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Energy shortage and environmental pollution have emerged as significant challenges in China’s social development.
The demand for research and development of efficient new energy materials and the of environmental pollutants
in photocatalytic hydrogen production is increasing rapidly. Achieving controllable synthesis of efficient catalytic
materials has become a major concern for both domestic and foreign scientists. In this study, Cu,0-Cu polyhedral
heterostructures were synthesized in situ through hydrothermal reaction. The samples were characterized using
SEM, TEM, XRD, XPS, and EPR techniques, followed by testing their photocatalytic properties. Experimental results
demonstrate that Cu nanoparticles are reduced in situ on the surface of Cu,0 polyhedral particles to successfully
construct surface-supported heterostructures. Photocatalytic degradation of methyl orange solution (MO) was
conducted under visible light irradiation. Compared to the catalytic degradation rate of 9.8% achieved by Cu,0
particles alone, the photocatalytic performance of Cu,0-Cu heterogeneous particles further improved with an
increase in the number of supported particles reaching a degradation rate of 87.2%. Therefore, the quantity of
Cu nanoparticles within Cu,0-Cu heterogeneous particles plays a crucial role in enhancing their photocatalytic
degradation efficiency towards organic matter by improving light absorption characteristics and facilitating
effective transfer of photogenerated electrons. This work further provides valuable insights for designing surface-

supported photocatalysts.
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1. INTRODUCTION

Energy shortage and environmental pollution have become a major
problem restricting China’s economic and social development. The
research and development and preparation of efficient new energy
materials and their demand for energy catalysis and environmental
pollutant degradation are getting higher and higher [1]. How to achieve
controllable synthesis of efficient catalytic materials has become
one of the issues of great concern to domestic and foreign scientists.
Photocatalysis is a complex process, which involves the steps of light
capture, charge separation and molecular adsorption activation. And
the most important is the light absorption efficiency and band gap of
photocatalytic materials in the water catalytic reaction [2-6]. However,
due to the limitation of band gap width and other factors, most
semiconductor catalytic materials have some problems, such as weak
response to visible light, low photon yield, and difficult to realize large-
scale application [7, 8]. The heterogeneous structure can effectively
utilize the catalytic active components, mainly due to the mild reaction
conditions and efficient interfacial charge transfer, and the rapid
electron transfer of multiple channels greatly improves the separation
efficiency of charge carriers. As a result of these, the photocatalytic
hydrogen production capacity is enhanced [9].

Copper oxide (Cu,0) crystal is a low-cost and environmentally narrow
bandgap semiconductor with a bandgap width of approximately 2.2
eV. It can absorb visible light well and has broad application prospects
in fields such as hydrogen production through photolysis of water,
photocatalytic degradation of organic compounds, and CO, reduction
[10-13]. In addition, the geometric diversity and size adjustability of
Cu,0 crystals greatly enrich the application of Cu,0 and the selectivity
of its composite material design [14, 15]. According to the literature
search, Srabanti Ghosh et al. formed a heterostructure of Cu-CuZO
and polypyrrole nanofibers, and good hydrogen production effect
was obtained by utilizing the large specific surface area of Cu-Cu,0
heterostructural particles [16]. Dhanasekaran et al. produced van der
Waals heterostructures composed of layered MoS, and WSe, on FTO
substrate by combining solution bath and RF-sputtering, and confirmed
the robustness of electrocatalysis by continuous hydrogen evolution
reaction in acidic solution for more than 20 hours [17]. Tabasum et al.
used the unique electronic and magnetic properties of magnesium oxide
heterostructures derived from complex interactions between their
electron orbitals, lattice vibrations, and electron spins to contribute to the
development of nanoelectronic, spintronic, optoelectronic, and energy
storage devices [18]. Santhosh et al. prepared Zn0O/CdS heterojunctions
by chemical precipitation showed better photocatalytic activity and
good hydrogen production rate during dye degradation [19]. Zheng et
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al. successfully synthesized the Z-type heterojunction using HDS-Cu,0@
CuCo,0,, which showed efficient oxidation and reduction performance
the unique shell structure due to the wider visible light response region,
reasonable heterojunction interface, and well-matched electronic band
structure [20].

In this paper, Cu,0-Cu polyhedral heterogeneous nanoparticle catalysts
were prepared by using copper sulfate pentahydrate, sodium hydroxide,
hydroquinone and glucose as raw materials. The hydrothermal
react could construct Cu nanoparticles in situ on the surface of Cu,0
polyhedron. Cu particles with different amounts of surface load were
obtained by reaction time, and their structure and properties were
further characterized and tested. The effect of heterogeneous structures
with different nanoparticle loads on catalytic performance was further
studied.

2. EXPERIMENT
2.1 Experimental reagents

Cupric sulfate pentahydrate (CuSO,-5H,0), hydroquinone (C,H,(OH),),
sodium hydroxide (NaOH), glucose (C,H,0,), ethylene glycol ((CH,0H),),
and anhydrous ethanol were used in this experiment. All the reagents
were purchased from Shanghai Aladdin reagent, which were analyzed
pure and had not been further purified. Deionized water was used for
cleaning during the experiment.

2.2 Preparation of photocatalyst

Firstly, Cu,0 polyhedral particles were synthesized as follows: 0.4996
g copper sulfate pentahydrate (CuSO,-5H,0) was dissolved in 30 ml
deionized water to obtain copper sulfate solution. Meanwhile, 1.6 g
sodium hydroxide solid was dissolved in 25 ml deionized water to obtain
sodium hydroxide solution. Then the copper sulfate solution was placed
in a water bath and heated to 55 °C. The sodium hydroxide solution was
added to the copper sulfate solution drop by drop. 5 minutes later, 0.5 g
hydroquinone powder was added into. After the reaction for 30 minutes,
the obtained brick red precipitate was cleaned, centrifuged, dried and
stored for further use.

Then the Cu,0-Cu polyhedral heterostructural particles were
synthesized as follows: First, 20 mg obtained Cu,0 powder above was
dispersed ultrasonic in 30 ml glycol solution. Then weighed 2 g sodium

hydroxide solid dissolved in 10 ml deionized water to obtain sodium
hydroxide solution, and 1.96 g glucose dissolved in 10 ml deionized
water to obtain glucose solution. Afterwards, the Cu,0 mixed solution
was placed in the water bath and heated to 60 °C, and the configured
sodium hydroxide solution were poured into it step by step. 5 minutes
later, the configured glucose solution was poured into. Different loads
of Cu,0-Cu polyhedral heterostructural particles were synthesized after
the reaction of 5 minutes, 20 minutes and 60 minutes, respectively.
The obtained particles were repeatedly centrifuged, cleaned, dried and
stored for further use.

2.3 Sample characterization test

SEM, TEM, XRD, XPS, UV-visible diffuse reflection, PL spectrum,
photocurrent response were applied for these samples in
characterization and testing.

2.4 Photocatalytic performance test

50 mg sample was evenly dispersed in 50 ml methyl orange solution
with a concentration of 10 mg/L, and the sample was fully adsorbed to
the methyl orange solution for 30 minutes of dark reaction to achieve
the equilibrium state of adsorption-desorption. After the dark reaction,
the sample was irradiated by 300 W xenon lamp with 420 nm filter, and
a small amount of mixed solution was taken out and filtered at different
time. At last, the absorption spectrum of methyl orange solution was
measured by ultraviolet spectrophotometer.

3. RESULTS AND DISCUSSION

The Cu,0-Cu heterostructural particles reacting for 5 minutes, 20
minutes and 60 minutes were named Cu,0-Cu-5m, Cu,0-Cu-20m, and
Cu,0-Cu-60m, respectively. In order to determine the microstructure
of the prepared samples, SEM was used to observe it, and the results
were shown in Figure 1. The Cu,0 sample in Figure 1(a) shows the
characteristics of polyhedral particles, including three crystal faces
(100), (110) and (111), and the surface is smooth and free of impurities.
The Cu,0-Cu heterostructural particles in Figure 1(b-d) all retain the
polyhedral characteristics of Cu,0 particles on the whole, and the in-situ
reduced Cu nanoparticles are mainly distributed on the (110) and (111)
crystal faces with large crystal surface energy. In the sample of Cu,0-Cu-
5m, a smallamount of Cu particles appear on the surface of Cu,0 particles,
and their distribution is uneven. In the samples of Cu,0-Cu-20m, the Cu

Figure 1. SEM and element mapping images of individual particles, (a) Cu,0; (b) Cu,0-Cu-5m; (c) Cu,0-Cu-20m; (d) Cu,0-Cu-60m.

Cite The Article: Yalin Chen, Yiyang Wang, Lingfeng Ma, Qian Xu, Bo Ma (2023). The in situ Synthesis of Cu,0-Cu Polyhedral Heterostructures and the
Enhanced Photocatalytic Properties under Visible Light. Pollution and Environment, 7(1): 15-21.



Pollution and Environment (PE) 7(1) (2023) 15-21

17

Figure 3. High magnification TEM and HRTEM of different Cu,0-Cu polyhedral heterostructures, (a) Cu,0-Cu-5m; (b)

particles on the surface of Cu,0 particles increase obviously. In Cu,0-Cu-
60m samples, the diameters of Cu particles increase, and the (110) and
(111) crystal surfaces of Cu,0 polyhedral particles are covered with full
layers of Cu nanoparticles. At the same time, the element distribution
analysis was carried out. It indicates that both Cu and O elements were
detected, and more copper elements were distributed on the surface.

In order to further clarify the element types and relative contents in
each sample, EDS spectrum analysis was carried out. As shown in Figure
2, Cu and O elements were detected in all samples, and the content of Cu
element in Cu,0, Cu,0-Cu-5m, Cu,0-Cu-20m and Cu,0-Cu-60m samples
gradually increased, while the content of O element gradually decreased.
Therefore, the above characterization results certificate that the
particles loaded on the surface of Cu,0 are in-situ reduced Cu particles,
and no other impurity particles are introduced.

The surface-loaded particles in the heterogeneous structures were
characterized by TEM and HRTEM, and the results were shown in
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Cu,0-Cu-20m; (c) Cu,0-Cu-60m.

Figure 3. The in-situ reduction of Cu nanoparticles from the surface
of Cu,0 particles can be observed in all three samples of Cu,0-Cu-5m,
Cu,0-Cu-20m and Cu,0-Cu-60m. It can be obviously observed that with
the extension of reaction time, the Cu nanoparticles on the surface of
Cu,0 particles are gradually reduced to the surface, and the particle
diameter also increases gradually. Cu,0-Cu-60m particles are the most
obvious, which is consistent with the results obtained by SEM. In the
HRTEM image, it can be observed that the lattice fringe spacing on the
surface of the prepared sample is 0.208 nm, corresponding to the (111)
crystal surface of Cu, which further proves that the prepared particles
are heterostructures composed of Cu particles reduced in situ on the
surface of Cu,0 particles.

In order to determine the phase composition and crystal structure of
the prepared samples, the samples were characterized by XRD patterns.
As shown in Figure 4(a), the prepared Cu,0 has an obvious cubic crystal
structure at 29.5°, 36.4°, 42.3°, 52.4°, 61.3°, 69.5°, 73.5° and 77.3°,
corresponding to (110), (111), (200), (211), (220), (310), (311) and
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(222) crystal faces. For the Cu,0-Cu polyhedral heterostructures, both
Cu,0 and Cu exist in the product, and the diffraction peaks of Cu in the
sample gradually increase with the increase of reaction time. Concretely,
Cu,0-Cu-5m has no obvious (111) diffraction peak, and Cu,0-Cu-20m
can see a weak diffraction peak in the XRD pattern. However, Cu,0-Cu-
60m can see an obvious Cu (111) diffraction peak in the XRD pattern.

XPS characterization was performed to explore the composition and
valence states of elements in these samples. According to the XPS full
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spectrum in Figure 4(b), in addition to the characteristic peaks of
element C, only the characteristic peaks of elements Cu and O were
observed in the sample, further demonstrating that the method did not
introduce other impurity particles during in-situ reduction to prepare
heterogeneous structures. It can be observed from Figure 4(c) that for
the three Cu,0-Cu heterostructures, obvious Cu 2p diffraction peaks
located at 932.3 eV and 952.4 eV were detected, which is correspond
to Cu'. However, since the positions of Cu 2p diffraction peaks for
Cu'* and Cu® are very close, they cannot be distinguished. So the LMM

(b) Cu,0@Cu-60m Cu 2p3
Cu,0@Cu-20m l
Cu0@Cu-5m ¢y Auger l
Cu,0 O1s l {1
N1

w S o —— -

g i }

S | cusp Cts o -

Q

]

0 200 400 600 800 1000
Binding Energy(eV)

(d) . cu'
W\' Cu,O
L, Ak A :
pad L T S
Cu,O@Cu-£
@ "‘,."“:."". “’“"u-: A it v Moo,
8
c
g L & T
-3 "
o \ ol flagan ik
560 565 570 575 580

Binding Energy(eV)

Figure 4. Samples of different Cu,0-Cu (a) XRD; (b) XPS of full spectrum; (c) XPS of Cu 2p, and (d) XPS of Cu LMM.
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Figure 5. (a) UV-visible light diffuse reflection spectrum map of different in-situ Cu,0-Cu samples; (b) the corresponding band gap; (c) the
photoluminescence spectrum; (d) diagram of the photocurrent response generated under visible light.
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diffraction peaks of Cu elements were further detected. As shown in
Fig. 4(d), Cu,0 particles only have the characteristic diffraction peak
of Cu'* at 569.6 eV. Nevertheless, all the three heterogeneous particles
have another characteristic diffraction peaks of Cu® at 568.1 eV, and the
diffraction intensity is gradually enhanced. The rusutl indicates that
the prepared heterogeneous particles have achieved in-situ reduction
of Cu nanoparticles, and the controlled synthesis of Cu,0-Cu polyhedral
heterostructural particles with different loading capacities was formed
[21].

The optical properties of catalysts are also important factors to evaluate
their photocatalytic activity. The light absorption of the sample was
studied through the characterization of UV-visible light diffuse reflection.
It can be seen from Figure 5(a) that the four samples all have satisfying
light absorption characteristics for the visible region. The order of the
absorbed light intensity of the four samples from small to large is Cu,0,
Cu,0-Cu-5m, Cu,0-Cu-20m, Cu,0-Cu-60m. The relation curve of (ahv)*-
hv can be obtained by converting the spectrum, and the corresponding
bandgap diagram can be drawn. As shown in Figure 5(b), the calculated
bandgap width of Cu,0, Cu,0-Cu-5m, Cu,0-Cu-20m and Cu,0-Cu-60m
are 1.92eV, 1.84eV, 1.79eV and 1.71eV respectively, indicating that the
loaded Cu nanoparticles can effectively reduce the band gap width of
Cu,0. In Figure 5(c), PL spectrum test was performed on the sample,
and the results showed that the emission spectral intensity of Cu,0-Cu
heterogeneous particles is lower than that of Cu,0 polyhedral particles.
This result ensures that the charge separation efficiency of Cu,0-Cu
in situ supported heterostructures is improved, which is consistent
with the above characterization [22]. The photocurrent response
under visible light had been tested in Figure 5(d). It indicates that the
photocurrent density and intensity also increase successively, which
proves that heterostructures can generate more photogenerated carriers
in the photocatalytic reaction and have higher photogenerated carrier
separation efficiency. It is worth noting that the Cu,0-Cu-60m sample
with the largest loading capacity shows the best performance in light
absorption characteristics, band gap width regulation, PL fluorescence
intensity, and photocurrent response. This sample indicates that the
more loaded particles, the more obvious the optical performance
improvement of heterogeneous structures.

In order to determine the catalytic activity of Cu,0-Cu sample, the
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photocatalytic reaction kinetics of Cu,0-Cu on methyl orange (MO)
solution was studied. As shown in Figure 6(a), after the photo-
degradation for 90 min, the photocatalytic degradation efficiency
of Cu,0, CuZO-Cu-Sm, Cu,0-Cu-20m and Cu,0-Cu-60m for MO were
1.1%,9.8%,26.7% and 87.2%, respectively. The order of degradation
efficiency is consistent with the results of the above optical properties. It
suggests that the photocatalytic performance of Cu,0-Cuinsitusupported
heterostructures is significantly improved compared with Cu,0 particles,
and Cu,0-Cu-60m shows the best photocatalytic performance. Figure
6(b) shows the kinetic fitting diagram of photocatalytic degradation
process of different catalysts. The calculation formula is as follows [23]:
ln£ =—kt 1)
0
The rate constants of Cu,0, Cu,0-Cu-5m, Cu,0-Cu-20m and Cu,0-Cu-60m
are -7.79x10%,3.30x 10%,-2.7x10% and -1.7x10?min’, respectively. The
rate constant of Cu,0-Cu-60m is the largest, which proves that Cu,0-Cu-
60m has the best photocatalytic effect.

EPR tests were performed on four samples to determine the active
substance in the reaction. As shown in the Figure 7, with the increase of
the number of supported Cu nanoparticles, «OH and «0,” have obvious
signal peaks under visible light irradiation, and the intensity is gradually
increased, indicating that «OH and O, and as active substances
participate in the reaction in the photocatalytic reaction. Moreover,
the more Cu nanoparticles supported on the surface, the stronger
the separation effect of photogenerated electron pairs, and the more
active substances. This result is consistent with the above results of
photocatalytic degradation of methyl orange.

Finally, the mechanism of photocatalytic performance improvement
of Cu,0-Cu heterogeneous particles was analyzed. As shown in Figure
8, since the Fermi level of Cu,0 is lower than that of Cu, when the two
materials form a heterostructure, a thermodynamic equilibrium is
required [24]. Then the Fermilevel of Cu moves downward and the Fermi
level of Cu,0 moves upward, and a new heterostructure E_ is constructed.
At this time, when the heterostructural catalyst is irradiated with visible
light, the electrons in the Cu,0 valence band (VB) will be excited to the
conduction band (CB), and the corresponding number of photogenerated
holes will be generated at the original Cu,0 VB. However, since the
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Figure 6. (a) Degradation plot of methyl orange solution under visible light of different Cu,0-Cu. (b) The corresponding kinetic k values.

(a) -0, radical
A A A A

bl ¥ AL AVAR AT RV
\ N !

¥ f
|

Intensity (a.u.)

O

M.,.ﬂ.‘,J«V‘\‘_f‘\‘,\.‘»vu"\_f‘h\. ),/nw T
V

3460 3480 3500 3520 3540
Magentic Field/G

(b)

-OH radical

i ‘r.‘-, P AR | e | i M d

Intensity(a.u.)

A ‘ " Cu,0
WM"“»‘"“M""\,rw’“w"‘*r"'x IM»T"H%M!’M*%WVMW,‘(

3460 3480 3500 3520 3540
Magnetic Field/G
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Figure 8. Mechanism diagram of the photocatalytic performance enhancement.

electrons in CB is not in a stable state, these excited electrons will be
transferred to the surface of the Cu particles. Thus, a large number of
photogenerated electrons are accumulated on the Cu particles. Due to
the action of Schottky barrier, the holes of Cu,0 VB cannot be transferred
to the surface of Cu nanoparticles, thus realizing the effective separation
of electron hole pairs. The more Cu nanoparticles on the surface of Cu,0,
the more sites to receive photogenerated electrons, and the separation
efficiency of electron holes will be further improved, so the Cu,0-Cu-
60m heterostructure shows the best photocatalytic performance.
Finally, the photogenerated electrons gathered on the surface of the
Cu nanoparticles are captured by O, to generate ¢0,”, and the holes
remaining in the valence band of Cu,0 are captured by OH" to form
*OH. The two active substances degrade the organic dyes into harmless
substances such as water.

4. CONCLUSIONS

In situ reduction of Cu nanoparticles on the surface of Cu,0 polyhedral
particles was achieved by a simple hydrothermal method, and then Cu,0-
Cu polyhedral heterogeneous photocatalyst with different loading loads
was prepared. The results showed that with the increase of reaction
time, the Cu nanoparticles were uniformly distributed on the (111) and
(110) crystal surfaces with high surface activity of Cu,0 polyhedron.
When the Cu nanoparticles formed thin shells and load on the crystal
surfaces of the Cu,0 polyhedron, heterogeneous particles had the best
photocarrier separation efficiency. The photocatalytic degradation
efficiency of methyl orange dye under visible light can reach 87.2%,
which is significantly higher than that of unloaded Cu,0 polyhedral
particles. Therefore, the number of Cu nanoparticles in heterogeneous
structures plays a crucial role in photocatalytic degradation of organic
matter. They can enhance the light absorption characteristics of the
particles and effectively promote the transfer of photogenerated
electrons, which provides a research idea for the design of surfacing
supported photocatalysts.
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