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Abstract

In order to supply pure hydrogen to proton exchange membrane (PEM) fuel cells and avoid CO poisoning, selective CO oxidation in H, was
studied over Ce-Pt/y-Al,05. Adding the Ce promoted the CO conversion and selectivity of Pt/y-Al,O5; with changing loading weights of Pt and
Ce, oxygen concentration, residence time, and the composition of gases (H,O, CO,, and N,). At 250 °C, adding H,O to the feed gas enhanced
the CO conversion due to the water—gas shift reaction. While, adding CO, to the feed gas suppressed the CO conversion due to the reversible
water—gas shift reaction. In situ BET and XRD tests showed that well-dispersed metallic Pt particles (—2 nm) existed on the Ce oxide over the
alumina support, which helps to supply oxygen to the Pt for a high activity of CO oxidation and selectivity.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells for both stationary and mobile applications are
being studied as a way to provide clean and economical energy.
Due to their durability and high power generation, phosphoric
acid fuel cells (PAFC), molten carbonate fuel cells (MCFC) and
solid oxide fuel cells (SOFC) are being used for central power
plant applications. On the other hand, polymer electrolyte fuel
cells (PEFC) are being used for propulsive automotive power
plants. The low operating temperature (80 °C) solves the prob-
lem of fast start up, high power densities and dynamic response
characteristics [1].

Ideally, supplying pure hydrogen to the PEFC could provide
a simple system integration, maximum efficiency and zero emis-
sions. However, the lack of a hydrogen refueling infrastructure,
the difficulty and safety of storage, consumer acceptance, and
commercial viability make the supply of pure hydrogen a major
difficulty. Thus, three catalytic process steps are used to obtain
pure hydrogen from liquid fuels such as methanol and gaso-
line: (1) autothermal reforming (fuel + Oz + HoO <> CO,. + Hy),
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partial oxidation reforming (fuel + Oy <> CO, +Hy) or steam
reforming (fuel + HyO <> CO, +Hj), (2) the water—gas shift
reaction (CO+H;0 < CO;, +H»), and (3) remaining CO is
reduced to ppm levels by preferential oxidation (PROX) [2].

In the PEFC, the platinum electrocatalyst is easily poisoned
by CO, sulfur, and other chemical species produced by the
reforming processes. CO is especially serious, poisoning the cat-
alysts at levels higher than 10 ppm. The PROX reactor is used
between the water—gas shift reactor and the fuel cell anode in
order to decrease the CO concentration: the CO concentration
of the water—gas shift at thermodynamic equilibrium reaction is
1 mol%. Higher activity and selectivity of catalytic PROX reac-
tors are required to oxidize the CO without significant hydrogen
oxidation, an undesired side reaction. Since the PROX unit is
placed between the low-temperature shift reactor (—200 °C) and
the PEFC (—80°C), it should operate between these tempera-
tures.

For the PROX reaction, Pt and Au catalysts have mainly been
investigated. Au catalysts show high low temperature activities
(—80°C) for fast start up. Schubert et al. [3] reported that small
Au particles produced high activities on inert supports such as
Si0;, Al,O3, and MgO. In addition, enhanced oxygen supply
by the supports (Fe; O3, TiO;, NiO,, and CoOy) to Au produced
high activities. However, the activity strongly depended on the
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preparation of the catalysts. The CO conversion and selectivity
were lower at higher temperatures (150-200 °C) because of Hy
oxidation and the selectivity decreased at low CO concentra-
tions.

A Pt catalyst on alumina was applied in a multi-stage PROX
reactor by the Los Alamos National Laboratory at higher reac-
tion temperatures (150-250°C). The activities of Pt catalysts
could also be improved using small Pt particles on alumina [4]
and other oxygen supplying supports [5,6].

Adding a Ce promoter to the Pt supported alumina catalyst
improved the activity and selectivity of CO oxidation in Hj
(100-200 °C), which enhances the oxygen supply to Pt along
with stability [2]. This study was performed with dry streams
with no CO; in the feed. A real PROX gas, produced after the
water—gas shift reaction, is composed of CO, CO», H», N>, and
H;O. Thus, the study of selective CO oxidation with a realistic
gas mixture is important.

In this study, the activity and selectivity of CO oxidation in Hy
over Pt/y-Al,O3 and Pt-Ce/y-Al,O3 catalysts were tested with
changing loadings of Pt and Ce, oxygen concentration, residence
time, and composition of the gases (H,O, CO;, and N3) in order
to understand the characteristics of the catalysts and apply them
to real conditions. In addition, characterizations were performed
over the catalysts to find the Ce effects on the reactions related
to the Pt dispersions.

2. Experimental

Platinum (HPtClg-6H;0, Alfa) and Ceria (Ce(NO3)3-6H, 0O,
Alfa) were co-impregnated with y-Al,O3 (150m? g~!, basic
type, >60 mesh, Alfa) using the incipient wetness method. The
catalysts were dried in an oven at 120 °C for 24 h and then cal-
cined in air at 400 °C for 2 h. Catalysts were kept in a desiccator
to avoid water adsorption. Before testing the catalysts, they were
heated in Oy at 500°C for 1h, purged in He for 10 min, and
reduced in Hy at 500 °C for 1h. The reaction tests started at
room temperature after cooling down to the reaction tempera-
ture in Hp. This procedure is based on other researchers’ reports
[5,7,8]. The following notation identifies the catalysts: X Pt Y
Ce/Al where X and Y are wt% and Al is y-Al,Os.

The pure gas (Hp, Oz, N2, He, and CO (ultra high purity
grade, Air Gas Corp.)) and the gas mixture (9.01% CO balanced
COy) were used to simulate the reformate or to supply carrier
gas to a GC.

Catalysts were tested using a continuous-flow, vertical quartz
tube reactor (6 mm i.d.) in a furnace. A temperature controller
was used for adjusting reaction temperatures (100-350°C in
50°C steps). The loading weight of the catalyst was 0.1-0.3 g,
total flow rate was 100 ml min~! (STP). Reaction pressure was
atmospheric pressure. Four mass flow controllers (Tylan Co.,
USA) were used for controlling the gas flows rates (1% CO,
0.5-1% O3, 10.09% CO,, 30% N, and H, balance). The water
(—2.3%, saturated water percent in air at room temperature) was
supplied by a bubbler system. In order to avoid water conden-
sation, the feed gas pipe was heated by heating tapes around
100 °C. The preheated mixing feed gases were passed upwards
towards a catalyst bed, which was held in place by glass-wool

plugs. The reaction temperature was measured in the reactor
with two thermocouples, which were located on both sides of
the catalyst bed. The distance between the two thermocouples
was —4.4 cm. The top thermocouple, which was placed directly
on top of the catalyst bed, was used with the furnace to control
the reaction temperature. The maximum temperature difference
was almost 20 °C between the thermocouples because of the
highly exothermic reactions [9].

An on-line CO analyzer (Thermo-Environmental Instrument,
48C, USA) was used for analyzing the CO concentration after
removal of water in the out let gas with a drierrite moisture trap.
A gas chromatograph (HP 6890) was used with a TCD detector
through a Hayesep DB column to measure the concentrations
of Oy, CHy, and CO; using a syringe. The concentrations of
H,0 and H, were only measured approximately by a GC. All
experimental data were collected for a period of 1-2h in the
steady state. The conversions of CO and O3 and the selectivity
of CO were defined as follows:

CO
CO conversion (%) = ﬂ x 100
[COlin

O2]in — [O
O, conversion (%) = M x 100

[02] in

.. 0.5 x [COZ]out
CO selectivity (%) = ———  x 100
[O2]in — [O2]out

In situ BET surface areas were measured by N, adsorp-
tion (30% N»/70% He) at liquid nitrogen temperature using
a Quantasorb® sorption (Quantachrome Corp.) instrument. In
order to test in situ BET with changing conditions (after oxida-
tion, after reduction, and after reaction), a BET test cell was used
as areactor and all gases were flowed using mass flow controllers
without exposure to air. For the BET test on post-oxidation cat-
alyst, the calcined catalyst was oxidized in O at 500 °C for 1 h.
For the test of after-reduction BET test, the oxidized catalyst
was reduced in H, at 500 °C for 1 h and then the in situ BET test
performed after cooling down to room temperature. In addition,
for the test of after-reaction BET test, the reduced catalyst was
reacted in 1% CO, 1% O3, 10.09% CO,, 2.03% H,0, and H,
balance at 200 °C for 2 h and then the BET test performed.

X-ray diffraction (XRD) was performed with a Rigaku power
diffractometer using nickel-filtered Cu Ko radiation (40 kV tube
voltage and 40 mA tube current). For crystal phase identification,
typical operating parameters were as follows: 20-75° 26 scan
range, 1° min~! scan rate, and 0.02° data interval. The aver-
age particle size was calculated from the Pt(1 1 1) peak using
Scherrer’s formula [10-12].

3. Results and discussion
3.1. Reaction study
3.1.1. Effect of loading weight of Pt and Ce
Fig. 1 shows the effects of loading weights of Pt and Ce on

CO and O; conversions as well as selectivity. With decreas-
ing Pt loading weights, the CO conversion decreased over the
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Fig. 1. CO conversion, O, conversion (filled symbol), and selectivity (open
symbol) over SPt/Al, 5Pt1Ce/Al, 1Pt/Al, 1Pt1Ce/Al, and 1Pt5Ce/Al (1% CO,
1% O,, H; balance, total flow rate: 100 ml min~!, and W/F: 0.06¢gs cm’3).

entire temperature range and significantly decreased at 150 °C
while the selectivity improved below 150 °C, agreeing with oth-
ers [13]. The selectivity decreased due to higher competing H»
oxidation at higher temperatures, thus the selectivity could be
improved at lower temperatures by suppressing the competing
H, oxidation [6,13-16]. The 5Pt/Al and 1Pt/Al with 1 wt% Ce
showed higher CO conversion and selectivity over the entire tem-
perature range. This is due to the enhancement of the oxygen
supply to Pt by Ce [2]. Table 1 shows CO and Oy conver-

Table 1
CO conversion, O; conversion, and selectivity of SPt/Al and SPt5Ce/Al
Temperature  CO conversion O, conversion CO selectivity
°C
€O SPt/Al 5Pt5Ce/Al 5Pt/Al  5Pt5Ce/Al 5Pt/Al 5Pt5Ce/Al
100 35 90.2 33.1 90.2 52.9 60.3
150 90.4 95.6 98.6 95.6 45.8 48.4
200 92.3 88.2 100 88.2 46.2 44.4
250 63 56.7 100 56.7 31.5 28.4

1% CO, 1% O,, H, balance, total flow rate: 300 mlmin~!, and W/F:
0.06gscm™3.

sion and selectivity of SPt/Al and 5Pt5Ce at a higher flow rate
(300 mI min~—! with 0.3 g catalyst) as noted in previous work [2]
for comparison. Below 200 °C, the CO conversion and selectiv-
ity of 5Pt/Al at 100 mlmin~! was lower than that of 5Pt/Al at
300 ml min~! because of the external mass transfer-limited reac-
tion. In addition, at lower temperatures, the CO conversion of
5Pt1Ce/Al at 100 mI min~! was significantly lower than that of
5Pt5Ce/Al at 300 ml min~!. Higher total gas flows and loading
weights of Ce could produce the differences. The higher load-
ing weight of Ce could supply more oxygen to Pt, which yielded
higher CO conversion and higher selectivity. On the other hand,
1Pt5Ce/Al showed the worst CO conversion and selectivity since
the too high loading weight ratio of Ce to Pt yielded higher H»
oxidation: the oxygen conversion was 100% above 150 °C and
higher water peaks could be observed by a GC. Therefore, there
were optimum loading weights of Ce to Pt for improving the
activity.

3.1.2. Effect of the mole ratio O3 to CO

Fig. 2 shows the CO conversion and selectivity of all cata-
lysts were significantly decreased by decreasing the mole ratio
0O, to CO from excess stoichiometric (1% O») to stoichiomet-
ric (0.5% O3). 5SPt1Ce/Al and 1Pt1Ce/Al also showed higher
CO conversion and selectivity than SPt/Al and 1Pt/Al over the
entire temperature range. The Ce effect is greater at low temper-
atures. Table 2 shows CO and O, conversion and the selectivity
of 5Pt/Al and 5Pt5Ce/Al with different mole ratios of O, to
CO (%) at 150°C at 300mlmin~! as noted in the previous
work [2]. The selectivity of SPt5Ce/Al is much higher than
that of 5Pt/Al. Therefore, the selectivity can be improved by
using a higher loading weight ratio of Ce to Pt at low tem-
peratures with a lower ratio of O, to CO because a higher Ce
loading can improve the oxygen supply to Pt for selective CO
oxidation.

Table 2
CO conversion, O, conversion, and selectivity of SPt/Al and 5Pt5Ce/Al with
changing the ratio O, to CO

Ratio of CO conversion O, conversion CO selectivity
0, to CO
5Pt/Al  5Pt5Ce/Al 5Pt/Al  5Pt5Ce/Al  5Pt/Al  5Pt5Ce/Al
0.5 52 71.5 100 100 52 71.5
1 90.4 93.2 98.6 98.8 45.8 48.4

1% CO, 0.5-1% O, H, balance, total flow rate: 300 mlmin—!, and W/F:
0.06 gscm ™ at 150°C.
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Fig. 2. CO conversion, O, conversion (filled symbol), and selectivity (open
symbol) with lower ratio of O, to CO over 5Pt/Al, 5Pt1Ce/Al, 1Pt/Al, and
1Pt1Ce/Al (1% CO, 0.5% O,, H; balance, total flow rate: 100 mlmin~!, and
WIF: 0.06 gscm™3).

3.1.3. Effect of the contact time

In Fig. 3, the study of contact time was investigated with
changing loading weights of 1Pt1Ce/Al, which has a higher Ce
effect as observed in Fig. 1. Table 3 shows the CO conversion,
O, conversion, and selectivity of 5Pt/Al with increasing con-
tact time at 300 ml min~! [2]. The CO conversion of 5Pt/Al
improved with increasing contact time over the entire tempera-
ture range and its selectivity was constant [7,13,16,17]. On the
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Fig. 3. CO conversion, O, conversion (filled symbol), and selectivity (open
symbol) with changing ratios of W/F over 1Pt1Ce/Al (1% CO, 1% O,, Hy
balance, total flow rate: 100 ml min~', and W/F: 0.03-0.12gs cm™3).

other hand, the CO conversion of 1Pt1Ce/Al slightly decreased.
The selectivity of 1Pt1Ce/Al was significantly enhanced with
decreasing W/F (ratio of the catalyst weight to the feed rate)
at 150 °C. Due to the oxygen supply from Ce to Pt, the selec-
tivity of CO oxidation is higher with a lower contact time and
at lower reaction temperatures. At 250 °C, the CO conversion
and selectivity was enhanced with increasing contact time. The
selectivity of SPt/Al and 1Pt1Ce/Al remained constant over the
entire temperature range for a high contact time (0.12 W/F).
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Table 3

CO conversion, O, conversion, and selectivity of 5Pt/Al with changing W/F
Temperature (°C) CO conversion O, conversion CO selectivity

0.06 0.12 0.06 0.12 0.06 0.12

100 35 98.22 33.1 100 52.87 49.11
150 90.35 99.44 98.6 100 45.82  49.72
200 9226 97.65 100 100 46.18 48.83
250 63 93.51 100 100 31,5  46.76

1% CO, 1% O,, H, balance, total flow rate: 300mlmin~!, and W/F:
0.06-0.12gscm ™3,

3.1.4. Effect of H;O

With H>O in the feed gas, the CO conversion and selectiv-
ity of 1Pt1Ce/Al were also higher than that of 1Pt/Al over the
entire temperature range (Fig. 4). At 150 °C, the CO conversions
of 1Pt/Al and 1Pt1Ce/Al slightly decreased. The selectivity of
1Pt/Al remains constant while that of 1Pt1Ce/Al significantly
decreased. Adsorbing H,O on the support or Ce, suppressed
the oxygen supply to Pt for the selective CO oxidation while it
helped the Hj oxidation, in agreement with other results [12].
On the other hand, at 250 °C, the CO conversions on 1Pt/Al
and 1Pt1Ce/Al were much improved due to the water—gas shift
reaction [14]. Therefore, adding H,O yielded increasing CO
conversion at high temperature due to the water—gas shift reac-
tion, while it suppressed CO conversion at low temperature due
to enhancing the H, oxidation.

3.1.5. Effect of CO;

The effect of CO; in the feed gas on the CO conversion and
selectivity of 1Pt/Al and 1Pt1Ce/Al was small in 1% O, below
200°C. However, at 250°C, the effect became larger due to
the reversible WGS reaction (CO; + Hy — CO + H;0) (Fig. 5).
Thus, CO conversion and selectivity of 1Pt/Al and 1Pt1Ce/Al
decreased and 1Pt1Ce/Al was affected by the reversible reac-
tion more. The reversible reaction is more effective than the
water—gas shift reaction [12]. However, under 0.5% O», the neg-
ative effect of the CO, was small over the entire temperature
range. The CO conversion and selectivity of 1Pt/Al was slightly
enhanced due to the water—gas shift reaction. The reversible
reaction was suppressed since the temperature of the catalyst’s
surface was lowered by decreasing the CO and Hj, oxidation
reaction.

3.1.6. Effect of N>

The activity of 1Pt/Al and 1Pt1Ce/Al was not affected by
adding N», decreasing H» concentration, over the entire tem-
perature range (no data in this paper). In the catalytic com-
bustion reactions, the activation energy of CO oxidation with
hydrogen oxidation was much lower than that of homogeneous
CO oxidation owing to the coupling effects [7,8]. This was
explained by the interaction between the CO adsorbed on Pt
and hydroxylated alumina support, which could help free Pt
active sites for oxygen dissociation or adsorption [6]. Chang-
ing the hydrogen concentration would affect the reaction due
to the changing interaction. However, 30% of hydrogen was
decreased by adding N> to the feed gas, while the CO conver-
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Fig. 4. Effect of adding H,O in the feed gas on CO conversion, O, conversion
(filled symbol), and selectivity (open symbol) over 1Pt/Al and Pt1Ce/Al (1%
CO, 1% 05, 0-2.3% H,0, H, balance, total flow rate: 100 ml min~!, and W/F:
0.06 gscm™3).

sion and selectivity were unchanged. Thus, the H; effects are
primary.

3.1.7. Methanation

Pt/y-Al,O3 did not show the methanation side reaction as
noted in previous results [5—7]. The methane GC peaks could
not be observed over PtCe/Al with changing reaction conditions
(changing loading weights of Pt and Ce, oxygen concentration,
residence time, and the composition of gases (HyO, CO, and
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N»)) over the entire temperature range. Thus, methane could
not be an intermediate in the CO oxidation over Pt/Al and the
Pt/Al with Ce, and so it is convenient to apply the catalysts to
real PROX reaction for fuel cells.

3.2. Characterization

3.2.1. Support and Ce effects on the reaction
In order to understand the role of the support (y-Al,O3)
and Ce in the reaction, the reaction tests were performed with-
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Fig. 6. CO conversion, O, conversion (filled symbol), and selectivity (open
symbol) over no catalyst, Al and 5Ce/Al (1% CO, 1% O3, 2.3% H,0, 10.09%
CO,, H, balance, total flow rate: 100 mlmin~", and W/F: 0.06gs cm_3).

out the catalyst, support (Al), and 5Ce/Al (Fig. 6). The CO
conversion and Oy conversion were significantly suppressed
without a Pt loading. Thus, the loaded Pt particles were active
sites for the CO oxidation. The order of CO and oxygen con-
version rates, even though the CO conversions were low, is
5Ce/Al> Al >no catalyst. The CO could oxidize due to the heat
from hydrogen oxidation, which yielded lower selectivity at high
temperatures.
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Table 4
In situ BET results

LH. Son / Journal of Power Sources 159 (2006) 1266—1273

Sample name

After calcination

After reduction

After reaction

5Pt/Al 138.9 146.5 144.9
SPt1Ce/Al 132 138.3 124.2
1Pt/Al 143.4 168.3 170.2
1Pt1Ce/Al 166.8 166.5 139.3
1Pt5Ce/Al 145.8 145.5 122.6
5Ce/Al 160 142.8 132.3

3.2.2. In situ BET test

In situ BET tests were performed to understand the changing
of the catalysts’ surface areas since the characteristic of Ce can
be easily changed by exposure to air (Table 4). The surface areas
of 5Pt/Al and 1Pt/Al increased after reduction and remained
constant after reaction, due to a higher amount of smaller metal-
lic Pt particles. Thus, the well-dispersed metallic Pt particles
existed on the alumina after reduction. While, the surface areas
of 5Pt1Ce/Al, 1Pt1Ce/Al, and 1Pt5Ce/Al decreased after reac-
tion. The results were caused by changing morphology of Ce
in the reaction since the surface area of 5Ce/Al significantly
decreased after reduction and after reaction. The lower surface
area can be caused by blocking pores of alumina by Ce oxides
[18].

3.2.3. XRD test
X-ray diffraction tests were applied to determine the structure
of Pt and Ce and sizes of particles after reaction (Fig. 7). The
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Fig. 7. XRD spectra of: 1Pt/Al (a), 1Pt1Ce/Al (b), 1Pt5Ce/Al (c), SPt/Al (d),
and 5Pt1Ce/Al (e) after reaction (1% CO, 1% O,, H, balance, total flow rate:

100 mI min~"!, W/F: 0.06 gs cm—3, (0) v-Al, O3 peak, (@) cerium oxide (CeO»)
peak and () metallic Pt peak).

XRD spectra of 1Pt/Al and 1Pt1Ce/Al only showed broad alu-
mina peaks since the loading weight of Pt and Ce was small or
their particles were negligibly small or amorphous to be detected
by XRD tests. While, the alumina peaks of 1Pt1Ce/Al were
significantly broader than that of 1Pt/Al, which was caused by
existence of small metallic Pt particles on alumina [4]. With
increasing the loading weight of Ce, 1Pt5Ce/Al showed the
CeO, peaks. The XRD spectrum of 5Pt/Al showed metallic Pt
crystal peaks while that of 5SPt1Ce/Al only showed broad alu-
mina peaks. Since the well-dispersed small metallic Pt particles
(less than 2-5 nm) existed on 5Pt1Ce/Al while the big metallic
Pt particles (—16nm) existed on 5Pt/Al, calculated from the
Pt(111) peak using Scherrer’s formula [10-12]. Thus, well-
dispersed Pt particles existed on the Ce oxide over alumina
support, which helps in supplying oxygen to Pt for highly selec-
tive CO oxidation [19].

4. Conclusions

Adding Ce to Pt/y-Al,O3 produced higher CO conversion
and selectivity at lower temperatures and lower O to CO ratios
because of an enhanced oxygen supply to the Pt. The CO con-
version and selectivity were enhanced with an optimum loading
wt% of Ce and Pt: too high a loading weight ratio of Ce to
Pt yielded lower CO conversion and selectivity due to higher
H; oxidation. With decreasing contact time, the catalyst Pt/y-
Al,O3 with Ce showed a higher CO selectivity at lower tem-
peratures because of the Ce effect of supplying oxygen to Pt,
which became larger. At 250 °C adding H>O produced a higher
CO conversion owing to the water—gas shift reaction, while
adding CO; yielded a lower CO conversion due to the reversible
water—gas shift reaction. Adding N;, which decreased the H»
mole fraction, did not affect the activity. Reaction tests of the
support alone or with Ce, using in situ BET and XRD tests,
showed well-dispersed metallic Pt particle (—2 nm) active sites,
which existed on the Ce oxide over the alumina support, which
helped in supplying oxygen to the Pt for higher selectivity in CO
oxidation.
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