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Abstract

The present work investigates the catalytic properties of the Ni, Co and Co-Ni supported activated carbon (AC) catalysts for the selective
oxidation of carbon monoxide in an excess hydrogen gas. The results shows that Co/AC and Co-Ni/AC exhibit a higher catalytic activity than
Ni/AC, meanwhile, Co-Ni/AC gives a high CO conversion in a wide reaction temperature region of 130–150◦C, the CO conversion can reach
up to above 99.5%. The X-ray power diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) characterizations show that CoO is
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he main cobalt oxide phase in Co/AC and Co-Ni/AC catalysts. The XRD and temperature-programmed reduction (TPR) resul
hat Co3O4 species of Co-Ni/AC exhibits a higher dispersion than that on Co/AC. Based on the XPS results, the function of nicke
o-Ni/AC is to enrich Co3O4 species, and decrease the electronic cloud density of cobalt. Therefore, we conclude that Co3O4 species is a

mportant catalytic active center, the higher activity of Co-Ni/AC in comparison with Co/AC is attributed to the higher dispersion
o3O4 species and the lower electronic cloud density of cobalt on the surface of Co-Ni/AC.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen fueled polymer electrolyte membrane fuel cells
PEMFC) can produce electricity without environmental pol-
ution, and possess the necessary specific power, power
ensity and durability to replace the conventional inter-
al combustion engines from their current applications[1].
EMFC are becoming increasingly attractive for the envi-

onmentally compatible supply of electric energy. In this
ystem, hydrogen is oxidized over Pt or alloy electrodes
o generate electric energy, with ideally the only reaction
roduct being H2O [2]. Hydrogen can be generated by sev-
ral different methods using alternative energy sources, such
s natural gas, methanol and gasoline[3–5], via the di-
ect partial oxidation, steam reforming and/or water gas

∗ Corresponding author. Tel.: +86 28 85229457; fax: +86 28 85223978.
E-mail address:upczguilin@sohu.com (G. Zhou).

shift (WGS) reactions. However, the product steam usu
contains about 0.5–2 vol.% CO, which can lead to the
soning of anode due to the strong adsorption of CO.
acceptable CO concentration is <10 ppm for Pt anodes
≤100 ppm for the CO tolerant alloy anodes, respecti
[6–8]. Therefore, in order to ensure a long lifetime of e
trodes in the fuel cell, the concentration of CO mus
decreased to less than 100 ppm by utilizing different t
niques.

In fact, among the various available methods for
removal from excess hydrogen atmospheres, the sel
catalytic oxidation of CO with molecular oxygen has b
regarded as the most straightforward, simpler and cos
fective ones[9,10]. In the last decades, great efforts h
been made on the development of catalysts, which can s
tively oxidize CO in the presence of excess hydrogen.
kind of catalyst must possess a high activity for the CO
idation (>99%) at the low temperature with a wide ran
and should also be inactive for the oxidation of hydro
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in order to avoid the loss of fuel hydrogen, simultane-
ously.

So far, most of effective catalysts for this system have
been reported to use the supported noble metals, such as Pt
[7,11,12], Pd [12], Au [13], Ru [2,14,15] and Rh[16,17].
These catalysts exhibited high activities for CO oxidation,
however they have some disadvantages with a high cost, a
limited availability and low selectivity at high temperatures.
Therefore, the supported transition metals catalysts have at-
tracted more and more attentions due to their low cost and a
high activity for CO selective oxidation in excess hydrogen
[18–22].

In the latest years, some researchers reported[20–22]that
CuO-CeO2/Al2O3 mixed oxides exhibited a similar catalytic
property to the noble metal catalysts in CO selective oxida-
tion in presence of excess hydrogen, but their optimal reaction
temperature approached about 200◦C. And cobalt oxide was
verified to be a good promoter on improving the catalytic
activity of CuO-CeO2/Al2O3 based catalyst for CO selective
oxidation in excess hydrogen[22]. Recently, cobalt oxide
catalyst was found to show a very high activity for the CO
oxidation in an excess oxygen atmosphere at a low reaction
temperature[23]. However, there have been few reports about
the CO selective oxidation on the cobalt oxide-supported cat-
alysts in excess hydrogen.

The present work purposed to search the new non-noble
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radiation at 50 kV and 35 mA with a scan rate of 6◦/min. The
chemical states of Ni and Co in the Co/AC, Co-Ni/AC cata-
lysts were certified by the X-ray photoelectron spectroscopy
measurements. The signals were collected by a KRATOS X-
ray sources (model XSAM800) with an aluminium crystal,
operating at 12 kV anode voltage and 12 mA emission cur-
rent, was used to generate the required Al K� radiation (res-
olution:∼0.9 eV). All binding energy values (BE (eV)) were
determined with respect to the scale calibrated versus the Au4f
line at 84.0 eV and Ag3d line at 386.3 eV. The temperature
programmed reduction was carried out as following proce-
dure: 50 mg of catalyst sample was placed in a U-type quartz
tube (6-mm-i.d.), 3.2 vol.% H2/N2 gas mixture was passed
at a flow 30 ml/min, the reduction temperature was raised
from the room temperature to 600◦C at a rate of 10◦C/min.
The consumption of hydrogen was measured by a thermal
conductivity detector (TCD).

2.3. Catalytic activity measurement

The selective catalytic oxidation of CO in excess hydrogen
gas was carried out in a quartz tube (12 mm-i.d.) fixed-bed
reactor at atmospheric pressure. The quartz tube reactor con-
taining 0.4 ml catalyst was placed inside a tubular furnace.
The reaction temperature was monitored by a temperature
programmable controller (ÜGU, model 708P, China). The
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etal (such as Co, Ni) catalysts with a high activity for
O selective catalytic oxidation in excess hydrogen. Th

ore, Ni, Co and Co/Ni supported activated carbon (
atalysts were prepared and characterized by X-ray p
iffraction (XRD), X-ray photoelectron spectroscopy (XP
nd temperature-programmed reduction (TPR), their
lytic properties were also investigated by the CO sele
atalytic oxidation in the presence of excess hydrogen.

. Experimental

.1. Catalysts preparation

Ni/AC, Co/AC and Co-Ni/AC (1:1 in atom ratio) ca
lysts were prepared by the excess impregnation me
i(NO3)2·6H2O and Co(NO3)2·6H2O were used as met
xides precursors, and the commercial activated ca
granules size 40–48 mesh) as support. A desired amo
orresponding metal nitrate was dissolved in the deion
ater to come into being a saturated solution, in which th

ivated carbon particles were appended, and then the mix
ere evaporated at a fixed temperature, dried at 110◦C for
0 h and calcined in nitrogen at 250◦C for 2.5 h. All obtained
atalysts contained 35 wt.% of the total metal oxides.

.2. Catalysts characterization

The X-ray powder diffraction of catalysts was perform
n a Philips X’Pert MPD X-ray diffractometer with Cu K�
eed gas contains 1 vol.% CO, 0.5 vol.% O2 and 98.5 vol.%
2. The reacted mixture gas was analyzed by an on-lin
hromatograph (GC-1026, China) equipped with a me
izer and FID detector using hydrogen as carrier gas. Te
l. [18] reported that methane could not be formed ove
i- or/and Co-contained catalysts, even when the rea

emperature was higher than 200◦C. Therefore, the dete
ion of CO using the above-mentioned method would no
ffected when the reaction temperature was less than 20◦C.
he detection limit of CO was 5 ppm.

. Results and discussions

.1. XRD characterization

The crystalline structure of Co-Ni/AC calcined in nitrog
t 250◦C for 2.5 h was examined by the X-ray diffracti
atterns, and compared with that of Co/AC. As show
ig. 1, series of typical peaks at 2θ = 31.5◦, 37.0◦, 45.0◦,
5.9◦, 59.4◦ and 65.4◦, respectively, which are attributed

he characteristics of Co3O4 [24], can be easily observed
oth Co/AC and Co-Ni/AC samples. For Co-Ni/AC, acc

hat the nickel oxide (NiO) are also observed at 2θ = 36.9◦,
3.5◦ and 62.5◦, the other cobalt oxides (such as CoO
o2O3 so on) are absent. It indicates that Co3O4 is the majo
obalt oxide phase in both Co/AC and Co-Ni/AC. Howe
he unclear peaks of Co3O4 and the presence of NiO crys
tructure in Co-Ni/AC are detected, showing that Co3O4 in
he Co-Ni/AC catalyst has a more amorphous structure
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Fig. 1. X-ray diffraction patterns of (a) Co/AC and (b) Co-Ni/AC.

that in Co/AC. Therefore, the dispersion of Co3O4 in Co-
Ni/AC can be conferred to be higher than that in Co/AC.
Due to the fact that new compounds are not detected, it can
be inferred that cobalt cannot react with nickel in the low
calcined temperature. Comparing curve b with curve a, the
crystalline structure of Co3O4 is half-baked in the Co-Ni/AC
catalyst, and however intact in the Co/AC catalyst, which
indicates that the increase Co3O4 dispersion in the Co-Ni/AC
catalyst is related to the presence of nickel oxide.

3.2. XPS analysis

The XPS data of Co/AC and Co-Ni/AC samples calcined
in nitrogen at 250◦C for 2.5 h are listed inTable 1. The sur-
face atomic ratios are calculated on the basis of peak area
corrected by metal sensitivity. FromTable 1, it can be easily
seen that the Co 2p3/2 peak position for both Co/AC and the
pure Co3O4 locates at the electron binding energy of about
779.9 eV, which is completely coincident with that for Co3O4
sample with a single-phase, also in agreement with the pre-
vious results as reported[25,26]. However, due to the addi-
tion of nickel in the catalyst, the electron binding energy of
Co 2p3/2 is decreased 0.41 eV, however, there is no change
for that of Ni 2p3/2. The results indicate that nickel oxide
changes the electron cloud density of cobalt in the Co-Ni/AC
c r Co
2 e
e

Fig. 2. The TPR profiles of Co/AC, Ni/AC and Co-Ni/AC catalysts.

The peaks area of the electron binding energy of nickel and
cobalt (as shown inTable 1) can be obtained by XPS analysis
in the Co-Ni/AC catalyst, and the sensitivity of Ni, Co are
1.666 and 1.848, respectively. On the basis of the corrected
peaks area according to metal sensitivity, the atomic ratio of
Co to Ni can be calculated to be 16 on the surface of the
Co-Ni/AC catalyst, which is higher than the atomic ratio of
their bulk phase being 1. Therefore, it indicates that nickel can
improve the enrichment of cobalt on the surface of Co-Ni/AC
catalyst.

From the above analysis, the addition of nickel in the Co-
Ni/AC not only can improve the dispersion of Co3O4 but also
can change the electron cloud density of cobalt and improve
cobalt atoms to enrich on the surface of the Co-Ni/AC cata-
lyst. Nickel acted as an important promoter in the Co-Ni/AC
catalyst though it did not play catalysis, directly.

3.3. TPR studies

Fig. 2 presents the results of the hydrogen temperature
programmed reduction of the Ni/AC, Co/AC and Co-Ni/AC
samples calcined at 250◦C for 2.5 h. As observed from
Fig. 2, the profiles of both Ni/AC and Co/AC show a H2-
consumption peak at less than 300◦C, and the Co-Ni/AC
sample gives double TPR peaks at less than 250◦C. These
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atalyst. The decrease of the electron binding energy fo
p3/2 shows that the Co3O4 in Co-Ni/AC is easier to provid
lectron than that in Co/AC.

able 1
he electron binding energy and peak area of Co3O4 and NiO

inding energy (eV)

ormal species Ni/AC Co/AC

i 2p3/2 Co 2p3/2 Ni 2p3/2 Co 2p3/2

53.50 779.90 853.52 779.96
eaks are attributed to the reduction of the remnant
rates by hydrogen[27]. A broad temperature peak appe
t above 300◦C for Ni/AC, Co/AC and Co-Ni/AC sample
nd their temperature region of reduction are in the ra
f 280–430, 320–460 and 290–390◦C, respectively, whic

Peak area

Co-Ni/AC Co-Ni/AC

Ni 2p3/2 Co 2p3/2 Ni Co

853.46 779.55 1522.19 278
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Fig. 3. The effect of reaction temperature on the CO oxidation catalyzed by
Co-Ni/AC, Co/AC and Ni/AC catalysts.

are caused from the presence of several reducible species
[28].

FromFig. 2, it can be clearly seen that the highest reduc-
tion temperature of Co-Ni/AC is lower about 40 and 70◦C
than that of Ni/AC and Co/AC, respectively. And at the same
time, the temperature of reduction range for Co-Ni/AC can
be observed to be sharper at 50 and 40◦C than that for Ni/AC
and Co/AC, respectively. It indicates that the metals oxides
in Co-Ni/AC are easily reduced compared with those of the
other two. According to the previous reports[29,30], a high
dispersion of metal oxides will lead to a low reduction tem-
perature. From the above TPR results, it can also be inferred
that the metal oxides (NiO, Co3O4) supported on the surface
of Co-Ni/AC have a higher dispersion than those of Co/AC
and Ni/AC, which is consistent with the above XRD results.

3.4. Catalytic test

The CO selective catalytic oxidation on Ni/AC, Co/AC
and Co-Ni/AC, which were calcined in nitrogen at 250◦C
for 2.5 h, were investigated in the presence of excess hydro-
gen in the reaction temperature range of 100–180◦C and with
a space velocity of 5000 h−1. The relationships of their cat-
alytic activity with the reaction temperature are plotted in
Fig. 3. From it, it can be observed for Ni/AC to have a poor
C ◦ -
i the
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a rature
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also be clearly observed that the CO conversion dramati-
cally decreases with the increasing temperature for Co/AC
and Co-Ni/AC catalysts when the reaction temperature is be-
yond 130 and 160◦C, respectively. It is perhaps due to the
oxygen consumption, which is from the reaction with H2 at
corresponding high reaction temperature for both catalysts.
The similar results were also found over Pt/alumina catalysts
in the previous report[31]. Therefore, Co-Ni/AC is a poten-
tial catalyst with a low cost for removing the trace amount of
carbon monoxide existed in the resource of PEMFC.

A high catalytic activity for Co/AC and Co-Ni/AC and a
poor catalytic activity for Ni/AC manifest that Co3O4 species,
which is measured by XRD and XPS, is an important cat-
alytic active species in the CO selective catalytic oxidation.
At the same time, Co-Ni/AC gives rise to a higher activity
than Co/AC, indicating the dispersion of Co3O4 on the sur-
face of catalyst is another important factor of effecting the
catalytic activity of the Co-supported AC. Combining with
the results of XRD and TPR characterization, it can be found
that the higher the dispersion of Co3O4 on the surface of cat-
alyst is, the higher the catalytic activity is. Additionally, the
decrease on the binding energy of Co 2p3/2 in the Co-Ni/AC
catalyst will probably results in the easy activation of O2 in
reactant gas due to the presence of nickel oxide.

As well known, two competitive oxidations probably ex-
ists in this reaction system of the present work, one is the
o ida-
t ible
a /mol
a
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O conversion of below 15% at 180C, which is very sim
lar to the results over nickel oxide catalysts reported in
revious literature[18]. For the Co/AC as catalyst, CO co
ersion first increases with the increasing reaction tem
ture and reaches up to a maximum about 90% at 13◦C,
nd then decreases with the increase of reaction tempe
apidly. However, Co-Ni/AC catalyst exhibits better catal
ctivity than Co/AC catalyst, and moreover the conver
lways keeps at above 97% in a wide reaction temper
f 120–160◦C. It is note that Co-Ni/AC catalyst can gi
bove 99.5% of CO conversion at 130–150◦C, it means th
oncentration of carbon monoxide can be decreased t
han 50 ppm in this temperature range. FromFig. 3, it can
xidation of carbon monoxide, and the other is the ox
ion of hydrogen. Moreover, both oxidations are irrevers
nd exothermic, the former reaction heat is about 283 kJ
nd higher than the latter being 242 kJ/mol[13,32]. From

he thermodynamics, it seems to be easier for the oxid
f carbon monoxide than the hydrogen oxidation. There

t is completely possible that only the oxidation of carb
onoxide is carried out in the presence of excess hy
en, if the proper catalysts are used. In the present wor
mount of O2 in the feed gas just corresponds with the

chiometric ratio for the oxidation of carbon monoxide w
2 (O2:CO = 0.5:1). FromFig. 3, the conversion of carbo
onoxide reaches above 99.5% in the reaction temper

ange of 130–150◦C for Co-Ni/AC as catalyst, indicatin
hat above 99.5% of oxygen are devoted in the oxidatio
arbon monoxide. That means that the selectivity is at
9.5% for the oxidation of carbon monoxide and less
.5% for the oxidation of hydrogen in this reaction temp

ure range. Specially, for CO-Ni/AC as catalyst, the sele
ty for the oxidation of carbon monoxide can be deduce
each about 99.5%, when the reaction temperature is i
ange of 130–150◦C.

. Conclusions

1) Co3O4 is detected to be the main phase in the Co, C
supported AC, which is characterized by XRD and X
respectively. The action of nickel oxide in Co-Ni/A
is to enrich Co3O4 species, and change the electro
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cloud density of cobalt, and also enhance the dispersion
of Co3O4 on the surface of catalyst.

(2) Ni/AC has a poor catalytic activity in the CO selective
oxidation in the presence of excess hydrogen, Co/AC
and Co-Ni/AC give rise to a higher catalytic activity than
Ni/AC, showing the Co3O4 species is an important cat-
alytic active center.

(3) However, Co-Ni/AC exhibits a high catalytic activity in
a wide reaction temperature region of 130–150◦C, the
conversion of carbon monoxide can reach above 99.5%.
And the selectivity of Co-Ni/AC in CO selective oxida-
tion in presence of excess hydrogen can be deduced to be
at least 99.5% at the reaction temperature of 130–150◦C.

(4) The higher activity of Co-Ni/AC than Co/AC is attributed
to the higher dispersion of active Co3O4 species and
lower electronic cloud density of cobalt on the surface of
catalysts.
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