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The Au/CeO, catalysts with nanoscale CeO, shapes of rods, cubes and polyhedra were evaluated for the
CO preferential oxidation (CO-PROX) in a hydrogen-rich gas, showing a strong effect of CeO, morphology
followed by this order: rods > polyhedra > cubes. The results of pulse experiment and kinetic study

Keywords: indicated that the oxidation of CO could be enhanced by H, and H,0 moisture, behaving a hydrogen
go(l)d isotope effect by H,/D,. The catalyst Au/CeO,-rods exhibited the lowest apparent activation energy for
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the CO oxidation either with or without hydrogen in comparison with the Au/CeO,-polyhedra and Au/
CeO,-cubes. It was proposed that hydrogen reacted with adsorbed oxygen to yield highly oxidizing
surface H-containing intermediates that could readily converted CO to CO, at lower temperatures. The
generation of such key intermediates might be involved into the rate-determining step.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The preferential oxidation of CO in a hydrogen-rich gas (CO-
PROX) has been attracted much attention due to its unique role in
purifying the gas feeding for proton-exchange-membrane (PEM)
fuel cells [1-3]. Hydrogen produced after the steam reforming
process and water-gas shift reaction usually contains trace amount
of CO (0.5-1%) which will poison the platinum-based electrode
that converts hydrogen to electricity [4]. The acceptable CO
concentration is below 10 ppm at Pt anode and below 100 ppm at
CO-tolerant alloy anodes. Among the approaches investigated to
remove the trace amount of CO in Hy-rich stream [5,6], the CO-
PROX has been considered to be suitable for sufficient CO removal.

Various efforts have been made with the development of CO-
PROX catalysts by employing precious and non-precious metals. In
particular, the supported noble metals, such as Au, Pt, Rh, Ru, and Ir
were very active for this reaction [6-10]. Specifically, some
selected metal oxides supported Au nanoparticles, were found to
be of potentially superiority, since they are able to remove CO from
reformed fuels with an extraordinarily high reaction rate and good
selectivity at much lower temperatures [11-13]. The influence of
metal oxides on the catalytic activity of gold nanoparticles has
obtained great scientific interest. The active (reducible) supports
such as TiO, [14-16], CeO, [13,17-19] and FeO, [12,20-22] can
improve the stability of gold particles and furnish oxygen atoms for
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higher activity. Interface, geometry, and quantum size effects
determine the catalytic activity of gold nanoparticles supported on
metal oxides.

Ce0,, is an attractive oxide with unique catalytic properties due
to its distinct defect chemistry and the ability to exchange lattice
oxygen with the gas phase [23]. These properties include the
promotion of the precious metal dispersion, the enhancement of
the catalytic activity at the interfacial metal-support sites and the
promotion of CO removal through oxidation employing lattice
oxygen. Nanosized gold supported on CeO, has been reported to be
good catalyst in the CO-PROX in H, stream, owing to their high
activity and selectivity to CO oxidation, and their resistance toward
H,0 and CO, [13,17-19]. Quite recently, we have discovered that
the catalytic activity of Au/CeO, on CO-PROX was significantly
influenced by the morphology and crystalline planes of CeO, [24].
The nanoscaled Au supported on CeO, with the shape of rods
exhibited extra higher activity than CeO, with the shapes of
polyhedra and cubes.

On the other hand, even though numerous reports are available
on the effect of metal oxide support on the activity of gold
nanoparticles for the PROX reaction, there is less attention toward
the CO-PROX reaction mechanism [19,22]. As for the total
oxidation of CO, in general, the CO molecule is considered to be
adsorbed on gold; the oxygen species activated on the surface of
Ce0, diffuse to the Au-CeO, interface and react with CO to produce
CO, [25]. However, the CO-PROX reaction may not be described by
such traditional mechanism. Concerning the hydrogen effect,
Quinet et al. proposed that hydrogen reacted with oxygen to yield
highly oxidizing intermediate HOO" that promoted CO oxidation
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over Au/Al,Os catalyst [26]. Recently, Tanaka et al. reported a novel
catalyst FeO,/Pt/TiO, and demonstrated that the PROX reaction of
CO occurred via a HCOO intermediate and its oxidation with OH
instead of oxygen, which was different from the ordinary oxidation
of CO with 0, [27].

The aim of this work is to further discuss the key issues relevant
to the CeO, shape effect and mechanism aspects of the Au/CeO,
catalysts for the CO-PROX by means of kinetic study, pulse
experiment, effects of H,/D, and water moisture. The results
support the aforementioned morphology effect of CeO, and allow
us to propose a Hp-promoted CO-PROX reaction mechanism.

2. Experimental
2.1. Catalyst preparation

Ceria oxides with shapes of rods, cubes and polyhedra were
prepared by an established method [24,28]. The Au/CeO-, catalysts
with different shapes were prepared using a routine deposition-
precipitation (DP) method described previously [29]. In brief, the
CeO, samples were dispersed in aqueous solution of HAuCl,-3H,0
at a pH of 8-9 using (NH,4)>,COs as buffer solution. The precipitates
were aged at room temperature and further washed with hot
deionized water. Finally, the catalysts were obtained by calcination
in air at 673 K for 4 h.

The nominal gold loading was controlled to be 1 wt%. The actual
Au content was determined by an inductively coupled plasma-
optical emission spectrometry (ICP-OES) using a Thermo Electron
IRIS Intrepid II XSP. The received values were 0.92 wt% for the Au/
Ce0O,-rods, 0.83 wt% for the Au/CeO,-polyhedra and 0.92 wt% for
the Au/CeO,-cubes.

2.2. Catalytic testing

The catalytic performances were examined in a conventional
fixed-bed flow reactor by using 100 mg of catalyst at 0.1 MPa as
previously reported [24]. The reactant mixture of CO/O,/H,/N, was
adjusted to 1/1/50/48 (mol%) by mass flow controllers. The mixed
gas passed through a tube containing NaOH pellets for purification.
The typical performances were conducted at a total flow rate of
50 mLmin~!, corresponding to a gas hourly space velocity
(GHSV) = 30,000 mL g~ ! h™!. The effect of CO, and H,0 co-existed
in the feed gas was performed at the reactant mixture of 1% CO, 1%
0,, 50% Hy, 15% CO, and 10% H,0 balanced with N,. The outlet
stream line from the reactor to the gas chromatograph was heated
at about 373 K to avoid condensation of reaction products. The
composition of the influent and effluent gas was analyzed by an
on-line gas chromatograph equipped with two packed columns
(Molecular sieve 5A and Porapak Q) and thermal conductivity
detector. The CO conversion and O, selectivity were calculated by
the equations as previously reported [24].

The kinetic study was performed using different catalyst
amounts (5 mg of Au/CeO,-rods, 10 mg of Au/CeO,-polyhedra
and 50 mg of Au/CeO,-cubes) in order to control the CO conversion
below 20%. The flow rate of the reaction gas was maintained as
50 mL min~'. The kinetic data were collected after the reaction for
30 min at each temperature when it attained a steady state.

2.3. Pulse experiment

Pulse experiments were performed on a lab-built microreactor
equipped with a quadrupole mass spectrometer (Hiden Analytical)
by using Ar as the carrier gas in a flow rate of 40 mL min~'. The
catalyst sample (20 mg) was pretreated at 523 K in 5%0,/95%N,
flow for 30 min and then cooled down to 323 K. The sample was
then purged with Ar 30 min at 323 K. After that, the amount of ca.

0.5 mL of CO/H,/Ar = 5/45/50 (mol%) or O,/Ar = 20/80 (mol%) was
pulsed into the catalyst bed at an interval of about 5 min. All the
mixed gases were purified by the NaOH pellets before being pulsed
into the catalyst bed. The effluent gas from the reactor was
detected by the mass spectrometer by monitoring m/e = 28 for CO
and m/e = 44 for CO,.

2.4. Effects of hydrogen isotope and H,O moisture

Hydrogen isotope effect and influence of water vapor were
evaluated using the same reactor system as in the activity test by
using 100 mg of catalyst at 0.1 MPa. Before D,/H, or H,O was
introduced into the catalyst bed, the CO oxidation was executed
from room temperature to 333 K with a reactant mixture of CO/O,/
N, (1/1/98, mol%) and then the temperature was held at 333 K. For
the hydrogen isotope effect, D, (25 mL min~!) or H, (25 mL min™!)
was added to a flow of 1%CO + 1%0, balanced with N,. The total
flow rate was kept as 50 mL min~!, where the N, flow rate was
lowered from 49 to 24 mL min~! when H, or D, (25 mL min~') was
added. At each stage, the activity data was collected every 30 min
after the reaction attained the steady state.

Effect of H,O moisture on the CO oxidation was conducted by
adding water vapor to the reactant mixture of CO/O,/N, (1/1/98,
mol%). The content of H,O vapor was controlled by mixing dry N,
with the N, bubbled through a water tank at room temperature,
keeping the total flow rate at 50 mL min .

2.5. High-resolution transmission electron microscopy

Transmission electron microscopy (TEM) images were per-
formed on a Tecnai F30 electron microscope operated at an
acceleration voltage of 300 kV. Samples for TEM measurements
were ultrasonically dispersed in ethanol. Drops of suspensions
were deposited on a copper grid coated with carbon.

3. Results and discussion

We have demonstrated the CO-PROX performance on the Au/
CeO,, catalysts with different CeO, shapes were dependent of CeO,
morphology [24]. The CO-PROX performance over the same Au/
CeO, ones with different shapes in the presence of CO, and H,0
vapor is displayed in Fig. 1. It can be seen that the Au/CeO,-rods
showed much higher activity than the Au/CeO,-polyhedra and the
Au/CeO,-cubes in the temperatures ranging from 310 K to 393 K.

100—

20 Au/CeO-rods
o\ﬂ |-
g 60 Au/CeO0>-polyhedra
z
? -
=
S 40
@]
o L

20 —

Au/CeQ;-cubes
0 I 1 | 1 | | 1 |

320 340 360 380 400
Temperature / K
Fig. 1. Reaction temperature dependence of CO conversion over Au/CeO, with

different CeO, shapes in the PROX reaction with a reactant mixture of 1% CO, 1% O,
50% H,, 15% CO, and 10% H,0 balanced with N, under GHSV = 30,000 mLg ' h~".
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Fig. 2. TEM and HRTEM images of Au/CeO, catalysts with different CeO, shapes. (a) and (b): Au/CeO,-rods; (c) and (d): Au/CeO,-cubes; (e) and (f): Au/CeO,-polyhedra.

At 363 K, the CO conversion over the catalyst of Au/CeO,-rods was
higher than 90%, whereas that over the Au/Ce0O,-cubes was only
about 30%. The activity sequence for these three samples in Fig. 1
was similar to the previous one obtained in the case of without
CO, and H,0 moisture [24]. However, in comparison to the CO-
PROX performance in the absence of CO, and H,O, the result
indicated that the co-existences of CO, and H,O would show
negative effects. Nevertheless, the CeO, crystalline shape depen-
dence of Au/CeO, catalysts on the CO-PROX performance could be

obtained either in the absence or presence of CO, and H,0
moisture.

To exclude the gold size effect, we have further measured the
TEM and HRTEM images of the Au/CeO, catalysts with different
CeO,; shapes. As shown in Fig. 2, after gold deposition, the CeO,
nanocrystals maintained their original shapes. The Au/CeO--
nanorods showed a uniform width of approximate 10 nm with
length 50-200 nm (Fig. 2a). The Au/Ce0,-nanocubes displayed an
average size of about 25 nm (Fig. 2c) and the Au/CeO,-nanopo-
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Fig. 3. Pulse reactions of CO-H, mixed gas and O, alone over Au/CeO,, catalysts with
different CeO, shapes at 323 K. The inserts refer to the magnified signal of m/e = 44
during the first pulse to the fourth pulse of CO-H, mixed gas.

lyhedra had a diameter around 9 nm (Fig. 2e). The HRTEM images
indicated that the exposed crystal planes of the Au/CeO,-nanorods
were dominated by {1 1 0}and {1 0 0} facets of CeO,, (Fig. 2b), those
of the Au/CeO,-nanocubes and the Au/CeO,-nanopolyhedra were
done by {1 00} (Fig. 2d) and {1 1 1} (Fig. 2f), respectively [28]. It
can be seen that the gold nanoparticles with diameters smaller
than 3 nm were identified on the CeO,-nanocubes, but those were
hardly observed on other two shapes of CeO, nanocrystals due to
the low contrast of Au. In combination with the XRD patterns and
ICP analyses [24], we concluded that the highly dispersed gold
clusters were evident on the Au/CeO, samples investigated. The
weak contrast of Au particles might be possibly due to the diffusion
of Au into bulk CeO, or the formation of Au-Ce alloy via oxygen
vacancies [19,30]. These observations indicated there might exist
stronger interactions between gold nanoparticles and CeO,
nanocrystals, in particular, the CeO, with shapes of rods and
polyhedra.

The results of O,-TPD indicated that after deposition of gold
significant O, desorptions were observed on the Au/CeO,-rods and
Au/CeO,-polyhedra at 773-1173 K, but no O, species were

0 E =25.5 kJ/mol
E=2

; i E =35.1 kl/mol
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Fig. 4. Arrhenius plots of CO oxidation rates of Au/CeO, catalysts with different CeO,
shapes for CO-PROX reaction (solid symbols) and CO oxidation in the absence of
hydrogen (open symbols).

released on Au/CeO,-cubes even at the temperature up to
1273 K [24]. The different O,-TPD profiles for the Au-supported
samples might be assigned to the different oxygen storage
capacity of CeO,, which might have great impact on the reaction
activity [23,31,32]. Thus, the pulse experiments were performed
to elucidate this behavior. The pulse reactions of CO-H, mixed gas
and O, alone over the Au/CeO, with different CeO, shapesat323 K
are displayed in Fig. 3. Two mass signals, one for CO, with m/e = 44
and another for CO with m/e = 28 were monitored. The CO signal
increased gradually and reached maximal after the tenth CO-H,
pulses for the Au/CeO,-rods, the eighth ones for the Au/CeO--
polyhedra and the second ones for the Au/CeO,-cubes. The signal
of m/e = 44 was detected immediately after the CO-H; pulse for all
the samples, but the highest signal was observed on the Au/CeO,-
rods. Interestingly, the intensity of CO, signal increased at the first
to the fourth CO-H, pulses, and then began to decrease. It might
be owing to the adsorption/activation of CO on the catalyst
surfaces. We have measured the carbon balance between CO
adsorbed and CO, produced. It was found that the amount of CO
adsorbed was much larger than that of CO consumed for the
generation of CO,. This was consistent with the previous finding
that no matter what the CeO, shapes were, the Au/CeO, catalysts
absorbed much more CO that O, according to the CO-TPD and O5,-
TPD results [24]. After the CO-H, pulses were saturated, the
samples were pulsed with O,. The CO, signal was detected only at
the first O, pulse and its intensity was ranked by the CeO, shapes
as rods > polyhedra > cubes. In other words, the adsorbed CO
could be readily reacted with O,, implying that O, activation on
the catalyst surfaces was quite quick. After the tenth O, pulse, CO-
H, was pulsed into the catalyst bed once again, giving almost the
same behavior as the fresh samples.

Arrhenius plots of CO oxidation rate (r) over the Au/CeO,
catalysts with different shapes are shown in Fig. 4. The
catalytic activity followed the order of CeO, shapes by
rods > polyhedra > cubes for CO oxidation either with or without
H,. As common feature, the CO oxidation rate could be enhanced
by H, no matter what the Au/CeO, shapes were used. The CO-
PROX reaction over the Au/Ce0O, catalysts with CeO, shapes of
rods, polyhedra and cubes showed the apparent activation
energies (E,) of 25.5, 35.1 and 49.1 k] mol~!, respectively. Clearly,
the E, values were of CeO, shape dependence. The variation of E,
value due to the Au/CeO, with different shapes could be
essentially attributed to the distinctly different interactions
between gold and CeO, as described above and previously [24],
indicating that the rate-determining step of CO-PROX reaction on
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Fig. 5. The hydrogen isotope effect of CO oxidation activity over Au/CeO,-cubes at
333 K. Total flow rate was 50 mL min—!, where N, flow was lowered from 49 to
24 mL min~! when a 25 mL min~! of H, or D, gas was added.

the Au/CeO, catalysts with different shapes might be different
from each other. A similar E, sequence for CO oxidation without H,
was also observed. The Au/CeO,-rods exhibited the lowest
apparent activation energy of 23.1 k] mol~!, while that for the
Au/Ce0,-polyhedra and Au/CeO,-cubes was 29.4 kj mol~! and
32.0 k] mol~!, respectively. Note, the CO oxidation in the CO-
PROX showed higher E, values in comparison with the CO
oxidation without H,. It is believably that the reaction mechanism
of CO-PROX in H, would be different from the total oxidation of CO
[26,27]. Moreover, it has been reported the H, oxidation, which
could produce H-containing species that facilitate CO oxidation,
usually showed a higher E, value in the presence of CO [26].
Another possible interpretation of non-Arrhenius behavior of rate
constant of the CO oxidation reaction is suggested in terms of the
tunneling [33]. The highly active H-containing species might be
also possibly generated through a quantum tunnel effect on the
nanoscale Au/CeO, catalysts in the case of higher E, value,
resulting in a higher reaction rate for the CO-PROX.

To further clarify the mechanism of CO oxidation enhanced by H;
on the Au/CeO, catalysts, we then performed the hydrogen isotope
effect on the oxidation of CO. Since the CO oxidation on all the Au/
CeO, catalysts showed similar promotional effect of H,, only the
result of Au/CeO,-cubes was presented. As shown in Fig. 5, when D,
(25 mLmin~') was added to a flow of CO(0.5mLmin™')+0,
(0.5mLmin~")+N, (49mLmin~') by lowering the N, to
24mLmin~! at 333K, the CO conversion was enhanced from
39.0% to 45.5%. When D, was replaced by H,, the CO conversion
further jumped to 65.5%. However, with the removal of H; from the
stream, the CO conversion dropped the level of CO oxidation. The CO
oxidation activity in the presence of H, was nearly 1.44 times of that
in the presence of D,. Interestingly, the O, conversion increased from
33.1%to0 66.5% when D, was replaced by H,, where the O, selectivity
for CO oxidation was 68.7% in the presence of D, but 49.5% in the
presence of H,. This observed kinetic isotope effect (ky/kp = 1.44)
implied that the step of activation of hydrogen or H-containing
specie was involved in the CO-PROX reaction [34,35]. So it is
reasonable to conclude that the H-containing species was responsi-
ble for the rate-determining step of CO-PROX. The hydrogen reacted
with adsorbed oxygen to yield highly oxidizing surface intermedi-
ates that could readily convert CO to CO, at lower temperatures. One
possible candidate of the H-containing species could be the OH
group, which has been frequently mentioned in literature [27,36].

Fig. 6 shows the effect of H,O moisture on the CO oxidation at
333 K. As can be seen, the conversion of CO was enhanced from
26.6% to 56.1% when a small amount of water vapor (0.47 vol%)
was introduced to the feed gas and it was linearly increased with

80 . :
L ] i
] " I
60 :
E : - :
g [ H.Oadded ! i H-O removed
2 ol N 1
= 40__ 1 |
] B 1 ,
S ! :
c I i i
o _r :
20 :
i at333K I at333K
glee o Bsaalin eorg Tw oa 9 004 Ceopi ol
300 315 330 0.5 06 0 20 40 60

Temp. /K | H:O content / Vol% Time / min

Fig. 6. The influence of H,0 content on the oxidation of CO over Au/CeO,-cubes. H,O
pressure was controlled by adding dry N, to a flow of N, bubbled through a water
tank at room temperature and monitored by the gas chromatograph.

the increase of H,O content. When the H,0 vapor was removed
from the feed gas, the CO conversion was restored to the pristine
level. It should be mentioned that too much water (5 vol% or more)
was not beneficial for the CO oxidation at 333 K, probably because
higher concentrations of H,O led to the blocking of the active sites
and thus hindered the adsorption of CO and O, [37]. It has been
reported that the CO oxidation was enhanced by water on Au
catalysts supported on Al,03 and SiO, [38]. They explained that
water promoted the CO oxidation by facilitating the activation of
0,. While in the present case, the CeO-, support can easily adsorbed
and activated oxygen, which made the promotional effect of H,O
on the Au/CeO, catalyst a little different. Based on the hydrogen
effect and the above experimental results, we considered that H,0
promoted the CO oxidation by generating the OH group which
accelerated the CO oxidation reaction.

4. Conclusion

In summary, the catalytic activity of Au/CeO, catalysts prepared
by DP method with CeO, shapes of rods, cubes and polyhedra
showed a strong morphology effect in the CO-PROX reaction. The
Au/Ce0,-rods exhibited the lowest apparent activation energy and
highest activity. The reaction was promoted by the existence of
hydrogen or water vapor in the feed gas and indicated a hydrogen
isotope effect by H,/D,. The results suggested that the mechanism
of CO-PROX reaction over Au/CeO, might be different from
ordinary oxidation of CO with oxygen alone. We proposed that
hydrogen reacted with adsorbed oxygen to yield highly oxidizing
surface H-containing intermediates that could readily converted
CO to CO, at lower temperatures. The generation of such key
intermediates might be involved into the rate-determining step.
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