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ABSTRACT: A simple g-C,N, and CuCl, composite catalyst (CN@CuCl,) was prepared via direct blending-drying
method and compared with ternary heterojunction series catalysts (CN/CuO/Cu,0-x) and g-C,N, disposed by copper
chloride solution (CN/CuCl,). The specific surface area and micropore surface area of g-C,N, were increased after
recombination with copper chloride, and the absorption range and ability of visible light were greatly enhanced, which
showed the best photocatalytic activity. The degradation rate constant of high concentration methylene blue was
about 2.6 times that of g-C,N,, and the degradation rate reached 59% after 180 min of illumination. This enhanced
photocatalytic activity is mainly attributed to the ionic Z-scheme photocatalytic system, which relies on the charge
transport of the electron mediator CuCl, (Cu**/Cu'*) in the redox reaction to promote the photoexcited e~ and h*

separation and migration between g-C;N, and Cu,O.
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INTRODUCTION

At present, with the rapid development of printing
and dyeing industry, the widespread use of dyes brings
about a large number of dye wastewater, which cause
great harm to environment and human health. Photo-
catalysis is considered an ideal method for removing
pollutants from wastewater and environmental reme-
diation. However, the low solar energy utilization and
light quantum conversion efficiency in visible region
restrict the development of this technology [1-3].
The g-C,N,, as a typical polymeric layered semi-
conductor with stable heptazine ring structure has
been investigated because of narrow band gap and
wide absorption threshold, which enables it to absorb
visible light energy in a certain wavelength range
[4-7], is extensively studied in the field of photo-
catalytic hydrogen production [8,9], photocatalytic
CO,, reduction [10,11], and photocatalytic pollutant
degradation [12,13]. However, pure g-C,N, has the
problems of small specific surface area, low quantum
efficiency, and fast recombination of photo-generated
carriers. So, many researchers often regulate the
electronic structure through molecular level modifica-
tion according to its flexible polymer structure. Var-
ious methods were developed to regulate electronic
structure of g-C,N,, which included morphology con-
trol [14], metal-nonmetal doping [15,16], and form-
ing heterojunction with other semiconductors [17, 18].
Doping of metal elements such as Cu into the frame-
work of g-C;N, has been proven to increase visible
light absorption and degradation rate of dye waste-
water [19]. In spite of such advantages, the photocat-
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alytic activity of Cu doped g-C;N,, is inhibited because
of its high recombination rate of photo-generated e~
and h™. Hence, heterojunction forming between g-
C,N, and Cu,O has been investigated to solve the
problem by generating carrier separation and migra-
tion at the heterostructure interface [20-22]. It was
found that the photocatalytic activity was significantly
improved, but the stability needed to be improved.
Among all heterojunction catalytic systems, the
direct Z-scheme photocatalytic system can not only
promote separation of e” and h*, but also preserve
redox ability of its components. The direct Z-scheme
heterojunction materials can be divided into ionic
Z-scheme and solid Z-scheme heterojunction materi-
als. Ionic Z-scheme photocatalytic material is a Z-
scheme photocatalytic system which is studied ear-
lier, and its reaction depends on the redox electron
mediator. The solid Z-scheme photocatalytic mate-
rial contains non-conductive and conductive media,
which is different from that of the ionic photocat-
alytic system on photocatalytic mechanism of the pho-
tocatalytic system. Because of no redox electron
mediator, electrons are directly transmitted through
the interface, which shortens the transmission dis-
tance and improves the photocatalytic efficiency. For
this purpose, g-C;N, heterojunctions have been ex-
plored as possible as solid Z-scheme photocatalyts such
as Ag/AgVO,/carbon-rich g-C,N, [23], AgBr/VO/P-
g-C,N, [24], g-C,N,/AgBr/Ag,PO, [25], and g-
C,;N,/TiO,/Cds [26], which exhibits higher photocat-
alytic degradation efficiency and stability [27-31].
Herein, g-C;N, and CuCl, composite catalyst was
prepared by a simple blending-drying method and


http://dx.doi.org/10.2306/scienceasia1513-1874.2022.146
http://www.scienceasia.org/
www.scienceasia.org

ScienceAsia 49 (2023)

compared with ternary heterojunction series catalysts
of g-C;N,/Cu0/Cu,0-x and g-C;N, disposed by cop-
per chloride solution of g-C;N,/CuCl,. The structure,
morphology, and optical properties of the catalysts
were characterized by a series of analytical methods.
The photocatalytic performances of the catalysts were
evaluated by the efficiency of MB dye solution under
visible light. Then, the possible reaction mechanisms
of improving photocatalytic performance of g-C,N,
and photocatalytic degradation of MB were proposed.

MATERIALS AND METHODS
Chemicals

Dicyandiamide was supplied by Tianjin Fuchen Chem-
ical Reagent Factory, China. CuCl,-2H,0 was pur-
chased from Tianjin Hongyan Chemical Reagent Fac-
tory, China. Methylene blue was from Tianjin Binhai
Kedi Chemical Reagent Co., Ltd., China. All reagents
were of analytical grade and used without further
purification.

Synthesis of graphitic carbon nitride (CN) and
ternary heterojunction catalysts of
g-C,N, /Cu0/Cu,0-x (CN/Cu0/Cu,0-x)

Four grams of dicyandiamide was dissolved in 30 ml of
hot deionized water, and 20 ml of CuCl, solution (0.04,
0.06, 0.08, and 0.10 mol/l, respectively) was slowly
added into the solution under stirring. The mixed
solution was heated, concentrated, and dried at 60 °C.
The resulting residue was ground and put in a covered
semi-closed crucible before placing in a muffle furnace.
The heating rate was 2°C/min, and the temperature
was kept at 550°C for 2 h. After natural cooling, the
product was ground, impregnated with boiling water,
and dispersed by ultrasound. Then, it was filtered,
washed with hot water for three times, dried at 105 °C,
and ground to obtain g-C;N,/CuO/Cu,O-x catalysts
(abbreviated as CN/CuO/Cu,O-x; x refers to the molar
concentration of CuCl, solution in mol/1). If 20 ml
of deionize water was used instead of 20 ml of CuCl,
solution and the other steps were the same as above,
g-C;N, was obtained.

Preparation of g-C,N, and CuCl, composite
catalyst (CN@CuCl,) and g-C,N, disposed by
CuCl,, solution (CN/ CuCl,)

The prepared CN above was dispersed in 20 ml of
0.06 mol/l CuCl, solution. Then, it was boiled, con-
centrated, dried at 105°C, and ground to obtain g-
C,N, and CuCl, composite catalyst. After CN@CuCl,
was impregnated with boiling water and dispersed by
ultrasound, it was filtered, washed with hot water for
three times, dried and ground at 105 °C to obtain the
8-C,N, disposed by CuCl, solution, which was denoted
as CN/CuCl,.
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Characterizations of the photocatalysts

The crystal phases of catalysts were characterized by X-
ray diffractometer (XRD, Shimadzu XRD-7000, Japan)
with Cu K, (A=0.15406 nm, 6°/min from 5° to 80°).
The micromorphology of catalysts was observed by
a field-emission scanning electron microscopy (SEM,
Zeiss Sigma300, Germany) equipped with energy dis-
persive spectroscopy (EDS). The chemical composition
and valence band position of catalysts were measured
by X-ray photoelectron spectroscopy (XPS, Escalab 250
Xi, Thermo Fisher, USA), and C 1s (284.8 eV) was used
as the calibration peak for charge correction. The op-
tical characteristics were carried out by UV-Vis diffuse
reflectance spectrum (UV-Vis DRS, Shimadzu UV-2450,
Japan) with BaSO4 taken as a reference material. The
infrared spectra were recorded using Fourier transform
infrared spectra (FTIR, Bruker Tensor 27, USA) with
wavenumber range of 4000-5000 cm™!. The pore size
distribution and specific surface area were analyzed by
specific surface area and pore size analysis equipment
(BET, Gold APP V-sorb 2800TE China).

Photocatalytic activity measurements

The as-prepared photocatalysts were evaluated via
degradation of MB under visible light irradiation. The
0.1 g of catalyst was distributed to 50 ml of MB
(100 mg/1) solution. The suspension was stirred
vigorously for 1 h at room temperature in the dark.
Subsequently, the degradation reaction was conducted
under the light from a 480 W xenon lamp. The
reaction solution was drawn at regular intervals and
filtered through a 0.45 pm microfiltration membrane.
Finally, the diluted solution was used to determine the
absorbance by UV-vis spectrometer at its characteristic
peak of 664 nm.

RESULTS AND DISCUSSION
Characterizations of the photocatalysts

The XRD patterns of the as-prepared catalysts are
shown in Fig. 1. As depicted in Fig. 1a, pure CN sample
revealed 2 obvious characteristic peaks at 26=13.0°
and 27.3°, corresponding to (100) and (002) crystal
face of g-C;N, [32], respectively, and weak impurity
peaks appear at 20=44.1°, 64.5°, and 77.6° because
of incomplete decomposition and carbonization of di-
cyandiamide. For CN/CuO/Cu,O-x, the intensity of
diffraction peaks for CN was not decreased, whereas
the XRD peaks of copper oxide gradually appeared at
260=35.5°, 38.7°, 38.9°, and 48.6° with the increase
copper chloride added. For CN@CuCl,, directly adding
of copper chloride solution remarkably weakened the
diffraction intensity of CN, and the strong XRD peaks
appeared at 20=16.2°, 22.0°, 28.9°, and 34.0°, which
belong to copper chloride dihydrate (CuCl,-2H,0).
For CN/CuCl,, the intensity of CN diffraction peak did
not change after being disposed by copper chloride
solution, and no obvious phase was observed. Fig. 1b
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Fig. 1 XRD patterns of the as-prepared catalysts.

shows the enlarged view of Fig. 1la at 26=20°~30°.
Among the 3 modification methods of CN, the diffrac-
tion peak of the (002) crystal face for CN/CuO/Cu,0-x
gradually moved to a high angle, which may be caused
by the copper oxide generated by copper chloride
decomposition entering the lattice of CN and changing
the interlayer spacing of the layered structure.

As demonstrated in Fig. S1, all samples showed
similar absorption peaks between 3148 and 3282 cm™*
corresponding to O—H stretching vibration peaks and
N—H stretching vibration peaks. The peaks between
1244 and 1637 cm™' that were 1244, 1317, 1407,
1459, 1571, and 1637 cm™! are C—N and C=N
stretching vibration peaks. The peak at 888 cm™! is
N—H deformation peak, and 806 cm™! corresponds
to the structural characteristic peak of CN heptazine.
The existence of absorption peaks of 806 cm™' and
1244~1637 cm™! proves that all samples have a hep-
tazine phase structure (3-s-triazine ring).

It was observed that CN had an irregular lamellar
morphology, which is formed by the polycondensation
of dicyandiamide (Fig. 2). The CN/CuO/Cu,0-0.10
is composed of stacking blocks of different sizes. In
addition, C, N, O, and Cu are reflected in EDS analysis
and indicate that Cu is uniformly distributed in crystal
structure of CN. The atomic ratio of C/N greatly ex-
ceeded 0.77 of CN, indicating that carbon-rich CN has
been generated in CN/Cu0O/Cu,0-0.10. The C, N, O,
Cl, and Cu in CN@CuCl, were detected, which shows
the presence of copper chloride. After removing copper
chloride by washing with hot water, the CN/CuCl, was
obtained, and the surface became loose and porous.
The atomic ratio of C/N was basically the same as CN.

As demonstrated in Fig. S2 and Table 1, both cata-
lysts presented Type IV isotherms with an average pore
diameter of about 45 and 43 nm, respectively, indicat-
ing that both catalysts are mesoporous materials. The
specific surface areas of CN and CN@CuCl, calculated
by BET method were 4.51 m®/g and 5.73 m®/g respec-
tively, which indicates that after the recombination of
CN and copper chloride, the micropore surface area
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is greatly increased, resulting in a large increase in
specific surface area.

The optical properties of the as-prepared catalysts
were investigated by UV-Vis DRS. As illustrated in
Fig. 3a, pure CN showed a narrow absorption edge at
about 440 nm, whereas the absorption edge moved
slightly to visible region after being modified with
copper chloride solution. Among them, the maximum
absorption edge of CN@CuCl, was about 477 nm,
indicating that the blending-drying of CN and copper
chloride significantly broadens light absorption range.
The E, of catalysts can be calculated according to
Kubelka-Munk equation [33].

ahva(Eg—hv)“/Z

where a, h, v, and E, are absorbance, Planck’s con-
stant, photon frequency, and band gap energy, respec-
tively [34]. The value of n depends on the type of semi-
conductor’s transition characteristic (direct transition
n =1 or indirect transition n = 4).

As shown in Fig. 3b, the E, of CN, CN/CuCl,,
CN/Cu0/Cu,0-0.04, CN/Cu0/Cu,0-0.10, CN/CuO/
Cu,0-0.06, CN/Cu0O/Cu,0-0.08, and CN@CuCl, were
2.68, 2.68, 2.45, 2.43, 2.37, 2.34, and 2.31 eV] re-
spectively, which were calculated from (ahv)"/? via
hv. Among all samples, CN@CuCl, showed wider and
stronger absorption of visible light, which can produce
more e -h* pairs and then improve photocatalytic per-
formance.

As illustrated from XPS survey spectra in Fig. 4a,
3 main elements existing in CN were C, N, and O.
The C and N are component of CN, while O element
is derived from water molecules or oxygen adsorbed
by the sample. In addition, the Cu and Cl element
were obviously detected in CN/CuO/Cu,0-0.10 and
CN@CuCl,, respectively, and a little Cu element also
presented in CN/CuCl,. In the C 1s spectrum of
CN (Fig. 4b), the 2 strong peaks centered in 287.9
and 288.9 eV correspond to C atom (N=C—N) of sp?
hybridization, while another weak peak at 284.8 eV
belongs to the C atom in the graphite-like structure.
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Fig. 2 SEM images of CN, CN/Cu0O/Cu,0-0.10, CN@CuCl,, and CN/CuCl, and EDS corresponding to CN/CuO/Cu,0-0.10
and CN@CucCl,,.

Table 1 Characteristics of CN and CN@CuCl,

Sample Specific surface area (m?/g) dy, Pore volume
Sger” Sext” Smic® (nm) (cm®/g)

CN 4.51 2.89 1.62 45.31 0.06

CN@CuCl, 5.73 1.58 4.15 43.36 0.05

3 Sprr (BET surface area) determined by BET model; ? S,,,, external surface area; and © S,;., micropore surface area, and
d,, calculated by BJH method from desorption branch.

The N 1s binding energies of CN in Fig. 4c were located = amino functional group, respectively. The C 1s and
at 398.4, 399.4, and 404.4 eV and belong to the Natom N 1s binding energy (BE) of CN changed from 0.2 to
in C=N—C bond of sp? hybridization, N—(C), bond of 2.6 eV after copper chloride solution treatment.

3-s-triazine ring and NH,, and NH bond of the terminal From Fig. 4d, the Cu 2p spectrum consisted of
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Fig. 3 UV-Vis DRS spectra (a) and the diagrams of the (ahv)"/? via hv (b) over as-prepared catalysts.
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Fig. 4 XPS spectra of survey (a), C 1s (b), N 1s (c), Cu 2p (d), Cl 2p (e), O 1s (f), and VB (g) of the as-prepared catalysts.
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the strongest Cu 2p;/, peak (932.5~934.9 eV) and
the weaker Cu 2p;, peak (952.2~954.8 eV), and the
existence of shake-up peak indicated the presence of
Cu®" species [35]. There was a small shake-up peak
in the CN/CuCl, spectrum, and Cu 2p;,, peak could
be fitted to 2 peaks belonging to Cu'™ at 932.3 eV
and Cu®" at 934.6 eV, The Cu'"/Cu?* valence ratio of
CN/CuCl,, CN@CuCl,, and CN/Cu0/Cu,0-0.10 were
1.59, 0.93, and 1.72, respectively, indicating that part
of Cu?* is reduced to Cu'* during CN modification by
Cu?t.

The Cl 2p spectrum of CN@CuCl, showed 2 main
peaks, as compared in Fig. 4e. The strong peak located
at a low BE of 198.4 €V is the ionic Cl atom (CI™), while
the weak peak of 200.1 eV belongs to the covalent CI
atom (C—Cl) [36]. As shown from the O 1s spectrum
for CN/Cu0O/Cu,0-0.10 in Fig. 4f, the weak peak with
BE at 529.7 eV is attributed to lattice O atoms, and
the strong peak at 531.6 €V corresponds to O atoms in
hydroxyl or moisture. The XPS analysis results of all
catalysts are summarized in Table S1.

The valence band (VB) energy level position
of CN was 1.59 eV, while the VB energy level
of CN/Cu0O/Cu,0-0.10, CN@CuCl, and CN/CuCl,
moved to the direction of high binding energy, which
were located at 2.02, 2.08, and 2.19 eV, respec-
tively (Fig. 4g). Combined with analysis result of UV-
Vis DRS, the conduction band (CB) energy levels of
CN, CN/CuO/CuZO-O.lo, CN@CuCl,, and CN/CuCl2
were calculated to be the —1.09, —0.41, —0.23, and
—0.49 eV, respectively, as demonstrated in Fig. S3. The
results showed that the method of copper chloride
modification not only changes the energy band width
of CN, but also adjusts its VB and CB energy levels.

The photocatalytic performance of the catalysts
was evaluated by degradation of high concentration
MB under visible light. As shown in Fig. 5, before
the xenon lamp was turned on, the removal rate of
MB by CN adsorption was about 12%, and the ad-
sorption performance became stronger after copper
chloride modification treatment. The photocatalytic
performance of CN modified by copper chloride was
better than CN when xenon lamp was turned on. The
degradation rate of MB by CN@CuCl, reached 59%
after 180 min of illumination. It is now generally
accepted that the degradation kinetic curve follows
the pseudo-first-order kinetic model: —In(C/C,) =
kT. Through fitting calculation, the rate constants
k of CN, CN/CuO/Cu,0-0.04, CN/CuO/Cu,0-0.06,
CN/Cu0/Cu,0-0.08, CN/Cu0/Cu,0-0.10, CN/CuCl,,
and CN@CuCl,, were 0.0016, 0.0019, 0.0017, 0.0019,
0.0014, 0.0017, and 0.0041 min™!, respectively. The
CN@CuCl, showed the maximum rate constant, which
is about 2.6 times that of CN. It is due to ionic Z-
scheme photocatalytic system formed by composition
of CN and copper chloride, which increases the specific
surface area of the catalyst, reduces the energy band
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Fig. 6 Mechanism diagram of CN@CuCl, for MB degrada-
tion.

width, and separates e~ and h* effectively, thereby
improving the quantum efficiency.

On basis of the above analysis, the possible
electron transfer mechanisms of catalysts were an-
alyzed. The ternary heterostructure series catalysts
of CN/Cu0/Cu,0O-x are mainly composed of g-C;N,,
CuO, and Cu, O, which can all be excited to generate e
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and h™ under visible irradiation. The e~ will gather on
CB of the more positive potential CuO semiconductor,
and h' is enriched on VB of the more negative potential
g-C;N,. Thus, e and h* are effectively separated
to improve quantum efficiency. The CN/CuCl, is the
product of Cu?" adsorption and reduction reaction
of g-C;N,. A small amount of Cu,0 was detected
on the surface with the less amount of CuO. Due
to the small amount of loading, the photocatalytic
activity of CN/CuCl, for g-C,N,, is not improved much.
Therefore, we can confirm that CN@CuCl, mainly
consists of g-C,N, and CuCl, and a small amount of
Cu,O. The mechanism diagram of CN@CuCl, for MB
degradation is shown in Fig. 6. The reduction potential
of Cu®*/Cu* is +0.135 V vs. NHE. The VB of Cu,0
is excited by light with the e~ transition to CB; h* in
VB can directly oxidize MB to CO,, H,O, etc., while
e” in CB is caught by Cu?' to generate Cu'" and is
consumed. The VB of g-C;N, is excited by light with
the e~ transition to the CB captured with the adsorbed
0, on the surface to form O;- and then combined
with H* to form HOO- until -OH is formed. O;- and
-OH can oxidize MB, and h*' in VB reacts with Cu'*
to form Cu®". So, it should be an ionic Z-scheme
photocatalytic system, and the reaction depends on the
charge transfer of the redox reaction electron mediator
CuCl, (Cu**/Cu'*). It not only broadens the light
response range and reduces photo-generated e” and h*
recombination, but also maintains the oxidation ability
of Cu,O and reduction ability of g-C,N,.

CONCLUSION

The ternary heterojunction series catalysts of
CN/CuO/Cu,0-x were synthesized in situ with
dicyandiamide and copper chloride by thermal
polymerization method.  The g-C,N, and CuCl,
solution were mixed and dried to obtain ionic Z-
scheme photocatalyst of CN@CuCl, which is mainly
composed of g-C;N,, Cu,O, and CuCl,. Continuous
washing and drying with hot water for many times,
CN/CuCl, could be obtained. After copper chloride
doping modification, the surface morphology of
g-C;N, was changed, and the VB position of the
catalysts was increased, and E, was narrowed. At the
same time, copper oxide produced by copper chloride
decomposition at high temperature was doped into
the lattice gap of g-C,N,, which has a significant
impact on the photocatalytic activity of the catalyst.
The formation of ionic Z-scheme photocatalyst of
CN@CuCl, increased the specific surface area and
micropore volume of g-C,N,. Compared with ternary
heterojunction catalyst of CN/Cu0O/Cu,0-0.10, it can
not only ensure a wide visible light response range,
but also maintain the corresponding oxidation and
reduction capabilities of Cu,O and g-C;N,. It shows
the best photocatalytic performance, and the rate
constants was about 2.6 times that of g-C;N,. The
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degradation rate of high concentration MB reached
59% under 180 min illumination.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasial513-1874.
2022.146.
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Appendix A. Supplementary data
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Table S1 XPS analysis results of as-prepared catalysts.
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Catalysts Surface composition Binding energy (Cu'*/Cu?")

C/N Cu't/Cu®* O,oral/Cu Cl/Cu 2P3/2 2p1/2
CN/CuCl2 0.58 1.59 1.83 0.07 932.3/934.6 952.2/955.1
CN@CucCl, 0.72 0.93 0.34 0.12 932.5/934.9 952.4/954.8
CN/CuO/Cu20—0.10 0.59 1.72 0.39 0.01 932.5/934.1 952.2/954.2
CN 0.49 - - - - -
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