
water-gas shift reaction is typically about 1 mol%, which
is set by thermodynamic equilibrium at about 200◦C. The
PEFC anode uses a Pt catalyst, however, that is very sensi-
tive to CO poisoning at its low operating temperature. The
Partnership for a New Generation of vehicles (PNGV) has
therefore set a CO target concentration for the fuel processor
at 10 ppm[2]. In order to achieve this low CO concentra-
tion, the PROX reactor is placed between the shift reactor
and the fuel cell anode. Los Alamos National Laboratory
(DOE’s lead laboratory for PROX systems) has developed
a PROX catalyst and reaction system. It can achieve low
concentrations of CO (10–20 ppm) in a multi-stage reactor
over a Pt/Al2O3 or Ru/Al2O3 catalyst. The reaction chem-
istry is complicated, involving not only oxidation of both
CO and H2, but also methanation and water-gas shift.

Typical of catalytic reactions, the challenges here are
activity, selectivity, stability and cost. The conversion of
CO has to be 99.9% in order to achieve a concentration
of 10 ppm. Since the PROX unit is placed between the
low-temperature shift reactor (∼200◦C) and the PEFC
(∼80◦C) it should operate between these temperatures. At
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the same time, the reformate is mostly hydrogen and its
coincident oxidation obviously decreases the overall fuel
efficiency. The activity should be maintained in the presence
of typical reformate gases such as H2O and CO2 and over
the life of a car. The most common catalyst is supported Pt
so the cost could be reduced by using a non-precious metal.

The selectivity is defined as the ratio of CO oxidized (to
CO2) over the total O2 consumed. Producing water by burn-
ing hydrogen wastes fuel and reduces the system efficiency.
A selectivity of 50% with a reformate containing 2 mol%
CO would reduce the fuel efficiency about 2%[3].

A number of catalysts have been investigated for the
PROX reaction. Some of the more effective ones include
supported Pt[3,4], Ru, Rh[5], and Au[6–8]. The Pt-based
catalysts tested thus far achieve maximum conversions at ap-
proximately 200◦C, with selectivities approaching 40–60%
in a 1% CO, 1% O2, and H2 balance mixture[3]. Intro-
ducing the O2 into the reactor at different stages, enhances
this selectivity. Using Au-containing catalysts, it has been
reported that the operating temperatures can be lowered to
∼80◦C to achieve similar results[10]. However, prelimi-
nary experiments in our laboratory indicate that exposing
the Au catalysts to CO2 and H2O (typical components of
the reformate) results in significant activity loss over time.

Other non-precious metals, such as the first row transi-
tion metal oxides, are also active as oxidation catalysts and
are substantially cheaper. Cobalt is particularly active and
possesses a high activity for CO and hydrocarbon oxidation
[9]. Promotion of Pd with Co results in increased CO and
propene oxidation activities under stoichiometric conditions
[10].

Our objective is to study Co-based catalysts for the se-
lective oxidation of CO in a stream rich in H2, determine
the effects of CO2 and H2O on their performance, and study
the influence of Pt addition to the Co catalyst. Three model
catalysts containing platinum and/or cobalt were selected
for this study: Pt/TiO2, Co/TiO2, Pt/Co/TiO2. The first two
were chosen to study the active components separately and
the last to study any synergistic effects. These catalysts were
tested for activity and then characterized using X-ray photo-
electron spectroscopy (XPS) and temperature-programmed
reduction (TPR).

2. Experimental

The catalysts were prepared from precursor materials ob-
tained from Johnson Mathey and Aldrich Chemical. The
TiO2 support material is anatase and has a purity of 99.9%.
The Co precursor is Co(NO3)2·H2O and the Pt originates
from (NH3)2Pt(NO2)2. Each catalyst was prepared by the
incipient wetness method using distilled water as the sol-
vent for the precursor materials. Catalyst compositions are
given in weight percent. The catalysts were then dried in air
at 110◦C overnight. Each was also calcined in air at 500◦C
for 2 h. The Pt/Co catalysts were prepared by depositing the

Co first, drying, calcining and then depositing the Pt, with
subsequent drying and recalcination. Each catalyst was then
pretreated in a mixture of 5% H2 and N2 for 1 h at 350◦C.

A quartz tube with a diameter of 3/16 in. was used as
the reactor. A bypass flow tube was also built in to ver-
ify the reactant stream composition intermittently. The tube
was placed in a tube furnace with digital control for heat-
ing. The catalysts tested were in powder form. A thermo-
couple was placed inside the reactor tube and the tip was
typically located just above the powder during the reaction
tests. Mass flow controllers were used to control reactant
flowrates. The pressure drop was always less than 3 psig. In
each test, 700 mg of non-diluted catalyst and a total flowrate
of 550 sccm were used. The exit stream was attached to a
Drierite bed to remove water, then a Thermo Environmental
CO analyzer, capable of reading CO levels in the ranges of
0–1 to 0–8000 ppm. GC analysis was also performed with
an HP 5890 using a Haysep DB column and thermal con-
ductivity detector to monitor CO, O2, CO2, and CH4 levels.

BET surface area and TPR measurements were obtained
using a Quantachrome CHEMBET 3000. The BET surface
areas of all catalysts used in this study ranged from 10 to
12 m2/g. For TPR experiments, a temperature ramp rate of
10◦C/min was used and the reductant gas was a 5% H2/N2
mixture. XPS data were obtained using a Kratos Axis 165
using an Al anode as the X-ray source.

3. Results and discussion

3.1. Activity and selectivity comparison

CO conversions as a function of reactor temperature are
shown inFig. 1 for three catalysts: 3.32% Co/TiO2; 1.44%
Pt/TiO2; and 3.32% Co/1.44% Pt/TiO2. The aerial reaction
rates are comparable to others presented in the literature
[3,7]. Dispersions (and therefore “true” TOF) could not be
accurately attained due to the presence of reduced titanium
as will be discussed below. The inlet stream for this test

Fig. 1. CO conversion as a function of reactor temperature for the
titania-supported Pt, Co and Pt/Co catalysts.
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consisted of 1.0% CO, 1.25% O2 and a balance of H2.
The reactor temperature reported is that of the reactor fur-
nace itself; the temperature at the outlet of the catalyst bed
was always higher due to the exothermic reactions. The
experiments were performed in short time frames relative
to the decay/lifetime study described below. Stable read-
ings were obtained quickly and these are reported. Bare
TiO2 was tested for activity but no CO conversion was ob-
served below 250◦C (data not shown since no activity was
observed).

Supported Pt is known as an active CO oxidation catalyst
and is considered our “standard” for these experiments. The
most active Pt catalyst tested was a 1.44% Pt/TiO2 and is
shownFig. 1. The CO conversion reached a maximum at
about 125◦C. Remarkably, this catalyst oxidized some of
the entering CO at room temperature (∼17%), probably due
to localized heating of the catalyst bed by the H2 oxidation.
Similar results have been reported over Pt/Al2O3 catalysts
[3,4], but the active temperature range is usually higher.
The lower temperature for Pt/TiO2 may be due to active
participation of the reducible TiO2 support in the reaction.

The supported Co catalyst is as active as the Pt catalyst
at high temperatures. However, at low temperatures, it is
inactive for CO oxidation. This may be due to its water
sensitivity as described later. Based on activity, Co could be
a good replacement for Pt at operating temperatures above
120◦C. However, as will be seen, it is inhibited by the other
reformate gases, H2O and CO2.

The mixed metal Co/Pt/TiO2 catalyst showed remarkable
low-temperature activity. The improvement is much more
than the additive effect of a higher metal loading. The syn-
ergistic mechanism will be explored below.

Oxygen was never observed in the product, indicating that
at both low and high temperatures, H2 was being oxidized to
H2O, and the O2 was completely consumed. Therefore, the
selectivity will be directly proportional to the CO conversion.
A maximum selectivity of 40% can be achieved with these
flowrates. The Co/TiO2 catalyst produced some methane at
temperatures above 150◦C. Therefore, actual selectivities
above 150◦C would be lower than expected. None of the Pt-
or Co/Pt-containing catalysts were active for methanation.

Activity data for Co/Pt/TiO2 catalysts with different Co
loading are presented inFig. 2. To illustrate the effect of
O2 concentration on the reaction, the experiment with the
5% Co catalyst was run with 0.85% O2. At this lower
concentration, the selectivity can be much higher, almost
59%. Each catalyst showed high activity beginning at room
temperature and the activity decreased as the temperature
approached 100◦C. The optimum Co loading would de-
pend on the desired operating conditions. The activity was
reversible—it could be regained by lowering the tempera-
ture from 100◦C. Conversions greater than 99% were noted
with all three catalysts at operating temperatures of 40◦C or
below. An obvious drawback to this low operation tempera-
ture is the potential accumulation of water in the reactor bed
or on the catalyst and this problem will be discussed below.

Fig. 2. CO conversion as a function of reactor temperature using
Co/Pt/TiO2 catalysts with different Co loadings. Feed concentrations were
1% CO, 0.85% or 1.25% O2 and a balance of H2.

The same trend is again noted in the selectivity shown
in Fig. 3, illustrating that it is H2 oxidation that causes
the decrease in CO conversion. The selectivity was much
improved for the 5% Co catalyst by decreasing the O2 con-
centration. The higher Co loading more than compensated
for the loss in activity expected with lower O2 concentra-
tions.

3.2. Effect of reformate gases—CO2 and H2O

In order to determine the effects of other components
that will be present in the reactant stream and their poten-
tial influence on the catalytic activity, CO2 (18%) and H2O
(7%) were introduced separately and then together.Fig. 4
shows the effect for the Co/Pt/TiO2 catalyst at low temper-
atures. Both CO2 and H2O have a small detrimental effect,
with water alone being the worst. The effect of combined
CO2 and H2O in the feed on the three types of catalysts is
shown inFig. 5. Comparing withFig. 1, the Pt/TiO2 cat-
alyst looses significant activity but the Co/TiO2 catalyst is

Fig. 3. CO selectivity as a function of reactor temperature using
Co/Pt/TiO2 catalysts with different Co loadings. Feed concentrations were
1% CO, 0.85 or 1.25% O2 and a balance of H2.
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Fig. 4. CO conversion as a function of temperature for the 3.32% Co/1.44%
Pt/TiO2 catalyst with 18% CO2 and/or 7% H2O added to the feed.

virtually killed. The low-temperature activity of the Co/Pt/
TiO2 catalyst by comparison was only slightly affected.

Since it is not feasible to remove the H2O and CO2
from the reformer outlet and prior to the PROX reactor, the
Co/TiO2 catalysts will not be a good alternative to Pt for a
low-temperature PROX catalyst. The only obvious solution
would be more catalyst in the reactor, but under the condi-
tions examined in this experiment, a space velocity of only
22,000 h−1 was used and would be much further reduced to
obtain acceptable conversions. Such a solution would dra-
matically increase the PROX reactor volume, which must
be kept small along with all other components of the H2
generating system to fit in the small spaces of a car.

3.3. Stability

The mixed metal catalysts performed quite well at low
temperatures under the conditions examined. Even in the
presence of apparent inhibitors, high conversions could be
attained, which led to the next test, whether the conversions
could be maintained. The 3.32% Co/1.44% Pt/TiO2 catalyst

Fig. 5. CO conversion as a function of reactor temperature for the
titania-supported Pt, Co and Pt/Co catalysts in the presence of 7% H2O
and 18% CO2.

Fig. 6. CO conversion as a function of time on stream for a 3.32%
Co/1.44% Pt/TiO2 catalyst at 45◦C. Temperature increased to 100◦C for
1 h after 117 h of operation.

was chosen as a test candidate and the reactor was operated at
45◦C, with the data shown inFig. 6. An initial drop in activ-
ity occurred over the first 8 h of operation, but then a slower
pace of deactivation was maintained over the next >100 h.
After 117 h, the conversion was approximately 79%. At this
time, the reactor temperature was raised to 100◦C, held there
for 1 h, and then lowered to 45◦C again. This heat treatment
restored the catalyst performance. Adsorbed water is the
presumed cause of the slow but steady deactivation of the
catalyst. The higher temperature resulted in more rapid
evaporation of the water from the catalyst surface and
re-attainment of the activity. The reason that water does not
deactivate the catalyst more rapidly is due to the elevated
temperatures along the catalyst bed due to the exothermic
reactions occurring during the oxidation process. Although
the furnace temperature was set at 45◦C, the temperature
just above the catalyst bed was approximately 110◦C. The
experiment indicates that if an intermittent high-temperature
“purge” can be accomplished, the mixed metal catalyst
would be a good candidate as a low-temperature PROX
catalyst.

The activity of the catalyst is a function of time and this
would seem to influence the conversion obtained as a func-
tion of temperature. However, the short time frames used in
the temperature ramp experiments are quite different (∼1.5
versus 117 h). The decrease in activity as a function of re-
actor temperature was more significant than with time.

3.4. Characterization by X-ray photoelectron
spectroscopy and temperature-programmed reduction

The best performance was obtained using the mixed metal
catalysts. Simply adding the two activities from the single
metal component catalysts does not result in the conversions
noted although identical reaction conditions were used in
each experiment. Therefore, some synergistic effect must be
present. Exploring this possibility was accomplished using
XPS and TPR and these results are presented below.
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Fig. 7. An XPS survey spectra of the 3.32% Co/1.44% Pt/TiO catalyst after reduction.

Fig. 8. High-resolution XPS spectra of the Ti 2p binding energy region obtained from the titania-supported Co, Pt and Co/Pt catalysts after reduction.
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An XPS survey spectrum obtained from the 3.32%
Co/1.44% Pt/TiO2 catalyst is shown inFig. 7. This catalyst
was calcined at 500◦C and reduced in a 5% H2/N2 mixture
at 350◦C for 2 h. Features originating from the presence
of Co, Pt, Ti, O and C are all evident. The presence of the
carbon signal is not surprising because of exposure to air
during transfer from the reactor to the XPS. Otherwise, all
the other features are expected. The intensity of the O signal
may also be larger than expected due to the air exposure.
This would be caused by a Co–O presence but most of the
signal originates from the support. How much cannot be de-
termined at this stage, but O2 is present in the reaction feed
so this room temperature exposure to air may not influence
the interpretation dramatically. The spectra obtained from
the single-metal catalysts are identical except that they do
not contain the other metal’s features and they are therefore
not presented.

The high-resolution XPS spectra of the Ti 2p binding en-
ergy region obtained from the 3.3% Co/TiO2, 1.4% Pt/TiO2
and 3.3% Co/1.4% Pt/TiO2 catalysts are shown inFig. 8.
A mixture of Ti states exists in the near-surface region
of all three catalysts. The chemical state of the Ti in the
near-surface region of the Co/TiO2 catalyst is primarily
TiO2, with both Ti metal and a suboxide present also. The

Fig. 9. High-resolution XPS spectra of the Co 2p binding energy region obtained from the titania-supported Co and Co/Pt catalysts after reduction.

suboxide may correspond to either a cobalt titanate species
[11] or to a suboxide such as Ti2O3 that has been previously
proposed[12]. An XPS spectrum of this same binding en-
ergy region obtained from the bare titania (data not shown)
indicates that both the metal and TiO2 species are present,
but not the suboxide or titanate states. Therefore, this state
must be associated with the Co or is stabilized/formed by
the presence of the Co.

The presence of the Pt results in a further degree of Ti
reduction. Significantly, more Ti metal is evident in com-
parison to the amount of TiO2. Furthermore, the amount of
suboxide is also apparently decreased due to the presence of
the Pt, possibly due to its effect in further reducing the sub-
oxide species preferentially. Due to the presence of the Ti
metal states, calculations of the amounts of Co or Pt and the
associated dispersions could not be attained since the meth-
ods for these measurements rely on the support remaining
as an oxide during the process.

The mixed metal Co/Pt/TiO2 catalyst contains primarily
the suboxide/titanate species in the near-surface region, thus
it has become a mixture of the two spectra above. One cannot
definitively assign this state to the enhanced low-temperature
activity of this catalyst, but this possibility is enhanced by
the trend in activity noted. As the suboxide/titanate or metal
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presence is increased, lower temperature activities are re-
alized. This growth in suboxide or metal trend occurs as:
Co/TiO2; Pt/TiO2; Co/Pt/TiO2; with the low temperature ac-
tivity increasing with each catalyst.

A well-known phenomenon in catalysis is the strong
metal support interaction (SMSI) effect. The original work
concerning the SMSI effect concerned Pt/TiO2 [12] catalysts
and originally meant the migration of TiOx particles to and
over the Pt during certain high temperature excursions in a
reductive environment[13]. The SMSI effect, in many cases,
has been expanded to include most effects between a sup-
port and metal. It is very probable that in the present study
the SMSI effect plays a role. Moderately high-temperature
reductions were used and a continuous exposure to H2
existed in the experiments. The existence of the suboxide,
seen in the XPS data, could be attributed to the migrated
TiOx species on the Pt particles. The activity should be
affected either through covering the active Pt species with
TiOx or the Ti suboxide may have some activity toward
oxidation and assist in the reaction. The latter seems to be
true as the activity of the catalyst is quite high even at room
temperature.

Fig. 10. TPR patterns obtained from the titania-supported Co, Pt and Co/Pt catalysts using a 5% H2/N2 mixture with a heating ramp of 10◦C/min.

The XPS spectra of the Co 2p binding energy region ob-
tained from the Co/TiO2 and Co/Pt/TiO2 catalysts are shown
in Fig. 9. The Co species in the near-surface region of the
first is composed of metallic and Co3O4 states. The pres-
ence of the Pt has the same effect on the Co as it did on the
titania, as more metal is evident with the addition of the Pt.
These results are not surprising since Pt is known to lower
the reduction temperature of other oxide species and each
of these catalysts was pretreated in a reducing environment.
Upon exposure of these catalysts to a reductive pretreatment,
more Co oxide is reduced when the Pt is present than not.
However, the binding energy values for a Co bound to the
titanate should be near that of the metal and may account
for the increased signal in this region also.

The TPR experiments shown inFig. 10 are consistent
with the above conclusions. There are two primary features
associated with the Co/TiO2 catalyst. The first corresponds
to a temperature of approximately 200◦C and likely orig-
inates from reaction with the surface of the support ma-
terial. This was verified in an experiment using the bare
support, which resulted in a peak at the same temperature
and exactly the same size on a weight basis. The higher
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temperature features are due to the reduction of the Co or
bulk TiO2. The first reduction occurs at about 520◦C and
it has been associated with the formation of titanate species
[11]. The titanate species is more difficult to reduce and the
Co titanate reduces to Co metal at even higher temperatures.
Alternatively, this is bulk reduction of TiO2.

The Pt/TiO2 catalyst also has several features in its TPR
spectrum. The low-temperature peak, residing at approxi-
mately 150◦C, is caused by partial reduction of some of
the TiO2, as discussed above. But this peak is larger and at
lower temperature than that originating from the bare TiO2.
The Pt may help in the further reduction of some of the
near-surface TiO2. Another possibility is the coincident re-
duction of any Pt oxide species present at the surface.

The TPR spectrum obtained from the Co/TiO2 catalyst
has three major features at 180, 260 and 470◦C. The latter
is associated either with the reduction of the Co species or
with bulk TiO2 reduction but now at a lower temperature
with assistance from the Pt. The lower-temperature features
are larger than any others and may also be associated with an
initial reduction of the Co oxides to the titanate or suboxide
species. Also, the peak associated with support reduction is
large and occurs at a lower temperature than bare titania.

These data suggest two possible scenarios that may cause
low-temperature activity enhancement in the presence of
both the Co and Pt. First, the presence of Pt on oxide supports
or an interaction with an oxide is known to affect the tem-
perature of reduction of that oxide. If a suboxide species or
metal site is needed in this reaction sequence, then the pres-
ence of Pt and H2 in the stream may influence the activity
of the catalyst. A possible mechanism is that the Pt causes a
further reduction in neighboring Co sites which adsorb more
of the O2 and lend this reactant to the CO adsorption sites,
most likely associated with the Pt. Pt readily adsorbs CO but
does not readily adsorb O2 at these low temperatures. Since
O2 is never found in the effluent, it must be chemisorbed on
some part of the catalyst. Therefore, this limiting step may
be partially overcome by the presence of the more reduced
Co species at the surface. The second scenario involves the
Ti suboxide presence noted with XPS. Although possibly a
Co titanate species, in either case the TiOx may also act as
an O2 adsorption site, again overcoming the limiting step
associated with CO oxidation over Pt-based catalysts.

4. Summary

The selective oxidation or PROX of CO in H2-rich
streams was investigated for potential applications down-
stream from fuel cell reformers. Co, Pt and Co/Pt supported
on TiO2 catalysts were tested. The Pt/TiO2 catalyst was ac-
tive over a broad range of temperature centered at 120◦C.
The Co/TiO2 was just as active at high temperatures but
was particularly inhibited by other reformate gases CO2 and
H2O. The Co/Pt/TiO2 catalyst was very active at low tem-
peratures and not significantly inhibited by the reformate
gases. A lifetime study indicates that the Pt/Co/TiO2 catalyst
decays with time, but that the activity can be reattained with
a short, high-temperature “purge”. Overall, the Pt/Co cata-
lysts performed much better than the Pt or Co catalysts sep-
arately, and simply adding the activities of the two does not
result in the activity observed with the mixed metal catalyst.
Therefore, some synergistic affect must be present. XPS and
TPR experiments were performed to validate this hypothesis
and indeed, the presence of both metal components results
in different Co and Ti species concentrations at the surface,
which may account for the noted activity enhancement.
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