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ABSTRACT
Novel alumina-supported cobalt phosphide catalysts (designated as CoP-3, CoP-10, CoP-20 and
CoP-40) prepared from the precursors with Co loadings of 3, 10, 20 and 40wt% by H2-tempera-
ture-programmed reaction were investigated as potential catalysts for preferential CO oxidation
(PROX) in excess H2 at high temperatures. It was found that the catalytic activities of these Co2P/
c-Al2O3 catalysts were related to their Co loadings. The CoP-10 catalyst showed the best PROX
performance in temperature range of 220–240 �C, which was attributed to its optimal microstruc-
tures (high surface area, small particle size and big amount of active site).
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Introduction

Transition metal phosphides are a group of compounds with
interesting chemical/physical properties and potential appli-
cations in various fields, such as electronics, magnetism,
photonics, catalysis and so on.[1–4] In particular, transition
metal phoshides have been regarded as promising substitutes
for noble metal catalysts, owing to their Pt-like performance
as catalysts in a variety of hydrogen-involved reactions, such
as hydrogenation and hydrotreating,[5,6] N2H4 decompos-
ition,[7–9] and hydrogen evolution reactions.[2,10,11] However,
these phosphide catalysts have received far less attention in
reactions involving oxygen-related species. Our previous
work has shown that phosphides of Mo, W, Fe, Co and Ni
exhibit good activities for NO dissociation
(Fe2P>Co2P>MoP>WP>Ni2P) but the phosphide

catalyst deactivation is inevitable because of surface oxida-
tion by NO.[12,13] Subsequently, we have found that oxygen
species from NO dissociation occurred on phosphide surface
can be removed efficiently by H2 or CO, and thus the phos-
phide catalyst can maintain stable activity for NO dissoci-
ation in the NO/CO or NO/H2 reaction.

[12,13]

In order to expand the field of phosphide catalysts in
noble-meal catalyzed reactions involving oxygen-related spe-
cies, in this study the preferential CO oxidation (PROX) in
excess H2 was selected as a probe reaction to investigate the
activity of phosphide catalysts. It was well known that various
catalyst systems such as Pt-Fe,[14,15] Pt-Ni,[16,17] Pt-Co,[18] Cu-
Ce,[19–21] Ir-Fe,[22] Au-Ce,[23] and so on, with good perform-
ances have been utilized as catalysts for PROX. These catalysts
were usually expected to show high activity for CO oxidation
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under the typical operating temperature (ca. 80 �C) of the pro-
ton exchange membrane fuel cell. Due to the loss of heat
energy for cooling H2-rich gas from water gas shift (WGS)
reaction, operation at higher temperature, e.g., at about
210–240 �C, may be more attractive for PROX catalyst.[24] On
the other hand, the development of low-cost non-noble metal
catalysts for PROX with suitable performance was of great
importance and was also a meaningful challenge in industrial
chemistry. In this work, we reported that the Co2P/c-Al2O3

catalysts with different Co loadings were active for PROX and
they showed similar PROX activity to Pt/c-Al2O3 catalyst at
high temperatures. And the techniques of XRD, BET, and
TEM were adopted for the characterization of the Co2P/
c-Al2O3 catalysts, and to give insights into the effect of Co
loading on the catalytic activity of Co2P/c-Al2O3 catalyst for
preferential CO oxidation reaction.

Results and discussion

Microstructural characterization

Figure 1 shows the XRD patterns of the Co2P/c-Al2O3 cata-
lysts with various Co loadings. For the sake of comparison,
the XRD patterns of P/c-Al2O3 sample and single c-Al2O3

supporter are also shown in Figure 1. In the case of the
sample with higher Co loadings (CoP-10, CoP-20 and CoP-
40), the XRD patterns showed diffraction peaks at 40.7,
42.1, 43.3, 44.1, 48.8, 50.4, 51.5, 52.0 and 56.2�, correspond-
ing to the (112), (202), (211), (103), (031), (301), (113),
(020) and (302) reflections of Co2P (PDF-03-065-2380),
respectively, except those diffraction peaks due to c-Al2O3.
The results indicated the formation of Co2P on a c-Al2O3

support. In the case of the sample with a lower Co loading
(CoP-3), only diffraction peaks associated with the c-Al2O3

support were apparent. This might be because Co-contain-
ing species was well dispersed on c-Al2O3 supporter with
higher surface area, as proved later by BET. It was worthy
to note that there were several diffraction peaks at 20.5, 21.6
and 23.2� that can be assigned to orthorhombic AlPO4 on

the CoP-40 sample. Due to the fact that the orthorhombic
AlPO4 phase can be formed on the P-20 sample via the
reaction between P species and c-Al2O3 (see Figure 1), it
was reasonable to deduce that the orthorhombic AlPO4

phase can be formed on the Co2P/c-Al2O3 catalysts.
Interestingly, it was found from Figure 1 that the ortho-
rhombic AlPO4 phase can only be formed when the Co
loading reached 40wt%. This was probably because P spe-
cies should be preferentially reacted with Co species to pro-
duce Co2P and they had a chance to react with c-Al2O3 to
form AlPO4 at higher P loadings.

The BET surface areas and CO chemisorption results of
Co2P/c-Al2O3 catalysts obtained from the precursors with
different Co loadings are listed in Table 1. The surface area
of the catalysts decreased monotonically with the increase in
Co loading, indicating that the Co2P dispersity was
decreased with the increase in Co loading. In addition, it
was found that the CO chemisorption amount of the cata-
lysts increased with the increase in Co loading from 3 to
20wt%. However, the CO chemisorption amount of the
catalyst decreased when the Co loading reached 40wt%,
which was probably due to the poor dispersion of CoP-40.

Subsequently, the morphologies of the catalysts were
characterized by TEM. Figure 2 shows the TEM images of
CoP-3, CoP-10, CoP-20 and CoP-40 samples. It was clear
that irregular-shaped nanoparticles were dispersed on the
c-Al2O3 support. The size distributions of these nanopar-
ticles in CoP-3, CoP-10, CoP-20 and CoP-40 samples were
determined by measuring particle size directly from TEM
images (Figure 3). It can be observed from Figure 3 that the
average particle size of Co2P varied with the Co loading. It
was 25.3 nm in CoP-3, 36.7 nm in CoP-10, 46.9 nm in CoP-
20 and 65.1 nm in CoP-40, respectively.

The PROX reactions under the conditions of twice excess
O2 (1%CO and 1%O2, 60%H2, He balance, 0.1MPa, 15000mL
g�1 h�1) were conducted on the Co2P/c-Al2O3 catalysts. The
corresponding activity and selectivity measured at temperatures
of 220 and 240 �C, are shown in Figure 4. Catalytic perform-
ance of the Co2P/c-Al2O3 catalysts for PROX was dependent
on Co loading. It can be seen that Co-loading dependent CO
conversion and CO2 selectivity showed a “volcano” shape with
the highest value (99.5% CO conversion at 220 �C and 98.5%
CO conversion at 240 �C; 49.7% CO2 selectivity at 220 �C and
48.0% CO2 selectivity at 240 �C) on the CoP-10 sample.
However, O2 conversion was found to be 100% on these sam-
ples, no matter whether it was at 220 or 240 �C. The consump-
tion of O2 was much higher than that for CO oxidation,
indicating an enhancement of H2 oxidation in PROX.
Generally speaking, specific surface area, the amount of active
site and particle size were critical factors for the PROX cata-
lyst.[25–27] The ensemble of BET, TEM and CO chemisorption

Figure 1. XRD patterns of the Co2P/c-Al2O3 catalysts with various Co loadings
as well as P/c-Al2O3 sample and c-Al2O3 supporter for comparison.

Table 1. Specific surface areas and CO chemisorption amounts of Co2P/
c-Al2O3 catalysts obtained from the precursors with different Co loadings.

Sample Co loading (wt%) SBET (m
2 g�1) CO chemisorption (mmol gcat�1)

CoP-3 3 141.9 4.7
CoP-10 10 114.2 16.1
CoP-20 20 56.9 23.7
CoP-40 40 8.9 8.0
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data (see Table 1 and Figures 2 and 3) indicated that among
CoP-3, CoP-10, CoP-20 and CoP-40 samples, the CoP-10 sam-
ple showed the optimal microstructures (high surface area,
small particle size and big amount of active site). Therefore, it
was reasonable to conclude that the CoP-10 sample showed
better PROX performance than CoP-3, CoP-20 and CoP-40

samples. In order to obtain a better evaluation of the Co2P/
c-Al2O3 catalyst system, the CO conversion and CO2 selectivity
measured in the temperature range 160–240 �C are shown in
Fig. S 1 (Supplemental Materials). And the CO conversion and
CO2 selectivity over the 2wt%Pt/c-Al2O3 catalyst mentioned in
our previous study[28] is also shown for comparison. It was
found that the CoP-10 sample showed higher CO conversion
and CO2 selectivity than CoP-3, CoP-20 and CoP-40 samples
in the temperature range 160–240 �C. Note that the CoP-10
sample even showed similar PROX performance to 2wt%Pt/
c-Al2O3 catalyst in the temperature range 220–240 �C.

Finally, the time dependence of CO conversion and CO2

selectivity at 220 �C over the CoP-10 sample is shown in
Figure 5. Over the CoP-10 sample, the high CO conversion
(�99.0%) was achieved and such activity was stable through
out the test period of 12 h.

Reaction conditions: 1%CO, 1%O2, 60%H2 balanced with
He, WHSV ¼ 15,000mL g�1 h�1, reaction temperature ¼
220 �C, reaction time ¼ 1–12 h, pressure ¼ 0.1MPa.

Experimental

Sample preparation

Alumina-supported Co2P catalysts were prepared by the
incipient wetness impregnation method. Firstly, the c-Al2O3

supporter (SBET� 250 m2g�1, 40–60 mesh) was impregnated
with an aqueous solution of Co(NO3)2�6H2O and
(NH4)2HPO4 to give the desired Co/P molar ratio of 2 in
the catalyst precursor. To avoid the formation of an insol-
uble precipitate of cobalt phosphate, several drops of nitric
acid were introduced into the aqueous solution. After
impregnation, the samples were dried in air at 100 �C for
12 h and then calcined in air at 500 �C for 3 h. The Co2P/
c-Al2O3 samples were prepared by means of H2-tempera-
ture-programmed reaction (H2-TPR).

[12,13] Typically, about
2.0 g of the precursor was placed in a micro-reactor and a
flow of H2 (150ml min�1) was introduced into the system.
Initially, the sample was linearly heated from room tempera-
ture (RT) to 300 �C over a period of 30min, followed by a
rise in temperature from 300 to 700 �C at a rate of 1 �C/
min, and the temperature was then kept at 700 �C for 2 h
before cooling to RT in a H2 flow. The material was then
passivated in 1% O2/99% Ar for 12 h before exposure to air.
The catalyst precursors contained Co loadings of 3, 10, 20,
40wt% and the as-obtained phosphide catalysts were desig-
nated respectively as CoP-3, CoP-10, CoP-20 and CoP-40.
For the sake of comparison, the catalyst only with 20wt% P
(designated as P-20) was also obtained and the preparation
procedures were similar to those Co2P/c-Al2O3 catalysts.

Sample characterizations

X-ray diffraction (XRD) measurements were carried out
using Cu Ka source with a X’Pert Pro MPD diffractometer.
The morphology of the product was characterized by trans-
mission electron microscopy (TEM, Philips Tecnal 10). BET
surface areas of the products were measured by a surface

Figure 2. TEM images of (a) CoP-3, (b) CoP-10 (c) CoP-20 and (d) CoP-
40 samples.
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area analyzer (NOVA4200). CO chemisorption experiments
were carried out in an AutoChem II chemisorption
Analyzer. 0.1 g catalyst was firstly reduced in a flow of
10%H2/Ar at 700 �C for 1 h. After purging with He for
30min, the sample was cooled down to 30 �C in He. The
adsorption of CO was carried out by pulsing a standardFigure 3. Particle size distributions of Co2P nanoparticles in (a) CoP-3, (b) CoP-

10 (c) CoP-20 and (d) CoP-40 samples.

Figure 4. Dependence of catalytic performance on Co loading over the Co2P/
c-Al2O3 catalysts at 220 �C (a) and 240 �C (b). ([ ]) CO conversion, ([ ]) O2 con-
version and ([ ]) CO2 selectivity. Reaction conditions: 1%CO, 1%O2, 60%H2 bal-
anced with He, WHSV ¼ 15,000mL g�1 h�1, reaction temperature ¼
220–240 �C, pressure ¼ 0.1MPa.

Figure 5. Catalytic stability of the CoP-10 catalyst in PROX reaction.
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volume of pure CO until saturation. CO consumption was
detected by a thermal conductivity detector (TCD).

Catalytic performance tests

PROX reaction was carried out in a fixed-bed flow reaction
system at atmospheric pressure. The catalyst was placed in a
quartz reactor (id: 4mm) equipped with devices for tem-
perature measurement and control. The feed gas consisted
of 50ml min�1 of 1%CO, 1%O2, 60%H2 in He (WHSV ¼
15,000ml g�1 h�1). Before each test, the catalyst was heated
to 700 �C at a rate of 15 �C/min and was held at this tem-
perature for 1 h in a flow of H2. The effluent gas was ana-
lyzed using on-line gas chromatograph (GC) system
equipped with a TCD detector. The activity was evaluated
based on CO and O2 conversions, which can be calculated
on the basis of CO and O2 concentrations in the reactant
gas and the effluent gas. Due to possibility of CH4 produced
in PROX reaction, the CO2 selectivity was defined as the
ratio of O2 consumption for the CO oxidation to total O2

consumption.

Conclusions

We developed a novel type of alumina-supported Co2P cata-
lyst for PROX reaction. It was found that the catalytic activ-
ities of these Co2P/c-Al2O3 catalysts were related to their Co
loadings. The Co2P/c-Al2O3 catalyst prepared from the pre-
cursor with 3wt% Co loading showed the best PROX activ-
ity (near 99% CO conversion) in temperature range of
220–240 �C, which was attributed to its optimal microstruc-
tures (high surface area, small particle size and big amount
of active site).
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