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Carbon  nanotube-supported  Pt-Co  bimetallic  catalysts  (Pt-Co/CNTs)  are  prepared  for  preferential  oxi-
dation of  CO  in  a H2-rich  stream.  The  results  indicate  that  the  addition  of  Co  into  the  Pt/CNT  catalyst
significantly  improves  catalytic  performance,  making  it superior  to  other  carriers  supporting  the  same
composition  of Pt–Co.  Optimized  bimetallic  Pt-Co/CNT  catalyst  can  preferentially  oxidize  dilute  CO  in
a  H2-rich  stream  at a wide  temperature  window  of  313–433  K. At  a temperature  of 353  K  and  a H2-
rich  stream  with  1%  CO,  0.7–0.8%  O2, 20%  H2O,  25%  CO2 and  50%  H2 balanced  with  N2,  this  catalyst  can
ydrogen purification
O preferential oxidation
latinum
obalt
arbon nanotube

afford  100%  CO  conversion  with  62–71%  O2 selectivity  for over  100  h. The  transmission  electron  micro-
scopic  images  reveal  that  the  metal  nanoparticles  are  uniformly  dispersed  on  the  surfaces  of  CNTs  with
an average  size  of  approximately  2–3  nm,  independent  of Co  loading.  The  results  of  X-ray  photoelec-
tron  spectroscopy  and nanoscale  elemental  mapping  indicate  that  most  of  Co species  are  in  the  form  of
CoO, presenting  on  the  Pt domain.  Higher  performance  of the  Pt-Co/CNT  is  attributed  to  the  interactions

icles  a
between  the  Pt  nanopart

. Introduction

Proton exchange membrane fuel cells (PEMFCs) with H2-rich
ases as fuel are known as clean energy systems with a high
hermodynamic efficiency [1].  However, the serious poisoning of
t-anode by a trace of CO in H2 is potentially a serious problem [2,3].
urrently, hydrogen may  be purified by preferential oxidation of CO
CO-PROX) to decrease CO concentration less than 10 ppm at 423 K
nd then supplied to the PEMFCs at 353 K [4].  Thus, if the PROX can
e performed below 353 K, the number of cooling processes will be
educed in the practical production of H2. Moreover, the cold-start
n PEMFCs is also a challenging research for automotive application
5,6] which requires the high quality purified hydrogen supply at
oom temperature as a fuel.

Although considerable progresses have been made towards the
evelopments of active and selective Ru catalysts [7–9], the melio-
ation of the CO-PROX activity at low temperature and avoidance
f CO methanation at high temperature still need further improve-
ent. In recent years, other supported noble metal catalysts, such

s Pt, Pd, Au, and Rh, have also been employed for the CO-PROX

eaction in a H2-rich gas [10–15].  Among them, the catalysts formu-
ated with Pt and Au have been extensively investigated. It is well
nown that Au catalysts are more active at lower temperatures but

∗ Corresponding author. Tel.: +86 592 2181659; fax: +86 592 2183047.
E-mail address: yzyuan@xmu.edu.cn (Y. Yuan).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.044
nd  CoO,  those  are  supported  on  CNT  surfaces.
© 2011 Elsevier B.V. All rights reserved.

they inevitably show deactivation, whereas the Pt catalysts usu-
ally perform noticeable activities only under practical conditions
above 423 K because of strong absorption between the CO species
and Pt surface [16]. To solve this problem, different promoters, such
as cobalt, iron, nickel, copper, rare earth oxides, and alkali met-
als, have been investigated for the purpose of improving the low
temperature CO-PROX performance of the catalysts [17–25].

Generally, the reformate H2-rich stream through a water-gas
shift reaction contains 15–25% CO2 and approximately 10–20% H2O
vapor. Landon et al. reported that Au/Fe2O3 catalysts are highly
active for CO oxidation at 353 K; however, O2 selectivity is as low
as 51% in the presence of H2O and CO2 [26]. Avgouropoulos et al.
found that negative effects of CO2 and H2O on the performance
of no precious metal catalyst of CuO/CeO2 and that temperature
higher than 423 K is required for sufficient CO conversion (>90%)
[27]. Therefore, developing a catalyst with high CO-PROX activity
and tolerance to the presence of CO2 and H2O remains among the
primary research interests in this field.

The monometallic Pt catalyst supported on multiwall carbon
nanotubes (Pt/CNTs) with Pt loading as high as 15 wt% was shown
to be very active for CO-PROX reaction at room temperature in
a reaction mixture of 2.5 vol% CO, 2.5 vol% O2, 25 vol% H2, and
N2 balance [28]. There were promotional effects of Ni–MgO and

Fe–Al2O3 dopants on the CO-PROX of Pt catalysts supported on
CNTs, carbon nanofiber, graphite, and amorphous carbon [29–31].
However, the tolerance to CO2 and H2O needs further improve-
ment. In addition, the amount of precious Pt to prepare CO-PROX

dx.doi.org/10.1016/j.jpowsour.2011.11.044
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yzyuan@xmu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.11.044
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atalysts should be reduced without sacrificing performance at
ower temperatures.

Herein, we report that a method of liquid-phase reduction
sing formaldehyde followed by calcination in air can prepare a
t-Co/CNT bimetallic catalyst promising for CO-PROX with CO2
nd H2O vapor at lower temperatures. The detailed structural and
inetic studies that address the effects of Co are also herein pre-
ented.

. Experimental

.1. Catalyst preparation

Carbon nanotubes (CNTs) were prepared by flowing CH4 over
 Ni-MgO catalyst in a fixed-bed reactor [32]. The obtained CNTs
ave multiwall fishbone-type structures with an outer diameter of
0–60 nm and an inner diameter of 2–4 nm.  The Al2O3, SiO2, and
raphite (GA) were purchased from Sinopharm Chemical Reagent
o., Ltd. The active carbon (AC) was purchased from Guangxi Yebao
ctive Carbon Co., Ltd., and the TiO2 (P-25) was obtained from
egussa AG Co., Ltd. Prior to use, the AC was pretreated in con-
entrated HNO3 (68 wt%) at 363 K for 4 h under reflux conditions to
emove amorphous carbon. Meanwhile, Al2O3 was calcined in air
t 873 K for 4 h. The as-received CNTs were pretreated in concen-
rated HNO3 (68 wt%) at 353 K under refluxing conditions to remove
morphous carbon and the remaining Ni-MgO catalyst. The puri-
ed CNTs were then filtered and washed with distilled water until
he pH value reached 7, then dried under a vacuum overnight at
83 K.

The bimetallic Pt-Co catalysts were prepared from H2PtCl6
nd Co(NO3)2. The supports were dispersed in aqueous solu-
ions of H2PtCl6 and Co(NO3)2. After evaporation, the solids were
dded into aqueous solution of formaldehyde. The suspension was
efluxed at 363 K for 30 min. The solids were collected by filtration;
hen they were dried overnight at 383 K and calcined in the air at
23 K for 4 h, affording the final catalysts. The metal loadings of
t and Co was preset at 4 and 0–2 wt%, respectively. For compar-
son, 4.0% Pt/CNT, 5.0% Co/CNT, and Pt-Co catalysts supported on
ifferent carriers were also prepared using the same procedures.

.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were taken on a Phillips
analytical X′pert Pro diffractometer and equipped with a graphite
onochrometer and Cu-K� radiation source (40 kV and 30 mA).

ransmission electron microscopy (TEM) images were taken using
 Tecnai F30 electron microscope operated at an acceleration
oltage of 300 kV. The powder was dispersed in ethanol by ultrason-
cation for at least 30 min. Drops of suspensions were deposited on

 copper grid coated with carbon. The statistical mean diameter of
he nanoparticles was measured by counting at least 300 particles
or each catalyst.

X-ray photoelectron spectroscopy (XPS) was performed using
 Thermo Scientific Multilab 2000 instrument. The samples were
ooled down to room temperature after treatment and sealed
mmediately under Ar and then they were transferred to a UHV
hamber to avoid contacting with air as much as possible. The spec-
ra were recorded at room temperature and the binding energy (BE)
as referred to 284.6 eV for C 1s. Peak deconvolution and fitting
ere performed using the peak-fitting software with the spin-orbit

plitting and the relative intensities of the spin-orbit components

xed.

Nitrogen adsorption–desorption isotherm was measured at 77 K
n a Micromeritics TriStar 3020 sorptometer. The sample was out-
assed at 573 K for 3 h before each measurement. The specific
ources 202 (2012) 200– 208 201

surface area was  calculated following the Brunauer–Emmett–Teller
(BET) method. The average pore diameter and total pore volume
were determined by the Barret–Joyner–Halenda (BJH) method,
according to the desorption isotherm branch.

The metal dispersions at different states were determined by
O2–H2 titration on a Mircometrics ASAP 2020 instrument. The as-
calcined sample (100 mg), after being evacuated at 313 K for 30 min,
was  first titrated with O2 (99.999%) at 313 K. Subsequently, the
sample was  reduced with 5% H2–95% Ar at 523 K for 30 min  and
then it was evacuated at the temperature for 30 min  to remove
the adsorbed hydrogen species. After being cooled down to 313 K
under vacuum and evacuated at 313 K for another 30 min, the sam-
ple was  titrated with O2 at 313 K to give a metal dispersion by
assuming O/Pt = 1 stoichiometry. Theoretically, the reduction pro-
cess may  leave the H species chemisorbed on the Pt surface and the
O2 molecule reacts first with the Pt–H and then the surface metallic
Pt. The stoichiometry is accepted to be O/Pt = 1.5. However, in the
actual O2 titration process, the dispersion of monometallic Pt cata-
lyst calculated from the O2 adsorption volume by setting O/Pt = 1.5
stoichiometry was  much smaller than that estimated from the TEM
average particle size by using the equation D = 1.13/d (where D is
the Pt dispersion and d is the Pt particle diameter determined by
TEM) [33,34].  Therefore, we used the stoichiometric O/Ptsurf = 1 by
assuming the H species adsorbed on the surface of metallic Pt has
been swept by evacuation. Further, the O2 saturated sample was
soaked in a 110 kPa of reaction feed gas (1% CO, 1% O2, and 50%
H2 balanced with N2) at a given temperature (313 K or 353 K) three
times (3 × 10 min) and then evacuated at the given temperature for
30 min. After that, the sample was  titrated with O2 at the tempera-
ture to give a metal dispersion by assuming O/Pt = 1 stoichiometry.
After the sample was titrated by oxygen at 313 K followed by evac-
uation at 313 K for 30 min  to purge out any residual oxygen, H2
titration was performed at this temperature to reconfirm the dis-
persion of Pt by using stoichiometry H/Pt = 3 due to the following
reactions:

Pts + 1/2O2 → Pts–O (1)

Pts–O + 3/2H2 → Pts–H + H2O (2)

Raman spectra were recorded at ambient temperature on a
Renishaw inVia Raman microscope with an argon-ion laser at an
excitation wavelength of 514 nm.  The intensity of laser source was
adjusted to 10%, and the final sample spectra were obtained by
superposition of three measurement results to minimize the fluc-
tuation of the spectra and improve the signal-to-noise ratio.

The Co and Pt loadings of the samples were determined by
inductively coupled plasma atomic emission spectrometer (ICP-
AES) using a Thermo Elemental IRIS Intrepid II XSP. The sample
was  treated by aqua regia at 363 K for 30 min, and the resultant
solution was heated until it evaporated. The residue was diluted
with 5% HCl and filtrated to a 25 mL  volumetric flask before ICP-AES
measurement.

2.3. Catalytic testing

The catalytic performances were examined in a conventional
fixed-bed flow reactor using 100 mg  of catalyst at 0.1 MPa, as pre-
viously reported [35]. The reactant mixture was adjusted by mass
flow controllers with compositions of CO/O2/H2/N2 = 1/1/50/48
(mol%) for PROX reaction and CO/O2/N2 = 1/1/98 for CO oxidation
reaction. The ratio of total gaseous reactant flow rate to catalyst
weight (F W−1) was 30,000 mL  h−1 g−1. The mixed gas was passed

through a tube containing NaOH pellets for purification. The effects
of CO2 and H2O coexistence in the feed gas were observed at the
reactant mixture of 1% CO, 0.5–1.0% O2, 50% H2, 25% CO2, and 20%
H2O balanced with N2, and the F W−1 adjusted to 40,000 mL g−1 h−1.
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Table 1
Physicochemical properties of CNT-supported Pt-Co bimetallic catalysts.a

Sample Pt content (wt%)a Co content (wt%)a SBET (m2 g−1) Average pore diameter (nm)

4.0% Pt/CNT 3.71 <0.01 119.6 3.2
4.0% Pt-0.3% Co/CNT 3.64 0.31 130.2 3.1
4.0% Pt-0.7% Co/CNT 3.43 0.60 137.7 3.1
4.0% Pt-1.3% Co/CNT 3.82 1.14 143.6 3.2
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4.0% Pt-2.0% Co/CNT 3.57 1.78 

a Determined by ICP-AES.

he outlet stream was analyzed by an online gas chromatograph.
he CO conversion and O2 selectivity were calculated by three
quations, as reported elsewhere [35]. The turnover frequency
TOF) was calculated by evaluating the surface area of exposed
t atoms in the reduced sample from the chemical adsorption of
xygen at 313 K.

. Results and discussion

.1. Catalyst characterization

.1.1. Measurements of ICP-AES and N2 physisorption
Surface oxygen-containing groups on a carbonaceous support,

ncluding carboxylic, carbonyl, and hydroxyl moieties, are generally
onsidered initially indispensable in enhancing the hydrophilicity
f the CNTs in aqueous solution [36]. In addition, these groups can
erve as specific anchoring sites for the deposition of Pt and Co
pecies, thereby facilitating their high dispersions on the surfaces
f CNTs [37]. However, calcination after the conventional hydrogen
eduction may  lead to an aggregation of Pt nanoparticles, even if
hey are anchored on the surface of CNTs through the functional
roups during reduction. Therefore, we adopted the liquid phase
eduction method to reinforce the dispersion of active metals.

We  prepared a series of supported Pt-Co bimetallic catalysts
ith fixed Pt loading at ca.  4.0 wt% and varying Co loadings at
ominal 0–2.0 wt%. The contents of Co and Pt were measured by

CP-AES. The results are listed in Table 1, which shows that the
t content in all the samples are quite similar and the actual Co
ontent is close to the theoretical value. The textural characters of
he catalysts are also summarized in Table 1. The loading of Co on
he CNTs leads to an obvious increase of the surface area, which

ay  be attributed to the activation and etching effects by the Co
pecies. The phenomenon becomes more evident as the Co loading
mount is increased. However, the average pore diameters show
nsignificant changes among the prepared catalysts, indicating that
he deposition of Pt-Co merely introduces the defects on the sur-
aces of CNTs but without causing collapse of the tube structure of
NTs.

.1.2. Raman measurement
The defect densities in CNTs were checked by Raman spec-

roscopy, as shown in Fig. 1. The peak at approximately 1342 cm−1

s assigned to the disordered graphite structure (D-band), and the
igh frequency peak at approximately 1576 cm−1 corresponds to a
plitting of the E2g stretching mode of graphite (G-band). The lat-
er reflects the structural intensity of the sp2-hybridized carbon
toms [38]. The higher intensity ratio of D-band to G-band (ID/IG)
uggests the higher extent of defects in CNTs [39]. Here, ID/IG is
enoted as R. From Fig. 1, we can estimate that the R values of
.89, 1.07, and 1.18 are given by the pristine CNTs, purified CNTs,
nd Pt/CNTs, respectively. The R value rises from 1.22 to 1.33 along

ith the increasing Co loading from 0.3% to 2.0 wt%. The results

ndicate that an increased amount of defects is followed by the
ncrease of Co loading amount, and that the Co species strongly
nteract with the CNTs. In addition, the peaks of the D-band and
Fig. 1. Raman spectra of CNT, Pt/CNT and Pt-Co/CNTs: (a) pristine CNT; (b) purified
CNT; (c) 4.0% Pt/CNT; (d) 4.0% Pt-0.3% Co/CNT; (e) 4.0% Pt-0.7% Co/CNT; (f) 4.0%
Pt-1.3% Co/CNT; (g) 4.0% Pt-2.0% Co/CNT.

the G-band slightly shift upwards. This phenomenon can be related
to a direct electron charge transfer process between the CNTs and
the acceptor moieties such as Co species [40,41]. Nevertheless, the
fact that nano-dimension rough metal particles can enhance the
Raman response could not be excluded for the changes of R value
mentioned above [42].

3.1.3. XRD measurement
The powder XRD patterns for the Pt-Co bimetallic catalysts sam-

ples are shown in Fig. 2. All samples show three major peaks at
26.0◦, 42.9◦ and 53.7◦ corresponding to the graphite planes (0 0 2),
(1 0 0) and (0 0 4), respectively. These results indicate the well-
graphitized nature of the CNTs after depositing Pt and Co precursors
and the subsequently calcined at air atmosphere [43]. The weak
diffraction peaks at 2� of 39.7◦, 46.2◦ and 67.4◦ are attributed to the
cubic platinum metal structure [44]. According to Scherrer’s equa-
tion, average diameters of Pt nanoparticles can be calculated based
on the full width at half maximum of Pt (1 1 1) reflection [43]. How-
ever, no characteristic peaks of Pt can be fitted in the XRD patterns
of Pt/CNT and Pt-Co/CNTs, indicating that the Pt nanoparticles are
less than 4 nm in size and well dispersed on the surfaces of CNTs.
Moreover, no peaks corresponding to Co are detected in the Pt-
Co/CNTs. Note that the amount of Co loading over the 4.0% Pt-2.0%
Co/CNT is twice that of Pt by molar fraction. As a result, most of Co
species are possibly either amorphous or highly dispersed on the
CNTs, while a small amount of Co species may interact with Pt by
forming PtCo alloys during the reduction process.
3.1.4. TEM measurement
The morphologies and structural details of the bimetallic cata-

lysts were examined by TEM. As shown in Fig. 3, the Pt nanoparticles
are distributed uniformly on the surfaces of the CNTs, whereas
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Fig. 3. TEM images and particle size distributions of catalysts with different Co load-
ig. 2. XRD patterns of CNT, Pt/CNT and Pt-Co/CNTs: (a) purified CNT; (b) 4.0%
t/CNT; (c) 4.0% Pt-0.3% Co/CNT; (d) 4.0% Pt-0.7% Co/CNT; (e) 4.0% Pt-1.3% Co/CNT;
f)  4.0% Pt-2.0% Co/CNT.

he cobalt-containing particles are hardly detected. This also
xplains the undistinguished diffraction peaks for Pt and Co phases.
he nanoscale elemental mapping and EDX analysis (Fig. 4 and
upplemantary Fig. S1)  reveal that most of Co species are dis-
ributed on the Pt domain and they can not be clearly distinguished
y TEM. These results are in accordance with the results of the
RD pattern and Raman spectroscopy. The corresponding distri-
utions of metal particle sizes are also presented in Fig. 3. All
he samples show a sharp distribution of metal particles, center-
ng at 2.4–2.8 nm.  Among them, the 4.0% Pt-0.7% Co/CNT exhibits
he smallest Pt particles, whereas the other Pt-Co/CNTs and Pt/CNT
ave a slightly larger mean size. Previous studies have pointed out
hat the transition metal tends to diffuse into the subsurface of Pt
anoparticles during the reduction process [45]. Thus, the change
f average particles size is likely due to the addition of Co species,
hich may  improve the dispersion of Pt nanoparticles in an appro-
riate amount. In other words, the Co species on the periphery
nd surface of Pt domain can prevent the Pt nanoparticles from
ggregation [46].

.1.5. XPS measurement
It is worth to note that, the Pt-Co bimetallic catalysts were first

educed and then followed by calcination in air. Before the reac-
ion, no further treatments were carried out. Therefore the electron
nd oxidization states of Pt and Co entities in the as-prepared Pt-
o/CNTs were characterized by XPS for some typical samples. The
PS results of the Pt 4f and Co 2p for the samples of 4.0% Pt-0.7%
o/CNT, 5.0% Co/CNT, and 4.0% Pt/CNT are shown in Fig. 5. As seen in
ig. 5a, the Co 2p3/2 peak at BE = 782.1 eV of 4.0% Pt-0.7% Co/CNT is
vidently accompanied by strong shake-up satellites; this is char-
cteristic of CoO. The XPS of Co 2p3/2 differs from that of Co3O4
r Co2O3 by having a discernable shake-up satellite peak around
.5–5 eV higher than its main peak and a spin-orbit coupling of
pproximately 15.5 eV [47], unquestionably confirming the pres-
nce of CoO. Another quite small peak for Co 2p3/2 can be observed
t BE = 778.1 eV, which is probably due to the formation of Pt–Co
lloys likely Pt3Co species [20,47,48].  For the XPS of 5.0% Co/CNT,
he main peak for Co 2p3/2 is centered around BE = 780.5 eV, and is

ithout a clear shake-up satellite that can be assigned to the pres-

nce of Co3O4 or Co2O3 species [47]. As shown in Fig. 5b, the XPS
pectra show peaks at BE = 71.5 and 72.6 eV assigned to Pt 4f7/2 level
or a Pt0 and Pt2+ species, respectively. After the incorporation of
ings: (a) 4.0% Pt/CNT; (b) 4.0% Pt-0.3% Co/CNT; (c) 4.0% Pt-0.7% Co/CNT; (d) 4.0%
Pt-1.3% Co/CNT; (e) 4.0% Pt-2.0% Co/CNT.

Co species into Pt/CNT, the intensity of the XPS peak at BE = 72.6 eV
level assigned to Pt2+ species increases significantly, whereas the
Pt0 peak intensity remains stable. Therefore, most of Co species
exist as CoO that are dispersed and attached on the surfaces of Pt
nanoparticles. The difference of chemical state of Co species in the

samples of Pt-Co/CNTs and Co/CNT can be ascribed to the existence
of metallic Pt, which causes the electron transfer between the Co
and Pt species. The delicate modification of the metallic Pt surface
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ig. 4. TEM dark field image of 4% Pt-0.7% Co/CNT catalyst. Elemental EDX maps we
B)  reflect the measured Pt M intensity and Co L intensity, respectively.

lectron density is expected to result in unexpected influences on
he surface adsorption behavior and catalytic performance.

.2. Catalyst activity

.2.1. Catalytic behavior for CO oxidation reaction
The catalytic performance of Pt-Co/CNTs and Pt/CNT for CO

xidation and CO-PROX reaction are shown in Figs. 6 and 7,
espectively. For the CO oxidation reaction, compared to the single
omponent catalyst Pt/CNT, the Pt-Co/CNTs exhibit a much higher
ctivity for the complete conversion of CO. As seen in Fig. 6, the 4.0%
t/CNT catalyst shows nearly no activity until 393 K, then gives a
omplete oxidation of CO at 453 K. When 0.3 wt% Co is added, the
erived Pt-Co/CNT catalyst shows a CO conversion of 13.2% at 313 K
nd gives a complete CO conversion at 473 K, which is 20 K lower
han the 4.0% Pt/CNT. When the Co loading increases to 0.7 wt%,
he activity of the derived Pt-Co/CNT catalyst is further enhanced,
nd exhibits a CO conversion of 30.3% at 313 K and a complete CO
onversion at 393 K. However, the CO conversion activity decreases
ith the further increase of Co loading from 0.7 to 2.0 wt%. These

esults indicate that the introduction of Co species into Pt/CNTs can
romote the oxidation of CO; however, this promotional effect can
e receded by excess Co. We  believe that the enhanced catalytic
ctivity would relate to an increased availability of CO-free catalyst
urface sites due to the incorporation of Co entities.

.2.2. Catalytic behavior for CO-PROX reaction in H2-rich streams
The CO conversion on overall samples is considerably increased

y the introduction of H2 and presents a similar tendency as CO
xidation (Fig. 7). As shown in Fig. 7, the CNT-supported cata-
yst with 4.0 wt% Pt and 0.7 wt% Co exhibits the best performance,
iving a temperature window for complete CO removal ranging
rom 313 to 433 K. At 313 K, the CO conversion shows a volcano
ype profile as a function of Co loading (Fig. 7, insert), increasing
emarkably from 0% to 100% with the increase of Co loading from
ero to 0.7 wt%, and then dropping to about 49% with the further

ncrease of Co loading from 0.7 to 2.0 wt%. The trend of O2 con-
ersion is similar to CO, but the O2 selectivity to CO2 formation
eclines gradually from 75% to 52%, and then increases up to 98%
s a function of Co loading. The same composition of Pt-Co catalysts
en from area 1. Area 2 was  used to correct for any drift of the samples. Map  (A) map

supported on other carriers and CNT-supported monometallic Co
catalyst show lower CO-PROX performance under identical condi-
tions (Table 2). Nevertheless, at higher temperatures (453–473 K),
except for the catalysts of 4.0% Pt/CNT and 4.0% Pt-2.0% Co/CNT,
the CO conversion and the selectivity of O2 to CO2 over the other
catalysts decrease gradually, indicating that the Pt species tend to
be active with H2, with high rate in this case. The reverse WGS
reaction is not observed over the CNT-supported catalysts, prob-
ably owing to the high thermal conductivity of CNTs. Therefore,
the promotional effect of H2 may  be attributed to the formation of
minor hydrogen-containing oxidizing species, such as the hydroxyl
(OH) or carboxyl (COOH) group, which can selectively oxidize CO
molecule in a H2-rich stream [28,49]. At high temperature, how-
ever, the generation of excess active hydrogen-containing oxidizing
species brings about a drop of O2 selectivity, leading to a lower
CO-PROX performance.

3.2.3. Effect of space velocity
The influence of space velocity on the CO conversion and O2

selectivity over the catalyst 4.0% Pt-0.7% Co/CNT is displayed in
Fig. 8. Under the F W−1 of 30,000 mL  g−1 h−1, 100% CO conversion
can be obtained at 313–433 K. The higher the F W−1, the higher
the temperature for the requested CO-PROX. Under the F W−1

of 60,000 mL  g−1 h−1, the catalyst affords 100% CO conversion at
333 K; however, F W−1 of 90,000 mL  g−1 h−1 can only present a
CO conversion of 69.4% at this temperature. Even if the F W−1 is
adjusted to 120,000 mL  g−1 h−1, a CO conversion of 100% can still
be obtained at 373–433 K. The results indicate that the influence
of space velocity on CO removal is significant; however, a com-
plete removal of CO is obtainable at high space velocity by raising
the reaction temperature. The O2 selectivity is kept at 50% when
the CO-PROX proceeds under the F W−1 investigated, as shown in
Fig. 8.

3.2.4. Catalyst stability
To evaluate the stability of the catalyst 4.0% Pt-0.7% Co/CNT, we
have performed the CO-PROX with 20% H2O and 25% CO2 with
a F W−1 of 40,000 mL  g−1 h−1 and varying O2 concentrations. The
data of CO conversion and O2 selectivity were collected after the
reaction for 6 h. The O2 selectivity increases gradually from 50%
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Table 2
The comparison of PROX performance over supported Pt-Co and monometallic Co catalysts with different carriers.

Catalyst (Pt = 4.0 wt%, Co = 0.7 wt%) CO conversion (%) O2 selectivity (%) The lowest temp. (K)
for maximum CO
conversion

At 313 K At 433 K At 313 K At 433 K

5.0% Co/CNT 0 9.2 − 81.6 473 (44.3%)
Pt-Co/CNT 100 100 51.0 50.0 313 (100%)
Pt-Co/ACa 75.5 92.8 82.8 45.6 373 (100%)
Pt-Co/GAb 18.1 100 92.9 50.0 433 (100%)
Pt-Co/TiO2 38.6 64.6 89.4 32.9 353 (92.3%)
Pt-Co/SiO2 76.6 98.8 95.1 48.9 393 (100%)
Pt-Co/�-Al2O3 36.9 100 79.3 50.0 373 (100%)

Reaction conditions: catalyst weight = 0.1 g, feed gas = 1.0% CO + 1.0% O2 + 50% H2 balanced
a AC: active carbon.
b GA: graphite.
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loading (Table 3). The metal dispersion data have been confirmed
by H2 titration using stoichiometry H/Pt = 3 (Table 3). In all cases,
the dispersion calculated by H2 titration is slightly higher than that
given by O2 titration, but the data by these two methods are in

460440420400380360340320

0

20

40

60

80

100

C
O

 c
on

ve
rs

io
n 

/ %

Temperature / K

Fig. 6. The performance of CO oxidation over Pt-Co/CNTs with different Co loadings.
.0% Co/CNT, and 4.0% Pt/CNT, respectively.

o 95.5% when the O2 concentration is decreased from 1.0% to
.5% as depicted in Fig. 9. Meanwhile, the CO conversion maintains
00% until the O2 concentration reduces to 0.7%; it then decreases

arkedly with the further decrease of O2 concentration. Among O2

oncentrations tested, the catalyst under the O2 concentration of
.7% exhibits the best CO conversion and highest O2 selectivity.
 with N2, F W−1 = 30,000 mL h−1 g-cat−1.

Next, the CO-PROX with 20% H2O and 25% CO2 over the cata-
lyst 4.0% Pt-0.7% Co/CNT was  conducted at 353 K as a function of
time on stream. As illustrated in Fig. 10,  100% CO conversion and
62.7% O2 selectivity were maintained for 50 h under an O2 con-
centration of 0.8% and a F W−1 of 40,000 mL  g−1 h−1. Subsequently,
100% CO conversion and 71.4% O2 selectivity were maintained for
another additional 50 h under an O2 concentration of 0.7% and the
F W−1 of 40,000 mL  g−1 h−1. The structure of CNTs is kept intact dur-
ing the long-term CO-PROX reaction under present conditions, as
evidenced by TEM measurements (not shown). The results demon-
strate that the catalyst 4.0% Pt-0.7% Co/CNT can perform high
CO-PROX activity with excellent stability and tolerance to CO2 and
H2O vapor, showing very promising results for PEMFC application.

3.2.5. O2–H2 titration
The surface Pt states of several catalysts under different con-

ditions were determined by means of O2–H2 titration and XPS
measurement. As expected, the catalyst samples exposed to air
have hardly O2 uptake (Supplemantary Table 1S). The metal dis-
persions of CNT supported catalysts with similar particle size (see
Fig. 3) reduced with H2 at 523 K decrease with the increase of Co
(�)  4.0%Pt/CNT; (�) 4.0% Pt-0.3% Co/CNT; (�) 4.0% Pt-0.7% Co/CNT; (�) 4.0% Pt-1.3%
Co/CNT; (�) 4.0% Pt-2.0% Co/CNT. Feed gas: 1% CO and 1% O2 balanced with N2 using
F  W−1 = 30,000 mL  g−1 h−1.
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Table 3
Results of O2–H2 titration and TOF over several supported Pt and Pt-Co catalysts.

Sample Metal dispersion (%)a TOF  at 313 K ×10−3 (s−1)

By TEMa O/Pt523-red
b H/Pt313-oxid

c O/Pt313-react
d

4.0% Pt/CNT 40.0 39.9 40.3 27.0 0.8
4.0%  Pt-0.7% Co/CNT 47.0 28.6 30.0 26.0 66.0
4.0%  Pt-2.0% Co/CNT 41.0 20.7 24.2 15.0 57.0
4.0%  Pt-0.7% Co/�-Al2O3 61.0 58.0 60.0 55.0 12.0

a All the Pt particles were regarded as the spheres. Thus, the Pt dispersion, D, was calculated as D = (6�m/amd) × 100%, according to literature, where, D is the Pt dispersion;
�m is the volume of a Pt atom, �m = (M/�No), M is the molecular weight of Pt, � is the density of Pt, No is Avogadro constant; am is the area of a Pt atom on the surface,
am = 1/(1.25 × 1019); and d is the Pt particle diameter determined by TEM. Therefore, D = 1.13/d.

b Pt533-red: metallic Pt in the sample reduced by H2 at 523 K.
c Pt313-oxid: metallic Pt in the sample reacted with O2 at 313 K.
d Pt313-react: metallic Pt in the sample reacted with feed gas of 1% CO, 1% O2, and 50% H2 balanced with N2 at 313 K.
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ood agreement and show a similar decreasing tendency with the
ncreasing of cobalt content. The results indicate that some portion
f CoO species may  block the surface of Pt nanoparticles. Another
vidence for the blockage of the CoO species is gained by the CO-
PD profiles of the Pt-Co/CNTs (Supplemantary Fig. S2).  The results
eveal that the incorporation of Co species depresses or inhibits the
O absorption on the catalyst surfaces. One probability is the elec-
ron transfer between the Pt and Co species, and another is due to
he coverage of CoO species, both resulting in weak CO-adsorption
n the Pt surfaces.

After the oxidized catalysts are exposed to the reaction feed
as containing 1% CO + 1% O2 + 50% H2 balanced with N2 at 313 K
or 3 × 10 min, they show metal dispersions lower than the cor-
esponding samples by H2-reduction at 523 K, but the portion
f metallic Pt in the catalysts with cobalt species is higher than
hat in the Pt/CNT one (Table 3). When the oxidized catalysts are
xposed to the reaction feed gas at 353 K for 3 × 10 min, the ones
ith cobalt species give metal dispersions close to the correspond-

ng samples by H2-reduction at 523 K, while the Pt/CNT without
obalt species presents a dispersion appreciably lower than the
orresponding sample by H2-reduction at 523 K (Supplemantary
able 1S).  These indications suggest that the surface PtOx species
n the CNT-supported Pt-based catalysts can be partially or entirely
educed in a stream containing 1% CO + 1% O2 + 50% H2 balanced
ith N2, but the metallic Pt concentration after exposure to the

eed gas is related to the Co loading and temperature. Thereby, the
esults of O2–H2 titration imply that the bimetallic PtCo/CNT cat-
lyst is more active for the activation of oxygen molecule at lower
emperatures in comparison with Pt/CNT.

The exact oxidation states of the metal species on the 4%Pt-
.7%Co/CNT catalyst after reduction and oxidation have been
xamined by XPS. As can be seen in Supplemantary Fig. S3,  the
inding energy of Pt in the 4f binding region can be deconvoluted
nd fitted with doublet peaks: one at BE = 71.5 eV can be attributed
o metallic Pt and another at BE = 72.6 eV can be assigned to Pt2+

pecies. The area ratio of metallic Pt and oxidized Pt appreciably
ncreases after the O2 titration. This phenomenon is ascribed to the
ormation of Pt–O species on the catalyst surface after O2 titration.
n the other hand, the Co 2p spectra in the 4%Pt-0.7%Co/CNT cata-

yst after the reduction and oxidation are evidently accompanied by
trong shake-up satellites of characteristic CoO species, showing no
bviously changes in the oxidation state. Meanwhile, the small peak
or Co 2p3/2 at BE = 778.1 eV assignable to Pt3Co alloy species is sus-
ained after the O2 titration, suggesting that the phase separation of
his Pt–Co alloy phase could be excluded under present conditions.
herefore, we conclude that the oxidation states of cobalt species
ithout changes significantly before and after the O2 titration may

ventually be due to strong interactions between Pt and Co species
nd relatively mild working conditions.

The TOF at 313 K over the samples in Table 3 increases markedly
ith the incorporation of small amount of Co to Pt/CNT catalyst and

he highest TOF is obtained with a Pt-Co/CNT catalyst containing Co
f 0.7 wt%. Further increase of Co loading causes a drop of TOF value.
hese results are in good accord with O2 conversion as shown in
ig. 7 (insert). When the same composition is supported on �-Al2O3,
he catalyst thus obtained exhibits very low TOF under identical
onditions.

It is known that the adsorption of O2 on the freshly reduced
upported Pt catalyst can lead to the formation of the Pt–O sur-
ace and can also undergo the transformation of Pt–O to Pt–CO by
emoving the Oads as CO2 with the introduction of CO at ambient
emperature [50]. The CO molecule strongly and almost exclusively

dsorbed onto Pt catalysts and the dilute O2 concentration in the
eed gas can inevitably result in the unavailability of active oxy-
en, which is essential for the CO-PROX at lower-temperatures.
herefore, it is reasonable to speculate that the adsorption and
ources 202 (2012) 200– 208 207

activation of molecular oxygen could primarily occur on CoO. A
proper amount of CoO on the periphery of Pt nanoparticles is crucial
for achieving superior CO-PROX performance at lower tempera-
tures. In other word, the well-matching activations of oxygen by
CoO and of CO by Pt could render a catalyst with high CO-PROX per-
formance. Nonetheless, the perfect alignment of lattices along the
CNT axis and the curvature of graphite-like planes can bring about
several novel properties to CNT, such as defect sites and functional
groups on the surface, electrical conductivity, and chemical stabil-
ity compared to traditional carriers [51,52]. These properties can
also be favorable for the electron transfer rates of reaction and the
desorption of products.

4. Conclusion

The Pt-Co/CNTs bimetallic catalysts prepared by the wet co-
impregnation method followed by liquid phase reduction and
calcination are able to efficiently remove CO in H2-rich stream by
preferential oxidation. The optimized catalyst with 0.7% Co and 4.0%
Pt is able to completely remove the CO at temperatures ranging
from 313 to 433 K, where the O2 selectivity to CO2 formation is
kept at approximately 50%. The O2 selectivity can be enhanced to
above 70% while keeping CO conversion at 100% when the molar
ratio of CO/O2 is adjusted to 1/0.7. The catalyst 4.0% Pt-0.7% Co/CNT
can maintain 100% CO conversion and above 50% selectivity of O2
in a feed gas containing 25% CO2 and 20% H2O vapor at 353 K for
longer than 100 h. These results cannot be obtained with same com-
position of Pt and Co supported on other carriers. The XRD and
TEM results indicate that the Pt nanoparticles with mean size of
2–3 nm are uniformly dispersed on the catalyst surfaces, whereas
the particle sizes of Co species are below detectable limits. The
results of X-ray photoelectron spectroscopy and nanoscale elemen-
tal mapping indicate that most of Co species are in the form of
CoO, presenting on the periphery and surface of Pt domain. O2
titration and kinetic studies show evidence that the CoO on the
periphery of Pt nanoparticles is involved in the CO-PROX reaction,
acting as an oxygen supply. The proper atomic ratio of Pt/Co along
with the choice of support is key issues for a Pt-Co/CNT bimetallic
catalyst with high CO-PROX performance at lower temperatures.
We conclude that, in addition to the effect of support, the syn-
ergistic interaction between Pt metal surface and CoO are largely
responsible for the high CO-PROX performance of Pt-Co/CNTs.
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