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A B S T R A C T   

Efficient heterojunction photocatalysts with spatial separation of photogenerated carriers are crucial to photo
catalysis. Herein, the unique carbonized polymer dots/ZnIn2S4 (CPDs/ZIS) Z-scheme heterojunction is designed 
to realize efficient spatial directional separation of photogenerated carriers. The CPDs broaden the light ab
sorption range of ZIS and lengthen the lifetime of photogenerated charges. As the enrichment center of photo
generated electrons and active site of activated oxygen, CPDs generate more superoxide radicals to facilitate 
mineralization of organic pollutants by means of confined catalysis. The Z-scheme migration mechanism of 
photogenerated carriers in the CPDs/ZIS composite preserves the original valence band potential of ZIS and 
retains more holes for oxidation. Compared to the pristine ZIS, the CPDs/ZIS composite delivers enhanced 
photocatalytic performance in pollutant degradation. Electron spin resonance spectroscopy, free radical capture 
experiments, and liquid chromatography/mass spectrometry are performed to elucidate the photocatalytic 
mechanism of CPDs/ZIS.   

1. Introduction 

Energy shortage and environmental pollution are becoming 
increasingly serious in the modern society [1,2] and environmentally 
friendly and economical semiconductor photocatalysis utilizing sunlight 
is one of the preferred solutions [3–5]. Although carbon nitride [6,7], 
metal oxides [8], sulfides [9,10] and bismuth-based oxyhalides [11,12] 
have been proposed as photocatalysts for this purpose, the photo
catalytic conversion efficiency still cannot meet commercial demand 
due to the low solar energy utilization rates, weak redox potentials and 
recombination of photo-generated electron-hole pairs [13–16]. There
fore, new and more efficient materials must be developed [17,18]. 

In photocatalytic systems, heterojunctions are commonly employed 
to improve the separation efficiency of photogenerated carriers [19–21]. 
In particular, Z-scheme heterojunctions not only accelerate spatial sep
aration of photoinduced charges, but also retain the high redox capa
bility of the materials [22,23]. Z-scheme heterojunctions are 

constructed by putting two semiconductors with the appropriate energy 
band structure in close contact to produce an internal electric field. 
Upon light irradiation, photogenerated electrons migrate from the 
conduction band (CB) of the low energy band structure to the valence 
band (VB) of the high energy band structure and recombine with holes 
under the internal electric field. Electrons with the strong reduction 
ability and holes with the strong oxidation ability are retained in the 
conduction and valence bands of two materials, respectively. 

In recent years, transition metal sulfides have aroused interests 
because of the unique optical and electronic characteristics [24,25]. For 
example, ZIS shows good photocatalytic properties because of the large 
specific area, adjustable bandgap, and excellent light absorption 
[26–28]. However, in single ZIS photocatalysts, spontaneous aggrega
tion of ZIS nanosheets decreases the active sites and causes serious 
recombination of photo-excited charges consequently reducing the 
photocatalytic efficiency [29]. ZIS forms heterojunctions with other 
semiconductors such as MoO3 [30], ZnS [31], and BiVO4 [32], which 
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can enhance charge transfer at the interface. Wang et al., have shown 
that the Z-scheme Sv-ZnIn2S4/MoSe2 photocatalyst modulated by an 
internal electric field exhibits good hydrogen evolution [33]. As zero- 
dimension carbon-based nanomaterials, CPDs are widely used in ap
plications such as light conversion, biological imaging, and lumines
cence devices due to the abundant sources, low cost, excellent 
photoelectric properties, and good stability [34–37]. In addition, CPDs 
are excellent electron transporters and acceptors as a result of the con
jugated π structure [38] rendering them useful in photocatalysis. 
Introducing a small amount of CPDs as local active sites into other 
photocatalytic materials can improve light trapping capability, separate 
photogenerated electrons and holes, and improve the photocatalytic 
conversion efficiency. According to the characteristics of ZIS and CPDs, 
the Z-scheme heterojunction comprising CPDs and ZIS is expected to 
have good photocatalytic properties. 

Herein, the flower-like Z-scheme CPDs/ZIS composite with matching 
band structures are designed and fabricated. Electron transfer in the 
CPDs/ZIS system is analyzed by X-ray photoelectron spectroscopy (XPS) 
and electron spin-resonance spectroscopy (ESR) revealing the direct Z- 
scheme mechanism. Introduction of CPDs enhances the light capturing 
capability and more photons participate in the photocatalytic reaction. 
More importantly, CPDs become electron enriched and generate more 
reactive oxygen species ⋅O2

– due to the confinement effects of CPDs and 
enhanced degradation of rhodamine B (RhB) and 2-mercaptobenzothia
zole (MBT) is ascommplished. The mineralization rates of CPDs/ZIS for 
RhB and MBT are 2.1 times and 2.3 times larger than those of pure ZIS. 
The results provide insights into the design and preparation of efficient 
photocatalysts materials for degradation of pollutants. 

2. Experimental section 

2.1. Chemicals and reagents 

Zinc chloride (ZnCl2) and indium chloride tetrahydrate (InCl3·4H2O) 
were purchased from Shanghai Aladdin Biochemical Technology Co., 
Ltd. Thioacetamide (TAA), glycerol, citric acid monohydrate and eth
ylenediamine were received from Sinopharm Chemical Reagent Co., Ltd. 
All the reagents were used without purification and distilled water was 
used to prepare the solutions. 

2.2. Materials synthesis 

Synthesis of CPDs: 5 mmol citric acid was dissolved in 10 ml of 
distilled water and 335 μL of ethylenediamine were added and stirred 
for 30 min. The solution was placed in a 25 ml Teflon-lined autoclave 
and heated to 200 ◦C for 5 h. After cooling to room temperature, the 
solution was poured into a dialysis bag and dialyzed for 24 h to remove 
macromolecular impurities. The dialyzed solution was freeze-dried for 
72 h and the brown solid obtained was CPDs. 

Synthesis of flower-like ZIS: 4 mmol ZnCl2, 10 ml of HCl (pH =
2.5), and 3 ml of glycerol were sonicated in a 50 ml round bottom flask 
to form solution A. 4 mmol InCl3·4H2O and 8 mmol TAA were added to 
10 ml of HCl (pH = 2.5) to form solutions B and solution C, respectively. 

Solutions B and C were added slowly to solution A and stirred for half an 
hour. It was then transferred to oil bath and the reaction proceeded at 80 
◦C for 2 h. The product was washed three times with distilled water and 
ethanol and dried in the vacuum oven at 45 ◦C for 6 h. The sample was 
ZIS. 

Synthesis of CPDs/ZIS composites: Synthesis of the CPDs/ZIS 
composites is illustrated in Fig. 1. 4 mmol ZnCl2, 10 ml of HCl (pH =
2.5), and 3 ml of glycerol were sonicated in a 50 ml round bottom flask 
to form solution A. 4 mmol InCl3·4H2O and 8 mmol TAA were dissolved 
in 10 ml of HCl (pH = 2.5) to form solutions B and solution C, respec
tively. Solutions B and C were added slowly to solution A and stirred. 
8.5 mg, 26.2 mg, 44.5 mg, 63.7 mg and 104.6 mg of CPDs were added to 
the solution, respectively and the following steps are the same as those 
for ZIS. The samples were designated as 1 wt% CPDs/ZIS, 3 wt% CPDs/ 
ZIS, 5 wt% CPDs/ZIS, 7 wt% CPDs/ZIS and 11 wt% CPDs/ZIS, 
respectively. 

2.3. Characterization 

Scanning electron microscopy (SEM, JOEL JSM-7800F), trans
mission electron microscopy (TEM, Fei talos 200x), and high-resolution 
transmission electron microscopy (HR-TEM, Fei talos 200x) were used to 
examine the morphology of the catalysts. X-ray diffraction (XRD) was 
performed on the Shimadzu XRD-6000X-ray diffractometer with Cu Kα 
irradiation. Raman scattering spectra were obtained on the Raman 
spectroscope (DXR, Thermo Fisher) and Fourier transform infrared 
(FTIR) spectra was acquired on the Nicolet iS50 (Thermo Electron 
Corporation). XPS (Thermo ESCALAB 250Xi) was carried out to analyze 
the elemental composition and chemical states of the samples. UV–vis 
diffuse reflectance spectra (UV–vis DRS) were obtained on the UV-3600 
Plus spectrophotometer (Shimadzu Corporation, Japan). The in
termediates formed during TC degradation were monitored by LC-MS 
(Thermo, *thermo LXQ LC/MS) in which the mobile phase contained 
30 % methanol and 70 % water. The specific surface area and particle 
size were determined based on the N2 adsorption–desorption isotherms 
using the surface area analyzer (Micromeritics Instrument Corporation, 
USA). The electrochemical impedance spectroscopy (EIS) and Mott- 
Schottky plots were collected from the phosphate buffer solution, 0.1 
M KCl and 5 mM Fe(CN)6

3− /Fe(CN)6
4− , and 0.1 M KCl solution. The 

electrochemical signals were recorded on the CHI 760E electrochemical 
analyzer (Chenhua Instrument Company). 

All the density functional theory (DFT) calculations were carried out 
by the Vienna ab initio simulation package (VASP) with the projector 
augmented wave (PAW) method. The gradient approximation (GGA) 
with Perdew-Burke-Ernzerhof (PBE) functional was applied as the ex
change-correlation functional. The CPDs cluster model, the ZIS layer 
model and CPDs/ZIS model were established with the 15 Å vacuum 
layer. During the optimization and work function calculations, the cut- 
off energy was set as 420 eV. The energy and force convergence 
criteria were set at 1 × 10− 4 eV per atom and − 0.05 eV Å− 1, respec
tively. The K-points of CPDs cluster model was set as 0 × 0 × 0 × 1 while 
the K-points of ZIS layer model and CPDs/ZIS model were set as 3 × 3 ×
1. Finally, the work function results of models were exported by the 

Fig. 1. Schematic illustration of the synthesis of CPDs/ZIS.  
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script Vaspkit. 

2.4. Photocatalytic experiments 

The samples weighing 10 mg were mixed with 100 ml of the RhB 
solution (10 mg/L) and 50 mg of the sample were added to 100 ml of the 
MBT solution (10 mg/L). Circulating water maintained the temperature 
in the degradation reaction at 30 ◦C and an air pump provided ample 
oxygen in the reaction. The Pyrex photocatalytic reactor consisted of a 
420 nm cut-off filter and 250 W Xe lamp to emit visible light. Before light 
irradiation, the suspension was stirred for 0.5 h to achieve adsorption 
and desorption equilibrium between the photocatalysts and pollutant in 
darkness. 4 ml of the suspension were collected every 30 min and 
centrifuged to remove the particles from the suspensions. The absor
bance of the RhB and MBT solutions was measured by UV–vis spectro
photometry at 553 nm and 320 nm. 

3. Results and discussion 

The morphology of ZIS and CPDs/ZIS are examined by SEM and 
TEM. As shown by the SEM image in Fig. 2a, ZIS has a layered petal-like 
spherical structure. The microsphere is about 2 μm in diameter and 
consists of a number of ultra-thin nanosheets (Fig. 2b). This layered 
sheet-like structure facilitates light harvesting on account of multiple 
light scattering between ZIS nanosheets [39]. Furthermore, the nano
sheets expose a larger surface area and provide more active sites so that 
more pollutants can be degraded. The HR-TEM images of ZIS in Fig. 2c 
reveal lattice spacings of 0.32 nm and 0.31 nm corresponding to the 
(102) crystal facets of ZIS. After introduction of CPDs, the 

microstructure of ZIS is almost unchanged (Fig. 2d, e) indicating CPDs 
do not affect the growth of ZIS. Fig. 2f depicts the HR-TEM of CPDs/ZIS. 
In addition to the 0.32 nm lattice spacing assigned to the (102) crystal 
surface of ZIS, the lattice fringe of 0.21 nm is attributed to CPDs. 
Interleaving of the lattice stripes confirms that CPDs are incorporated 
into ZIS. Fig. 2g shows that Zn, In, S, C, N, and O are uniformly 
distributed in CPDs/ZIS. 

The adsorption capacity is assessed according to the nitrogen 
adsorption and desorption isotherms (Fig. S1). The type IV isotherms 
with H3 hysteresis loops indicate the presence of mesopores [40,41] 
consistent with the SEM image of ZIS. Fig. S1b-f show that the specific 
surface area increases initially and then decreases with increasing CPDs 
concentration. Since a larger adsorption area and more surface active 
sites are beneficial to photocatalytic performance, improved photo
catalytic degradation is expected. 

XRD is carried out to determine the crystallographic structure and 
Fig. 3a shows that the XRD pattern of ZIS matches that of the hexagonal 
phase (JCPDS NO. 65-2023) [42]. The main diffraction peaks at 21.4◦, 
27.6◦, 47.2◦, 52.4◦, and 55.6◦ are assigned to the (006), (102), (110), 
(116) and (022) crystal facets of ZIS, respectively. There are no addi
tional impurity peaks corroborating the high purity. The characteristic 
peaks of CPDs are not detected from the CPDs/ZIS composites due to the 
small amounts and weak diffraction intensity of CPDs. However, the 
diffraction peak at 21.4◦ decreases revealing that CPDs impact the 
growth of ZIS. Fig. 3b shows two Raman scattering peaks at about 1354 
and 1580 cm− 1 attributable to the D and G bands of CPDs [43]. The D 
and G bands can also be observed from the 7 wt% CPDs/ZIS composite 
further confirming incorporation of ZIS. The FTIR spectra in Fig. 3c 
show peaks at around 3408 and 1384 cm− 1 corresponding to hydroxyl 

Fig. 2. (a) SEM, (b) TEM and (c) HR-TEM images of ZIS; (d, e) TEM and (f) HR-TEM images of the CPDs/ZIS composites; (g) EDS elemental maps showing Zn, In, S, C, 
N, and O in the CPDs/ZIS microsphere. 
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groups on the CPDs [44]. The peak at 2952 cm− 1 stems from C-H 
stretching of aromatic hydrocarbon [44] that that at 1553 cm− 1 is 
related to –COO- stretching [45,46]. These peaks from CPDs can be 
observed from all the CPDs/ZIS composites verifying that CPDs are 
introduced to ZIS. 

XPS is performed to analyze the surface chemical composition and 
states. The XPS survey spectra show the presence of Zn, In, S, C, N, and O 
in the CPDs/ZIS composites (Fig. 3d). The high-resolution XPS spectrum 
of Zn 2p (Fig. 3e) discloses peaks at 1022.08 eV and 1045.88 eV for Zn 
2p3/2 and Zn 2p1/2 of Zn2+, respectively. The In 3d spectrum exhibits two 
peaks at 445.18 and 452.78 eV due to In 3d5/2 and In 3d3/2, respectively 
(Fig. 3f). The two fitted peaks of S 2p at 161.93 and 163.10 eV in Fig. 3g 
are S 2p3/2 and S 2p1/2.[47,48]. The XPS spectrum of C 1s can be 
deconvoluted into three peaks as shown in Fig. 3h. The peaks at 284.60, 
286.70, and 288.15 eV are assigned to C–C/C––C, C–O and C––O, 
respectively [49] and that at 399.68 eV belongs to N 1s (Fig. 3i). When 
the CPDs/ZIS heterojunction forms, the Zn 2p, In 3d, and S 2p peaks of 
the 7 wt% CPDs/ZIS exhibit negative shifts compared to the pure ZIS, 
indicating electron accumulation in ZIS. On the contrary, the C 1s and N 
1s peaks of 7 wt% CPDs/ZIS show positive shifts compared to CPDs. The 
conduction band minimum of ZIS mainly consists of the In 3d and S 2p 
orbitals and N atoms possess single electrons in CPDs [38]. When CPDs 
and ZIS are in close contact, the single electrons in CPDs migrate to the 

conduction band of ZIS and the interfaces of ZIS and CPDs possess 
positive and negative charges, respectively. Therefore, the internal 
electric field with a direction from CPDs to ZIS forms at the contact. The 
work function is used to analyse the transfer of electrons in the Z-scheme 
heterostructures. The value of work function is the difference between 
the electrostatic potential in vacuum and the Fermi level. As shown in 
the Fig. S2, the work functions of ZIS, CPDs and CPDs/ZIS hetero
junctions are 6.64 eV, 4.82 eV and 6.27 eV, respectively. Obviously, the 
Fermi levels of ZIS is lower than that of CPDs, and the Fermi level of 
CPDs/ZIS composites is between CPDs and ZIS. When ZIS and CPDs are 
in close contact, the electrons in CPDs would be transferred to ZIS to 
balance the Fermi level of composites and the internal electric field with 
the direction from CPDs to ZIS would be created [50]. The calculated 
results are consistent with XPS. 

UV–vis absorption spectra are collected to study the optical proper
ties as shown in Fig. 4a. The absorption edge of ZIS is at approximately 
500 nm. All the CPDs/ZIS composites exhibit better absorption than the 
pristine ZIS. Moreover, the absorption edge of CPDs/ZIS red-shifts with 
increasing amounts of CPDs due to light absorption of CPDs boding well 
for the photocatalytic properties. The bandgap (Eg) of ZIS is calculated 
by: αhν = A (hν - Eg)n/2 and the (αEphoton)1/2 versus Ephoton curve of the 
ZIS monomer is determined by the Tauc approach to be about 2.36 eV 
(Fig. 4b). 

Fig. 3. (a) XRD patterns of ZIS and CPDs/ZIS; (b) Raman scattering spectra of CPDs, ZIS and 7 wt% CPDs/ZIS; (c) FTIR spectra of CPDs, ZIS, and CPDs/ZlS; (d) XPS 
survey spectra of ZIS, 7 wt% CPDs/ZlS, and CPDs; High-resolution XPS spectra of ZIS, CPDs, and 7 wt% CPDs/ZlS: (e) Zn 2p, (f) In 3d, (g) S 2p, (h) C 1s, and (i) N 1s. 
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RhB is a xanthene dye and widely used in the textile, paper, dyeing, 
and leather industry. However, it can harm skin and respiratory tracts 
and is carcinogenic. If industrial wastewater containing large amounts of 
dyes and toxic substances are disposed without proper treatment, 
serious pollution of surface and groundwater can result to threaten 
human health [51]. Herein, RhB is used to assess the photocatalytic 
activity of ZIS and CPDs/ZIS. As shown in Fig. 4c, RhB is hardly 
degraded without the photocatalysts. After irradiation for 3 h, the 
pristine ZIS removes 83 % of RhB and better results are observed from 
the CPDs/ZIS composites. In particular, 7 wt% CPDs/ZIS removes 97 % 
of RhB after illumination for 3 h. The photocatalytic performance im
proves first and then degrades with increasing amounts of CPDs possibly 
because the excess CPDs cover the active sites of ZIS. The degradation 
kinetics exhibits the relationship of -ln (C/C0) = kt (k is the kinetic rate 
constant) (Fig. 4d). The rate constants of all the CPDs/ZIS composites 
are larger than that of ZIS with that of 7 wt% CPDs/ZIS being 2.1 times 
higher than that of ZIS. 

To further explore the degradation process, LC-MS is used to analyze 
the degradation products of RhB. As shown in Fig. S3, many 

intermediates are produced and the possible pathways are deduced. As 
shown in Fig. 4e, RhB molecules adsorb on the photocatalyst via the 
diethylamine group with a positive charge. The C-N bong is attacked by 
⋅O2

– and h+ resulting in breakage to form P2 (m/z = 238) by N-de-eth
ylation and cleavage of C–C band and P3 (m/z = 363) by N-de-ethyl
ation. After successive attack of ⋅O2

– and h+, P2 is converted to P6 (m/z =
181) through de-amination and P3 is further converted to P4 (m/z =
322) and P5 (m/z = 331). The intermediate P7 (m/z = 302) is produced 
due to the de-amination of P4, and P8 (m/z = 244) is generated by de- 
amination and de-carboxylation reactions of P5. Afterwards, P6, P7, 
and P8 decompose into smaller organic molecules such as P9 (m/z =
148), P10 (m/z = 166), and P11 (m/z = 118) via chromophore cleavage 
and ring opening and these smaller molecules are further converted into 
H2O and CO2. 

To evaluate the diversity of the photocatalysts, MBT degradation is 
also performed. As shown in Fig. 5a, after light irradiation for 3 h, only 2 
% MBT is degraded in the absence of photocatalysts, indicating that MBT 
is difficult to degrade naturally. On the other hand, the CPDs/ZIS 
composites show higher photocatalytic activities in MBT removal and 7 

Fig. 4. (a) UV–vis DRS of the photocatalysts, (b) (αEphoton)1/2 vs Ephoton curves of ZIS, (c) Photocatalytic degradation curves, (d) Reaction kinetics in degradation of 
RhB, and (e) Degradation pathways of RhB by 7 wt% CPDs/ZIS. 
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wt% CPDs/ZIS is the best showing that 74 % of MBT is degraded after 
irradiation for 3 h, compared to 45 % for the pristine ZIS under the same 
conditions. The reaction kinetics of MBT degradation shows the 
following relationship: ln(C/C0) = kt (k: the kinetic rate constant) 
(Fig. 5b). The rate constants of MBT, ZIS, 1 wt%, 3 wt%, 5 wt%, 7 wt% 
and 11 wt% CPDs/ZIS are 0.0001 min− 1, 0.0035 min− 1, 0.0046 min− 1, 
0.0061 min− 1, 0.0063 min− 1, 0.0082 min− 1, and 0.0046 min− 1, 
respectively. The rate constants of all the CPDs/ZIS composites are 
larger than that ZIS and that of 7 wt% CPDs/ZIS is 2.3 times larger than 
that of ZIS. 

The intermediates formed during MBT degradation are detected by 
MS (Fig. S4) and the degradation pathway is proposed. As shown in 
Fig. 5c. owing to attack by reactive oxygen species, the C-S bond in MBT 
breaks and is replaced by methyl groups to form the intermediate M2 
(m/z = 149). M2 is converted to M3 (m/z = 135) by demethylation. 
Under continuous attack by reactive oxygen species, the N––C bond of 
M3 breaks and ring opening occurs to form the intermediate M4 (m/z =
139). M5 (m/z = 123) is generated by the de-amino reaction of M4 and 
M5 decomposes to form M6 (m/z = 110) via demethylation. M6 con
tinues to break down into small molecules and eventually is mineralized 
into CO2 and H2O. 

In order to compare the performance of CPDs/ZIS composites with 
that of other photocatalytic materials, carbon nitride (C3N4), zinc oxide 
(ZnO), titanium dioxide (TiO2) and bismuth oxybromide (BiOBr) were 
selected for photocatalytic degradation experiment under the same 
conditions. The results are presented in Fig. S5a. After 3 h of light 
irradiation, ZnO, TiO2 and BiOBr could only degrade about 10 % of RhB. 
Only 35 % of RhB can be removed by C3N4 after 3 h of light irradiation. 
On the contrary, 7 wt% CPDs/ZIS can degrade 97 % of RhB after 3 h of 
light irradiation. Obviously, CPDs/ZIS composites exhibit excellent 
photocatalytic degradation performance. To study whether the perfor
mance of photocatalyst will be affected by acidity or alkalinity, the pH 
values of pollutants were adjusted to be 1, 3, 5, 9, 11, 13 using 1 mol/L 
HCl solution and NaOH solution. As shown in the Fig. S5b, under the 
acidic conditions, the degradation efficiency of RhB has little change. 

However, under the alkaline conditions, the degradation efficiency of 
RhB increased slightly. The possible reason is that alkaline environment 
is conducive to the adsorption of pollutants by materials. More pollut
ants are adsorbed on the surface of the material, which promotes the 
degradation of pollutants. In addition, the effects of other ions on pho
tocatalytic degradation were further studied. NaCl, NaNO3, Na2SO4 and 
Na2CO3 were added into the RhB solution to study the effect of anions on 
the degradation reaction; NaCl, CaCl2, KCl and NH4Cl were added into 
the RhB solution to study the effect of cations on the degradation re
action. As shown in the Fig. S6, when these inorganic salts are added 
into the RhB solution, the degradation efficiency of RhB has no obvious 
change, indicating that the existence of anions and cations in the solu
tion has no influence on the degradation reaction. Therefore, CPDs/ZIS 
composites possess good anti-interference performance. 

EIS is carried out and the photocurrents are measured to analyze 
separation and transfer of carriers [52,53]. Generally, a smaller Nyquist 
plot diameter implies a smaller charge transfer resistance [54,55]. As 
shown in Fig. 6a, the Nyquist diameter of 7 wt% CPDs/ZIS is smaller 
than that of ZIS, indicating that the former has a smaller charge transfer 
resistance. Compared to ZIS, the CPDs/ZIS composites show higher 
photocurrent densities with that of 7 wt% CPDs/ZIS being 3 times higher 
than that of ZIS (Fig. 6b). Hence, a small amount of CPDs in ZIS is suf
ficient to promote separation of photoexcited charges. Recombination of 
photoexcited carriers is investigated by photoluminescence (PL) 
(Fig. 6c). The fluorescence intensity from 7 wt% CPDs/ZIS is obviously 
lower than that from the pristine ZIS, indicating that recombination of 
photoexcited carriers is prevented after introduction of CPDs. The PL 
spectra also suggest high photocatalytic performance of 7 wt% CPDs/ 
ZIS. To demonstrate the stability, cycling experiments are conducted as 
shown in Fig. S7a. After nine cycles, the photocatalytic degradation 
properties of 7 wt% CPDs/ZIS decrease only slightly and Fig. S7b and 
Fig. S7c confirm good structural stability after cycling. 

The active species are detected by ESR and free radicals capturing 
experiments [56]. As shown in Fig. 6d and e, without light irradiation, 
no signals of DMPO-⋅O2

– and DMPO-⋅OH are observed from ZIS and 7 wt 

Fig. 5. (a) Photocatalytic degradation curves and (b) Reaction kinetics in degradation of MBT; (c) Degradation pathways of MBT by 7 wt% CPDs/ZIS.  
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% CPDs/ZIS, indicate that no reactive oxygen species are generated 
without light. Upon light irradiation, both ZIS and 7 wt% CPDs/ZIS 
show the signal of DMPO-⋅O2

–, and that from 7 wt% CPDs/ZIS is obvi
ously stronger than from of ZIS, indicating that more ⋅O2

– is produced by 
7 wt% CPDs/ZIS. However, the peaks of DMPO-⋅OH cannot be observed 
from ZIS and 7 wt% CPDs/ZIS (Fig. 6e) because the VB position of ZIS is 
more negative than that of OH/OH– (2.38 V vs. NHE). Therefore, OH– 

cannot be converted to ⋅OH by holes in the VB of ZIS. Capturing ex
periments are performed to determine the reactive species. Triethanol
amine (TEA), tert-butyl alcohol (TBA), and TEMPO are quenching agents 
for h+, ⋅OH, and ⋅O2

–, respectively. In addition, introducing argon (Ar) 
into the reaction can prevent the generation of oxygen active species. 
The photocatalytic activity of 7 wt% CPDs/ZIS does not change after 
addition of TBA, but that of RhB decreases after adding TEA and TEMPO 
(Fig. 6f), indicating that h+ and ⋅O2

– play important roles in photo
catalytic degradation. The capturing experiments demonstrate that ⋅O2

– 

and h+ are the main active species in 7 wt% CPDs/ZIS for degradation of 
RhB in line with ESRs. 

The band structure of ZIS is investigated by the Mott-Schottky curve 
and XPS valence band spectrum. The Mott-Schottky curve of ZIS is 
displayed in Fig. 6g. Generally, a tangent line is made for the longest 
straight line in the Mott-Schottky curve. If the slope of the tangent line is 
positive, it is an n-type semiconductor. Obviously, ZIS is an n-type 
semiconductor and the flat band potential is − 0.49 V. Previous studies 

have demonstrated the flat band potential of a n-type semiconductor is 
approximately equal to its Fermi level. The XPS valence band is 2.17 eV 
(Fig. 6h) and the VB of ZIS is calculated to be 1.68 V. According to ECB =

EVB - Eg, the CB of ZIS is calculated to be − 0.68 V. The VB and CB of CPDs 
have been reported to be − 0.56 and − 1.23 V, respectively [38]. 

Based on the band structures of ZIS and CPDs, the photocatalytic 
mechanism of CPDs/ZIS is proposed. As shown in Fig. 6i, electrons in the 
VB of both ZIS and CPDs are excited and transition to the CB due to the 
light irradiation. Under the effects of the internal electric field between 
CPDs and ZIS, electrons in the CB of ZIS combine with holes in the VB of 
CPDs through the Z-scheme structure. The holes in the VB of ZIS and 
electrons in the CB of CPDs are retained giving rise to effective separa
tion of photo-induced electron-hole pairs. Since the valence band posi
tion of ZIS is more negative than that of E0 (⋅OH/OH− ) (2.38 eV vs. 
NHE), holes in the valence band of ZIS cannot oxidize OH– to ⋅OH, 
whereas holes can directly oxidize pollutants. The conduction band 
position of CPDs is higher than E0(O2/⋅O2

– = − 0.046 eV vs. NHE). 
Therefore, electrons in the CB of CPDs can reduce O2 and generate more 
reactive oxygen species ⋅O2

–. Under the combined effects of h+ and ⋅O2
–, 

pollutants decompose gradually into H2O and CO2. In this process, CPDs 
play a crucial role in the photocatalytic activity. Owing to the confine
ment effects of CPDs, a large number of electrons accumulate on CPDs to 
become local active sites and generate more ⋅O2

–. In addition, spatial 
separation of electrons and holes allows more holes in the valence band 

Fig. 6. (a) EIS spectra, (b) Photocurrents, and (c) PL spectra of ZIS and 7 wt% CPDs/ZIS; ESR spectra of (d) DMPO-⋅O2
– and (e) DMPO-⋅OH of ZIS and 7 wt% CPDs/ZIS; 

(f) Trapping experiments of active species; (g) Mott-Schottky plots of ZIS; (h) XPS valence-band spectrum of ZIS; (i) Schematic illustration of the mechanism of 7 wt% 
CPDs/ZIS. 
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of ZIS to be retained and more superoxide radicals and holes improve 
photocatalytic degradation. 

4. Conclusion 

Flower-like direct Z-scheme CPDs/ZIS photocatalysts are designed 
and demonstrated. The Z-scheme mechanism exploits directional 
migration of photogenerated charges and more holes in the valence 
band of ZIS are retained to participate in degradation. Because of the 
confinement effects of CPDs, a large number of photogenerated elec
trons accumulate on CPDs and more oxygen is reduced to generate su
peroxide radicals. As a result, the photocatalytic activity of the CPDs/ZIS 
composites is enhanced significantly. In particular, 7 wt% CPDs/ZIS 
delivers the best performance in degradation of RhB and MBT under 
visible light irradiation and the rates are 2.1 times and 2.4 times higher 
than those of pristine ZIS. ESR and radicals trapping experiments show 
that h+ and ⋅O2

– play important roles in the degradation process. The 
photocatalytic mechanism and pathways are analyzed and determined. 
The results reveal directional migration of photogenerated charges in 
the Z-scheme heterojunctions and confinement effects of carbonized 
polymer dots and provide insights into the development cost-effective 
and efficient photocatalysts. 
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Fig. S1 Nitrogen absorption-desorption isotherms of (a) ZIS, (b) 1 wt%, (c) 3 wt%, (d) 5 wt% (e) 

7 wt%, (f) 11 wt% CPDs/ZIS composite materials. 

 

 

 

 

 

 

 

Fig. S2 The calculated work function and corresponding structural model of the (a) ZIS, (b) CPDs 

and (c) CPDs/ZIS heterojunction. 

 

 



 
Fig. S3 LC-MS spectra of RhB and its intermediates that appeared in the photodegradation 

process. 
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Fig. S4 The corresponding MS spectra of MBT and its intermediates. 

 

 

 

 

 

 
Fig. S5 (a) Photocatalytic properties of different photocatalysts for degradation of RhB under 

visible light irradiation, (b) Effects of different pH values on the degradation of RhB. 

 

 

 



 

Fig. S6 Effects of (a) cations and (b) anions on the degradation of RhB. 

 

 

 

 

 

Fig. S7 (a) cycling experiments, (b) XRD patterns and (c) SEM of 7 wt% CPDs/ZIS after 

circulation. 
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