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Abstract A series of Co—Cu composite oxides with
different Co/Cu atomic ratios were prepared by a co-pre-
cipitation method. XRD, N, sorption, TEM, XPS, H,-TPR,
CO-TPR, CO-TPD and O,-TPD were used to characterize
the structure and redox properties of the composite oxides.
Only spinel structure of Co30,4 phase was confirmed for the
Co—Cu composite oxides with Co/Cu ratios of 4/1 and 2/1,
but the particle sizes of these composite oxides decreased
evidently compared with Co30,4. These composite oxides
could be reduced at lower temperatures than Cos;O4 by
either H, or CO. CO and O, adsorption amounts over the
composite oxides were significantly higher than those over
Co030,. These results indicated a strong interaction between
cobalt and copper species in the composite samples, pos-
sibly suggesting the formation of Cu,Cos;_,O4 solid
solution. For the preferential oxidation of CO in a H,-rich
stream, the Co—Cu composite oxides (Co/Cu = 4/1-1/1)
showed distinctly higher catalytic activities than both
Co5;04 and CuO, and the formation of Cu,Cos_,0,4 solid
solution was proposed to contribute to the high catalytic
activity of the composite catalysts. The Co—Cu composite
oxide was found to exhibit higher catalytic activity than
several other Co3;04-based binary oxides including Co—Ce,
Co-Ni, Co—Fe and Co—Zn oxides.
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1 Introduction

Catalytic preferential oxidation (PROX) of CO in a H,-rich
stream has recently attracted much attention, since it is
considered as the simplest and the most effective method
for CO removing from the gas mixtures containing con-
centrated H, for fuel cells [1-3]. Noble metal catalysts,
including Pt, Ru, Rh, Pd and Au, have shown high activ-
ities and good stabilities for the PROX of CO [4-9].
However, noble metal catalysts inevitably have disadvan-
tages of high cost and limited availability. Moreover, the
selectivity for CO oxidation in Hj-rich gas mixtures over
noble metal catalysts may decrease at high reaction tem-
peratures [5, 9]. Therefore, it is highly desirable to develop
efficient non-noble transition metal oxide catalysts for the
PROX of CO [10-17].

Co304 has been reported to be one of the most prom-
ising non-noble metal oxide catalysts for CO oxidation
without H, in the reaction gas stream at low temperatures
[18-20]. However, studies on Co;0, catalyst for the PROX
of CO in Hj-rich stream are scarce [12-14]. Yung et al.
[12] studied the PROX of CO over a CoO,/ZrO, catalyst
under various reaction conditions and found that the CoO,/
ZrO, catalyst showed high CO conversion and high
selectivity of CO oxidation in a temperature window of
80-200 °C. Recently, Guo and Liu [13, 14] reported that
high CO conversion activity could be achieved over a
Co304—Ce0, catalyst. They also indicated that the addition
of MnO, could promote the interaction between Co;0,4 and
CeQO,, and thus increase the Co>" content in the catalyst,
which may enhance the selectivity for CO oxidation [14].
On the other hand, CuO is also known to be one of the
main active components for the PROX of CO, and a
few studies have been contributed to CuO-CeO, catalysts
[15-17]. Luo et al. [16] reported that the CuO-CeO,
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catalyst with a high surface area exhibited a high activity in
the PROX of CO and they argued that finely dispersed CuO
species were the active sites.

Co30, generally takes the spinel structure (AB,O,)
based on a cubic closely-packed structure of oxide ions, in
which Co (II) ions occupy the tetrahedral sites and Co (III)
ions occupy the octahedral sites [21]. Spinel compounds
have shown efficient catalytic performances in various
reactions because of the unique cation distributions in tet-
rahedral and octahedral sites [22-26]. Co—Cu composite
oxide with spinel structure (Cu,Co;_,0,4) was proven to be
excellent for the oxidative elimination of volatile organic
compounds (e.g., hexane) [26].

Therefore, we expect that the Co—Cu composite oxides
may function as efficient catalysts for the PROX of CO.
However, to the best of our knowledge, there is no system-
atic study on the PROX of CO over the Co—Cu composite
oxides. In this work, we report the catalytic performances of
the Co—Cu composite oxides prepared by a co-precipitation
method for the PROX of CO. The catalysts will be charac-
terized in detail to gain insight into the structure-
performance correlation. The catalytic property of the
Co—Cu composite oxide will also be compared with other
binary composite oxides such as Co—Ce, Co-Ni, Co-Fe and
Co—Zn oxides.

2 Experimental
2.1 Preparation of Co—Cu Composite Oxides

Co—Cu composite oxides with different Co/Cu atomic ratios
were prepared by the co-precipitation method [13, 27].
Typically, a mixed aqueous solution of Co(NO3), (0.2 mol/
L) and Cu(NOs3), (0.2 mol/L) with a fixed Co/Cu ratio was
added into an aqueous solution of Na,COj3 (0.5 mol/L), and a
suspension was obtained. Then, the pH of the suspension was
adjusted to ~ 8.5 by ammonia solution. After further aging
for 4 h, the solid was recovered by filtration followed by
washing with hot deionized water and then drying at 80 °C
for 24 h. The Co—Cu composite oxides were finally obtained
by calcination in air at 350 °C for 5 h. Co;04 and CuO single
oxides and other Co-M (M = Ce, Zn, Ni, Fe) composite
oxides were prepared with the same procedure.

2.2 Characterization of Catalysts

X-ray diffraction (XRD) patterns were collected on a
Panalytical X’ pert Pro type powder diffractometer using
Cu Ko radiation (40 kV, 30 mA). N, sorption isotherms
were obtained at 77 K on a Micromeritics Tristar 3000
surface and porosimetry analyzer. The surface area, pore
volume and pore size distribution were evaluated by the
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BET [28] and BJH [29] methods from the desorption
branch of the isotherm.

TEM observations were performed on a Tecnai F30
electron microscope (Phillips Analytical) operated at an
acceleration voltage of 300 kV. Samples for TEM mea-
surements were suspended in ethanol and dispersed
ultrasonically. Drops of the suspensions were applied on a
copper grid coated with carbon. X-ray photoelectron
spectroscopic (XPS) measurements were performed with a
Multilab 2000 system (Thermo Electron Co.) using Al-Ko
radiation (1846.6 eV) as X-ray source to investigate the
oxidation states of Co and Cu in the Co—Cu composite
oxides. The surface Co/Cu ratio was estimated from the
peak areas and the sensitivity factor presented by Physical
Electronics.

The redox properties of Co—Cu composite oxide cata-
lysts were studied by temperature-programmed reduction
techniques including H,-TPR and CO-TPR with a
Micromeritics Auto Chem 2920 II instrument. Typically,
the sample (15 mg) was placed in a quartz reactor, and was
heated from 40 to 850 °C at a rate of 10 °C/min in H,- or
CO-containing He gas flow. The amount of H, consump-
tion was measured using a thermal conductivity detector
(TCD), and the amount of CO consumption was measured
using a Pfeiffer Vacuum ThermoStar mass spectrometer
with a signal of m/e = 28.

The adsorption properties of Co—Cu composite oxide
catalysts were investigated by temperature-programmed
desorption techniques including CO-TPD and O,-TPD.
The experiments were performed on the same equipment
for TPR measurements. 200 mg of sample was used for a
typical analysis. After pretreated at 350 °C in a 20% O,/He
flow for 1 h, the samples were switched to a He flow, and
cooled down to 50 °C. CO and O, adsorption were carried
out by exposing the sample to a flow of 5% CO/He or 10%
O,/He at 50 °C. After removing CO or O, in gas phase by
He purge, the CO-TPD or O,-TPD was carried out in He
flow by heating up to 600 °C at a rate of 10 °C/min.

2.3 Catalytic Reaction

Catalytic reactions (PROX of CO) were carried out using a
fixed-bed reactor (8 mm i.d.) at atmospheric pressure.
Before reaction, the catalysts were pretreated in an O,
containing He gas flow at 200 °C for 40 min. The feed gas
was comprised of 1% CO, 1% O,, and 50% H, (vol.%)
balanced with He. The space velocity was 30,000 mL/g/h
(corresponding to 100 mg catalyst and 50 cm®/min). The
inlet and outlet gas compositions were analyzed by an
on-line gas chromatograph equipped with TCD and FID.
H,, O, CO and CO, were separated using a carbon
molecular sieve (TDX-01) column. CO and CO, were
further converted to methane by a methanation reactor and
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analyzed using a FID detector. The carbon balance in each
run was 100 £+ 3%.

The conversion of CO to CO, and the selectivity of O,
for CO oxidation (forming CO,) in Hj-rich stream were
calculated as follows:

CO conversion (%) = W x 100%
Selectivity (%) = % x 100%
2lin = [M2]out
_ 1/2([C0]m - [Co]out)
B [Ozhn - [Oz]out X 100%

3 Results and Discussion
3.1 Structure of Co—Cu Composite Oxides

Figure 1 shows the XRD patterns of the Co—Cu composite
oxides with different Co/Cu ratios along with Co3z0,4 and
CuO. All the diffraction peaks of Co3;0,4 can be ascribed to
the cubic spinel structure of Co;O4 [24], while those of
CuO are assignable to the monoclinic tenorite structure
[30]. For the Co—Cu composite oxides with Co/Cu ratios of
4/1 and 2/1, only diffraction peaks ascribed to the spinel
phase of Co;0,4 could be observed, but these diffraction
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Fig. 1 XRD patterns of Co—Cu composite oxides with different Co/
Cu ratios. (a) Co30y4; (b) Co—Cu-O (Co/Cu = 4/1); (¢) Co—Cu-O
(Co/Cu = 2/1); (d) Co—Cu-O (Co/Cu = 1/1); (e) Co—Cu-O (Co/
Cu = 1/4); (f) CuO

compared with those of Co3;04. The broadening of the
diffraction peaks indicates that the crystallite sizes of
composite oxides become smaller. We have estimated the
crystallite sizes of these two samples by the Scherrer
equation. The result summarized in Table 1 clearly shows
that the crystallite sizes of the composite oxides with
Co/Cu ratios of 4/1 and 2/1 are significantly smaller than
that of Co30, alone. With a further decrease in the Co/Cu
ratio to 1/1, the diffraction peaks attributed to Co3;04 and
CuO were both observed, and as the Co/Cu ratio decreased
to 1/4, only monoclinic tenorite structure of CuO phase
could be observed.

As mentioned before, in the spinel structure of Co30y,
Co™* occupies the octahedral site and Co*™ occupies the tet-
rahedral site in cubic closely-packed structure of O%~, where
the ratio of Co*™/Co®" is 2/1. As Cu®" possesses the same
ionic charge and similar ionic diameter (Dg2+ = 73 pm) to
Co*™ (D¢ = 74.5pm), we speculate that Cu®t could
replace Co** entering the cubic structure of Co;04 (maybe
forming Cu,Co;_,0Oy4 solid solution with the spinel structure).
The maximum number of Cu®" accommodated by Cu,Cos_,
O, with spinel structure was at Co/Cu ratio of 2/1, where Co**
in Co30, was totally replaced by Cu*". Actually, from the
XRD patterns of Co—Cu—O composites with Co/Cu ratios of
4/1 and 2/1, only the diffraction peaks attributed to the spinel
structure were observed, and no peaks of CuO could be
discerned. Thus, we speculate that Cu,Coz_,0, solid solution
with spinel structure was possibly formed in these two sam-
ples [26, 31].

Figure 2 shows N, sorption isotherms and the pore size
distributions for the Co—Cu composite oxides along with
Co30,4 and CuO. The calculated BET surface area and
mean pore size of these samples are also listed in Table 1.
All of the samples exhibited the type IV isotherms, which
indicated the existence of mesopores probably due to the
aggregation of nano particles. From Table 1 and Fig. 2, it
can be seen that the BET surface areas increase from
52 m*/g for Co30,4 to 100 m*/g for the Co—Cu composite
oxide with Co/Cu ratio of 2/1, while the pore size decreases
from 13 to 9.6 nm simultaneously. These changes likely
arise from the decrease in the particle size of the composite
oxide. With a further increase in Cu content, the crystalline
CuO was formed, and the BET surface area declined. CuO
possesses the lowest BET surface area.

Figure 3 shows the TEM images of Co3Qy4, the Co—Cu
composite oxides with Co/Cu ratios of 4/1 and 2/1, and
CuO and the particle size distributions derived by counting
ca. 100 particles for each sample. The TEM images clearly
show that all these samples are nanoparticles in morphol-
ogy. It is clear that the mean particle sizes of the Co-Cu
composite oxides are significantly smaller than those of
Co30,4 and CuO. This observation is consistent with the
XRD results in essence (Table 1).
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Table 1 Physical properties of Co-M composite oxides samples

Sample® Crystallite size® Mean particle size® Sper” Pore size®
(nm) (nm) (m?/g) (nm)
Co030,4 19 19.5 52 13
Co-Cu-0 (4/1) 5 9.0 92 11
Co-Cu-0 (2/1) 6 8.5 100 9.6
Co-Cu-0 (1/1) - - 68 12
Co-Cu-0 (1/4) 13 - 43 19
CuO 20 25.5 20 26
Co-Fe-O (4/1) 10 - 97 9
Co-Zn-0O (4/1) 6 - 122 7
Co-Ni-O (4/1) 9 - 100 9
Co-Ce-O (4/1) 7 - 110 10

% The number in the parenthesis is the atomic ratio of Co/M, where M means Co, Fe, Zn, Ni or Ce

® Calculated by the Scherrer equation with the (311) diffraction (20 = 36.9°) of spinel structure for Co;0,, and the Co—Cu composite oxides
with Co/Cu ratios of 4/1 and 2/1, and with the (002) diffraction (20 = 35.4°) of monoclinic tenorite structure for CuO, and the Co—Cu composite
oxide with a Co/Cu ratio of 1/4

¢ Calculated from the TEM micrographs by counting ca. 100 particles
9 Calculated from the desorption branch of the N, sorption isotherms

Fig. 2 N, adsorption—
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XPS measurements were performed to investigate the
oxidation states of Co and Cu in the Co—Cu composite
oxides. The Co 2ps,,, Cu 2ps3,, and O 1 s spectra are dis-
played in Fig. 4 and the binding energy (BE) values along
with the surface Co/Cu ratios for the composite oxides
calculated from XPS are summarized in Table 2. The BE
values of Co 2p;, for all the composite oxides were 779.8—
780.2 eV, which were close to that for Co304 (779.6 eV)
[32]. The BE values of Cu 2ps/, for all these composite
oxides were 932.8-933.0 eV, which were similar to that for
CuO (933.1 eV). Therefore, the oxidation states of Co and
Cu in the Co—Cu composite oxides were not significantly
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different from those in single Co3;04 and CuO. The Ol s
spectra for all the samples in Fig. 4C showed an intense
peak at 529.3-529.9 eV and a shoulder at 531.1-531.4 eV.
However, the BE values of the intense peak of Ol s for the
composite oxides (~529.3 eV) were lower than that for
the single Co304 (529.9 eV) and CuO (529.8 eV). This
decrease in the BE may arise from the existence of high-
concentration cation vacancy in the Co—Cu composite
oxides. Moreover, for the composite oxides, the relative
intensity of the shoulder Ol s component (531.4 eV) was
higher, and this shoulder is regarded to be associated with
the sites possessing lower coordination number of oxygen
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Fig. 3 TEM images of Co304
(A), the Co—Cu composite
oxides with Co/Cu ratios of 4/1
(B) and 2/1 (C), and CuO (D)
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Fig. 4 XPS spectra of Co 2p
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Table 2 XPS results for the Co—Cu composite oxides along with
Co504 and CuO

Sample Binding energy (eV) Co/Cu atomic
ratio

(Co/Cu) O 1s Co 2p3, Cu 2ps;p Bulk  XPS

Co304 529.9 (67%)* 779.6 - - -
531.1 (33%)*

Co-Cu-O (4/1) 529.3 (57%)"* 779.8 933.0 4 44
531.5 (43%)*

Co-Cu-0 (2/1) 529.4 (56%)" 780.0 932.9 2 29
531.4 (44%)*

Co-Cu-0 (1/1) 529.6 (59%)" 780.0 932.9 1 1.9
531.4 (41%)*

Co-Cu-O (1/4) 529.7 (61%)* 780.2 932.8 0.25 0.5
531.4 (39%)*

CuO 529.8 (67%)" - 933.1 - -

531.3 (33%)"

* Relative percentage in the parenthesis

ions [32]. This further suggests the strong interaction
between Co304 and CuO, and the possible formation of
Cu,Cos_,0,4 solid solution. From Table 2, it can be seen
that the surface Co/Cu ratios of the composite oxides were
slightly higher than its corresponding bulk values, sug-
gesting the enrichment of Co on the surface of the
composite oxides.

Figure 5A shows the H,-TPR profiles of the samples.
Co30, alone exhibited a well-defined two-step reduction,
and the reduction peaks were observed at 285 and 350 °C.
These two H, consumption peaks could be ascribed to the
two-step reduction of Coz04 to metallic Co, i.e., Co’t -
Co*" and Co*" - Co° [33]. CuO was reduced at lower

temperatures than Co30,, and the main reduction peak was
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located at 250 °C. The reduction of the Co—Cu composite
oxides occurred at temperatures significantly lower than
those for Co30,4 and quite similar to those for CuO. For
example, the main reduction peak for the Co—Cu composite
oxide with a Co/Cu ratio of 4/1 was observed at 245 °C,
which was ~ 100 °C lower than that for Coz04 (350 °C).
In other words, the presence of a small amount of copper in
the composite oxide could remarkably promote the reduc-
tion of Co3;04. We speculate that this further supports the
formation of Cu,Co;_,0,4 solid solution in the composite
[33]. This speculation has further been confirmed by
comparing the H,-TPR profile of the Co-Cu composite
oxide prepared by the co-precipitation with that of the
mechanical mixture of Co304 and CuO with the same
Co/Cu ratio (4/1) (Fig. 5A, g). Three separated H, con-
sumption peaks were observed for the mechanical mixture,
while the composite oxide gave only one H, consumption.

Figure 5B shows the CO-TPR profiles of the Co-Cu
composite oxide (Co/Cu = 4/1), Co;0,4 and CuO. Similar
to the H,-TPR results, the reduction of CuO by CO
proceeded at lower temperatures than that of Co3;04. The
Co—Cu composite oxide could also be reduced at lower
temperatures than Co30Oy4. This can also be explained by
assuming the formation of Cu,Co;_,0,4 solid solution in
the composite oxide.

CO-TPD (Fig. 6A) and O,-TPD (Fig. 6B) were per-
formed to study the adsorptions of CO and O, on the
Co—Cu composite oxides. Almost no CO was adsorbed on
CuO. On the other hand, a significant portion of CO was
desorbed as CO, from both the Co—Cu composite oxide
(Co/Cu = 4/1) and Co030,, the ratio of CO,/CO desorbed
from Co504 was 20 while that from the Co—Cu composite
oxide (Co/Cu = 4/1) was 5.0. However, compared with
Co30,4, a remarkably larger amount of CO was found
adsorbed on the Co-Cu composite oxide. The total
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Fig. 5 H,-TPR (A) and CO-TPR (B) profiles of Co—Cu composite
oxides with different Co/Cu ratios along with Co3;04 and CuO. (a)
C0304; (b) Co—Cu-O (Co/Cu = 4/1); (c) Co—Cu-O (Co/Cu = 2/1);
(d) Co—Cu-O (Co/Cu = 1/1); () Co—Cu-O (Co/Cu = 1/4); (f) CuO;
(g) mechanical mixture of Co30,4 and CuO with the Co/Cu ratio of 4/1

desorption amount including CO and CO, from the Co—Cu
composite oxide (Co/Cu = 4/1) was 1.7 times per surface
area (3 times per gram) of that from Co304. The higher CO
adsorption capacity of the Co—Cu composite oxide may
enhance its catalytic performance in the PROX of CO. The
O, adsorption amount on the Co—Cu composite oxide was
also higher than that on Co;04, whereas CuO could not
adsorb O, (Fig. 6B).

3.2 Catalytic Performance of Co—Cu Composite
Oxides for the PROX of CO

Figure 7 shows the catalytic performances of the Co—Cu
composite oxide catalysts with different Co/Cu ratios for
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Fig. 6 CO-TPD (A) and O,-TPD (B) profiles over the Co—Cu
composite oxide with the Co/Cu = 4/1 (a), Co304 (b) and CuO (c). In
profile (A), CO, (broken line) and CO (solid line) were desorbed after
CO adsorption

PROX of CO in a Hj-rich stream. Co30,4 single oxide
exhibited a better catalytic activity than CuO. CO in the gas
mixture could not be completely oxidized over both Coz0,
and CuO catalyst at any reaction temperature. The Co—Cu
composite oxides with Co/Cu ratios of 4/1, 2/1, and 1/1
showed higher CO conversions than Co3;0,4 and CuO at
<150 °C. Particularly, the catalyst with a low Cu content
(Co/Cu = 4/1) could accelerate the conversion of CO very
efficiently; at 125 °C, CO conversion reached 100% over
this composite oxide, and the selectivity toward CO oxi-
dation was ~70%. When the temperature was increased to
>150 °C, CO conversion over these three catalysts drop-
ped. We found that, under such conditions, the oxidation of
hydrogen turned into the main reaction and the O, selec-
tivity for CO oxidation decreased sharply. The composite
oxide with a Co/Cu ratio of 1/4 exhibited lower CO
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conversions than Co;0O, at most reaction temperatures.
Among all the tested catalysts, Co30,4 was superior in the
selectivity of O, for CO conversion. We have confirmed
that the CO conversion and O, selectivity to CO oxidation
kept stable during 32 h reaction test at 125 °C over
Co—Cu-0 (Co/Cu = 4/1) catalyst. The XPS spectra of this
used catalyst (Fig. 4b*) showed that oxidation states of Co
and Cu species were not significantly different from that in
the catalyst before the reaction.

We have also examined the catalytic performances of
Co304-based other composite oxides including Co-Fe,
Co—Zn, Co-Ni and Co—Ce oxides with a Co/M ratio of 4/1
for the PROX of CO, and structure properties of these
samples including surface area were listed in Table 1. As
shown in Fig. 8, the Co—Fe composite oxide showed very
low CO conversion, and the composite oxides of Co—Zn
and Co-Ni only exhibited similar performances as Co30,.
Co—Ce composite oxide could provide higher CO conver-
sions than CosQy, but it was less active than the Co—Cu
composite oxide.

The results described above demonstrate that the Co—Cu
composite oxide with a proper Co/Cu ratio is quite unique
for the PROX of CO. Over the Co—Cu composite oxide
with a Co/Cu ratio of 4/1, CO conversion was almost 100%
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at 125 °C, which was significantly higher than those over
Co304 and CuO alone, and was also higher than other
Co304-based binary oxides. To the best of our knowledge,
this is the first report to show the high activity of Co—Cu
composite oxides in the PROX of CO. We speculate that
the formation of Cu,Coz_,04 solid solution in the com-
posite oxide, as suggested by XRD, TEM, H,-TPR and
CO-TPR characterizations, may contribute to the increase
in CO conversions.

4 Conclusions

The Co—Cu composite oxide catalysts with proper Co/Cu
ratios (4/1-1/1) prepared by a co-precipitation method
exhibited significantly better catalytic performances than
Co30,4 and CuO alone for the preferential oxidation of CO
in a Hj-rich stream. The composite oxide with a Co/Cu
ratio of 4/1 could provide 100% CO conversions at 125 °C.
Characterizations using XRD, TEM, H,-TPR and CO-TPR
revealed the formation of Cu,Cos_,0, solid solution in the
composite oxide with Co/Cu ratios of 4/1 and 2/1. The
mean particle size of the composite oxides became
remarkable smaller than that of Co;04, and the reducibility
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was also significantly promoted. The adsorption of CO and
O, was remarkably enhanced over the composite oxide.
These were proposed to account for the increased CO
conversions over the Co—Cu composite oxides. The Co—Cu
composite oxide was found to exhibit higher catalytic
activity than other Co3;04-based binary oxides such as
Co—Ce, Co—Ni, Co—Fe and Co—Zn oxides.
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