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Abstract: In order to increase the rate of Cu2ZnSnS4 （CZTS） photocatalytic degradation of Rhodamine B （RhB）， 
type-Ⅰ heterojunction of the CZTS/g-C3N4 composite structure was successfully prepared by a hydrothermal method 
in this work. CZTS/g-C3N4 is applied in photocatalytic degradation of the colored dye RhB. The results showed that g-

C3N4 was attached to the surface of flower-like CZTS， and the two formed a type-Ⅰ heterojunction. CZTS acted as 
an electron trap for g-C3N4， which improved the separation efficiency of carriers. The results of photocatalytic 
degradation of RhB showed that CZTS/g-C3N4 composite structure could improve the photocatalytic degradation 
effect of RhB. The best photocatalytic efficiency of RhB was 98.63% within 60 min.
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0 Introduction 

Organic wastewater and harmful waste gas pro‑
duced in industrial production make environmental 
pollution increasingly serious. Environmental pollu‑
tion has posed a significant threat to the progress of 
human society and economic development， and 
solving environmental pollution has become an im ‑
portant issue for society［1-2］.

As a new green environmental protection tech‑
nology， photocatalytic technology is an excellent al‑
ternative for environmental pollution control and 
new energy development. Photocatalytic technology 
uses semiconductor materials as a medium to absorb 
solar energy and then converts it into chemical ener‑
gy， which can promote the decomposition of organ‑
ic pollutants and achieve the purpose of protecting 
the environment［3-4］. Due to their strong physical and 
chemical properties， metal oxide semiconductor ma‑
terials have been used in the field of photocatalysis 
for a long time［5-6］. Among them， TiO2

［7-9］ has at‑

tracted attention due to its easy preparation， good 
economic benefits， and stable properties. In addi‑
tion， some sulfide semiconductor materials［10-12］ also 
have good photocatalytic properties. However， due 
to the wide bandgap of these photocatalytic materi‑
als， the utilization rate of sunlight is too low， which 
affects their application in the field of photocatalysis. 
To improve the utilization rate of sunlight， it is nec‑
essary to find a kind of semiconductor photocatalyst 
with a narrow bandgap and economic and enviro‑
mental benefits.

The multicomponent compounds have a small 
bandgap that can absorb sunlight， especially visible 
light. CZTS is a direct bandgap semiconductor with 
a bandgap of about 1.5 eV［13］. It can absorb visible 
light and even near-infrared light［14］， so it is first 
widely used in the field of solar cells［15］. Besides， 
the chemical properties of CZTS are stable［16］， and 
the four components of CZTS are abundant in na‑
ture， which will not harm the environment［17］. In ad‑
dition， the preparation methods of CZTS are diver‑
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sified and relatively simple［18-19］. The prepared 
CZTS can be used for photocatalytic degradation of 
harmful gases， antibiotics， organic dyes and other 
pollutants， sterilization and disinfection， and hydro‑
gen production from water［20-21］. In recent years， 
CZTS has made some advances in the application of 
photocatalysis. However， CZTS has the drawbacks 
of easy recombination of photogenerated carriers 
and low degradation efficiency.

An efficient approach to minimize carrier re‑
combination is to combine CZTS with other semi‑
conductors. At present， the semiconductors forming 
composite structures with CZTS mainly include 
metal oxide semiconductors （TiO2

［22］ ， SnO2
［23］， 

ZnO［24］， WO3
［25］， CeO2

［26］， Bi2WO6
［27］， ZnFe2O4

［28］） 
and a small amount of sulfide semiconductors 
（CdS［29］， MoS2

［30］）. Due to the unique electronic 
structure of each semiconductor， the composite het‑
erostructures formed by CZTS and different semi‑
conductors are also different， and the photocatalytic 
effect is also different.

g-C3N4 is a type of semiconductor polymer ma‑
terial that has been widely studied in recent years 
due to its graphite-like layered structure， unique 
molecular structure， good stability and conductivi‑
ty［31-33］. In recent years， g-C3N4 has also been wide‑
ly used in the field of photocatalysis. However， as 
a photocatalyst， g-C3N4 has the disadvantages of 
large forbidden band width and easy recombination 
of photogenerated carriers. Among them， com‑
pounding g-C3N4 with other compounds is an effec‑
tive method to improve the photocatalytic efficiency 
of g-C3N4. Experiments have demonstrated that 
both Ag3PO4/P-g-C3N4

［34］ and Ag2S/K-g-C3N4
［35］ 

synthesis can increase the BET surface area， broad‑
en the visible light response region， and have high 
photocatalytic hydrogen production efficiency. In ad‑
dition， composites such as AgNbO3/g-C3N4

［36］ and 
KTa0.75Nb0.25O3 （KTN）/g-C3N4

［37］ display longer 
lifetimes of photoexcited carriers， elevating the 
photocatalytic dehydrogenation performance of g-

C3N4.
From the energy band structure point of view， 

the highest electron occupied molecular orbital （HO‑
MO） and lowest electron unoccupied molecular or‑

bital （LUMO） of g-C3N4 are lower and higher than 
the valence band and conduction band of CZTS， re‑
spectively. Therefore， the combination of the two 
forms a type‑Ⅰ heterojunction. Although the type-Ⅰ 
heterojunction has no substantial effect on the sepa‑
ration of photogenerated carriers， the yield of photo‑
generated carriers can be increased and the photocat‑
alytic effect can be enhanced. The application of 
CZTS complexes with g-C3N4 for photocatalysis has 
been reported. The results showed that CZTS/g-

C3N4 has a good photocatalytic degradation effect on 
trichloroethylene［38］. However， the application of 
CZTS/g-C3N4 to photocatalytic organic dyes has 
not been reported yet. The textile printing and dye‑
ing industry has a large amount of sewage dis‑
charge， and the sewage often contains a large num ‑
ber of complex and chemically stable macromolecu‑
lar organic pollutants， including various dyes， addi‑
tives， dyeing auxiliaries and other chemically harm ‑
ful substances. At present， the types of dyes used in 
printing and dyeing have reached tens of thousands， 
and many of them have carcinogenic hazards. RhB is 
one of the dyes that can cause cancer. This poses a 
serious threat to human health. By photocatalytic 
technology， organic dyes can be degraded into CO2 
and H2O， which can reduce the harm to the environ‑
ment and human body. 

In this work， flower-like CZTS and flake g-

C3N4 were combined to form the composite struc‑
ture of CZTS/g-C3N4 by a simple hydrothermal 
method， which sped up the photocatalytic rate. As 
visible light was used as the light source， the photo‑
catalytic degradation effect of CZTS/g-C3N4 com‑
posite structure on RhB in solution was studied. 
The photocatalytic activity free radical capture ex‑
periment was carried out， and the process of photo‑
catalytic degradation of RhB with the CZTS/g-C3N4 
composite structure was explored.

1 Material and Methods 

All chemicals and solvents used in the experi‑
ment were produced by Nanjing Chemical Reagent 
Co.， Ltd. （China）. And they could all be used di‑
rectly.
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1. 1 Preparation of flower‑like CZTS nanoma‑
terials　

The flower-like CZTS nanomaterials were syn‑
thesized by a hydrothermal method. 2 mM Cu（NO3）2∙
3H2O， 1 mM Zn（CH3COO）2 ∙2H2O， 1 mM SnCl2 ∙
3H2O and 4 mM thiourea were successively added 
into a beaker containing distilled water. After the so‑
lution was uniformly stirred， the solution was load‑
ed into a hydrothermal reactor. Placed the reaction 
kettle in a drying oven for heat preservation treat‑
ment. The temperature was set to 200 ℃ and the 
holding time was 24 h. After the reaction， the reac‑
tants were taken out， cleaned and dried to obtain 
CZTS nanomaterials.

1. 2 Preparation of flake g‑C3N4　

First， bulk g-C3N4 was prepared by a sintering 
method. 10 g of melamine was placed in a crucible， 
wrapped with aluminum foil and place in the muffle 
furnace. After the temperature rose to 550 ℃ ， the 
material was kept for 3 h to obtain the yellow bulk 
g-C3N4. Second， g-C3N4 was stripped of concentrat‑
ed sulfuric acid. The bulk g-C3N4 was added and the 
above was perpared into concentrated sulfuric acid 
and stired evenly. It was then slowly poured into 
500 mL of distilled water. The yellow g-C3N4 be‑
came white and was placed for 1 h. The white g-

C3N4 mixed solution was taken out and placed in the 
centrifuge tube， and centrifuged at 2 500 r/min for 
5 min. The upper suspension was detached， then 
centrifuged and washed to neutral at 9 000 r/min. 
The white flake g-C3N4 was produced after drying.

1. 3 Preparation of CZTS/g‑C3N4 composite 
structure　

The CZTS/g-C3N4 was synthesis prepared by 
the hydrothermal method. A certain amount of flake 
g-C3N4 and CZTS were added to 25 mL H2O， 
stirred for 30 min， and then put into the reactor. 
The temperature was set to 200 ℃. After 24 h of in‑
cubation， the samples were taken out and centri‑
fuged to obtain the CZTS/g-C3N4 samples. The 
mass fractions of g-C3N4 in the CZTS/g-C3N4 sam‑
ples were 5%， 10% and 15%， which were denoted 
as CZTS/g-C3N4-1， CZTS/g-C3N4-2 and CZTS/

g-C3N4-3， respectively.

1. 4 Measurements and characterization　

The microscopic morphology of the sample 
was observed by Hitachi S-4800 scanning electron 
microscope （SEM）， and its element composition 
was analyzed by X-ray energy spectrometer （EDS）. 
BrukerD8-Discover X-ray diffractometer was used 
to analyze the crystal structure and phase composi‑
tion of the samples （XRD）. The valence state of el‑
ements in the sample was analyzed by Escalab 250 
Xi X-ray photoelectron spectrometer （XPS）.

1. 5 Photoelectrochemical measurements　

The electrochemical workstation of a three-

electrode system was used to characterize the photo‑
electric chemical properties of the samples. The 
working electrode was prepared by evenly coating 
the sample onto the conductive glass by a spin coat‑
ing method， and then heated at 70 ℃. All measured 
potential values in the experiment were relative satu‑
rated calomel reference electrode potential （relative 
to SCE）. The Pt electrode was used as the auxiliary 
electrode. The main contents of the test included 
photocurrent test， AC impedance test and linear 
sweep voltammetry test. The electrolyte was a 
mixed solution of Na2S and NaOH when the photo‑
current was tested. The working electrode was inter‑
mittently exposed to light. When the AC impedance 
was tested， the test was performed in a dark state， 
and the electrolyte was Na2SO4 solution.

1. 6 Photocatalytic degradation measurements　

In the photocatalytic process， the light source 
was a xenon lamp （150 W， λ > 420 nm）， and 
the prepared CZTS， g-C3N4 and CZTS/g-C3N4 
samples were used as photocatalysts for photocata‑
lytic degradation of RhB. 10 mg·L-1 RhB solution 
was used as degradation substrate， and a 100 mL 
solution was taken for each experiment. Then 
30 mg CZTS， g-C3N4 and CZTS/g-C3N4 samples 
were added. Before the illumination process， the 
sample was darkened to achieve the adsorption-de‑
sorption equilibrium of RhB. After starting the illu‑
mination， a 6 ml solution was taken into the centri‑
fuge tube every 10 min， and the illumination was 
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stopped after some time. Finally， after the solution 
was centrifuged， the concentration change of the 
supernatant was analyzed by a UV-vis spectropho‑
tometer.

The relationship between the concentration of 
RhB solution and its absorbance could be obtained 
by the Lambert-Beer law as

A=lg(I0/I)=lg(1/T)=kcb (1)
where A is the absorbance； the ratio of output light 
intensity I to incident light intensity I0 is defined as 
the transmittance T of the solution to be tested； k 
is the molar absorption coefficient； c the concentra‑
tion of the substance to be measured； and b the 
thickness of the absorption layer. According to 
Eq.（1）， the concentration of the solution could be 
obtained， and according to the Eq.（2）， the degra‑
dation efficiency of RhB could be obtained in a cer‑
tain time D， shown as

D=(c0-ct)/c0×100% (2)
where c0 is the original concentration of the solution 
before illumination and ct the solution concentration 
of RhB at time t after turning on the xenon lamp.

2 Results and Discussion

2. 1 SEM analyses　

The SEM images of g-C3N4 before and after 
peeling and dispersion， CZTS and CZTS/g-C3N4 
composite structures were shown in Fig.1. Figs.1
（a，b） show the microscopic morphology of bulk g-

C3N4 and flake g-C3N4， respectively. It could been 
seen that after the exothermic stripping with con‑
centrated sulfuric acid， the microscopic morpholo‑
gy of g-C3N4 changed from a large block structure 
to a small flaky structure. Fig.1（c） shows the mi‑
croscopic morphology of CZTS prepared at 200 ℃ 
with H2O as a solvent. Figs.1（d— f） show the com‑
posite structure samples of CZTS/g-C3N4-1， 
CZTS/g-C3N4-2 and CZTS/g-C3N4-3， respective‑
ly. The morphology of the composite structure sam ‑
ples showed the form of sheet-like g-C3N4 wrapped 
CZTS. The size of the composite structure samples 
was similar to that of CZTS. However， after fur‑
ther hydrothermal holding at 200 ℃ for 24 h， the 
thickness of CZTS nanosheets increased， and as 

Fig.1　SEM images and EDS of g-C3N4 before and after peeling and dispersion, CZTS and CZTS/g-C3N4
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the content of g-C3N4 in the CZTS/g-C3N4 compos‑
ite structure increased， more and more g-C3N4 
were wrapped around CZTS. The EDS of the 
CZTS/g-C3N4-2 sample was shown in Fig.1（g）. It 
could be seen that the prepared CZTS/g-C3N4 sam‑
ples contained Cu， Zn， Sn， S， N， C elements， 
indicating that the CZTS/g-C3N4 was successfully 
prepared.

2. 2 XRD analysis　

Fig.2 shows the phase structure of g-C3N4， 
CZTS and CZTS/g-C3N4 samples characterized by 
XRD. The main diffraction peaks of bulk g-C3N4 
were matched with the standard card of g-C3N4 
（JCPDS 87-1526）［39］. In the spectrum， the char‑
acteristic diffraction peak of the （100） crystal 
plane corresponded to the 12.90° diffraction peak， 
and the characteristic diffraction peak of the （002） 
crystal plane corresponded to the 27.34° diffraction 
peak. There were no other impurity diffraction 
peaks in the diffraction pattern， which indicated 
that the sample was pure g-C3N4. The flake g-C3N4 
showed （002） crystal plane was at 27.34° ， while 
（100） crystal plane at 12.90° almost disappeared. 
The （002） crystal plane of g-C3N4 at 27.3° corre‑
sponded to the interlayer structure of g-C3N4

［40］. 
The （100） crystal plane of g-C3N4 at 12.90° was 
mainly caused by the orderly arrangement of inter‑
nal condensed melamine units［41-42］. Compared to 
bulk g-C3N4， the diffraction peak at the （002） 
crystal plane of flake g-C3N4 was weakened， and 
the crystallinity decreased， but the position of the 
peak did not change， mainly due to the decrease 
of the stacking degree of g-C3N4 interlayer after ex‑
foliation. Besides， the diffraction peak at the 

（100） crystal plane almost disappeared， leaving 
only one diffraction peak at the （002） crystal 
plane， indicating that the obtained sample was in‑
deed flake g-C3N4

［43］. The prepared CZTS sample 
was the kesterite structure CZTS （JCPDS 26-

0575）［44］. The diffraction peaks of CZTS/g-C3N4 
composite structure samples point to flake g-C3N4 
and the kesterite structure CZTS， confirming the 
successful preparation of CZTS/g-C3N4 composite 
materials. As the content of g-C3N4 in the CZTS/
g-C3N4 samples increased， the diffraction peak in‑
tensity of CZTS in the composite sample de‑
creased， indicating that different g-C3N4 content 
would affect the diffraction peak intensity of 
CZTS/g-C3N4.

2. 3 XPS analysis　

The composite structure of CZTS， g-C3N4， 
and CZTS/g-C3N4-2 were chemically analyzed by 
X-ray photoelectron spectroscopy （XPS） test. The 
results were shown in Fig.3. The binding energies 
of Cu 2p， Zn 3d， and Sn 3d of CZTS/g-C3N4-2 
were slightly reduced compared with those of pure 
CZTS， indicating an increase in electron density. 
Compared with CZTS， there was almost no differ‑
ence in the S 2p binding energy of CZTS/g-C3N4-2. 
The chemical valence state of CZTS/g-C3N4-2 was 
analyzed. It could be seen from the XPS high-reso‑
lution spectrum in Fig.3 that the CZTS/g-C3N4-2 
composite structure contained six elements： Cu， 
Zn， Sn， S， C and N. The two characteristic peaks 
of Cu 2p appeared at 951.2 eV and 931.5 eV， cor‑
responding to Cu 2p1/2 and Cu 2p3/2， respectively. 
The peak spacing of Cu 2p1/2 and Cu 2p3/2 was 
19.7 eV， so the chemist valence state of Cu was 
+1. Fig.3（c） showed the two characteristic peaks 
of Zn 2p. The characteristic peaks appearing at 
1 044.8 eV and 1 021.6 eV corresponded to Zn 
2p1/2 and Zn 2p3/2， respectively. The peak spacing 
of Zn 2p1/2 and Zn 2p3/2 was 23.2 eV， which indi‑
cated the existence of Zn2+ . The two characteristic 
peaks of Sn 3d were shown in Fig.3（d）. The char‑
acteristic peaks at 495.6 eV and 487.3 eV corre‑
sponded to Sn 3d3/2 and Sn 3d5/2， respectively， and 
the peak spacing between the two was 8.3 eV， Fig.2 XRD patterns of g-C3N4, CZTS and CZTS/g-C3N4
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which indicated that the chemical valence of Sn 
was +4. Fig.3（e） showed that the characteristic 
peaks of the S 2p spectrum corresponded to S 2p1/2 
and S 2p3/2 at 162.6 eV and 161.7 eV， indicating 
that the S element existed in a chemical valence 
state of -2［45］. Fig. 3（f） shows the peak separa‑
tion of C 1 s， where the peak at 284.7 eV corre‑
sponded to sp2 hybridization of C-C bond， the peak 
at 286.4 eV corresponded to sp3 hybridization of C-

NH2 bond， and the peak at 288.5 eV corresponded 
to sp2 hybridization of N-C=N bond［46］. Fig.3（g） 
showed the peak separation results of the N1s 
peak. The peak at 398.8 eV corresponded to the 
sp2 hybridization of the C-N=C bond， the peak at 
399.4 eV corresponded to the sp3 hybridization of 
N （N-［C］3） bond， and the peak at 200.2 eV cor‑
responded to the N-NHx bond of an amino-function‑
al group［47］.

2. 4 DRS analysis　

The UV-V is diffuse reflectance （DRS） test 
was performed on CZTS/g-C3N4 samples to study 
the optical characteristics of CZTS/g-C3N4. Fig.4 
shows the DRS spectra and （αhν）2-hv curves of 
CZTS， g-C3N4 and CZTS/g-C3N4. Fig.4（a） shows 
that the absorption edge of g-C3N4 was approximate‑
ly between 400 nm and 450 nm. The light absorp‑
tion edge of the CZTS/g-C3N4 composite structure 

samples were red-shifted relative to g-C3N4， which 
showed that the visible light absorption capacity has 
been enhanced. The band gaps of CZTS， g-C3N4 
and CZTS/g-C3N4 were calculated by the Kubelka-

Munk equation［48］. The optical band gap of g-C3N4 
was 2.7 eV， and that of CZTS was 1.5 eV by ex‑
trapolation of the linear part in Fig.4（b） to the inter‑
section with the abscissa. The bandgap of CZTS/g-

C3N4 composite structures was 2.15 eV， 2.23 eV 
and 2.37 eV， which were between the bandgap of 
CZTS （1.5 eV） and g-C3N4 （2.7 eV）. The calculat‑
ed positions of LUMO and HOMO of g-C3N4 were 
-1.21 eV and 1.49 eV， respectively. The conduc‑
tion band of CZTS was -0.45 eV， and the valence 
band was 1.05 eV. In combination with the g-C3N4 
and CZTS band positions， the heterojunction type-

Ⅰ was formed.

2. 5 Photoelectrochemical analysis　

As we all know， the photocatalytic effect of a 
semiconductor is related to its ability to separate 
photogenerated electrons and holes. The radius of 
the impedance arc in the Nyquist diagram reflects 
the impedance of the system， and indicates the diffi‑
culty of charge transfer at the system interface［49］. In 
order to analyze the separation and transport ability 
of photogenerated carriers of CZTS， g-C3N4 and 
CZTS/g-C3N4 samples， electrochemical tests were 

Fig.3 High resolution XPS results of the CZTS, g-C3N4 and CZTS/g-C3N4-2
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carried out on different samples. Fig.5（a） reveals 
the i-t curves of g-C3N4， CZTS and CZTS/g-C3N4 
composite structures. After g-C3N4 and CZTS were 
composed， the maximum photocurrent density of 
CZTS/g-C3N4-1 and CZTS/g-C3N4-2 increased sig‑

nificantly. The maximum photocurrent densities of 
CZTS/g-C3N4 with different ratios were different， 
and the highest photocurrent density was CZTS/g-

C3N4-2， which indicated that the ratio could effec‑
tively improve the quantum yield. For the CZTS/g-

C3N4-3 composite structure， although the maximum 
photocurrent density was significantly higher than 
the maximum photocurrent density of g-C3N4， it 
was lower than that of CZTS. It may be that too 
much g-C3N4 was attached to the outside of CZTS 
which affected the optical absorption capacity of 
CZTS， and further affected the carrier generation 
and transfer process of the CZTS/g-C3N4-3. 
Fig.5（b） shows the electrochemical impedance 
spectroscopy （EIS） resulted from CZTS/g-C3N4 
composite structures. The radius of the Nyquist dia‑
gram of the CZTS/g-C3N4-2 composite structure 
was the smallest， indicating that the driving force of 
its interface was the largest.

2. 6 Photocatalytic degradation analysis　

Under visible light irradiation， the photocatalyt‑
ic degradation performance of g-C3N4， CZTS and 
CZTS/g-C3N4 composite structures on RhB was 
studied （Fig. 6）. As seen in Fig. 6， the adsorption 

Fig.5 Photocurrent density and nyquist plots of measured EIS spec‑
tra of g‑C3N4

Fig.4 UV‑vis diffuse reflectance spectra (DRS) and Tauc’s plot 
showing the estimation of band gap of CZTS, g‑C3N4, and 
CZTS/g‑C3N4
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capacity of g-C3N4 for RhB was very limited in the 
dark treatment. When g-C3N4 was combined with 
CZTS， the adsorption capacity of samples for RhB 
increased， indicating that CZTS played a role in the 
composite structures. However， with the increase 
of g-C3N4， the adsorption capacity decreased slight‑
ly， which may be attributed to the increase of g-

C3N4 attached to CZTS. The adsorption of CZTS 
was affected by the addition of water. It was impor‑
tant to note that during the degradation of RhB by 
the CZTS/g-C3N4 composite structure， the maxi‑
mum absorption peak of the solution had a blue shift 
to a large extent， mainly due to the gradual deethyl‑
ation of RhB［50］. The maximum absorption peak in 
Fig.6（c） and Fig.6（d） decreased from 554 nm to 
498 nm， respectively. RhB in the photocatalytic pro‑
cess would gradually deethylate to form intermedi‑
ate products， and the absorption peak would contin‑
ue to blue shift， and 498 nm was the final deethyl‑
ation product of RhB corresponding absorption 
peak. It indicated that when RhB was degraded by 
CZTS/g-C3N4 composite structures， it was not de‑
graded directly， but deethylated， and the process of 
deethylation and degradation at this composite ratio 
was slower. Fig.6（e） clearly showed the deethyl‑
ation process of RhB， and the deethylation and deg‑
radation process were slower at this composite ratio. 
As shown in Fig.6（d）， in the process of illumina‑
tion for 10 min， RhB was rapidly deethylated and 
was degraded by CZTS/g-C3N4 composite struc‑
tures and almost completely degraded within 60 
min. The photocatalytic degradation curve showed 
that the CZTS/g-C3N4 composite structure had a 
good degradation effect on RhB and its intermedi‑
ates.

Fig.7（a） was the degradation efficiency curve 
of RhB under different catalyst conditions. The RhB 
solution without any photocatalyst had almost no 
change in its concentration regardless of whether it 
was during the dark treatment or the light period. 
The solution added with photocatalyst reached the 

Fig.6 Time‑dependent UV‑Vis absorption spectra of RhB solution 
under stimulated Vis irradiation
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adsorption-desorption equilibrium after dark treat‑
ment for 30 min. After 60 min of illumination， the 
degradation rates of RhB in g-C3N4， CZTS， CZTS/
g-C3N4-1， CZTS/g-C3N4-2 and CZTS/g-C3N4-3 
samples were 36.67%， 97.28%， 98.00%， 98.63% 
and 87.00%， respectively. In our previous work， 
CZTS degraded 98.2% of RhB in 90 min， and the 
degradation rate was very slow in the last 30 min. 
Only 0.2% of RhB was degraded， almost reaching 
the degradation saturation. CZTS/g-C3N4 could de‑
grade 98.63% of RhB in 60 min， which could fur‑
ther degrade RhB. Fig. 7（b） shows the photocata‑
lytic kinetic curves of RhB with different CZTS/g-

C3N4 composite structure samples within a certain 
period. It could be seen that the curves were consis‑
tent with the apparent kinetic equation of the first 
order. After fitting， the degradation rate of RhB in 
the CZTS/g-C3N4-2 was 0.057 75 min-1， while the 
degradation rates of g-C3N4 and CZTS were 0.006 3 
and 0.040 41 min-1， respectively. After calcula‑
tion， the degradation rates of CZTS/g-C3N4-2 
were 9.17 and 1.43 times that of g-C3N4 and 
CZTS， respectively. The degradation rate of RhB 
could be accelerated after the combination of g-

C3N4 and CZTS. The cyclic degradation experi‑
ments of the CZTS/g-C3N4-2 were performed to 
characterize the cyclic stability of CZTS/g-C3N4-2. 
The results are shown in Fig.7（c）. After five cy‑
cles， the degradation efficiency of RhB by CZTS/
g-C3N4-2 was reduced by 11.87%， and the photo‑
catalytic activity decreased， probably due to the in‑
complete cleaning of RhB and its intermediate prod‑
ucts during the cleaning process. However， in gen‑
eral， after five photocatalytic degradation cycles， 
the samples remained in good photocatalytic activi‑
ty. The XRD patterns before and after the photocat‑
alytic degradation of RhB by CZTS/g-C3N4-2 were 
shown in Fig.7（d）. After five photocatalytic degra‑
dation cycles， it was found that the position of the 
diffraction peak of the sample did not change except 
that the peak intensity decreased， indicating that 
the phase structure of CZTS/g-C3N4-2 did not 
change.

The general mechanism of photocatalysis is 
that the photocatalyst absorbs light energy to pro‑

duce photogenerated carriers， which directly partici‑
pates in the redox process of photocatalysis， or then 
generates ·O2-， ·OH radicals with solution［51］. In 
order to explore the key role of active substances in 
the photocatalytic process of the CZTS/g-C3N4， 

Fig.7 Photocatalytic performance diagram of CZTS/g‑C3N4 com‑
posite and XRD patterns of CZTS/g‑C3N4‑2 before and after 
five cycles
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photocatalytic activity capture experiments were car‑
ried out， and the possible mechanism of CZTS/g-

C3N4 photocatalytic degradation of RhB was pro‑
posed. Ethylenediaminetetraacetic acid disodium 
（EDTA-2Na）， AgNO3， benzoquinone （BQ）， and 
isopropanol （IPA） were used to capture h+ ， e-， 
·O2- and ·OH in the solution， respectively. Fig.8 
shows the corresponding degradation effects of 
CZTS/g-C3N4-2 on RhB after adding different cap‑
ture agents. The final degradation rate indicated 
that O2- and e- played a major role in the photocata‑
lytic degradation of RhB with the composite struc‑
ture of CZTS/g-C3N4-2. ·OH played a weak role in 
CZTS/g-C3N4-2 photocatalytic degradation of RhB. 
When ·O2- and e- were captured， the degradation 
rate of RhB was significantly reduced and there was 
no blue shift in the maximum absorption peak， 
whereas ·O2- was produced by the reaction of e- 
with O2 in the solution. The decrease of degradation 
rate after e- capture since ·O2- could not be gener‑
ated after e- capture and the photocatalytic reaction 
could not continue. After h+ capture， the degrada‑
tion rate decreased， mainly because part of h+ was 
directly involved in the degradation process. After 
capturing ·OH， the degradation rate was almost 
not proceeded， indicating that ·OH played a weak 
role.

Therefore， based on the above experimental re‑
sults， a possible mechanism of the photocatalytic ef‑
fect of CZTS/g-C3N4 on RhB was proposed， and 
the photocatalytic mechanism was shown in Fig.9. 
In combination with DRS analysis， the LUMO of g-

C3N4 was -1.21 eV and its the HOMO was and 

1.49 eV. The conduction band and valence band of 
CZTS nanomaterials were -0.45 eV and 1.05 eV， 
respectively. The type-Ⅰ heterojunction was there‑
fore formed after the combination of CZTS and g-

C3N4. The photogenerated carriers of g-C3N4 would 
migrate to CZTS under visible light. CZTS could 
be regarded as an electron capture hydrazine， and 
the electrons transferred from g-C3N4 to CZTS were 
captured by CZTS， which prolonged the lifetime of 
photogenerated electrons， thereby improving the 
photocatalytic reaction performance. Similar work 
has been reported in the previous piezocatalysts in‑
cluding CuS/KTN ［52］ and Bi2S3/KTN［53］. Through 
the synergistic effect of the CZTS/g-C3N4 hetero‑
structure， the photogenerated carriers of g-C3N4 
could be effectively separated. Although the final 
photogenerated carriers were concentrated on the 
band structure of CZTS， the yield of photogenerat‑
ed carriers on CZTS increased significantly due to 
the charge transfer between the interfaces. When 
photocatalytic degradation of RhB， the photogene‑
rated electrons were concentrated on the conduction 
band of CZTS， and reacted with dissolved oxygen 
in the solution to generate ·O2- ， which was a 
strong oxidizing substance in the subsequent deethyl‑
ation and photocatalytic process. Meanwhile， the 
photogenerated holes were concentrated on the va‑
lence band of CZTS and directly degraded RhB. Un‑
der this mechanism， the photocatalytic performance 
of CZTS/g-C3N4 was significantly better than that 
of CZTS and g-C3N4.

Fig.8 Radical trapping experiment of CZTS/g‑C3N4‑2

Fig.9 Mechanism of photocatalytic degradation of RhB by type‑Ⅰ
heterojunction of CZTS/g‑C3N4
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3 Conclusions 

The CZTS/g-C3N4 composite structure was 
successfully synthesized using a simple hydrother‑
mal method. SEM images showed that flower-like 
CZTS and flake g-C3N4 were successfully com ‑
bined. CZTS/g-C3N4 composite structure photocat‑
alytically degraded RhB under visible light. After 
60 min of illumination， the degradation efficiency 
of RhB by CZTS/g-C3N4 composite structure could 
reach 98.63%， and the degradation rates were 9.17 
and 1.43 times that of g-C3N4 and CZTS， respec‑
tively. After five degradation cycles， the photocata‑
lytic degradation efficiency of the CZTS/g-C3N4 
composite structure decreased by 11.87%. By car‑
rying out free radical capture experiments on 
CZTS/g-C3N4-2， the mechanism of photocatalytic 
degradation of CZTS/g-C3N4 composite structure 
was proposed. The main role played by CZTS/
g-C3N4 in the photocatalytic degradation of RhB 
was that e- reacted with dissolved oxygen in the so‑
lution to generate ·O2- ， followed by h+ . The com‑
posite structure of CZTS/g-C3N4 was type-Ⅰ het‑
erojunction. Under visible light， the photogenerat‑
ed carriers of g-C3N4 would migrate to the conduc‑
tion band and valence band of CZTS. Through the 
synergistic effect of heterogeneous structures， the 
number of photogenerated carriers on CZTS was in‑
creased， thereby improving the photocatalytic ef‑
fect.
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CZTS/g‑C3N4 Ⅰ型异质结中可见光驱动催化活性的提高

李玉芳 1， 侯张晨， 刘劲松， 施 政， 沈鸿烈
（南京航空航天大学材料科学与技术学院， 江苏省能源转换材料与技术重点实验室， 南京  211106， 中国）

摘要：为了提高 Cu2ZnSnS4 （CZTS） 光催化降解罗丹明 B（RhB）的速率，本文采用水热法成功制备了 CZTS/g‑C3N4

复合结构的Ⅰ型异质结并首次将 CZTS/g‑C3N4 应用于光催化降解有色染料 RhB。结果表明，g‑C3N4 附着在花状

CZTS表面，两者形成Ⅰ型异质结。CZTS作为 g‑C3N4的电子陷阱，提高了载流子的分离效率。光催化降解 RhB的结

果表明，CZTS/g‑C3N4复合结构可以提高 RhB的光催化降解效果。RhB的最佳光催化效率在 60 min内达到 98.63%。

关键词：光催化；热流体；CZTS/g‑C3N4；光生载流子；异质结
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