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Hierarchical copper oxide (CuO) microspheres were prepared by a simple microwave-assisted preparation method in an ordinary household
microwave oven under ambient pressure. The CuO microspheres were characterised by scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and thermal gravimetric analysis. Characterisation results show that the
hierarchical CuO microspheres are assembled by spine-like nanorods and have high Brunauer—Emmett—Teller surface area of 25.0 m*/g.

1. Introduction: Copper oxide (CuO) is one of the most
common electrode materials for electrochemical applications such
as catalyst, biosensor, and capacitor, due to its chemical stability,
non-toxicity, cost-effectiveness, and abundant resources [1-3].
However, the poor electrical conductivity of CuO is a major limita-
tion to achieving high performance of electrochemical device.
One effective solution is to optimise the microstructure of CuO to
increase the surface contact area between the active materials and
the electrolyte, as well as decrease the diffusion paths for charge
transfer [4]. In this regard, the hierarchical structure of CuO is
particularly attractive to obtain excellent electrochemical perform-
ance [5]. Although these reported hierarchical CuO microstructures
possess good electrochemical performance, the fabrication methods
are usually complex. They often require organic surfactants, special
substrates, or structural templates. Therefore, a simple, effective,
and environment-friendly method to prepare hierarchical CuO
is necessary.

In recent years, green synthesis of nanomaterials is very attractive
due to the increasing concern of the environment. Various green
nanosynthesis methods such as sonochemical method [6], laser ab-
lation [7], supercritical fluid [8], bio-assistant synthesis [9], and
microwave-assisted preparation [10], have been utilised to effect-
ively fabricate nanomaterials with minimum negative consequence
on the society and environment. Among these green nanosynthesis
methods, microwave-assisted preparation is of great significance
[11]. The microwave energy is more environment-friendly, requir-
ing less energy than the conventional heating processes. Besides,
compared with the conventional wet chemical method or template
method, microwave-assisted preparation has advantages of short
processing time, easy operation, and simple control of morphology
[10, 11].

In this Letter, we used a simple one-pot microwave-assisted
method to fabricate hierarchical CuO microspheres. The growth
of this hierarchical CuO microstructure in this work was simply
performed in an ordinary household microwave oven while
previous CuO nanostructures were fabricated in the custom made
microwave ovens which are usually more expensive than domestic
microwave ovens. Furthermore, unlike previous CuO nanostruc-
tures prepared in a closed vessel with high pressure [12—14], the
CuO was prepared under ambient pressure in this work. In these
respects, our synthesis process is relatively simple, safe, and low
cost [10].

2. Experimental methods: All chemicals and solvents, such as
copper sulphate pentahydrate (CuSO,4-5H,0), potassium carbonate
(K>CO3), potassium hydroxide (KOH), and hydrochloric acid
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(HCI), were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). These reagents possessed the highest
commercially pure grade, and they were used without further
purification.

A 200 ml aliquot of 0.2 M CuSQO, solution was quickly poured
in 200 ml of 0.8 M K,COj5 solution, and then the mixed solution
was immediately placed in an ordinary household microwave
oven (Panasonic NN-GF352MXPE). The microwave output was
300 W, and the microwave time was 6 min. The obtained solid
product was successively filtered, washed with deionised water
and then dried at 50°C for further measurement. For comparison,
a typical chemical precipitation method was used to prepare CuO.
A 40 ml aliquot of 4 M K,CO; solution was added dropwise
into 400 ml of 0.1 M CuSO, solution under mechanical stirring.
The precipitate was filtered, washed, dried, and finally annealed
at 250°C for 3 h. For convenience, the sample prepared by the
microwave-assisted method was named W—CuO, and the sample
prepared by the conventional chemical precipitation method was
denoted as H-CuO.

Scanning electron microscopy (SEM) measurements were carried
out with a JSM-7500 instrument (JEOL, Japan). Transmission
electron microscopy (TEM) was carried out with a Tecnai-G20
instrument (FEI, USA). X-ray photoelectron spectroscopy (XPS)
was performed with an Amicus Budget spectrometer (Shimadzu,
Japan) using Mg Ka X-ray source (1253.6 V) operating at 10 kV
and 10 mA. X-ray diffraction (XRD) was performed with a
TD3500 X-ray diffractometer (TONGDA, China) with Cu Ke radi-
ation (A=1.5418 A). Thermal gravimetric analysis was performed
with a thermal analysis equipment (STA 449F3, NETZSCH,
Germany). The experiments were carried out at a heating rate of
10 K min~" over a temperature ranging from room temperature to
500°C with an N, flow rate of 50 ml min~'. The Brunauer—
Emmett-Teller (BET) measurement was conducted at 77 K under
N, with an ASAP2000 instrument (Micromeritics, USA).

3. Results and discussion: Typical SEM images are shown
in Fig. 1. Unlike the irregular granular structure of H-CuO
(Fig. 1a), W—CuO exhibits a more regular spherical morphology
with a diameter ranging from 300 nm to 1 um (Fig. 15). Fig. la
also shows a few big clusters which are expectable for a typical
chemical precipitation method because some nanoparticles
formed in the early stage may act as growth cores and then, be sur-
rounded by metal oxides formed in the later stage [15]. In addition,
the high-magnification SEM picture reveals hierarchical waxberry-
like microspheres (inset of Fig. 1b).
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The TEM picture, which was used to investigate the detailed
microstructure, further confirms the hierarchical waxberry-like
spherical morphology of W-CuO (Fig. 2b). The hierarchical
W—CuO microspheres are assembled with spine-like nanorods
(Fig. 2d). High-resolution TEM (HRTEM) images show that ran-
domly oriented H-CuO nanocrystals are ~7-10nm in size
(Fig. 2e). Unlike the granular structure of H-CuO, W—CuO exhibits
a lamellar structure usually observed in some 2D materials, such as
graphene or MoS, (Fig. 2f"). The lattice distance in HRTEM images
is ~0.25 nm, which corresponds to the (002) plane of the CuO
crystal phase.

The XRD patterns of CuO are shown in Fig. 3. The diffraction
peaks can be assigned to a monoclinic structure of CuO (JCPDS
Card No. 80-1916). No characteristic peaks of possible impurities,
such as Cu(OH), or Cu,O0, appear, indicating the phase purities of
W-CuO and H-CuO.

The complete XPS spectra from 0 to 1000 eV are shown in
Fig. 4a. The increase in XPS background can be attributed to the
scattering of photoelectrons from Cu ions during photoelectron
transfer to the CuO surface [16]. The Cu 2p spectra are used to
determine the oxidation state of Cu. The main Cu 2p;3, and
Cu 2p;), peaks, together with their shake-up satellite peaks are

Fig. 1 SEM images of

a H-CuO and

b W—CuO. Inset of (b) is the high-magnification picture of W—CuO
microspheres

0.25nm

Fig. 2 TEM images of

a H-CuO 500 nm

b W-CuO 500 nm

¢ H-CuO 100 nm

d W—Cu0O100 nm

e High-resolution TEM images of H-CuO 5 nm
fW=CuO 5 nm
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Fig. 3 XRD patterns of H-CuO and W-CuO

intensity
intensity

— H-Cul
— W-Cul
1000 930 840 950 960 970
binding energy, eV

— W-CuQ

T T T T
200 400 600 80O
binding energy. eV

intensity
intensity

W-Cul H-Cul

T T T T T T T T T T
526 528 530 532 534 536 538 526 528 530 532 534 536 538
binding anergy, eV binding energy, eV

c

Fig. 4 Complete XPS spectra of samples

a Complete XPS spectra of samples

b Core-level XPS spectra of Cu 2p state

¢ Core-level XPS spectrum of O 1s state of W-CuO
d Core-level XPS spectrum of O 1s state of H-CuO

clearly evidenced. CuO and Cu,O are two semiconducting phases
of CuO. The existence of satellite peaks indicates the formation
of CuO [17]. However, the Cu 2p3/, peak, which may be integrated
from any combination of Cu,0, Cu, or CuO peak, is difficult to
interpret because Cu and Cu,O have nearly similar binding ener-
gies. In this situation, the LMM-2 auger transition peak in XPS
spectra, namely, 568 eV for Cu and 570 eV for Cu,O, is generally
used as a strong evidence for their presence [16]. We find that no
peak appears in this region, indicating the sole existence of CuO.
Therefore, according to the XPS study of Cu 2p, the oxidation
state of Cu is+2, and CuO is confirmed as the final product.

The O 1s spectra are used to determine the surface composition
of CuO. The O 1s peak can be decomposed into three meaningful
component peaks, which are marked as I, II, and III. Peak I can
be assigned to oxygen from lattice oxide. Peaks II and III originated
from surface chemical compounds that contain oxygen atoms. In
specific, peak II is related to the oxygen atoms in hydroxyl and
carbonate groups, whereas peak III corresponds to the surface-
adsorbed water [18, 19]. Comparison of the integrated area of
peak I with the sum of the integrated areas reveals that the
percent of oxygen from the lattice oxide is 33.6 and 45.8% for
W-CuO and H-CuO, respectively, indicating that W—CuO has
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more surface compounds, such as hydroxyl group and adsorbed
water than H-CuO [20].

The two wide peaks in the derivative thermogravimetry (DTG)
curve clearly indicate two stages during the heating process from
ambient temperature to 500°C (Fig. 5). The first stage is related
to the evaporation of surface-adsorbed water, and the second
stage is the loss of hydroxyl and carbonate groups [21]. The
TGA curves show that the final remaining weight percentages of
W—CuO and H-CuO are ~87.13 and 95.57%, respectively. The
possible reason is related to the hierarchical spherical microstruc-
ture through which W—CuO possesses higher surface area and,
therefore, has more adsorption sites than H-CuO [21, 22]. The
TGA-DTG curve nearly plateaus at over 350°C, indicating that
both W—CuO and H-CuO undergo insignificant weight loss in
this temperature range.

Nitrogen adsorption/desorption method was used to further
investigate the surface area and porous feature of W—CuO. The iso-
therm profile is shown in Fig. 6. The isotherm is a typical IV type
curve. The quantity of adsorbed N, increases as increasing pressure,
indicating a porous structure of W—CuO. The calculated BET
surface area of W—CuO (25.0 m?/g) is much higher than that of
H-CuO (18.0 m%/g) and commercial CuO (0.1 m*/g) [23].

Electrochemical impedance spectroscopy was carried out to
investigate the charge transport properties of the microspheres.
The Nyquist plot, which shows a semicircle in the high-frequency
region and a line in the low-frequency region, is shown in Fig. 7.
The semicircle can be attributed to a kinetic (charge transfer) con-
trolled process on the electrode—clectrolyte interface while the
line indicates a mass transfer controlled process on the electrode—
electrolyte interface [24, 25]. Both plots have a steep line in the low-
frequency region, indicating that the diffusion of the electrolyte is
quite fast within these two oxides. Nevertheless, W—CuO possesses
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Fig. 5 TG-DTG curves of H-CuO and W—CuO
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Fig. 7 Nyquist impedance plots for H-CuO and W—-CuO electrodes

a smaller semicircle than H-CuO, suggesting that W—CuO has a
lower charge transfer resistance than H-CuO. The small charge
transfer resistance of W—CuO is related to the lamellar microstruc-
tures, which can guarantee a larger electroactive surface area for
remarkable charge diffusion [26].

4. Conclusion: The hierarchical CuO microspheres (W—CuO) can
be prepared by a simple, safe, fast, and low-cost microwave-assisted
method in an ordinary household microwave oven under ambient
pressure. The W—CuO exhibits a relatively narrow size distribution
in the comparison with H-CuO prepared by conventional chemical
precipitation method. Due to the lamella-like nanorod blocks of
microspheres, the W—CuO has a higher surface area and hence,
exhibit better charge transport performance as electrode material
than H-CuO. Future works may focus on the application of
W—CuO as well as the synthesis of other type of metal oxides.
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