
Volume 15, Issue 3, 152528 (1-16)

Iranian Journal of Catalysis (IJC)

https://doi.org/10.57647/j.ijc.2025.1503.28

Thermal decomposition synthesis of novel quaternary
heterojunction CuS/Cu9S5/Cu2O/C3N4 composites for
enhanced visible-light-driven photocatalytic activity

Prakasit Intaphong1,2,∗ , Pasu Inphak1,2, Sujitra Tandorn3,
Pongpen Kaewdee3, Komsanti Chokethawai4, Chamnan Randorn1,5

1Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand.
2Multidisciplinary and Interdisciplinary School, Chiang Mai University, Chiang Mai, 50200, Thailand.
3Office of Research Administration, Chiang Mai University, Chiang Mai, 50200, Thailand.
4Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand.
5Centre of Excellence in Materials Science and Technology, Chiang Mai University, Chiang Mai, 50200, Thailand.
∗Corresponding author: intaphong.p@gmail.com

Original Research
Received:
25 January 2025
Revised:
29 April 2025
Accepted:
29 May 2025
Published online:
1 July 2025
Published in issue:
30 September 2025

© 2025 The Author(s). Published by
the OICC Press under the terms of
the Creative Commons Attribution
License, which permits use, distribu-
tion and reproduction in any medium,
provided the original work is prop-
erly cited.

Abstract:
The novel quaternary heterojunction copper sulfide/cuprous sulfide/cuprous oxide/carbon nitride
(CuS/Cu9S5/Cu2O/C3N4) composite was prepared by thermal decomposition. The phase, composition,
morphologies, and oxidation state of elements in as-prepared heterojunction multiphase Cu-based composites
were characterized and discussed in this research. The XRD, SEM, and TEM analyses showed the binary
CuS/Cu9S5 composite at 400−450 °C and quaternary heterojunction CuS/Cu9S5/Cu2O/C3N4 composite
at 500− 600 °C, which presented the mixed irregular sheets and agglomerated particles in shape. The
photocatalytic activities of heterojunction multiphase Cu-based composites were studied by methyl orange
(MO) degradation under visible light irradiation. It was found that the CuS/Cu9S5/Cu2O/C3N4 composite
at 600 °C showed the highest photodegradation efficiencies of MO at 90.06% under visible light irradiation
within 150 min due to the charge diffusion at the CuS/Cu9S5/Cu2O/C3N4 interface. The active species for
MO degradation over CuS/Cu9S5/Cu2O/C3N4 composite were analyzed by scavenger test, which reveals that
the •O−

2 radicals and h+ are the main and minor active species for MO degradation photocatalyzed by the
CuS/Cu9S5/Cu2O/C3N4 composite under visible light irradiation. Finally, the photodegradation efficiency
of MO in the presence of the CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C decreased to 85.89% after five
cycles, demonstrating its stability and reusability for practical photocatalytic applications.
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1. Introduction

In recent years, wastewater effluents from textile indus-
tries, agricultural activities, and human activities have been
released into the environment, posing significant risks to
multiple detrimental effects on natural ecosystems due to
their carcinogenic, mutagenic, and toxic effects on living
organisms [1–3]. Methyl orange (C14H14N3NaO3S; MO),
an organic xanthene dye, is highly water-soluble and charac-
terized by its distinctive orange-red color. It is widely used
in the textile, printing, paper, pharmaceutical, and food in-
dustries, which are frequently released into the environment

without proper treatment [4–8]. It is an allergic reaction to
the mutagenic, carcinogenic, allergenic substances, neuro-
toxicity, and chronic toxic effects on humans and animals
[5, 6]. Conventional wastewater treatment methods, includ-
ing biochemical, chemical, and physical treatment methods,
are limited due to the formation of secondary toxic byprod-
ucts and the incomplete removal of pollutants [9, 10]. Pho-
tocatalysis process, as a green technology, is highly efficient
for wastewater treatment, as semiconductor photocatalysts
create highly reactive oxygen species under light irradiation,
degrading toxic organic pollutants into harmless byproducts
such as CO2, H2O, and inorganic anions [11–15]. Photocat-
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alytic technology is a cost-effective water treatment method
that is highly stable, has no secondary pollution, and offers
potential utilization of solar energy and mineralization [16–
18].
Various traditional photocatalysts, including TiO2, ZnO,
and CuO, exhibit high photocatalytic performance, cost-
effectiveness, non-toxicity, and environmental friendliness
[19–22]. Titanium dioxide (TiO2), with a band gap of 3.2
eV, is the most widely used photocatalyst but is active in
only the UV region, which constitutes approximately 5% of
solar energy [17, 18, 23, 24]. Therefore, current research is
focused on visible-light-driven semiconductors as photocat-
alysts for pollutant degradation, as the visible light region
accounts for approximately 43% of the solar spectrum [16–
18, 25, 26].
Semiconductor copper (II) compounds-based photocatalyst,
copper oxide (CuO) with a narrow band gap of 1.7 eV has
garnered significant interest for applications in photocatal-
ysis [27, 28], gas sensors [29], lithium batteries [30], and
solar cells [31] due to their outstanding optical, magnetic,
and electric properties. Copper sulfides (CuxS), where x =
0.5− 2, are among the most important representatives of
metal chalcogenides, which have been extensively studied
in recent decades [32–34]. CuS, a metal sulfide semicon-
ductor with a narrow band gap of 2.0−2.2 eV, shows the
unique optical and electrical properties [35, 36]. CuxS with
x = 1.8−2.0 is a suitable and efficient semiconductor ma-
terial for solar cells and optoelectronic devices [32, 37, 38].
However, the photocatalytic performance of single semi-
conductor copper (II) compounds-based photocatalysts is
relatively low for dye degradation due to rapid photoinduced
carrier recombination, poor light absorption, weak redox
capacity, and low stability [16, 27, 28]. To address these
challenges, heterojunction multiphase Cu-based composites
have gained significant attention, as they facilitate the sep-
aration of photogenerated charge carriers, enhance visible
light absorption and provide higher active surface area, lead-
ing to the generation of more reactive species compared to
single-component copper (II) compounds-based photocat-
alyst, thereby improving photocatalytic performance [39–
46]. For example, L. Han et al. fabricated the Cu2O/CuO
core-shell nanowires directly on a Cu mesh for methylene
blue (MB) degradation under visible light irradiation [44].
C. Wang et al. reported excellent MO and MB degrada-
tion under UV light irradiation in present of CuS/CuO
nanorod arrays on Cu mesh [45]. According to S. Mosleh
et al., as-prepared CuO/Cu2O/Cu nanoparticles demon-
strated excellent photocatalytic degradation of safranin O
(SO) and MB under blue light-emitting diode (LED) irradi-
ation [46]. In addition, graphitic carbon nitride (g-C3N4), a
metal-free polymeric photocatalyst, has attracted consider-
able interest for environmental purification when combined
with other semiconductor photocatalysts due to its unique
physicochemical properties, simple synthesis, thermal sta-
bility, high charge transport efficiency, and strong light-
harvesting ability [47–53]. The integration of g-C3N4 with
other semiconductor photocatalysts such as ZnO/CuO/g-
C3N4 [54], g-C3N4/CuS [55], g-C3N4/Cu2O [56], ZnO/g-
C3N4 [57] and Ag3PO4/Co3(PO4)2/g-C3N4 [58] increase

the facilitate charge carrier transfer and enhances photo-
catalytic activity compared to pure g-C3N4. For exam-
ple, M. Cai et al. synthesized the S-scheme photosys-
tem of oxygen vacancy (OV)-rich Bi2WO6/C3N4/carbon
fiber cloth for the photocatalytic degradation of tetracycline
(TC) and Cr(VI) photoreduction under visible light irradi-
ation [51]. The Bi2WO6/C3N4/carbon fiber cloth showed
excellent reusability and easy recovery for industrial ap-
plications. Similarly, W. Shi et al. reported that ternary
Ag3PO4/Co3(PO4)2/g-C3N4 composites demonstrated su-
perior photocatalytic performance for TC degradation under
visible light irradiation compared to single semiconductor
Co3(PO4)2, g-C3N4, and the binary Co3(PO4)2/g-C3N4
composite. This enhancement was attributed to the for-
mation of a Z-scheme and Type II heterojunction among
Ag3PO4, Co3(PO4)2, and g-C3N4, which promoted effec-
tive charge separation [58].
In this work, we report the synthesis of copper-based com-
posites (CuS/Cu9S5 and CuS/Cu9S5/Cu2O/C3N4) by a
one-step thermal decomposition method using Cu-thiourea
as a precursor. The objective is to obtain quaternary hetero-
junction CuS/Cu9S5/Cu2O/C3N4 composites to enhance
visible-light-driven photocatalysis. The phase, composition,
morphology, oxidation state, and optical properties of the
synthesized CuS/Cu9S5/Cu2O/C3N4 composite were ana-
lyzed using X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM),
UV-Vis diffuse reflectance spectroscopy (DRS), X-ray pho-
toelectron spectroscopy (XPS), Brunauer-Emmett-Teller
(BET) surface area analysis, and photoluminescence spec-
troscopy (PL) and discussed in this research. The photocat-
alytic activity of the CuS/Cu9S5/Cu2O/C3N4 composite
was studied by degradation of MO, an anionic synthetic
xanthene dye, under visible light irradiation. Furthermore,
the photocatalytic mechanism and photocatalytic stability of
the CuS/Cu9S5/Cu2O/C3N4 composite were investigated
and proposed based on experimental results.

2. Experimental method

2.1 Preparation and characterization of copper-based
composites by thermal decomposition method

The Cu-thiourea (pentakis(thiourea)dicopper(I)sulfate) com-
pound was prepared by dissolving 2.5 g of thiourea
(NH2CSNH2) in 15 mL of distilled water and 2.5 g of
copper (II) sulfate pentahydrate (CuSO4·5H2O) in an-
other 15 mL of distilled water at room temperature. The
CuSO4·5H2O and NH2CSNH2 solutions were then cooled
in an ice bath under continuous stirring. Subsequently,
the CuSO4·5H2O solution was slowly added into the
NH2CSNH2 solution in an ice bath to obtain the white
crystals. Next, 1.0 g of NH2CSNH2 was weighed, dissolved
in 10 mL of distilled water, and added to the mixture under
vigorous stirring. Finally, the as-prepared white Cu-thiourea
crystals, used as the starting material, were filtered using a
Hirsch or Büchner funnel, washed, and dried at 80 °C for
12 h in the oven.
To prepare copper-based composites by the thermal de-
composition method, 2.5 g of the as-prepared Cu-thiourea
(pentakis(thiourea)dicopper(I)sulfate) sample was weighed
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and placed in an alumina ceramic crucible boat, which was
transferred to an electric tube furnace. The sample was
heated at 400, 450, 500, 550, and 600 °C for two hours
with a heating rate of 10 °C. min−1 and a nitrogen (N2)
gas flow of 100 mL/min to prevent oxidation of the copper
compound. After cooling, the as-synthesized copper-based
composite was collected and ground for further characteri-
zation. A schematic illustration of the synthesis procedure
for CuS/Cu9S5/Cu2O/C3N4 composites by the thermal
decomposition method is shown in Fig. 1.
The phase and composition of copper-based composites
were analyzed by RigakuTM Miniflex 600 X-ray diffrac-
tometer (XRD) equipped with a monochromatic Cu Kα as
X-ray source (λ = 1.54056 Å). The XRD patterns were
recorded over a 2θ range of 10◦−60◦ with a scanning rate
of 0.01◦ sec−1. The obtained XRD data were analyzed
by X’Pert HighScore Plus software and compared with
reference patterns from the Joint Committee on Powder
Diffraction Standards (JCPDS). The morphologies of the
copper-based composites were investigated by TESCAN
VEGA III scanning electron microscope (SEM) operating at
15 kV with Au sputter coating and JEM-2010 JEOL trans-
mission electron microscopy (TEM) operating at 200 kV.
All composite samples were sonicated in absolute ethanol
and dropped onto copper tape for SEM analysis and onto
a 200-mesh carbon-coated copper grid for TEM analysis.
The optical absorption properties of the samples were mea-
sured using a PerkinElmer-Lambda 365 Plus UV-visible
diffuse reflectance spectrophotometer (DRS) at 200−800
nm. The oxidation state and elemental composition of the
copper-based composites were analyzed using an Axis Ultra
DLD Kratos Analytical Ltd X-ray photoelectron spectrom-

eter (XPS) equipped with a monochromatic Al Kα as an
excitation source (λ = 1486.6 eV). The binding energy
was calibrated using the C 1 s peak at 285.1 eV as a refer-
ence. The photoluminescence (PL) spectra of the samples
were measured on the Horiba model FluoroMax Plus spec-
trofluorometer. The specific surface area and pore volume
of the composite were determined using nitrogen adsorp-
tion–desorption isotherm on a Quantachrome Autosorb-1
MP analyzer at 77 K.

2.2 Photocatalytic performance of copper-based com-
posites

The methyl orange (MO), as an anionic synthetic xanthene
dye, was monitored for photocatalytic activity over copper-
based composites under visible light irradiation. A 0.0045
g of copper-based composite was dispersed in 30.0 mL of a
1.0×10−5 M MO solution and stirred in the dark conditions
for 30 min at 25 °C with a cooled water circulating to estab-
lish adsorption-desorption equilibrium between the dye and
the photocatalyst. Following equilibration, the suspension
was irradiated with visible light from a 50 W visible LED
lamp with an irradiation power of 0.565 mW/cm2, posi-
tioned 2.5 cm from the reaction system. At 30 min intervals,
2.0 mL of the MO suspension was sampled, centrifuged to
remove the photocatalyst precipitate, and analyzed for MO
concentration at maximum absorption wavelength (λ max)
of 464 nm using Spectroquant® Prove 300 UV-Vis spectro-
sphotometer. The degradation efficiency was calculated by
the following equation:

Degradation efficiency(%) = (C0 −Ct)/Ct ×100 (1)

Figure 1. A scheme synthesis procedure of the CuS/Cu9S5/Cu2O/C3N4 composites by thermal decomposition method.
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where C0 is the initial dye concentration and Ct is the dye
concentration after photocatalytic treatment for a given time
(t). The photocatalytic stability of the composites was tested
for five cycles under the same conditions under visible light
irradiation. At the end of each photocatalytic cycle, the used
photocatalyst was recovered by centrifugation, washed, and
dried at 80 °C for 12 h before reuse in the next MO degra-
dation experiment. Finally, the product species after pho-
tocatalytic reaction over CuS/Cu9S5/Cu2O/C3N4 at 600
°C were analyzed by a 2690 LCT Micromass electrospray
ionization (ESI) mass spectrometer in negative ion mode.

3. Results and discussion

3.1 Characterization of copper-based composites
The phase composition and structure of heterojunction mul-
tiphase Cu-based composites synthesized by thermal de-
composition of Cu-thiourea complexes at 400−600 °C for
two h under an N2 atmosphere were analyzed by XRD
as shown in Fig. 2. XRD pattern of Cu-thiourea complex
thermally decomposed at 400 °C for two h revealed eight
distinct diffraction peaks at 2θ = 27.16◦, 27.71◦, 29.31◦,
31.82◦, 32.87◦, 47.99◦, 52.77◦ and 58.74◦ which can be
assigned to the Miller index of (100), (101), (102), (103),
(006), (108), (114) and (203) crystallographic planes of
a hexagonal CuS structure with according to the JCPSD
No. 79-2321 as standard. However, it found the minor
diffraction peak at 2θ = 46.17, which can be assigned to

Figure 2. XRD patterns of as-prepared samples synthesized by thermal
decomposition method at 400−600 °C for 2 h.

the Miller index of the (111) crystallographic plane of the
rhombohedral Cu9S5 structure, according to the JCPSD
No. 47-1748 as standard. The intensity of diffraction at
(103) crystallographic planes of the hexagonal CuS struc-
ture is higher than that of the diffraction peak of (111) crys-
tallographic planes of the rhombohedral Cu9S5 structure,
indicating that the hexagonal CuS structure is the major
phase and the rhombohedral Cu9S5 structure is the minor
phase were synthesized at this stage [59, 60]. At 450 °C,
the mixed-phase structure of hexagonal CuS and rhombohe-
dral Cu9S5 persisted. However, it can see that the intensity
of (103) planes of hexagonal CuS structure was decreased
whereas the intensity of (111) crystallographic planes of
rhombohedral Cu9S5 structure was increased, indicating
that the rhombohedral Cu9S5 structure and hexagonal CuS
structure were major and minor phases at this 450 °C due to
the hexagonal CuS structure was transferred to completely
rhombohedral Cu9S5 structure [59, 60]. Upon increasing
the thermal decomposition temperature to 500− 600 °C,
the formation of a new two-structure, hexagonal C3N4,
and cubic Cu2O phases was detected. The appearance
of new diffraction peak at 2θ = 15.91◦ and 35.87◦ can
be assigned to the Miller index of (100) and (101) crys-
tallographic planes of hexagonal C3N4 structure (JCPSD
No. 50-1250) which are corresponding to the typical in-
terplanar structural packing and interlayer stacking struc-
ture of C3N4, respectively [61], according to Y. Hong et
al. reported the ultratthat hin g-C3N4 nanosheets were syn-
thesized by calcination of thiourea at 500 °C [62]. More-
over, new diffraction peaks at 2θ = 36.42◦, 42.30◦, and
61.34◦ can be assigned to the Miller index of (111), (200),
and (220) crystallographic planes of cubic Cu2O phases
(JCPSD No. 05-0667). According to the previous study by
C. M. Simonescu et al., thermal decomposition of CuS can
result in the formation of nonstoichiometric CuxS, accom-
panied by oxidation of sulfur to SO2, which subsequently
reacts with Cu2O and O2 to form cuprous oxides (Cu2O)
and oxysulfates [63]. Therefore, the quaternary heterojunc-
tion CuS/Cu9S5/Cu2O/C3N4 composites were successful
synthesized by thermal decomposition of Cu-thiourea com-
plexes at 500−600 °C for two h under an N2 atmosphere.
The phase and composition of heterojunction multiphase
Cu-based composites were summarized in Table 1.
The morphology of the synthesized heterojunction multi-
phase Cu-based composites was investigated using SEM,
as shown in Fig. 3. It was observed that the morpholo-
gies of CuS/Cu2S phase at 400 and 450 °C (Fig. 3 (a)
and 3 (b)) revealed a mixed agglomerate dispersion of
microparticles islands with particle size of 2− 3 µm sup-
ported on the highly ordered nanoplates with particle size
of 200− 500 nm. The aggolerated microparticles islands
are composed of nanoparticles with an approximate size of
100 nm. When the synthesis temperature was increased
to 500 and 550 °C, the CuS/Cu9S5/Cu2O/C3N4 com-
posite exhibited well-dispersed nanoparticles with a size
of 80 − 100 nm supported on the smaller agglomerated
nanoplates and nanosheets with a size of 0.8 − 1.0 µm.
This mixed morphology of nanoplates and nanosheets
formed a porous hierarchical structure. However, the mor-
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Table 1. Composition and phase percentages of samples synthesized by thermal decomposition method.

Thermal decomposition temperature (°C)
Percentage of phase (%)

CuS Cu9S5 Cu2O C3N4

400 °C 81.63 % 18.37 % - -

450 °C 31.40 % 68.60 % - -

500 °C 47.01 % 19.85 % 13.12 % 20.02 %

550 °C 36.67 % 31.13 % 15.46 % 16.74 %

600 °C 27.51 % 37.41 % 20.27 % 15.93 %

phologies of CuS/Cu9S5/Cu2O/C3N4 sample at 600 °C
(Fig. 3 (e)) show the formation of excellent dispersion
of porous nanoparticles with size of 100 − 200 nm on

the surface of layered microplates with the size range
of 0.5 − 2.0 µm to create the heterojunction quaternary
CuS/Cu9S5/Cu2O/C3N4 composites.

Figure 3. SEM images of as-prepared samples synthesized by thermal decomposition method at (a) 400, (b) 450, (c) 500, (d) 550 and (e) 600 °C for 2 h.
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To further investigate the structure interactions of the sam-
ples prepared by thermal decomposition were observed by
TEM. The morphologies of binary CuS/Cu9S5 composite at
400 °C (Fig. 4 (a)) consist of numerous thin sheet. Fig. 4 (b)
shows a TEM image of the CuS/Cu9S5 sample at 500 °C, re-
vealing stacked nanosheets with an average size of 80−200
nm with spherical nanoparticles attached to their surfaces.
Figs. 4 (c-e) illustrate the TEM images of quaternary
CuS/Cu9S5/Cu2O/C3N4 composites synthesized at 500−
600 °C. They reveal that the morphologies of quaternary het-

erojunction CuS/Cu9S5/Cu2O/C3N4 samples consist of ag-
glomerated nanoparticles supported on the thin nanosheets
to form the heterojunction CuS/Cu9S5/Cu2O/C3N4 com-
posites. By TEM observation, the Cu3N/Cu2O/C3N4/Cu
samples at 500−600 °C display lower agglomerate and size
of nanoparticles and nanosheets than CuS/Cu9S5 samples
at 400−450 °C, leading the higher active surface area and
enhanced the photocatalytic reaction.
Fig. 5 presents the N2 adsorption-desorption isotherms and
the pore size distribution curves of heterojunction multi-

Figure 4. TEM images of as-prepared samples synthesized by thermal decomposition method at (a) 400, (b) 450, (c) 500, (d) 550 and (e) 600 °C for 2 h.
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Figure 5. (a) BET surface area and (b) pore size of as-prepared samples synthesized by thermal decomposition method at 400, 500 and 600 °C for 2 h.

phase Cu-based composites synthesized at 400, 500, and
600 °C. The N2 adsorption–desorption isotherms of all sam-
ples show the hysteresis loop of P/P0 at 0.6−1.0, which is
according to the type IV with H3 hysteresis loop by IUPAC
classification, suggesting the heterojunction multiphase Cu-
based composites at 400, 500, and 600 °C are mesoporous
material [64–66]. The active surface areas of the sample
were calculated using the Brunauer-Emmett-Teller (BET)
method, which were 1.95, 2.55, and 1.79 m2/g at 400, 500,
and 600 °C, respectively. It was observed that the surface
area of heterojunction multiphase Cu-based composites did
not show a significant difference at 400− 600 °C, which
indicates that the photocatalytic performance of heterojunc-
tion multiphase Cu-based composites does not depend on
the active surface area of the sample in this research. The
pore size of samples was calculated on the Barrett-Joyner-
Halenda model, which showed a total pore volume and pore
diameter of samples were 0.0402, 0.0404, and 0.0148 cm3/g
and 82.28, 63.42, and 33.02 nm for multiphase Cu-based
composites at 400, 500, and 600 °C, respectively [64–66].

The elemental composition and chemical states of the
CuS/Cu9S5/Cu2O/C3N4 composite synthesized at 600 °C
were examined using XPS as shown in Fig. 6 The full survey
XPS spectrum at 0−1200 eV of CuS/Cu9S5/Cu2O/C3N4
composite (Fig. 6 (a)) show the binding energies of only Cu,
S, C, N and O core levels, indicating that the presence of Cu,
S, C, N and O elements in sample. Fig. 6 (b) shows the high-
resolution binding energies of Cu 2p core level, which were
deconvoluted into couple binding energies of Cu 2p3/2 and
Cu 2p1/2 core levels at 932.52/952.83, 936.22/956.15, and
934.74/954.27 eV, which correspond to the three Cu species
in CuS, Cu9S5, and Cu2O compounds in the composite. The
two binding energy peaks located at 932.52 eV for Cu 2p3/2
and 952.83 eV for Cu 2p1/2 of Cu 2p core level were as-
signed to Cu2+ species of CuS phase [67–69]. The binding
energies of Cu 2p core level of Cu+ species in Cu9S5 were
detected at 936.22 eV for Cu 2p3/2 and 956.15 eV for Cu
2p1/2, according to the previous reports [70, 71]. However,
the high-resolution energies peaks at 934.74 eV of Cu 2p3/2
and 954.27 eV of Cu 2p1/2 are assigned to the Cu+ ions

Figure 6. XPS spectra of (a) survey, (b) Cu 2p, (c) S 2p, (d) O 1s, (e) C 1s and (f) N 1s of CuS/Cu9S5/Cu2O/C3N4 composite synthesized by thermal
decomposition method at 600 °C for 2 h.
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of Cu2O in CuS/Cu9S5/C3N4/Cu2O composite [72, 73].
Fig. 6 (c) shows the binding energies peaks of S 2p core
level which can be split into four binding energies peaks at
162.33/163.63 eV for S 2p3/2 spin orbits and 168.92/170.12
eV for S 2p1/2 spin orbit. The two symmetrical binding
energies of the S 2p3/2 and S 2p1/2 spin orbits of S2− ions in
CuS were detected at 162.33 and 168.92 eV while the two
symmetrical binding energies of the S 2p3/2 and S 2p1/2

spin orbits of S2− ions in Cu9S5 were detected at 163.33 and
170.12 eV, confirming the formation of CuS and Cu9S5 in
composite [69, 70, 74]. By Gaussian analysis, the binding
energies peaks of O 1s core level (Fig. 6 (d)) were assigned
to Cu-O bonding in Cu2O phase (532.12 eV), the water
absorption on sample surface (533.10 eV) and oxygen func-
tional groups including the -COOH (529.92 eV), (531.32
eV) and C-O-C (534.22 eV) in g-C3N4 [75–78] while the
binding energies peaks of C 1s core level (Fig. 6 (e)) are
identified to the sp2 C-C bonding (285.03 eV), C=N sp2

(286.12 eV), C-N (287.25 eV), C-OH bonding (288.62 eV),
and sp2 N-C=N bonding (289.82 eV) in the triazine units of
g-C3N4, respectively [77–79]. Finally, the tertiary nitrogen
N-(C)3 groups in the C3N4 phase were detected at 399.83
and 400.83 eV as shown in Fig. 6 (f) [79, 80].
Fig. 7 (a) shows the UV-vis DRS spectra of the as-prepared
heterojunction multiphase Cu-based composites at 400−
600 °C. The UV-vis DRS spectra of heterojunction mul-
tiphase Cu-based composites at 400 − 600 °C indicated
excellent absorption in the UV-visible light region, with a
significant enhancement in visible light absorption for the
heterojunction CuS/Cu9S5/Cu2O/C3N4 composites com-
pared to the binary CuS/Cu9S5 phase. This enhancement
is attributed to the formation of Cu2O and C3N4, which
improve photon utilization in the heterojunction system
[56, 77]. The band gap (Eg) of the as-synthesized hetero-
junction multiphase Cu-based composites at 400−600 °C
was determined using the Kubelka-Munk formula, as ex-
pressed in Eq. (2).

αhν = A(hν −Eg)
n/2 (2)

where α is the absorption coefficient, h is Planck’s con-
stant, ν is the optical frequency, A is a proportionality
constant, and n is the transition type of semiconductors
[57, 73, 80]. Fig. 7 (b) shows the Tauc plot of (αhν)2

versus hν of the heterojunction multiphase Cu-based com-
posites at 400 − 600 °C. The calculated band gap en-
ergy of semiconductor photocatalysts decreased signifi-
cantly from 2.03 eV at 400 °C to 1.62 eV at 600 °C.
This reduction in band gap energy is attributed to the
formation of C3N4 and Cu2O in the binary CuS/Cu9S5
phase at high temperature. The band gap energy of qua-
ternary heterojunction CuS/Cu9S5/Cu2O/C3N4 compos-
ites was decreased compared to the binary CuS/Cu9S5
phase, which indicates a better light absorption capabil-
ity, improving the visible-light-driven photocatalytic activ-
ity of heterojunction CuS/Cu9S5/Cu2O/C3N4 composites
[56, 67]. Moreover, the narrow band gap of the hetero-
junction CuS/Cu9S5/Cu2O/C3N4 composites significantly
enhances charge carrier generation and separation efficiency,
further improving photocatalytic activity [81, 82].

3.2 The visible-light-driven photocatalytic activities of
copper-based composites

The photocatalytic performances of the heterojunction mul-
tiphase Cu-based composites were evaluated based on the
MO degradation under visible light irradiation. Fig. 8
shows the UV-visible absorption spectra of MO at dif-
ferent lengths of visible light irradiation time over the
CuS/Cu9S5/Cu2O/C3N4 composite synthesized at 600 °C
for two h. It was observed that the λ max of MO at 464 nm
in the CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C for
two h was decreased with increasing visible light irradiation
time, indicating the degradation of MO molecules during
the photocatalytic reaction [7, 8]. After 150 min, the ab-
sorption intensity of MO approached zero, indicating that
the MO molecules were degraded by active species from
heterojunction CuS/Cu9S5/Cu2O/C3N4 composites under
visible light irradiation. Furthermore, the initial dark yellow
turned colorless after the photocatalytic reaction, further
verifying the effective degradation of MO molecules by the
active species in the CuS/Cu9S5/Cu2O/C3N4 composite
during visible-light-driven photocatalysis.
Fig. 9 (a) exhibits the photodegradation performance of
MO over heterojunction multiphase Cu-based composites
synthesized at 400 − 650 °C under visible light irradia-
tion and MO solution without photocatalyst under visi-
ble light as a reference. The pure MO solution without

Figure 7. (a) DRS spectra and (b) band gaps of as-prepared samples synthesized by thermal decomposition method at 400−600 °C for 2 h.
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Figure 8. UV-Vis spectra of photodegradation of MO over CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C for 2h within different lengths of visible light
irradiation time.

photocatalyst, when irradiated under visible light for 150
min, exhibited minimal photolysis, indicating that MO
molecules are highly stable under visible light irradiation.
The absorption of MO over the heterojunction multiphase
Cu-based composites in the dark for 30 min was mea-
sured as 1.25%, 2.08%, 2.49%, 3.32%, 4.15%, and 4.09%
for 400, 450, 500, 550, 600, and 650 °C, respectively.
Notably, the CuS/Cu9S5/Cu2O/C3N4 composite exhib-
ited higher MO absorption in the dark compared to the
CuS/Cu9S5 composite. This enhancement can be attributed
to C3N4, which carries a positive surface charge, facilitating
electrostatic interactions with anionic MO dye molecules,
thereby increasing the photocatalytic reaction site on the
CuS/Cu9S5/Cu2O/C3N4 surface [75, 81]. Under visible
light irradiation for 150 min, the MO degradation effi-
ciencies of multiphase Cu-based composites were 30.02%,
44.56%, 79.12%, 84.77%, 90.06%, and 77.49% at 400, 450,
500, 550, 600, and 650 °C, respectively. The photocat-
alytic efficiency of multiphase Cu-based composites was

increased from 30.02% at 400 °C to a maximum of 90.06%
at 600 °C. However, the photocatalytic efficiencies of mul-
tiphase Cu-based composites at 650 °C were decreased to
77.49% under visible light irradiation within 150 min. The
photocatalytic performances of the binary CuS/Cu9S5 com-
posite were increased with the coupling phase of C3N4 and
Cu2O, which contributes to improved charge generation and
reduced electron-hole recombination [83, 84]. The presence
of C3N4 (Eg = 2.7 eV) and Cu2O (Eg = 2.17 eV) facilitates
efficient visible light absorption, thereby enhancing the pho-
tocatalytic performance [85]. According to the analytical
results, the CuS/Cu9S5/Cu2O/C3N4 at 600 °C shows su-
perior visible light harvesting and efficient active species
generation for MO degradation. Therefore, the phase com-
position and weight ratio of CuS, Cu9S5, Cu2O, and C3N4
in the composition are key controls in photocatalytic per-
formance. Fig. 10 shows the PL spectra of the multiphase
Cu-based composites using an excitation wavelength of
225 nm. Generally, lower PL intensity in a photocatalyst

Figure 9. (a) Photodegradation efficiencies and (b) kinetic reaction of MO degradation by as-prepared samples synthesized by thermal decomposition
method under visible light irradiation.
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Figure 10. PL spectra of as-prepared samples synthesized by thermal
decomposition method at 400, 500, and 600 °C for 2 h.

correlates with reduced recombination of photogenerated
charge carriers [86, 87]. However, the PL spectrum of
CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C showed the
higher PL emission at 650− 665 nm, suggesting that the
CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C is more ef-
fective separation of the photo-induced charge carrier than
other multiphase Cu-based composites due to the forma-
tion of quaternary heterojunction CuS/Cu9S5/Cu2O/C3N4
composites enables trapping and temporary retention of
photo-induced charge carrier form the different localized
band gap between different phases, thereby enhancing the
photocatalytic performance in quaternary heterojunction
CuS/Cu9S5/Cu2O/C3N4 composites [73, 88]. Previous
studies have shown that ZnO/CuSe exhibits higher PL in-
tensity than pure ZnO or CuSe, as ZnO/CuSe nanocompos-
ites act as multiple electron traps, reducing photo-generated
charge carrier recombination [88]. Among these samples,
the CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C showed
the highest MO degradation performance, which can be
attributed to its smallest crystallite size, highest visible light
harvesting, and efficient electron transfer between the pho-
tocatalyst by formation of quaternary composite [89, 90].
The kinetic reactions of MO photocatalytic degradation
over heterojunction multiphase Cu-based composites at
400−600 °C under visible light irradiation were studied on
the Langmuir-Hinshelwood model [91, 92]. The Langmuir-
Hinshelwood equation, as a pseudo-first-order kinetics, is
usually used to describe the reaction rate by the following
equation (3):

ln(C0/Ct) = kappt (3)

where kapp is the pseudo-first-order rate constant (min−1)
[73, 75, 93]. Fig. 9 (b) shows the linear fitting plots of
ln(Ct/C0) versus irradiation time (t) for MO degradation
across all photocatalysts. The correlation coefficients
(R2) ≥ 0.90, confirming that all kinetic reactions of
photocatalysis were applicable to the pseudo-first-order
Langmuir-Hinshelwood model [90, 94]. The pseudo-first-
order rate constant (k) for MO photodegradation over

heterojunction multiphase Cu-based composites under
visible light irradiation were determined from the linear
slopes and calculated as 2.47 × 10−3, 4.14 × 10−3, 0.0110,
0.0128, 0.0158, and 9.45 × 10−3 min−1 for heterojunction
multiphase Cu-based composites at 400, 450, 500, 550,
600 and 650 °C, respectively [90, 94]. Among these, the
heterostructure CuS/Cu9S5/Cu2O/C3N4 at 600 °C was the
highest pseudo-first-order rate constant (k = 0.0158 min−1),
indicating the most efficient photocatalytic degradation.
This enhancement is attributed to the improved separation
efficiency of photo-generated charge carriers, facilitated
by the formation of heterojunction multiphase Cu-based
composites.
The effect of pH on the photocatalytic degradation of
MO over the CuS/Cu9S5/C3N4/Cu2O composite was
investigated, as shown in Fig. 11. The initial pH of
MO solution over CuS/Cu9S5/C3N4/Cu2O composite
was 7.30 which adjusted to 5.00 and 6.00 using 1 M
HCl and to 8.00 and 9.00 using 1 M NaOH. It was
observed that the photocatalytic efficiency of MO over
CuS/Cu9S5/C3N4/Cu2O composite was decreased in
acidic conditions due to the copper sulfide component
being unstable in acidic conditions, which decomposed into
Cu2+ ions and H2S as products [47, 49]. Conversely, in
alkaline conditions, the photocatalytic efficiency of MO
over CuS/Cu9S5/C3N4/Cu2O composite was decreased
to 67.17% at pH 8 and 18.87% at pH 9 due to the OH−

ions were replaced the absorbed MO molecules as anion
dye on the surface of CuS/Cu9S5/C3N4/Cu2O composite.
Therefore, the maximum MO degradation efficiency was
achieved at neutral pH (7.30), without additional pH ad-
justments. This suggests that the CuS/Cu9S5/C3N4/Cu2O
composite is optimally effective under neutral conditions,
making it more practical for real-world applications.
Table 2 compares the photocatalytic efficiency and kinetic
rate constant of as-prepared CuS/Cu9S5/Cu2O/C3N4
composite with previously reported Cu-based photocata-
lysts [95–100]. The results indicate that the as-prepared
CuS/Cu9S5/Cu2O/C3N4 sample exhibits superior photo-

Figure 11. Effect of pH on photedegradation efficiencies of MO over
CuS/Cu9S5/Cu2O/C3N4 composite under visible light irradiation.
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Table 2. Photocatalytic comparison of as-prepared CuS/Cu9S5/Cu2O/C3N4 sample at 600 °C and previous reports.

Photocatalyst Dye Light
Photocatalytic

degradation (%)

Kinetic rate

constant (min−1)
Reference

C3N4/0.50 wt% CuS MO Visible light 53.9% within 60 min 0.0136 95

Cu2S flakes MO Visible light 90% within 300 min 0.0070 96

Cu9S5 MO

Solar simulator

88% within 180 min 0.0112

97
Methylene blue

(MB)
∼80% within 240 min 0.0090

Cu2S MO 67% within 180 min 0.0067

MB ∼77% within 240 min 0.0062

CuO MO UV light ∼80% within 150 min 0.0099 98

Cu2O MO Visible light ∼96% within 240 min 0.0127 99

SnO2-ZnO-Cu2S thin film MO
UV light

26% within 360 min -
100

MB 42% within 360 min -

CuS/Cu9S5/Cu2O/C3N4 MO Visible light 90.06% within 150 min 0.0158 This work

catalytic performance and a higher kinetic rate constant than
both single-phase and multiphase Cu-based photocatalysts.
This enhancement is attributed to the higher visible light
absorption and efficient charge carrier separation due to
the formation of a quaternary heterojunction structure
[95–100]. According to the Shi et al. reports [101, 102], the
multicomponent photocatalyst showed better photocatalytic
performance than a single photocatalyst, which creates
an internal electric field between the semiconductor
materials with different bandgap energies to accelerate the
effective photo-carrier separation and great redox ability,
enhancing the photocatalytic reaction of S-scheme junction
photocatalyst.
The degradation products of MO after photocatalytic
reaction over CuS/Cu9S5/Cu2O/C3N4 at 600 °C were
analyzed using direct mass spectroscopy in negative ion
mode, as shown in Fig. 12. The mass spectrum of the pure
MO solution shows a peak at m/z = 306, corresponding to
the 304.07 which is corresponding to the sulfonate anion
of methyl orange [103, 104]. However, the intensity of the
m/z = 306 peak gradually decreased over the course of
the photocatalytic reaction from 30 to 90 min, indicating
that the structure of MO was degraded by active species
during the photocatalytic reaction [105–107]. After 150
min of irradiation, it found the small aliphatic chain organic
molecules with m/z at 290.06, 276.04, 265.14, 248.96,
199.00, 172.99, and 154.97, which indicate that the MO
was chromophore cleavage, open ring, which would further
mineralize into CO2, H2O, and non-toxic inorganic ions as
the final products.
The reusable and stability of the CuS/Cu9S5/Cu2O/C3N4
composite at 600 °C were evaluated by monitoring MO
degradation over five cycles under visible light irradiation,
as shown in Fig. 13 (a). The photodegradation efficiency
of MO in the presence of the CuS/Cu9S5/Cu2O/C3N4
composite at 600 °C slightly decreased from 90.02% in
the first cycle to 85.89% in the fifth cycle, demonstrating

high stability and reusability for practical photocatalytic
application [73, 89, 108]. To further assess the structural
stability of the CuS/Cu9S5/Cu2O/C3N4 composite at 600
°C after five photocatalytic cycles, its phase and crytallinity
of reused CuS/Cu9S5/Cu2O/C3N4 composite at 600
°C were characterized by XRD, as shown in Fig. 13 (b).
The XRD pattern of the reused CuS/Cu9S5/Cu2O/C3N4
composite at 600 °C exhibited diffraction peaks similar to
those of the fresh composite at 600 °C, indicating that its

Figure 12. Mass spectra of MO over CuS/Cu9S5/Cu2O/C3N4 composite
at 600 °C for under visible light irradiation at 0, 30, 90 and 150 min.
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Figure 13. (a) The photostability testing and (b) XRD pattern of reused CuS/Cu9S5/Cu2O/C3N4 composite for MO degradation under visible light
irradiation.

phase composition and crystal structure remain unchanged
after five cycles of photocatalytic reaction. The sharp
diffraction peaks in the reused sample confirm that the
CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C retains
high crystallinity, further supporting its long-term stability
in photocatalytic applications. These results indicate
that the CuS/Cu9S5/Cu2O/C3N4 composite at 600 °C
exhibits excellent photocatalytic potential under visible
light irradiation and is a promising candidate for industrial
implementation in both batch and continuous-flow reactor
systems [86, 108].
Additionally, the reactive species involved in
the photocatalytic degradation of MO over the
CuS/Cu9S5/C3N4/Cu2O composite at 600 °C un-
der visible light irradiation were identified through
scavenger testing. Specifically, sodium oxalate (Na2C2O4)
was used as a hole (h+) scavenger, isopropyl alcohol (IPA)
for hydroxyl radicals (•OH) trapping, and benzoquinone
(BQ) for superoxide anions (•O−

2 ) trapping [109, 110].
Fig. 14 presents the photodegradation efficiencies of MO
degradation over CuS/Cu9S5/Cu2O/C3N4 composite
under visible light irradiation, both with and without the
addition of Na2C2O4, IPA, and BQ. Obviously, the pho-

Figure 14. Scavenger test for MO degradation over
CuS/Cu9S5/Cu2O/C3N4 composite under visible light irradiation.

todegradation efficiency of the CuS/Cu9S5/Cu2O/C3N4
composite was significantly restrained to 10.55% in the
presence of BQ, indicating that superoxide anions (•O−

2 )
play a crucial role in MO degradation. In contrast, the
photodegradation efficiency decreased moderately to
50.12% upon the addition of Na2C2O4, suggesting that
holes (h+) also contribute, but to a lesser extent. However,
the addition of IPA had a negligible effect, as the pho-
todegradation efficiency remained at 89.46%, confirming
that hydroxyl radicals (•OH) are not significantly involved
in the degradation process. These results indicate that •O−

2
serve as the primary active species, while holes (h+) act as
secondary contributors in the photocatalytic degradation
of MO by the CuS/Cu9S5/Cu2O/C3N4 composite under
visible light irradiation [108, 111].
Fig. 15 presents a schematic diagram illustrating
the proposed mechanism of visible-light-driven
CuS/Cu9S5/Cu2O/C3N4 photocatalyst. Under light
irradiation, photo-generated electrons and holes are created
in conduction band (CB) and valence band (VB) of Cu2O
(EVB = 1.9 eV and ECB = −0.3 eV [112, 113]), CuS (EVB
= 2.0 eV and ECB = 0.2 eV [114]) and Cu9S5 (EVB =
2.6 eV and ECB = 1.2 eV [115]). The photo-generated
electrons in the CB of Cu2O migrate to the CB of CuS and
Cu9S5, as the CB potential of Cu2O is higher than that
of CuS and Cu9S5. These electrons transfer effectively
suppresses photo-induced charge carrier recombination
within the composite [110, 116]. Subsequently, the photo-
generated electrons in the CB of Cu9S5 are transferred
to C3N4, which acts as an electron acceptor, further
improving photo-induced charge carrier separation and
enhancing the photocatalytic reaction. After that, the
photo-generated electrons in C3N4 were reacted with the
absorbed O2 molecules on the surface of the composite to
generate •O−

2 active species for MO degradation [67, 81].
Simultaneously, the photo-generated holes accumulate in
the VB of Cu2O, as its of VB potential is lower than those
of of CuS and Cu9S5. These holes react with OH−/H2O,
generating hydroxyl radicals (•OH), which further oxidize
MO, ultimately degrading it into CO2 and H2O as a final
product [90, 117, 118]. Thus, the formation of a quaternary
heterojunction CuS/Cu9S5/Cu2O/C3N4 composite signifi-

2252-0236[https://doi.org/10.57647/j.ijc.2025.1503.28]

https://doi.org/10.57647/j.ijc.2025.1503.28


Intaphong et al. IJC15 (2025) -152528 13/16

Figure 15. Schematic illustration of photocatalytic reaction of CuS/Cu9S5/Cu2O/C3N4 composite.

cantly enhances photo-induced charge carrier separation
and prolongs the lifetime of photo-induced electrons at the
heterojunction interface, thereby improving photocatalytic
efficiency.

4. Conclusion

In summary, the novel quaternary heterojunction
CuS/Cu9S5/Cu2O/C3N4 composite was successfully
prepared by thermal decomposition of Cu-thiourea
(pentakis(thiourea)dicopper(I)sulfate) compound in N2
atmosphere. The analytic results confirmed the formation of
heterojunction CuS/Cu9S5/Cu2O/C3N4 composite, which
revealed the mixed sheets and spherical particles in shape.
The quaternary heterojunction CuS/Cu9S5/Cu2O/C3N4
composite at 600 °C for 2 h demonstrated the highest MO
degradation under visible light irradiation. Finally, he
CuS/Cu9S5/Cu2O/C3N4 quaternary composite exhibited
excellent photocatalytic performance, with high degrada-
tion efficiency, stability, and reusability under visible light
irradiation.
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