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Abstract: Gold catalysts have been studied in-depth due to their unique activities for catalytic CO
oxidation. Supports have intrinsic motivation for the high activity of gold catalysts. Thermally stable
urchin-like CuO microspheres, which are potential support for gold catalysts, were prepared by facile
solution-method. Then gold nanoparticles were loaded on them by deposition-precipitation method.
The obtained gold catalysts were characterized by SEM, XRD, TEM, BET, ICP, and XPS. Their catalytic
activity for CO oxidation was also evaluated. TEM results revealed that the gold nanoparticles
with small sizes were highly distributed on the CuO surface in Au1.0/CuO-300. XPS observations
demonstrated that the gold species in Au1.0/CuO-300 was of metallic state. Among the as-prepared
catalysts, the Au1.0/CuO-300 catalyst displayed the best performance for CO oxidation and achieved
100% CO oxidation at 80 ◦C. It kept 100% conversion for 20 h at a reaction temperature of 180 ◦C,
and showed good reusability after three reaction-cycles. The possible catalytic mechanism of
Au1.0/CuO-300 catalyst for CO oxidation was also briefly proposed.
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1. Introduction

Carbon monoxide (CO) is not only one of the major environment pollutants, but also is one
serious threat to human health [1]. It is mainly generated by the incomplete combustion of fossil fuels
involved in industrial process and living heating. Thus, it is necessary to timely eliminate CO in the
air by developing highly active catalysts, which becomes one considerable research field due to its
significant applications in industrial gas treatment, automotive exhaust purification, fuel cells, and so
on [2]. It has been demonstrated that noble metals (such as Au) exhibit excellent activities for catalytic
CO oxidation. Especially, the nanoscale noble-metals on metal-oxide semiconductor can efficiently
obtain enhanced catalytic activity, which might be assigned to synergetic effect between support and
gold particles. This effect could stimulate the charge delivery and energy transfer [3].

In the late 1980s, it is confirmed that Au/metal-oxide catalyst possessed high catalytic performance
in the low temperature for CO oxidation [4]. The main studies of Haruta are classic researches over CO
oxidation [5,6]. Haruta reported that Au/MXOY (M = Fe, Co, Ni) catalysts possessed high activity for
CO oxidation even at the low temperature of −70 ◦C [6]. Moreover, gold catalyst also has been applied
to other reactions extensively [7]. It has been demonstrated that gold particle with 2–5 nm size is most
active [4]. However, it is generally accepted that the catalytic activity of gold catalyst is also strongly
affected by preparation method [8], gold-support interaction [9], pretreatment conditions [10], reaction
atmosphere [11], and especially the selection of the support [10].
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On the other hand, the performance of gold catalyst also relates to the capability of Au nanoparticles
to adsorb CO molecules [12]. In addition, it is now well acknowledged that the metal oxides support
plays a significant role in the adsorption and activation of oxygen molecules during catalytic CO
oxidation [13]. Because of the strong influence of support on the activity of gold catalyst, metal oxides
supports were classified into active (CuO, MnO2, Fe2O3, TiO2, CeO2) and inert supports (Al2O3, La2O3,
SiO2, MgO) in the light of their reducibility [14,15]. The gold catalysts with active supports often
exhibit excellent activity for CO oxidation.

Especially, CuO support has attracted intensive attention for CO oxidation due to its good catalytic
activity and abundant resources [16–18]. In the early stage, Hutchings and co-workers prepared Au/CuO
catalysts by coprecipitation (CP) method, which has highly sustained activity during CO oxidation
process [19]. Up to now, it has been well-proven that the size and morphology of CuO support could
greatly affect the performance of catalyst. Through various methods, various CuO microstructures have
been prepared, such as nanoflowers [20], nanoribbons [21], nanorods [22], and nanosheets [23]. Among
these preparations of CuO supports (including hydrothermal synthesis [24], thermal oxidation [25],
ultrasound-assisted method [26], solution-phase method [27], and microwave-assisted method [28]),
solution-phase method is a kind of simple and low-energy consumptive preparation one. Moreover,
the adjusting of preparation conditions (such as temperature, fabrication time, precursors, solution
concentration, and pH) also plays an important role in controlling the CuO morphology [26,29,30].

As have been reported, the catalytic capability of Au/CuO catalysts is affected by the morphology
of CuO support [16–18,31]. For instance, Lei et al. [16] prepared Au/CuO nanosheets, which exhibited
good performance for CO oxidation at low temperature. Zhang [17] used a porous CuO ribbons
modified by gold nanoparticles as CO oxidation catalyst. The CO full-conversion on this catalyst
occurred at 180 ◦C.

In particular, urchin-like CuO architectures, assembled with one- or two-dimensional
nanostructures, have excellent properties for various applications (such as gas sensors, battery,
photocatalysts, etc.) due to their strong supplying capacity of active sites, high thermal stability
and advanced capability of electron transfer [32,33]. Although the urchin-like CuO support could
greatly promote the catalytic properties of noble metal, the researches over the urchin-like CuO
support combined with the noble metals has been rarely studied. Ying et al. [34] reported urchin-like
Pd@CuO–Pd electrocatalysts displayed high electrocatalytic performance and selectivity for glucose
oxidation. Yan et al. [35] suggested that the gold could enhance the sensing performance with low
detection limit over urchin-like ZnO-Au@CdS microspheres. If the active gold species supported
on the urchin-like metal oxides, one composite with superior property can be obtained. However,
so far there are few studies over Au nanoparticles supported on the urchin-like CuO microspheres for
catalytic CO oxidation.

Herein, urchin-like CuO, microspheres were prepared under a controlled approach at room
temperature. The well-defined urchin-like CuO microspheres were obtained by the optimization of
NaOH drop-time and the possible formation mechanism was also discussed. Furthermore, a series
of AuX/CuO (x = 0.5, 1.0, 1.5 wt %) catalysts were prepared by deposition-precipitation method.
The samples were characterized by BET, SEM, XRD, TEM, ICP, and XPS. Their catalytic activity for
CO oxidation was further investigated. The activity results showed that Au1.0/CuO-300 catalyst had
the best catalytic performance and best high-temperature stability among the as-prepared catalysts.
The possible reason for enhanced activity of Au1.0/CuO-300 should be the synergistic interaction
between gold species and CuO. The catalytic mechanism of Au1.0/CuO-300 catalyst for CO oxidation
were reasonably proposed.

2. Materials and Methods

All chemicals were of analytic grade and used without pretreatment. Deionized water was used
throughout the experiments.
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2.1. CuO Support Preparation

The CuO supports were prepared by surfactant-assisted solution method. Typically, an ethanol
solution of TOAB (Tetraoctylammonium bromide, 40 mL, 0.05 M) was added to aqueous solution of
Cu(NO3)2·3H2O (20 mL, 0.05 M) under constant stirring for 5 min at room temperature (solution A).
Afterwards, NH3·H2O (25–28%, 5 mL) was fast injected into solution A (solution B). Then aqueous
NaOH solution (10 mL, 1.00 M) was added drop-wise into the solution B with different time of dropping
(5 min, 15 min, 25 min, 35 min, 45 min, and 55 min) under vigorous stirring, and then the mixture
was kept constant stirring for 1.5 h at room temperature. The produced blue precipitates were filtered,
centrifuged, washed, with distilled water and ethanol for several times before drying at 60 ◦C in
vacuum. Finally, the samples were calcined in air at 500 ◦C for 1 h. The prepared samples were denoted
as CuO-X, in which X represented the drop-wise time of NaOH solution.

2.2. Catalyst Preparation

Deposition-precipitation method was carried out to prepare AuX/CuO catalysts, in which x
represented the theoretical Au loading on CuO (x = 0.5, 1.0 and 1.5 wt %). 0.4 g CuO-45 supports were
dispersed in 100 mL deionized water and the suspension was kept stirred for 5 min. Then different
amounts of HAuCl4 solution (0.01 M) was added to the above suspension respectively. The suspension
was adjusted to pH = 7 with NH3·H2O (25–28%), and then stirred for 12 h at room temperature.
Afterwards, the suspension was centrifuged and washed with deionized water to remove NH4Cl.
After dried at 80 ◦C overnight (denoted as AuX/CuO-80), all the products were calcined in air at 300 ◦C
for 2 h (denoted as AuX/CuO-300). Au1.0/CuO-80 samples were calcined in air at 400 ◦C or 500 ◦C for
2 h, respectively (denoted as Au1.0/CuO-400 or Au1.0/CuO-500).

2.3. Characterization

The morphologies of samples were observed using ZEISS MERLIN compact (Field Emission)
X-650 scanning electron microscope (SEM) (Zeiss, Jena, Germany) operating at 25 kV. The X-ray
diffraction (XRD) experiments were carried out using a Rigaku D/Max-2500 X-ray diffractometer
(CuKαλ = 0.154 nm) to investigate the crystal phase. Transmission electron microscopy (TEM) images
of the samples were obtained using a JEM-2100 transmission electron microscopy working at 200 kV.
The chemical composition and oxidation state of elements on the surface of samples were identified by
X-ray photoelectron spectroscopy (XPS) (Ulvac-Phi, Chigasaki, Japan) using an Al X-ray source (Al Ka150
W, PHI 5000 Versa Probe), and the binding energy was calibrated by taking C 1s peak at 284.6 eV as
reference. Brunauer–Emmett–Teller (BET) specific surface area of samples were measured by nitrogen
adsorption at liquid N2 temperature on Micromeritics Tristar II 3020 apparatus made in Germany.

The actual gold loadings in samples were identified by inductively coupled plasma (ICP) on an IRIS
Advantage instrument. The actual gold loadings of Au0.5/CuO-300, Au1.0/CuO-300, and Au1.5/CuO-300
were 0.36, 0.85, and 1.39 wt %, respectively. These results revealed that the actual gold loadings in all
catalysts were slightly lower than the nominal ones with the loading efficiencies in the range of 72–93%.
Although gold was lost during the preparation process, the gold was easily supported on the CuO surface.

2.4. Catalytic Activity

Catalytic activities of catalysts for CO oxidation were evaluated under atmospheric pressure
in a fixed-bed flow reactor. A stainless steel tube with an inner diameter of 8 mm was used as the
reactor and 200 mg sample catalyst was diluted by chemically inert quartz sand (17.6 g). Reaction gas
containing of 10% CO and balanced air was flowed through reactor at a total flow rate of 36.3 mL/min.
The catalytic activity of sample was recorded at a heating ramping rate of 5 ◦C/min and kept at
the reaction temperature for 17 min. Then effluent gases were analyzed on-line on a GC-508A gas
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chromatography using H2 as carrier gas. To test the catalysts’ activities, the conversion of CO was
defined by

CO Conversion =
[CO2]

[CO] + [CO2]
× 100% (1)

3. Results

3.1. Effect of Time of Dropping of NaOH on CuO Support

In order to obtain more structural details about the morphology of as-synthesized CuO-45
supports, their SEM and TEM images were shown in Figure 1. It can be observed that the well-defined
urchin-like CuO formed with a diameter of about 4 µm and rough surface. It could be further
seen that the urchin-like CuO was assembled by many nanorods with thickness of around 60 nm
and 1–1.5 µm in length. Interestingly, Figure 1c displays that the oriented aggregation growth of
nanoparticles-by-nanoparticles led to the formation of CuO nanorods. Although the diameters of
nanorods varied from the bottom to the top, the bottom of rods are connected together and rooted in
the center of urchin-like CuO, exhibiting high regularity and uniformity. Moreover, after the samples
were calcined at 500 ◦C (Figure 1b), the urchin-like structure was still well maintained due to its high
thermal stability.
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Figure 1. SEM image (a) and TEM images (b,c) of CuO-45 supports.

In order to investigate the crystal growth process of urchin-like CuO microspheres, the time of
dropping of NaOH solution dependent experiments were performed at room temperature. Figure 2
shows the effect of time of dropping of NaOH on the morphology evolution of CuO microspheres.
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of NaOH: 5 min (a), 15 min (b), 25 min (c), 35 min (d), 45 min (e), and 55 min (f).

When the time of dropping of NaOH was 5 min (Figure 2a), a large number of irregular
nanoparticles with diameter of around 45–200 nm appeared. When the time of dropping of NaOH
was 15 min (Figure 2b), the nanoparticles disappeared and major products were highly agglomerated
nanorods. Further extending the NaOH drop-time time to 25 min (Figure 2c), the nanorod-bundle
structures formed on a large scale, which were composed of several nanorods. When the time of
dropping of NaOH was 35 min (Figure 2d), the formed double trumpet-like patterns were consisted
of orderly stacked nanorods. Also, these rods grew from the same center point. When the time of
dropping of NaOH was extended to 45 min (Figure 2e), the urchin-like CuO with intense uniformity
and regularity was produced finally. These microspheres were actually all assembled by the nanorods.
If the time of dropping of NaOH was 55 min (Figure 2f), the slightly agglomerated urchin-like CuO
microsphere were formed, while comparatively having asymmetrical size and irregular shape because
of the dissolution/crystallization rule [36].

Above experimental results illustrate that the time of dropping of NaOH could significantly
affect the morphology, which might be due to the fact that the time of dropping of NaOH affected the
nucleation and growth processes of nanocrystals. Hence, the time of dropping of NaOH plays a key
role in controlling the urchin-like morphology of CuO microsphere, and the time of dropping of NaOH
(45 min) is the optimal.
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3.2. Formation Mechanism of Urchin-Like CuO

From the above results and reported references [30], the possible formation process of urchin-like
CuO architectures could be schematically divided into the following steps (Scheme 1):

(i) Formation of the primary nanocrystals: In initial reaction time, the Cu(OH)2 nucleation was
formed by the equilibria of complex ions in solution. In addition, the chemical process for
formation of CuO microsphere is ascribed in Equations (1)–(5) as follows

Cu2+ + 6H2O� [Cu(H2O)6]2+ (2)

[Cu(H2O)6]2+ + 4NH3 � [Cu(NH3)4]2+ + 6H2O (3)

[Cu(NH3)4]2+ + 4OH−� [Cu(OH)4]2− + 4NH3 (4)

[Cu(OH)4]2−
→ Cu(OH)2↓ + 2OH− (5)

Cu(OH)2→ CuO + H2O (6)
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In the first step, upon the vigorous stirring, TOAB molecules were homogeneously dispersed
in the ethanol solution. Then, Cu(NO3)2·3H2O and NH3·H2O were successively added to the above
aqueous solution, forming the [Cu(H2O)6]2+ ions due to the six-coordinated structure of Cu2+ ion,
according to Equation (1). Because the NH3 is a stronger ligand than H2O, the four NH3 molecules
linked to Cu2+ plane and other two NH3 molecules existed in its axis to form Cu(NH3)6

2+ structure
by replacing H2O molecules. However, the binding energies of two NH3 existed in axis were lower
than those of NH3 linked to plane, implying that the Cu(NH3)4

2+ square units were actually formed
in the aqueous solution [37,38] and can be seen from Equation (2). Especially, the [Cu(NH3)4]2+ as
activation catalyst in the solution not only might promote crystal formation and lead to a specific
orientation [37], but also is a key factor for the different assembling patterns of Cu(OH)2 by varying
the reaction kinetics [30,37–39].

Subsequently, upon slowly adding NaOH during 45 min, OH− ions were gradually attracted
to Cu2+ ions by replacing NH3 in the [Cu(NH3)4]2+ complex, which resulted in the formation of
square-planar [Cu(OH)4]2− units according to Equation (3). This ionic attraction could accelerate a
higher growth rate via Cu-OH bonding, which contributes to the formation of oriented structures.
Then, [Cu(OH)4]2− units had a strong tendency to form Cu(OH)2 units according to Equation (4) [40],
which also absorbed the TOA+ headgroup of TOAB molecules. If NaOH was added to the solution
too quickly, the [Cu(OH)4]2− units would convert into the aggregated CuO particles directly through
high temperature, which would change the kinetic growth of nanostructure by spoiling reaction
equilibrium. When the Cu(OH)2 units gradually grew up to the nuclei size, these nucleus attracted
more [Cu(OH)4]2− units by the TOA+ head-group of TOAB and further fused into polycrystalline
cores. Finally, small Cu(OH)2 particles were obtained for energy minimization in liquids [41]. Hence,
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Equation (3) is a key reaction, which can efficiently affect the nucleation and growth of nanocrystals
through precisely controlling the supply-speed of OH− ions [30,42].

(ii) Growth of the secondary structure: In highly alkaline conditions, it was easy to form the
pristine nanorod via the self-assembly of Cu(OH)2 nanoparticles [37] and Ostwald ripening
effect [43,44]. This should be attributed to the Van der Waals forces for minimizing the overall
surface free energy [45]. In addition, TOAB also could facilitate the formation of nanorods via
oriented attachment.

(iii) Formation of the three dimensional structure: With the assistance of TOAB, the nanorods
self-assembled into urchin-like structures through the Van der Waals force and driving force
of hydrogen bond between the OH− groups of Cu(OH)2 [37,46], followed by the growth and
crystallographic fusion into bigger urchin-like structures for the decrease of Gibbs free energies
of whole system [38,47]. Finally, the reaction system was inclined to be the thermodynamically
stable state. During the process of the nanostructure formation, TOAB molecules, acted as
a growth-directing agent, could modulate spontaneous self-assembling from nanocrystals to
urchin-like structures.

In short, it could be concluded that the whole transformation process consisted with the
thermodynamically driven spontaneous process, which was from Cu(OH)2 nanoparticles to Cu(OH)2

nanorods and then to assemble urchin-like Cu(OH)2. The well-crystallized urchin-like CuO microsphere
was finally formed through calcination (see Equation (5)).

3.3. XRD

Figure 3 shows that the XRD patterns of CuO support and AuX/CuO-300 catalysts (Au content:
0.5, 1.0, and 1.5 wt %). The peaks (35.42◦, 35.54◦, 38.71◦, 38.90◦, 48.72◦, and 61.52◦) of CuO support
with features of high-intensity corresponding to (0 0 2), (1 1-1), (1 1 1), (2 0 0), (2 0-2), and (1 1-3)
crystal planes of CuO (JCPDS 48-1548), indicating the calcined CuO support were well-crystalline [48].
No other peaks of impurities in the XRD spectra of CuO appeared, implying that the CuO had been
completely produced. For Au1.5/CuO-300 sample, the indexed peaks of 38.2◦, which overlaps with
peak of CuO-(111) plane, and 44.5◦ corresponding to (1 1 1) and (2 0 0) planes of Au0 (JCPDS 04-0784)
respectively can be observed. It could prove that Au1.5/CuO-300 sample actually contained gold species.
However, no visible peaks of gold can be observed in the Au0.5/CuO-300 sample and Au1.0/CuO-300
sample, which probably due to the relatively low contents of gold and highly dispersed small gold
nanoparticles. In addition, the XRD peaks of AuX/CuO-300 samples are broadening compared to that
of CuO sample, which suggested that the gold species reduced the crystallinity of samples.
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3.4. TEM

The morphology and particle size distribution of AuX/CuO-300 catalysts were shown as Figure 4a–f
by TEM analysis. Compared with other samples (Figure 4a,e), the gold nanoparticles with the mean
size (4.68) nm for Au1.0/CuO-300 sample were homogeneously and highly distributed on the CuO
surface. Accordingly, the mean gold nanoparticle size of Au1.0/CuO-300 sample was also the smallest
among all the samples. These results might be assigned to the low gold loading. Besides, the mean Au
nanoparticle size of 8.14 nm for Au1.5/CuO-300 was the largest among all the samples, indicating the
increase of Au loading resulted in the increase of gold particle size. To further explore the detailed
nanostructure of Au1.0/CuO-300 sample, HR-TEM image of Au1.0/CuO-300 was obtained (Figure 5a).
The measured interplanar distance of 0.232 and 0.184 nm corresponded to the (111) plane of Au and
(202-2) plane of CuO, respectively. The clear interface between Au and CuO is also evident in the
image. As shown in Figure 5b, the gold nanoparticles of Au1.0/CuO-500 sample obviously grew to
around 10 nm after the 500 ◦C calcination treatment, which should be attributed to the aggregation of
gold nanoparticles induced by the calcination process at high temperature. That possibly leads to the
decrease of catalytic activity of the supported gold catalyst.
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3.5. XPS

In order to explore the surface components and chemical states of elements in samples, XPS analysis
results were displayed in Figure 6. Compared with the XPS survey spectra of CuO, the spectra of
Au1.0/CuO-300 have new signals of Au 4f (Figure 6a), indicating the Au1.0/CuO-300 sample contains
gold element. The signal of carbon in both samples might due to the used TOAB during the preparation
or XPS measurement itself.
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Figure 6b–d display the high-resolution XPS spectra of Au, O and Cu of Au1.0/CuO-300 sample.
The Au 4f7/2 peak at around 84.1 eV and Au 4f5/2 peak at 87.7 eV (Figure 6b) are both typical values
for the metallic state Au [49]. No peaks corresponded to oxidized gold species were detected at 85.5
and 86.3 eV, implying all the Au3+ ions were completely reduced to the Au0. Obviously, the Au
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4f7/2 peak had the 0.1 eV positive shift of BE compared to the Au 4f7/2 BE (84.0 eV) of metallic Au0.
This phenomenon might result from the smaller gold nanoparticle size [50–52] and certain synergistic
interaction between the Au and CuO [53].

Double peaks at 932.9 eV for Cu 2p3/2 and 952.7 eV for Cu 2p1/2 along with shakeup satellite peak
at 942.5 eV indicate the presence of Cu2+ in the CuO support (Figure 6c). The O 1s region peak at
around 529.6 eV can be attributed to O2− (Figure 6d), which belong to the highly polarized oxide ions
on the CuO surface [54]. Moreover, the weak and broad shoulder peak at 531.1 eV (Figure 6d) was
likely attributed to adsorbed oxygen or hydroxyl in Au1.0/CuO-300 sample [54,55].

3.6. BET

Figure 7 presents the N2 adsorption–desorption isotherms and pore size distributions of CuO (a)
and Au1.0/CuO-300 (b). The isotherms of CuO and Au1.0/CuO-300 was the same type. The BET surface
area of Au1.0/CuO-300 and CuO was 35.3 and 18.0 respectively.
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3.7. Catalytic Activity

3.7.1. Effect of Au Contents

CO oxidation was used as a probe reaction to study catalytic properties of the prepared catalysts
and the conversion of CO oxidation was monitored as a function of reaction temperature. Figure 8a
shows the effect of Au content on the activities of catalysts. It is worth pointing out that 10% CO was
used in this work while 1% CO was used in most studies.
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The CuO had low activity from 140 ◦C to 200 ◦C. After gold nanoparticles were supported on
the CuO, the temperature for full CO conversion was obviously decreased. Therefore, it could be
believed that gold nanoparticles supporting the urchin-like CuO is a rational way to significantly
enhance the catalytic activity of CuO. Catalytic activities of samples were estimated by T100% (T100%: the
temperature at which 100% CO conversion was obtained) in the order: Au1.0/CuO-300 > Au1.5/CuO-300
> Au0.5/CuO-300 > CuO. Obviously, the Au1.0/CuO-300 had the best catalytic activity among all
the as-prepared catalysts, which was activated at about 20 ◦C and rapidly increased to 100% CO
conversion at 80 ◦C. To compare the catalytic performance more precisely, the calculated specific rate
of Au1.0/CuO-300 was about 1.15 molCO gAu

−1 h−1, which was 2.4 times than 0.48 molCO gAu
−1 h−1

of Au/TiO2 catalyst (World Gold Council) at the same reaction temperature. This was likely result
from the high dispersion of Au nanoparticles on the CuO (See TEM results) and synergistic interaction
between gold and CuO. This result was consistent with previous study that the loading amount of
gold on the CuO could affect the catalytic activity of catalyst toward CO oxidation. The activity of the
gold catalyst not only depends on the size of the gold particles, but also depend on the gold content.
Compared with Au1.0/CuO-300, Au0.5/CuO-300 had fewer active sites due to its low Au content, which
lead to its lower activity. Additionally, excessive Au species was easily to be aggregated into the
larger particles and further blocked the active sites, which resulted in the relatively low activity of
Au1.5/CuO-300 [56]. As a result, the optimal Au loading of AuX/CuO-300 catalyst is 1.0 wt %.

3.7.2. Effect of Calcination Temperatures

Figure 8b shows the effect of calcination temperature on the catalytic activities of catalysts.
The results displayed a sharp increase in the activity of catalyst with the raising of calcination
temperature (from 80 ◦C to 300 ◦C). However, when calcination temperature was increased from
300 ◦C to 500 ◦C, the T100% of catalyst was obviously increased from 80 ◦C to 190 ◦C. The T100% of
Au1.0/CuO-300 was 80 ◦C, while T100% of Au1.0/CuO-500 and T100% of Au1.0/CuO-80 were 190 ◦C and
180 ◦C respectively. Therefore, the Au1.0/CuO-300 was more active than other catalysts for CO oxidation.
This result also means that the calcination at 500 ◦C seriously deactivated the CuO-supported gold
catalyst because of the enlarged Au particles, as observed in Figure 5b, resulting in the decrease of active
sites for CO oxidation. As for the previous studies, gold nanoparticle size along with the metal–support
interaction play important role in determining the activity of catalyst. Therefore, it could be reasonably
deduced that gold particle size in Au1.0/CuO-300 was relatively small and the gold-support interaction
is relatively strong, leading to the high activity of Au1.0/CuO-300. Briefly, the calcination treatment
had a significant influence on the catalytic activity of CuO-supported gold catalysts and the optimal
calcination temperature was 300 ◦C.

3.7.3. Reusability and Stability Test

Figure 9a presents the catalytic reusability of Au1.0/CuO-300 for three successive cycles under
reaction atmosphere. The corresponding consequences display that the full CO conversion for each
run was located at 80 ◦C, suggesting that Au1.0/CuO-300 had well repetitious availability without
obvious deactivation in the reaction condition.
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Figure 9. Repeatability of CO oxidation behavior under reaction conditions (a) and stability for the CO
oxidation at 180 ◦C (b) over Au1.0/CuO-300 catalyst.

As we know, although the high catalytic performance at low temperature is very important for air
purification, long lifetime at high temperatures is also needed for automotive exhaust gas catalysts.
Therefore, the long-term stability test for Au1.0/CuO-300 was carried out at 180 ◦C for 20 h (Figure 9b).
It was shown that CO conversion of Au1.0/CuO-300 was maintained at this condition, demonstrating
that it had good persistent stability without any deactivation at high reaction temperature.

In order to investigate the reason of stability at high reaction temperature, the gold particle
size of Au1.0/CuO-300 used for stability test was further examined using TEM analysis (Figure 10).
The morphology of Au1.0/CuO-300 after the 20-h reaction shows that the gold particles (mean size:
5 nm) were not agglomerate obviously. This is suggesting that its remaining sizes of Au nanoparticles is
not only one critical reason for the high stability of catalyst, but also relate with the available synergistic
Au-CuO interaction in the used Au1.0/CuO-300 catalyst [57]. Moreover, it had been reported previously
that the regeneration of active sites in the high reaction temperature could promote the full CO
conversion in the low temperature. From the above results, this catalyst has good utilization practically.
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Considering economic factors and catalytic performance, urchin-like CuO should be a potential
support for gold catalysts. The preparation, active trends, good sinter-resistance and high durability at
high reaction temperature for Au1.0/CuO-300 in the CO oxidation could provide the new insight for
the designing formulations of excellent catalyst. It is generally known that the fabrication parameters
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could affect the catalytic performance of gold catalyst. Therefore, the catalytic activity of this kind of
catalyst could be further optimized deeply. Moreover, many other catalytic reactions could be acted as
probe reactions to examine the activity of this catalyst, probably producing new opportunities for the
Au/CuO catalyst, application in the future.

3.7.4. Mechanism

It has been widely proven that several factors (such as gold particle size, nature of support,
interface structure, and metal–support interaction) play significant role on the performance of gold
catalysts [15,58]. Hence, different mechanisms of CO oxidation over gold catalyst have been suggested
in other literatures [59,60]. It was generally accepted that the reaction (CO oxidized to CO2) is
actually occur on the interface between support and gold particle, which is often considered as active
site [61,62]. According to the results above and previous studies, the reasonable catalytic mechanism
of Au1.0/CuO-300 catalyst for CO oxidation is schematically illustrated in Figure 11. This may shed
new explanation on the observation for the high activity of Au1.0/CuO-300 catalyst.
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Figure 11. Schematic illustration of possible mechanism for CO oxidation by Au1.0/CuO-300 catalyst.

Firstly, it is probable that Au sites existed in the Au-CuO interface could preferentially adsorb
and activate CO [63]. Accordingly, the interfacial CuO would supply lattice oxygen to be activated
and leave oxygen vacancies. Secondly, reactive oxygen species are easily to react with activated CO
molecules to generate CO2. Thirdly, the gas-phase O2 are activated on the interfacial CuO to replenish
the oxygen vacancies [64]. Overall, the adsorption and activation of reactant molecules in the gold
catalyst are quite important during CO oxidation process [63].

Moreover, the size of gold particle plays the key role in the catalytic activity [65]. The good activity
of Au1.0/CuO-300 could be interpreted in the light of quantum size effect and structural size effect of
gold nanoparticles. The structural size effect is that the small particle size not only contributes to the
change of electronic property of surface atoms, but also has more edge and corner atoms on the gold
nanoparticle surface, which thus boosts the activation of CO and O2 during CO oxidation [66,67]. It is
generally believed that small gold particles result in the more interfacial sites, which could accelerate
the CO oxidation more efficiently.

4. Conclusions

Under the non-hydrothermal condition, the well-defined urchin-like CuO was prepared by
optimizing the time of dropping of NaOH. Based on the effect of time of dropping of NaOH on
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morphology of CuO and related references, its formation mechanism was reasonably proposed.
Au1.0/CuO-300 catalyst had better catalytic activity and high stability for CO oxidation than other
synthesized catalysts. The distributed gold particles with small size on the CuO and synergistic
interaction between Au and CuO were the main reason. Combining with the characterization results
and activity data of catalysts, the reasonable catalytic mechanism of Au1.0/CuO-300 for CO oxidation
was proposed. Based on reusability and stability test, the prepared Au1.0/CuO-300 catalyst possesses
quality utility. The application of the urchin-like CuO—such as photocatalysis, hydrogen production,
chemical battery, and solar cells—was anticipated.

Author Contributions: Conceptualization and methodology, F.D. and S.Z.; Formal analysis, F.D. and S.Z.;
Investigation, F.D.; Data curation, F.D., D.Z., and Y.G.; Writing—original draft preparation, F.D.; Writing—review
and editing, F.D., B.Z., and S.Z.; Visualization, F.D. and S.Z.; Supervision, B.Z., W.H., and S.Z.; Project administration,
B.Z., W.H., and S.Z.; Funding acquisition, B.Z., W.H., and S.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (nos. 21271110, 21373120,
and 21271107) and MOE Innovation Team of China (IRT13022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, R.; Gao, N.; Zhen, F. Doping effect of Al2O3 and CeO2 on Fe2O3 support for gold catalyst in CO oxidation
at low temperature. Chem. Eng. J. 2013, 225, 245–253. [CrossRef]

2. Yan, W.F.; Brown, S.; Pan, Z.W.; Mahurin, S.M.; Overbury, S.H.; Dai, S. Ultrastable Gold Nanocatalyst Supported
by Nanosized Non-Oxide Substrate. Angew. Chem. Int. Ed. 2006, 45, 3614–3618. [CrossRef] [PubMed]

3. Chen, Y.S.; Choi, H.B.; Kamat, P.V. Metal-Cluster-Sensitized Solar Cells. A New Class of Thiolated Gold
Sensitizers Delivering Efficiency Greater Than 2%. J. Am. Chem. Soc. 2013, 135, 8822–8825. [CrossRef] [PubMed]

4. Haruta, M.; Kobayashi, T.; Sano, H.; Yamada, N. Novel Gold Catalysts for the Oxidation of Carbon Monoxide
at a Temperature far Below 0 ◦C. Chem. Lett. 1987, 16, 405–408. [CrossRef]

5. Haruta, M. When Gold Is Not Noble: Catalysis by Nanoparticles. Chem. Rec. 2003, 3, 75. [CrossRef]
6. Haruta, M.; Yamada, N.; Kobayashi, T.; Ijima, S. Gold catalysts prepared by coprecipitation for

low-temperature oxidation of hydrogen and of carbon monoxide. J. Catal. 1989, 115, 301–309. [CrossRef]
7. Haruta, M.; Daté, M. Advances in the catalysis of Au nanoparticles. Appl. Catal. A 2001, 222, 427–437. [CrossRef]
8. DelRío, E.; Hungría, A.B.; Tinoco, M. CeO2-modified Au/TiO2 catalysts with outstanding stability under

harsh CO oxidation conditions. Appl. Catal. B Environ. 2016, 197, 86–94. [CrossRef]
9. Tang, H.L.; Wei, J.; Liu, F. Strong metal–support interactions between gold nanoparticles and nonoxides.

J. Am. Chem. Soc. 2016, 138, 56–59. [CrossRef]
10. Huang, J.; Wang, L.C.; Liu, Y.M. Gold nanoparticles supported on hydroxylapatite as high performance

catalysts for low temperature CO oxidation. Appl. Catal. B 2011, 101, 560–569. [CrossRef]
11. El-Moemen, A.A.; Abdel-Mageed, A.M.; Bansmann, J. Deactivation of Au/CeO2 catalysts during CO

oxidation: Influence of pretreatment and reaction conditions. J. Catal. 2016, 341, 160–179. [CrossRef]
12. Liu, Z.P.; Hu, P.; Alavi, A. Catalytic Role of Gold in Gold-Based Catalysts: A Density Functional Theory

Study on the CO Oxidation on Gold. J. Am. Chem. Soc. 2002, 124, 14770. [CrossRef] [PubMed]
13. Xu, Y.; Mavrikakis, M. Adsorption and Dissociation of O2 on Gold Surfaces: Effect of Steps and Strain. J. Phys.

Chem. B 2003, 107, 9298–9307. [CrossRef]
14. Overbury, S.H.; Ortiz-Soto, L.; Zhu, H.G.; Lee, M.; Amiridis, D.M.; Dai, S. Comparison of Au Catalysts

Supported on Mesoporous Titania and Silica: Investigation of Au Particle Size Effects and Metal-Support
Interactions. Catal. Lett. 2004, 95, 99–106. [CrossRef]

15. Schubert, M.M.; Hackenberg, S.; van Veen, A.C.; Muhler, M.; Plzak, V.; Behm, R.J. CO Oxidation over
Supported Gold Catalysts—“Inert” and “Active” Support Materials and Their Role for the Oxygen Supply
during Reaction. J. Catal. 2001, 197, 113–122. [CrossRef]

16. Lei, J.H.; Liu, Y.; Wang, X.Y.; Hua, P.; Peng, X.S. Au/CuO nanosheets composite for glucose sensor and CO
oxidation. RSC Adv. 2015, 5, 9130. [CrossRef]

http://dx.doi.org/10.1016/j.cej.2013.03.118
http://dx.doi.org/10.1002/anie.200503808
http://www.ncbi.nlm.nih.gov/pubmed/16639762
http://dx.doi.org/10.1021/ja403807f
http://www.ncbi.nlm.nih.gov/pubmed/23718130
http://dx.doi.org/10.1246/cl.1987.405
http://dx.doi.org/10.1002/tcr.10053
http://dx.doi.org/10.1016/0021-9517(89)90034-1
http://dx.doi.org/10.1016/S0926-860X(01)00847-X
http://dx.doi.org/10.1016/j.apcatb.2016.04.037
http://dx.doi.org/10.1021/jacs.5b11306
http://dx.doi.org/10.1016/j.apcatb.2010.10.029
http://dx.doi.org/10.1016/j.jcat.2016.07.005
http://dx.doi.org/10.1021/ja0205885
http://www.ncbi.nlm.nih.gov/pubmed/12465990
http://dx.doi.org/10.1021/jp034380x
http://dx.doi.org/10.1023/B:CATL.0000027281.96719.42
http://dx.doi.org/10.1006/jcat.2000.3069
http://dx.doi.org/10.1039/C4RA12697A


Nanomaterials 2020, 10, 67 15 of 17

17. Zhang, X.L.; Li, G.J.; Yang, S.; Song, X.P.; Sun, Z.B. Nanoporous CuO ribbons modified by Au nanoparticles
through chemical dealloying and calcination for CO oxidation. Microporous Mesoporous Mater. 2016, 226,
61–70. [CrossRef]

18. Zhou, X.; Shen, Q.; Yuan, K.D.; Yang, W.S.; Chen, Q.W.; Geng, Z.H.; Zhang, J.L.; Shao, X.; Chen, W.; Xu, G.Q.;
et al. Unraveling Charge State of Supported Au Single-Atoms during CO Oxidation. J. Am. Chem. Soc. 2018,
140, 554–557. [CrossRef]

19. Solsona, B.E.; Garcia, T.; Jones, C.; Taylor, S.H.; Carley, A.F.; Hutchings, G.J. Supported gold catalysts for the
total oxidation of alkanes and carbon monoxide. Appl. Catal. A Gen. 2006, 312, 67–76. [CrossRef]

20. Liang, W.T.; Zhu, L.Q.; Li, W.P.; Liu, H.C. Facile fabrication of a flower-like CuO/Cu(OH)2 nanorod film with
tunable wetting transition and excellent stability. RSC Adv. 2015, 5, 38100. [CrossRef]

21. Sun, S.D.; Sun, Y.X.; Chen, A.R.; Zhang, X.Z.; Yang, Z.M. Nanoporous copper oxide ribbon assembly of
free-standing nanoneedles as biosensors for glucose. Analyst 2015, 140, 5205. [CrossRef] [PubMed]

22. Konar, S.; Kalita, H.; Puvvada, N.; Tantubay, S.; Mahto, M.K.; Biswas, S.; Pathak, A. Shape-dependent
catalytic activity of CuO nanostructures. J. Catal. 2016, 336, 11–22. [CrossRef]

23. Wang, Y.Q.; Jiang, T.T.; Meng, D.W.; Kong, J.H.; Jia, H.X.; Yu, M.H. Controllable fabrication of nanostructured
copper compound on a Cu substrate by a one-step route. RSC Adv. 2015, 5, 16277. [CrossRef]

24. Fan, Z.J.; Liu, B.; Li, Z.P.; Ma, L.M.; Wang, J.Q.; Yang, S.R. One-pot hydrothermal synthesis of CuO with tunable
morphologies on Ni foam as a hybrid electrode for sensing glucose. RSC Adv. 2014, 4, 23319. [CrossRef]

25. Chang, T.H.; Hsu, C.Y.; Lin, H.C.; Chang, K.H.; Li, Y.Y. Formation of urchin-like CuO structure through
thermal oxidation and its field-emission lighting application. J. Alloy. Compd. 2015, 644, 324–333. [CrossRef]

26. Zou, Y.L.; Li, Y.; Guo, Y.; Zhou, Q.J.; An, D.M. Ultrasound-assisted synthesis of CuO nanostructures templated
by cotton fibers. Mater. Res. Bull. 2012, 47, 3135–3140. [CrossRef]

27. Zhang, Y.X.; Huang, M.; Li, F.; Wen, Z.Q. Controlled Synthesis of Hierarchical CuO Nanostructures for
Electrochemical Capacitor Electrodes. Int. J. Electrochem. Sci. 2013, 8, 8645–8661.

28. Qiu, G.H.; Saminda, D.; Zhang, Y.; Naftali, O.; Huang, H.; Steven, L.S. Facile Microwave-Assisted
Hydrothermal Synthesis of CuO Nanomaterials and Their Catalytic and Electrochemical Properties. J. Phys.
Chem. 2012, 116, 468–477. [CrossRef]

29. Liu, M.; Jin, H.Y.; Liu, M.Y.; Dong, J.; Hou, P.; Ji, Z.J.; Hou, S.E. Synthesis and self-assembled mechanism of
CuO peony-flowers by a composite hydroxide-mediated approach at low temperature. Cryst. Res. Technol.
2014, 49, 820–828. [CrossRef]

30. Xiang, J.Y.; Tu, J.P.; Zhang, L.; Zhou, Y.; Wang, X.L.; Shi, S.J. Self-assembled synthesis of hierarchical
nanostructured CuO with various morphologies and their application as anodes for lithium ion batteries.
J. Power Sources 2010, 195, 313–319. [CrossRef]

31. Gamboa-Rosalesa, N.K.; Ayastuya, J.L.; Boukhaa, Z.; Bionb, N.; Duprezb, D.; Pérez-Omilc, J.A.; delRíoc, E.;
Gutiérrez-Ortiz, M.A. Ceria-supported Au–CuO and Au–Co3O4 catalysts for CO oxidation: An 18O/16O
isotopic exchange. Appl. Catal. B Environ. 2015, 168–169, 87–97. [CrossRef]

32. Zhu, Y.X.; Sun, N.N.; Lin, W.W.; Ma, Y.; Lai, C.; Wang, Q.H. Facile fabrication of three-dimensional hierarchical
CuO nanostructures with enhanced lithium storage Capability. RSC Adv. 2015, 5, 68061. [CrossRef]

33. Diogo, P.V.; Anderson, A.F.; Marcelo, O.O.; George, W.; Yang, D.; Elson, L.; Harry, L.T.; José, A.V. The Role
of Hierarchical Morphologies in the Superior Gas Sensing Performance of CuO-Based Chemiresistors.
Adv. Funct. Mater. 2013, 23, 1759–1766.

34. Guo, Y.; Xu, Y.T.; Zhao, B.; Wang, T.; Zhang, K.; Matthew, M.F.; Fu, X.Z.; Sun, R.; Wong, C. Urchin-like
Pd@CuO–Pd yolk–shell nanostructures: Synthesis, characterization and Electrocatalysis. J. Mater. Chem. A
2015, 3, 13653. [CrossRef]

35. Zhao, Y.; Gong, J.; Zhang, X.B.; Kong, R.M.; Qu, F.L. Enhanced biosensing platform constructed using
urchin-like ZnO-Au@CdS microspheres based on the combination of photoelectrochemical and bioetching
strategies. Sens. Actuator B Chem. 2018, 255, 1753–1761. [CrossRef]

36. Feng, Y.J.; Wang, J.P.; Liu, L.L.; Wang, X.D. Self-Conversion from ZnO Nanorod Arrays to Tubular Structures
and Their Applications in Nanoencapsulated Phase-Change Materials. Acta Phys. Chim. Sin. 2019, 35, 644–650.

37. Lu, C.H.; Qi, L.M.; Yang, J.H.; Zhang, D.Y.; Wu, N.Z.; Ma, J.M. Simple Template-Free Solution Route for the
Controlled Synthesis of Cu(OH)2 and CuO Nanostructures. J. Phys. Chem. B 2004, 108, 17825–17831. [CrossRef]

38. Zhu, J.W.; Bi, H.P.; Wang, Y.P.; Wang, X.; Yang, X.J. Synthesis of flower-like CuO nanostructures via a simple
hydrolysis route. Mater. Lett. 2007, 61, 5236–5238. [CrossRef]

http://dx.doi.org/10.1016/j.micromeso.2015.12.028
http://dx.doi.org/10.1021/jacs.7b10394
http://dx.doi.org/10.1016/j.apcata.2006.06.016
http://dx.doi.org/10.1039/C5RA04359J
http://dx.doi.org/10.1039/C5AN00609K
http://www.ncbi.nlm.nih.gov/pubmed/26057132
http://dx.doi.org/10.1016/j.jcat.2015.12.017
http://dx.doi.org/10.1039/C4RA14523B
http://dx.doi.org/10.1039/c3ra47422d
http://dx.doi.org/10.1016/j.jallcom.2015.04.107
http://dx.doi.org/10.1016/j.materresbull.2012.08.020
http://dx.doi.org/10.1021/jp209911k
http://dx.doi.org/10.1002/crat.201400190
http://dx.doi.org/10.1016/j.jpowsour.2009.07.022
http://dx.doi.org/10.1016/j.apcatb.2014.12.020
http://dx.doi.org/10.1039/C5RA09657J
http://dx.doi.org/10.1039/C5TA01891A
http://dx.doi.org/10.1016/j.snb.2017.08.191
http://dx.doi.org/10.1021/jp046772p
http://dx.doi.org/10.1016/j.matlet.2007.04.037


Nanomaterials 2020, 10, 67 16 of 17

39. Beena, B.; Chudasama, U. A comparative study of the catalytic activity of [Cu(NH3)4]2+ sorbed on zirconium
phosphate and zirconium phenylphosphonate. Transit. Met. Chem. 1995, 20, 166–169. [CrossRef]

40. Zhang, Q.; Zhang, K.; Xu, D.; Yang, G.; Huang, H.; Nie, F.; Liu, C.; Yang, S. CuO nanostructures: Synthesis,
characterization, growth mechanisms, fundamental properties, and applications. Prog. Mater. Sci. 2014, 60,
208–337. [CrossRef]

41. Zhang, Y.X.; Huang, M.; Kuang, M.; Liu, C.P.; Tan, J.L.; Dong, M.; Yuan, Y.; Zhao, X.L.; Wen, Z.Q. Facile
synthesis of mesoporous CuO nanoribbons for electrochemical capacitors applications. Int. J. Electrochem.
Sci. 2013, 8, 1366.

42. Dinesh, P.S.; Animesh, K.O.; Onkar, N.S. Synthesis of Different Cu(OH)2 and CuO (Nanowires, Rectangles,
Seed-, Belt-, and Sheetlike) Nanostructures by Simple Wet Chemical Route. J. Phys. Chem. C 2009, 113, 3409–3418.

43. Liu, S.; Xing, R.; Lu, F.; Rana, R.K.; Zhu, J.J. One-Pot Template-Free Fabrication of Hollow Magnetite Nanospheres
and Their Application as Potential Drug Carriers. J. Phys. Chem. C 2009, 113, 21042–21047. [CrossRef]

44. Luo, Y.S.; Dai, X.J.; Zhang, W.D.; Yang, Y.; Sun, C.Q.; Fu, S.Y. Controllable synthesis and luminescent properties
of novel erythrocyte-like CaMoO4 hierarchical nanostructures via a simple surfactant-free hydrothermal
route. Dalton Trans. 2010, 39, 2226–2231. [CrossRef]

45. Behrouz, S.; Ebrahim, A.G.; Yashar, A.K.; Ali, K. Preparation of CuO nanopowders and their catalytic activity
in photodegradation of Rhodamine-B. Adv. Powder Technol. 2015, 25, 1043–1052.

46. Ni, Y.H.; Li, H.; Jin, L.N.; Hong, J.M. Synthesis of 1D Cu(OH)2 nanowires and transition to 3D CuO
microstructures under ultrasonic irradiation, and their electrochemical property. Cryst. Growth Des. 2009, 9,
3868–3873. [CrossRef]

47. Wang, J.H.; Xu, Z.; Zhu, J.J.; Chen, H.Y. Preparation of CuO nanoparticles by microwave irradiation. J. Cryst.
Growth 2002, 244, 88–94. [CrossRef]

48. Faisal, M.; Khan, S.B.; Rahman, M.M.; Jamal, A.; Umar, A. Ethanol chemi-sensor: Evaluation of structural,
optical and sensing properties of CuO nanosheets. Mater. Lett. 2011, 65, 1400–1403. [CrossRef]

49. Kruse, N.; Chenakin, S. XPS characterization of Au/TiO2 catalysts: Binding energy assessment and irradiation
effects. Appl. Catal. A Gen. 2011, 391, 367–376. [CrossRef]

50. Xu, H.Y.; Luo, J.J.; Chu, W. Non-thermal plasma-treated gold catalyst for CO oxidation. RSC Adv. 2014, 4,
25729–25735. [CrossRef]

51. Lim, D.C.; Lopez, S.I.; Dietsche, R.; Bubek, M.; Kim, Y.D. Size-Selectivity in the Oxidation Behaviors of Au
Nanoparticles. Angew. Chem. Int. Ed. 2006, 45, 2413–2415. [CrossRef] [PubMed]

52. Boyen, H.G.; Ethirajan, A.; Stle, G.K.; Weigl, F.; Ziemann, P. Alloy Formation of Supported Gold Nanoparticles at
Their Transition from Clusters to Solids: Does Size Matter. Phys. Rev. Lett. 2005, 94, 016804. [CrossRef] [PubMed]

53. Tian, T.; Liu, Y.; Zhang, X.G. Bimetallic synergistic Au/CuO-hydroxyapatite catalyst for aerobic oxidation of
alcohols. Chin. J. Catal. 2015, 36, 1358–1364. [CrossRef]

54. Gamboa-Rosales, N.K.; Ayastuy, J.L.; González-Marcos, M.P.; Gutiérrez-Ortiz, M.A. Oxygen-enhanced
water gas shift over ceria-supported Au-Cu bimetallic catalysts prepared by wet impregnation and
deposition-precipitation. Int. J. Hydrog. Energ. 2012, 37, 7005–7016. [CrossRef]

55. Ibupoto, Z.H.; Khun, K.; Beni, V.; Liu, X.; Willander, M. Synthesis of Novel CuO Nanosheets and Their
Non-Enzymatic Glucose Sensing Applications. Sensors 2013, 13, 7926–7938. [CrossRef]

56. Cao, J.L.; Wang, Y.; Yu, X.L.; Wang, S.R.; Wu, S.H.; Yuan, Z.Y. Mesoporous CuO–Fe2O3 composite catalysts
for low-temperature carbon monoxide oxidation. Appl. Catal. B Environ. 2008, 79, 26–34. [CrossRef]

57. Zhou, C.J.; Jiang, X.; Yang, L.N.; Yin, Y.D.; Jin, M.S. Low-Temperature Carbon Monoxide Oxidation with
Au–Cu Meatball-Like Cages Prepared by Galvanic Replacement. ChemSusChem 2013, 6, 1883–1887. [CrossRef]

58. Bond, G.C.; Thompson, D.T. Gold-catalysed oxidation of carbon monoxide. Gold Bull. 2000, 33, 41–50. [CrossRef]
59. Li, J.J.; Zhu, B.L.; Wang, G.C.; Liu, Z.F.; Huang, W.P.; Zhang, S.M. Enhanced CO catalytic oxidation over

an Au–Pt alloy supported on TiO2 nanotubes: Investigation of the hydroxyl and Au/Pt ratio influences.
Catal. Sci. Technol. 2018, 8, 6109. [CrossRef]

60. Li, J.J.; Zhu, B.L.; Wang, G.C.; Liu, Z.F.; Huang, W.P.; Zhang, S.M. Role of Hydroxyl Groups in
Low-Temperature CO Catalytic Oxidation over Zn4Si2O7(OH)2 Nanowire-Supported Gold Nanoparticles.
J. Phys. Chem. C 2018, 122, 25456–25466. [CrossRef]

61. Luo, J.J.; Liu, Y.F.; Niu, Y.M.; Jiang, Q.; Huang, R.; Zhang, B.S.; Su, D.S. Insight into the chemical adsorption
properties of CO molecules supported on Au or Cu and hybridized Au-CuO nanoparticles. Nanoscale 2017,
9, 15033. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF00167022
http://dx.doi.org/10.1016/j.pmatsci.2013.09.003
http://dx.doi.org/10.1021/jp907296n
http://dx.doi.org/10.1039/B915099D
http://dx.doi.org/10.1021/cg800857v
http://dx.doi.org/10.1016/S0022-0248(02)01571-3
http://dx.doi.org/10.1016/j.matlet.2011.02.013
http://dx.doi.org/10.1016/j.apcata.2010.05.039
http://dx.doi.org/10.1039/C4RA01702A
http://dx.doi.org/10.1002/anie.200504098
http://www.ncbi.nlm.nih.gov/pubmed/16521146
http://dx.doi.org/10.1103/PhysRevLett.94.016804
http://www.ncbi.nlm.nih.gov/pubmed/15698114
http://dx.doi.org/10.1016/S1872-2067(15)60854-3
http://dx.doi.org/10.1016/j.ijhydene.2011.12.049
http://dx.doi.org/10.3390/s130607926
http://dx.doi.org/10.1016/j.apcatb.2007.10.005
http://dx.doi.org/10.1002/cssc.201300401
http://dx.doi.org/10.1007/BF03216579
http://dx.doi.org/10.1039/C8CY01642A
http://dx.doi.org/10.1021/acs.jpcc.8b08209
http://dx.doi.org/10.1039/C7NR06018A
http://www.ncbi.nlm.nih.gov/pubmed/28967010


Nanomaterials 2020, 10, 67 17 of 17

62. Luo, J.J.; Liu, Y.F.; Zhang, L.Y.; Ren, Y.J.; Miao, S.; Zhang, B.S.; Su, D.S.; Liang, C.H. Atomic-scale observation
of bimetallic Au-CuOx nanoparticles and their interfaces for activation of CO molecules. ACS Appl. Mater.
Interfaces 2019, 11, 35468–35478. [CrossRef] [PubMed]

63. Liu, X.Y.; Wang, A.Q.; Li, L.; Zhang, T.; Mou, C.Y.; Lee, J.F. Structural changes of Au–Cu bimetallic catalysts in
CO oxidation: In situ XRD, EPR, XANES, and FT-IR characterizations. J. Catal. 2011, 278, 288–296. [CrossRef]

64. Bauer, J.C.; Mullins, D.R.; Oyola, Y.; Overbury, S.H.; Dai, S. Structure Activity Relationships of Silica Supported
AuCu and AuCuPd Alloy Catalysts for the Oxidation of CO. Catal. Lett. 2013, 143, 926–935. [CrossRef]

65. Ellert, O.G.; Tsodikov, M.V.; Nikolaev, S.A.; Novotortsev, V.M. Bimetallic nanoalloys in heterogeneous catalysis
of industrially important reactions: Synergistic effects and structural organization of active components.
Russ. Chem. Rev. 2014, 83, 718–732. [CrossRef]

66. Valden, M.; Lai, X.; Goodman, D.W. Onset of Catalytic Activity of Gold Clusters on Titania with the
Appearance of Nonmetallic Properties. Science 1998, 281, 1647–1650. [CrossRef]

67. Chen, M.; Goodman, D.W. Catalytically active gold on ordered titania supports. Chem. Soc. Rev. 2008, 37,
1860–1870. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsami.9b12017
http://www.ncbi.nlm.nih.gov/pubmed/31483599
http://dx.doi.org/10.1016/j.jcat.2010.12.016
http://dx.doi.org/10.1007/s10562-013-1075-6
http://dx.doi.org/10.1070/RC2014v083n08ABEH004432
http://dx.doi.org/10.1126/science.281.5383.1647
http://dx.doi.org/10.1039/b707318f
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	CuO Support Preparation 
	Catalyst Preparation 
	Characterization 
	Catalytic Activity 

	Results 
	Effect of Time of Dropping of NaOH on CuO Support 
	Formation Mechanism of Urchin-Like CuO 
	XRD 
	TEM 
	XPS 
	BET 
	Catalytic Activity 
	Effect of Au Contents 
	Effect of Calcination Temperatures 
	Reusability and Stability Test 
	Mechanism 


	Conclusions 
	References

