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nd stability of Au–Cu/
hydroxyapatite catalyst for the oxidation of carbon
monoxide

Jiuli Guo, Huanhuan Yu, Feng Dong, Baolin Zhu, Weiping Huang
and Shoumin Zhang *

A highly efficient and stable Au–Cu/hydroxyapatite (HAP, Ca10(PO4)6(OH)2) catalyst was reported. HAP was

prepared through a deposition–precipitation method. Au–Cu/HAP catalysts were obtained by a two-step

impregnation approach. The samples were characterized by XRD, TEM, SEM, UV-Vis, ICP, XPS, H2-TPR, and

O2-TPD. CO oxidation reaction was carried out to evaluate the catalytic performance of samples. TEM and

UV-Vis results showed that the metallic particles supported on Au–Cu/HAP were smaller than those on Au/

HAP, and they were highly dispersed on the HAP support. Patterns of XPS revealed that CuO nanoparticles

were formed in the Cu/HAP catalyst, while CuO and Cu2O species coexisted in Au–Cu/HAP catalyst. Based

on theO2-TPD data, the addition of copper to Au/HAP gave rise tomore newO2 adsorption sites and bigger

O2 adsorption capacity. The catalysis results indicated that the Au–Cu/HAP was capable of obtaining higher

efficiency and stability compared with Au/HAP and Cu/HAP for CO oxidation. It was likely that the

synergistic interaction between gold and CuOx phase created the most active sites on Au–Cu/HAP and

was responsible for the enhanced activity and stability in comparison with Au/HAP and Cu/HAP.
1. Introduction

In the late 1980s, Haruta et al.1 rst found that supported gold
catalysts in which gold particles were below 5 nm in size had
surprisingly high activity for low temperature CO oxidation.
Since then, gold catalysts have been applied a variety of
important reactions, including CO oxidation, water–gas shi
and the water pollutant removal.2–5 Metal oxides used as gold
supports have been classied into active (Fe2O3, MnO2, CeO2

and TiO2) and inert ones (SiO2, MgO and Al2O3) according to
their reducibility.6,7 The former group exhibited exceptionally
efficient activity for CO oxidation. For example, on Au/TiO2

catalysts, the CO oxidation reaction was observed even at the
temperature as low as 90 K.8 For the latter one, gold can also be
reactive on non-reducible supports if catalysts are properly
prepared and pretreated. Li and He et al.9 prepared the single
gold atoms supported on aluminum oxide clusters, showing
high performance for CO oxidation. However, at present, most
gold catalysts still suffer from the easy sintering of gold particles
at elevated temperature and poor long-term stability, which is
the major obstacle to the practical application of gold cata-
lysts.1–4 Clearly, it remains a formidable challenge to design the
catalyst with both high catalytic activity and good stability in
high temperature environment.
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Recently, some metal salts such as metal carbonates,10

orthovanadates (LaVO4)11 and bismuth phosphates (BiPO4)12

have been selected as the third type of gold support. It was
found that Au/HAP exhibited good reactive stability for CO
oxidation because of the abundant PO4

3� and OH�.2,4,5 Phon-
thammachai et al.13 decorated HAP ceramic foam scaffolds with
well-dispersed gold nanoparticles, and the Au–HAP composite
showed high stability for CO oxidation. Cao et al.5 studied the
effect of calcination atmosphere (H2, He and O2) on the activity
of Au/HAP catalyst in CO oxidation and found Au/HAP showed
the best stability and highest steady state activity when it was
calcined in O2 environment. Liu et al.14 later suggested gold
nanoparticles performed higher initial activity using higher
crystallinity HAP as carrier materials. Nevertheless, HAP sup-
ported gold nanocatalysts had relatively lower catalytic activity
in CO oxidation than metal oxide supported gold catalysts.
While some studies in catalysis have demonstrated that the
presence of transition metal oxides could improve the activity
and stability of the gold catalyst.15–20 Zhang et al.21 successfully
conned Au–Cu Alloy nanoparticles with sizes of about 3 nm in
the conned space of SBA-15, and achieved higher activity than
monometallic particles for preferential CO oxidation in rich H2

stream. Thereaer, they found that the Au–CuOx was the most
active form among Au–Cu alloy nanoparticles that they have
studied for the CO oxidation reaction.22 Lin and Zhong et al.23

prepared the Au–Cu/SBA-15 catalyst and found that the CuO
particles could reduce the gold particle size, stabilize the gold
particles, and facilitate the activation of molecular oxygen for
This journal is © The Royal Society of Chemistry 2017
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CO oxidation. Dai and co-workers24 have developed silica-
supported Au–CuOx hybrid catalysts for the selective oxidation
of ethanol into acetaldehyde and conrmed that the active
catalyst was the Au core with a thin CuOx shell. Moreover, gold
catalysts containing copper or copper oxide have been studied
for a wide range of other reactions including water gas shi
(WGS),25 total oxidation of methane, ethane and propane18 and
epoxidation of propene.19

Au/HAP exhibited good stability, while transition metal
oxides could enhance the activity of the gold catalysts. If HAP
was modied by transition metal oxides, its supported gold
catalyst might possess enhanced activity and stability simulta-
neously. Zhang et al.4b reported that FeOx played a signicant
role for the excellent activity and sintering-resistance of Au/HAP
in CO oxidation. But thus far there have been no examples on
copper or copper oxide-modied HAP supported gold catalysts
for CO oxidation catalysis.

Herein, Au–Cu/HAP catalyst was studied. Poriferous HAP
nanorods were synthesized via a deposition–precipitation
approach using degreasing cotton as template. Au–Cu/HAP
catalysts were obtained using a two-step impregnation
method. The samples were characterized by XRD, TEM, SEM,
UV-Vis, ICP, XPS, H2-TPR and O2-TPD. Their catalytic perfor-
mance was tested for CO oxidation reaction. The results showed
that Au–Cu/HAP catalyst exhibited the better activity and
stability compared with Au/HAP and Cu/HAP catalysts for CO
oxidation. The possible reason for the superior property of Au–
Cu/HAP might be the synergistic interaction between the gold
and CuOx phase in Au–Cu/HAP catalysts. To the best of our
knowledge, this is the rst report that highly efficient and stable
Au–Cu/HAP catalysts were obtained through a facile synthesis
route and that gold and copper could synergistically catalyze the
CO oxidation.

2. Experimental

All the regents were of analytic grade and were used without
further treatment.

2.1 HAP support preparation

The poriferous HAP nanorods (ratio: Ca/P¼ 1.67) were prepared
through a deposition–precipitation method using degreasing
cotton (Caoxian Country Hualu Hygienic Material Co., Ltd.) as
template (0.1 g). The (NH4)2HPO4 solution (0.03 mol L�1,
100 mL, Tianjin Fengchuan Chemical Reagent Technology Co.,
Let.) was added drop-wise to Ca(NO3)2$4H2O solution
(0.05 mol L�1, 100 mL, Tianjin Guangfu Fine Chemical
Research Institute), maintaining pH about 10.5 with NH3$H2O
(Tianjin Fengchuan Chemical Reagent Technology Co., Let.)
through all preparation process. The system was processed at
85 �C for 2 h. Aer aging for 12 h at room temperature, ltered,
washed, dried at 80 �C and then calcined at 300 �C for 5 h in air.

2.2 Catalysts preparation

Au–Cu/HAP catalysts with a nominal total gold and copper
loading of 2.0 wt% were prepared by a two-step impregnation
This journal is © The Royal Society of Chemistry 2017
method. Firstly, a certain amount of Cu(NO3)2$3H2O (Aladdin
Industrial Corporation) was added to the solution of HAP (0.4 g
in 100 mL distilled water) under continuous stirring for 1 h, and
adjusted pH to 10.5 with Na2CO3 solution (0.05 mol L�1, Tianjin
Chemical Reagent Factory), followed by ultrasound for 1 h.
Then the precipitate was centrifuged, washed, dried at 80 �C
and nally calcined in air at 300 �C for 2 h. Secondly, 100 mL of
distilled water was mixed with 0.4 g of the product above and
a certain amount of HAuCl4 (0.01mol L�1, Tianjin Guangfu Fine
Chemical Research Institute). The resulting mixture was stirred
for 12 h, and then reuxed at 100 �C for 4 h. The suspension was
centrifuged, washed several times with distilled water to remove
Cl1� and dried at 80 �C, then the product was calcined in air at
the same temperature as the rst step (300 �C) for 2 h. The
amount of HAuCl4 and Cu(NO3)2$3H2O was varied to get the
desired Au : Cu atomic ratios, and Au–Cu/HAP catalysts were
identied as Au–Cu(x–y)/HAP in which x–y was the nominal
Au : Cu atomic ratio.

Au/HAP and Cu/HAP catalysts were prepared in the same way
with Au–Cu/HAP.

2.3 Characterization

The X-ray diffraction (XRD) patterns were carried out using
a Rigaku D/Max-2500 X-ray diffractometer (Cu Ka l¼ 0.154 nm)
to identify the crystal phase. Transmission electron microscopy
(TEM) images were taken using JEM-2100 TEM and Tecnai
G2F20 TEM working at 200 kV. EDX spectra were collected on
Mo TEM grids. Scanning electron microscopy (SEM) was per-
formed on a JSM-7500F SEM.

Ultraviolet-Visible spectroscopy (UV-Vis) spectroscopy was
recorded by UV-Vis NIR spectrophotometer (SHIMADZU UV-
3600). The actual gold and copper loadings were determined
by inductively coupled plasma (ICP) on Varian 725 ES ICP
instrument. X-ray photoelectron spectra (XPS) were recorded to
investigate the chemical states of Au and Cu on a PHI5000-
VersaProbe. The H2 temperature-programmed reduction
(H2-TPR) proles were measured on a ChemiSorb 2720. Sample
(100 mg) was pretreated in Ar at 300 �C for 1 h, cooled down and
then reduced with H2 from 50 to 800 �C at a ow rate of
50 mLmin�1 with a heating ramp of 10 �Cmin�1. Temperature-
programmed desorption of oxygen (O2-TPD) was carried out
using a quantachrome chemBET TPD. 50 mg of sample was
pretreated in He at 300 �C for 1 h, cooled downed to room
temperature, and then exposed to O2 gas for adsorption until
saturated. O2 desorption was performed in 15 mL min�1 He
with a heating ramp of 10 �C min�1 to 800 �C.

2.4 Catalytic activity

Catalytic reaction tests were carried out in a similar manner as
reported in a previous work.26 The catalytic activity was evalu-
ated in a xed-bed ow millireactor under atmospheric pres-
sure. Sample (200 mg) was diluted by chemically inert quartz
sand and then was loaded into a stainless steel tube with an
inner diameter of 8 mm. The feed gas containing of 10% CO
and balanced air was owed through reactor at a total ow rate
of 36.3 mL min�1. The sample was heated with a ramping rate
RSC Adv., 2017, 7, 45420–45431 | 45421
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of 5 �C min�1 and held at the reaction temperature for 17 min.
Then the effluent gases were analyzed on-line by GC-508A gas
chromatography using H2 as carrier gas. The degree of conver-
sion of CO was calculated to test the activity, which was outlined
in the following equation:

CO conversion ¼ ½CO2�
½CO� þ ½CO2� � 100%:

3. Results and discussion
3.1 XRD

Fig. 1 presents the XRD patterns of HAP support and various
catalysts (nominal total gold and copper loading: 2.0 wt%). As
shown in Fig. 1, the prepared HAP support was well-dened
crystalline phase-hexagonal structure of pure apatite (JCPD
no. 09-0432). The XRD patterns of catalysts were similar to that
of HAP, which indicated that the crystal structure of the HAP
support was not changed aer the deposition of gold and
copper. Au/HAP gave metallic gold diffraction peak (111) at 2q¼
38.2�, which might be due to the relatively high loading of gold
or large particle size. For Cu/HAP and Au–Cu/HAP, there were
no apparent changes in the overall patterns of the samples aer
deposition of gold and copper compared with HAP. Since the
typical peaks 2q¼ 44.5�, 35.5� and 42.6� assigned to diffractions
of Au (200), CuO (002) and Cu2O (200) could be overlaid by HAP
(400), (301) and (302), respectively, it was difficult to deduce the
existence form of gold and copper. TEM and XPS studies were
subsequently adapted to investigate the oxidation state of gold
and copper species in catalysts.

3.2 TEM and SEM

The TEM and SEM images of Au/HAP (Au: 2.0 wt%) are given in
Fig. 2. HAP support was clearly observed with nearly uniform
nanorod structure with a diameter of 30–40 nm and a length of
more than hundreds of nanometers, and many pores were
presented on the surface of HAP nanorods. As seen from Fig. 2a
and b, gold nanoparticles with the mean size of 3.04 nm were
distributed homogeneously on the surface of HAP nanorods.
Fig. 1 XRD patterns of HAP support and various catalysts (nominal
total gold and copper loading: 2.0 wt%).

45422 | RSC Adv., 2017, 7, 45420–45431
Fig. 2c is a high-resolution (HR)-TEM image of Au/HAP catalyst,
showing the observed nanoparticles were gold nanoparticles
because of the lattice fringe of 0.232 nm.21,27 Fig. 3 performs the
typical TEM and SEM images of Cu/HAP (Cu: 2.0 wt%) catalysts.
The lattice fringes measured from HR-TEM image (Fig. 3c)
corresponded to that of crystalline CuO (JCPDS 48-1548), which
had spacing of 0.150 nm for {113} plane.21 This conrmed that
CuO nanoparticles were formed in the Cu/HAP catalyst.
However, no obvious CuO nanoparticles were observed on the
surface of HAP support, probably because of the low contrast
between CuO particles and HAP support (Fig. 3a and b). The
similar result was reported for the catalyst of CuO supported on
SBA-15.23 It should bementioned that HAP nanorods broke aer
the deposition of copper. This might be contributed to the
interaction between CuO and HAP. The EDX image (Fig. 3e)
illustrated the uniform distribution of copper element on the
HAP support almost everywhere without any other impurities.
The TEM images of Au–Cu(1–3)/HAP catalyst (Fig. 4a and b)
show that nanosized metal particles were well dispersed on the
HAP support with the mean size of 1.56 nm, which was smaller
than that on Au/HAP catalyst. As seen from Fig. 4c, Au, CuO and
Cu2O with the lattice distances of 0.232, 0.254 and 0.244 nm
which corresponded to the {111} plane of Au, {11�1} plane of
CuO and {111} plane of Cu2O were observed on the surface of
the HAP,21,27 indicating that CuO and Cu2O species coexisted in
Au–Cu/HAP catalyst. It could be speculated from the EDX image
of Au–Cu(1–3)/HAP (Fig. 4e) that gold and copper elements were
homogeneously distributed throughout the nanocrystal. In
addition, gold and copper compositions were detected with an
atomic ratio of 1 : 4, which agreed well with the actual Au : Cu
atomic ratio of 1 : 4.57 (Table 1).

The SEM micrograph of Au/HAP (Fig. 2d) indicates that Au/
HAP was basically rod shape with a diameter of about 30–
40 nm and a length of 200–300 nm. Fig. 3d performs the SEM
image of Cu/HAP. It could be seen the Cu/HAP had the
morphology of shorter nanorods compared with Au/HAP. As can
be seen from Fig. 4d, the Au–Cu/HAP had a ower-like
morphology consisting of nanorods. It was likely that CuOx

phase in Au–Cu/HAP had a stronger interaction with gold
nanoparticles than HAP, and CuOx anchored gold nanoparticles
to the support, stabilizing gold particles in an optimal size
range to catalyze CO oxidation reaction. Fig. 2e and 4f are the
TEM images of Au/HAP and Au–Cu(1–3)/HAP aer CO oxidation
reaction, respectively. Compared with their TEM images before
reaction (Fig. 2b and 4b), it was strikingly found that no obvious
changes in particle size aer catalytic reaction were observed for
Au–Cu(1–3)/HAP catalyst. The mean diameter was 1.56 and
1.75 nm for the sample before and aer reaction, respectively.
There was a signicant increase of gold particle from 3.04 to
7.01 nm for Au/HAP, which suggested the presence of CuOx in
Au–Cu/HAP preserved the gold particle size during CO oxida-
tion reaction.
3.3 UV-Vis

Fig. 5 performs the UV-Vis diffuse reectance spectra (DRS) of
HAP support and various catalysts (nominal total gold and
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM and SEM images of Au/HAP (Au: 2.0 wt%). TEM images (a, b), HR-TEM image (c), SEM image (d) and TEM image after reaction (e).
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copper loading: 2.0 wt%). It is apparently seen that the
absorption spectra of Au/HAP and Au–Cu/HAP exhibited an
absorption band with a maximum at 500–600 nm, which was
characteristic for the plasmon resonance of metallic gold
particles.28–30 It is well known that the Plasmon band of metallic
nanoparticles was effected by the particle size, loading, shape,
and surrounding environment.27,31 Au–Cu/HAP showed less
sharp absorbance peak at 500–600 nm than Au/HAP, indicating
the addition of copper to Au/HAP caused a much smaller gold
particle size and the higher particle dispersion in Au–Cu/HAP.32
This journal is © The Royal Society of Chemistry 2017
The low energy peaks (280 nm) assigned to an band from copper
element were all observed in Cu/HAP and Au–Cu/HAP cata-
lysts,33 while the weaker absorption presented in Au–Cu(1–1)/
HAP compared with Cu/HAP and Au–Cu(1–3)/HAP catalysts
might be due to the small particle size and relatively low
concentration of copper. Moreover, a small new peak at about
730 nm appeared in Cu/HAP. This could be ascribed to the
additional formation of large CuO particles, which had a nega-
tive effect on the catalytic performance of catalyst.21 Therefore,
it could be understandably deduced that CuOx phase could
RSC Adv., 2017, 7, 45420–45431 | 45423
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Fig. 3 TEM and SEM images of Cu/HAP (Cu: 2.0 wt%). TEM images (a, b), HR-TEM imagewith the corresponding FFT image shown in the inset (c),
SEM image (d) and EDX spectrum (e).
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depress the movement and growth of gold nanoparticles in Au–
Cu/HAP on account of the stronger interaction with gold
nanoparticle than HAP.
3.4 ICP

ICP was used to determine the actual gold and copper loadings
of catalysts, and the chemical compositions were listed in Table
1. The results showed that actual Au : Cu molar ratios were
slightly higher than nominal ones. It might be because copper
was more easily deposited on the surface of HAP in comparison
with gold, which was related to the low isoelectric point of HAP
and to the base and acid sites of metal precursors.4a,34
45424 | RSC Adv., 2017, 7, 45420–45431
3.5 XPS

XPS analysis was performed to investigate information about
chemical states of Au and Cu. Fig. 6 presents Au 4f XPS spectra
of catalysts (nominal total gold and copper loading: 2.0 wt%).
The Au 4f7/2 peaks for Au/HAP, Au–Cu(1–1)/HAP and Au–Cu(1–
3)/HAP were located at binding energy of 83.3, 84.2 and 83.7 eV,
respectively, which were characteristic for zero valent gold and
closed to the ones observed for metallic gold.4a,31 Peaks assigned
to oxidized gold species, which would be located around 85.5
and 86.3 eV, have been not detected.4a,14

The Cu 2p3/2 XPS spectra of catalysts are presented in Fig. 7.
Cu 2p3/2 characteristic peaks of Cu/HAP, Au–Cu(1–1)/HAP and
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 TEM and SEM images of Au–Cu(1–3)/HAP (nominal total gold and copper loading: 2.0 wt%). TEM images (a, b), HR-TEM image (c), SEM
image (d), EDX spectrum (e) and TEM image after reaction (f).

Table 1 The nominal loading and the actual loading of gold and copper

Sample
Nominal gold loading
(wt%)

Nominal total gold
and copper loading (wt%)

Actual total gold
and copper loading (wt%)

Nominal Au : Cu
molar ratio

Actual Au : Cu
molar ratio

Au/HAP 2.0 2.0 1.49 1 : 0 1 : 0
Cu/HAP 0 2.0 1.83 0 : 1 0 : 1
Au–Cu/HAP 1.5 2.0 1.52 1 : 1 1 : 1.73
Au–Cu/HAP 1.0 2.0 1.74 1 : 3 1 : 4.57
Au–Cu/HAP 1.0 3.0 2.83 1 : 6 1 : 9.19
Au–Cu/HAP 1.0 6.0 6.15 1 : 15 1 : 18.93
Au–Cu/HAP 1.0 11.0 11.11 1 : 30 1 : 34.50
Au–Cu/HAP 1.0 16.0 15.58 1 : 45 1 : 49.61
Au/HAP 1.0 1.0 0.61 1 : 0 1 : 0

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 45420–45431 | 45425
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Fig. 5 UV-Vis DRS of HAP support and various catalysts (nominal total
gold and copper loading: 2.0 wt%).
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Au–Cu(1–3)/HAP were observed at binding energies of 933.3,
933.2 and 933.1 eV, respectively, indicating the presence of
Cu2+/CuO, which was in accord with the reported literature
values.35 As is well known, the Cu 2P3/2 binding energy and peak
shape could not be work to distinguish between Cu+ and Cu0,
because they are essentially identical. Therefore, X-ray Cu
L3M45M45 (LMM) Auger lines were carried out to identify the Cu
value (Cu2+ 917.6 eV; Cu+ 916.5 eV; Cu0 918.5 eV).36 As shown in
Fig. 8, copper species existed as Cu2+ in Cu/HAP catalyst, while
copper coexisted as Cu2+ and Cu+ in the two Au–Cu/HAP cata-
lysts. It was reasonable to speculate that the strong interaction
Fig. 6 Au 4f XPS spectra of Au/HAP (a), Au–Cu(1–1)/HAP (b) and Au–Cu

45426 | RSC Adv., 2017, 7, 45420–45431
between CuO and gold particles induced the reduction of Cu2+

to Cu+ that was regarded as a more active adsorption site in CO
oxidation, which might change the electronic property of
gold.12,37
3.6 H2-TPR

Fig. 9 presents the TPR proles of HAP support and various
catalysts (nominal total gold and copper loading: 2.0 wt%). The
TPR prole of HAP showed no obvious reduction peaks from 30
to 800 �C, while Au/HAP exhibited two reduction peak centered at
328 and 474 �C, respectively. The former one was attributed to the
reduction of surface oxygen and the later one was representative
of bulk oxygen species.38 That was to say, the deposition of gold
signicantly increased the reducibility of support. In H2-TPR
prole of Cu/HAP catalyst, the reduction peak at 181 �C with
a shoulder at 195 �C could be assigned to the reduction of small
CuO particles and large ones, respectively.21,39 It is well estab-
lished that the smaller CuO particles were, the more easily they
could be reduced.40 For Au–Cu(1–3)/HAP catalyst, three reduction
peaks at 126, 145 and 164 �C were ascribed to a multistep
reduction process of CuO (CuO/ Cu2O/ Cu). These reduction
temperatures were lower than those that reported in the litera-
ture.21 One possible reason was that gold could disperse CuOx

particles, thereby presenting smaller CuOx particles. The other
reason was that gold weakened the bond strength of Cu–O and
enhanced the reduction of CuO.39 Besides, the reduction peak at
328 �C of Au/HAP disappeared aer the deposition of copper and
a new peak at 179 �C was observed in TPR prole of Au–Cu(1–3)/
(1–3)/HAP (c) (nominal total gold and copper loading: 2.0 wt%).

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Cu 2p3/2 XPS spectra of Cu/HAP (a), Au–Cu(1–1)/HAP (b) and Au–Cu(1–3)/HAP (c) (nominal total gold and copper loading: 2.0 wt%).
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HAP catalyst. It could be attributed to the surface oxygen species
becoming the shared oxygen on Au–Cu(1–3)/HAP because of the
synergistic effect between gold and CuOx phase.41

3.7 O2-TPD

The oxygen adsorption and desorption behaviors of samples were
investigated using O2-TPD techniques, and the results were
showed in Fig. 10. The peak below 300 �C could be ascribed to the
desorption of O2 physically absorbed on the support.42 The two
peaks in the 500–600 �C range were due to the desorption of
chemisorbed O2 molecules in the pores of samples (in the case of
HAP, Au/HAP and Cu/HAP),31 while Au–Cu(1–1)/HAP and Au–
Cu(1–3)/HAP exhibited much lower desorption temperature and
larger amount of desorbed O2, which suggested they had bigger
O2 adsorption capacity. As we know, catalytic activity depends on
the adsorption of reactants (CO and O2), and more adsorption
contributes to more reaction.42 This is possibly because more
adsorption of CO and O2 generates more activated CO and O2

molecules, and then the activated molecules interact with each
other to form product (CO2), promoting the catalytic oxidation of
CO. In addition, a small new desorption peak at 400 �C was
observed in Au–Cu(1–1)/HAP and Au–Cu(1–3)/HAP, respectively.
This might be attributed to the adsorption of O2 at metal support
interfacial sites.42 Thus, TPD results revealed that the addition of
copper into Au/HAP gave rise to new O2 adsorption sites at Au/
HAP interfaces and created the bigger O2 adsorption capacity.
This journal is © The Royal Society of Chemistry 2017
3.8 Catalytic activity

Fig. 11 shows the curves of CO conversion over HAP support and
various catalysts (nominal total gold and copper loading:
2.0 wt%). It was showed that HAP had no activity and Cu/HAP
had little activity from 20–220 �C. The T100 (T100: the tempera-
ture at which 100% CO conversion was achieved) of Au/HAP,
Au–Cu(1–1)/HAP and Au–Cu(1–3)/HAP was 80, 17 and 50 �C,
respectively. Au–Cu(1–1)/HAP and Au–Cu(1–3)/HAP catalysts
showed the higher activity than Au/HAP and Cu/HAP catalysts,
which was consistent with O2-TPD results (Fig. 10).

It is well known that gold particles tend to sinter at high
temperatures, which leads to a dramatic decrease in activity.23,31,42

To investigate the catalytic activity and sintering-resistance of Au–
Cu(1–3)/HAP (Au: 1.0 wt%) catalyst compared with Au/HAP (Au:
1.0 wt%), the catalysts at various calcination temperatures were
prepared and their activities were monitored in Fig. 12a and b. It
was noted that the CO oxidation activity of the catalysts whether
Au–Cu(1–3)/HAP or Au/HAP followed the order of 300 �C > 500 �C
> 80 �C > 600 �C of the calcination temperature, and the
Au–Cu(1–3)/HAP was signicantly more active compared with the
Au/HAP at any one of the same calcination temperatures, indi-
cating sufficiently that Au–Cu(1–3)/HAP catalyst had the better
efficiency and sintering-resistance at high temperature than
Au/HAP catalyst. Surprisingly, Au–Cu(1–3)/HAP calcined 500 �C
still retained very high activity with a T100 of 60 �C when
compared with that calcined at 300 �C with a T100 of 50 �C, which
RSC Adv., 2017, 7, 45420–45431 | 45427
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Fig. 8 Kinetic energy spectra of the Cu Auger LMM for Cu/HAP (a), Au–Cu(1–1)/HAP (b) and Au–Cu(1–3)/HAP (c) (nominal total gold and copper
loading: 2.0 wt%).

Fig. 9 H2-TPR profiles of HAP support and various catalysts (nominal
total gold and copper loading: 2.0 wt%).

Fig. 10 O2-TPD profiles of HAP support and various catalysts (nominal
total gold and copper loading: 2.0 wt%).
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further conrmed that few gold nanoparticles sintered in
Au–Cu(1–3)/HAP at elevated temperature. As determined from
the curves, the specic rate over Au–Cu(1–3)/HAP calcined at
300 and 500 �C reached 2.20 and 1.61 molCO gAu

�1 h�1 at 30 �C,
which was 4.6 and 3.4 times higher than 0.48 molCO gAu

�1 h�1 of
Au/TiO2 catalyst (World Gold Council) at the same temperature,
respectively.23 To our knowledge, the higher reduction tempera-
ture was, the less content of reduced copper existed on the
catalyst surface. Cu+ species was the main adsorption and active
45428 | RSC Adv., 2017, 7, 45420–45431
center of CO oxidation, and Cu2+–CO species was unstable and
could not exist at room temperature. Therefore, Cu+ was more
active site than Cu2+ for CO oxidation.43 It could be concluded
that the presence of Cu+ not only preserved the gold particle size
but also provided the active component in Au–Cu/HAP catalyst
during calcination process.39

To show the effect of CuOx on the catalysis of CO oxidation,
Au–Cu/HAP catalysts with various Au : Cu atomic ratios (Au:
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Catalytic activity of HAP support and various catalysts (nominal
total gold and copper loading: 2.0 wt%).
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1.0 wt%) were prepared and calcined at 300 �C. The chemical
compositions of these catalysts were listed in Table 1 and the
catalytic activities were showed in Fig. 12c. The Au–Cu(1–6)/HAP
behaved higher activity with a T100 of 40 �C than Au–Cu(1–3)/
HAP and then the activity decreased with the increasing of
copper amount. Additionally, all the Au–Cu/HAP catalysts were
more active that Au/HAP (Au: 1.0 wt%) with a T100 of 110 �C.
These results showed that CuOx played a signicant role in
Fig. 12 Catalytic activity of Au–Cu(1–3)/HAP (Au: 1.0 wt%) (a) and Au/H
catalysts with different Au : Cu atomic ratios (Au: 1.0 wt%) for CO oxidat
1.0 wt%) catalysts (d).

This journal is © The Royal Society of Chemistry 2017
improving the activity of Au/HAP catalyst for CO oxidation and
excessive copper could hinder access to the active sites on
gold.22

Fig. 12d demonstrates the stability of Au–Cu(1–3)/HAP (Au:
1.0 wt%) calcined at 300 and 500 �C and Au/HAP (Au: 1.0 wt%)
calcined at 500 �C under the reaction condition. At a conversion
level of 90%, Au–Cu(1–3)/HAP calcined at 300 �C was found to
be the best stable among the catalysts, and it maintained the CO
conversion at about 90% over 14 h reaction time. Au–Cu(1–3)/
HAP catalyst calcined at 500 �C had the conversion of about
90% in the rst 8 h, and then the conversion decreased to about
60% over next six hours. However, the Au/HAP catalyst calcined
at 500 �C was signicantly deactivated, especially in the rst 1 h,
and then declined to about 50% during the same 14 h reaction
time. The possible reason for the drop of the catalytic activity of
Au/HAP in CO conversion might be the particle sintering. It was
likely that the synergistic interaction between gold and CuOx

phase in Au–Cu(1–3)/HAP catalyst was responsible for the
enhanced stability for CO oxidation.
3.9 Mechanism

On the basis of above results, the possible reaction mechanism
was proposed to explain the enhanced activity and stability of
Au–Cu/HAP catalyst compared with Au/HAP and Cu/HAP
AP (Au: 1.0 wt%) (b) calcined at different temperatures; Au–Cu/HAP
ion (c); the stability of Au–Cu(1–3)/HAP (Au: 1.0 wt%) and Au/HAP (Au:

RSC Adv., 2017, 7, 45420–45431 | 45429
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catalysts in CO oxidation. Firstly, CO molecules were absorbed
on the metal support interfacial sites. Subsequently, on the one
hand, absorbed CO molecules were oxidized by the active O
donated by CuOx. On the other hand, the presence of copper
gave rise to more oxygen vacancies which could activate
molecular oxygen by forming superoxide species. Finally, the
adsorbed CO molecules reacted with active O to form CO2.
Moreover, the reducibility of a reducible oxide support (TiO2,
CeO2, Fe2O3, CuO etc.) at the interface enhanced when gold was
supported on it, which increased the mobility of lattice oxygen
to react with absorbed CO in the reaction.22 These results
indicated that in Au–Cu/HAP, Cu2+ shied to a more reduced
Cu+, and CuOx phase worked in synergy efficiently with gold,
creating small metal particles and preserving the active
component in supported gold catalysts. Thus, the role of CuOx

in CO oxidation was extremely signicant in Au–Cu/HAP
catalyst.

4. Conclusion

In conclusion, the Au–Cu/HAP catalyst has been successfully
prepared for the rst time. It has been indicated that Au–Cu/
HAP catalyst had the superior activity and stability compared
with Au/HAP and Cu/HAP. The enhanced performance could be
ascribed to the synergistic effect between gold and CuOx phase
in Au–Cu/HAP. The addition of copper into Au/HAP created
more new O2 adsorbed sites and bigger O2 adsorption capacity,
and excessive copper could hinder access to the active sites on
gold. Studies of this type of supports might shed new light on
reaction mechanism for CO oxidation. Of more importance, we
believe the synergistic effect between gold and CuOx phase is
expected to provide further value for the wide application in
other catalytic oxidation reactions.
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