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Abstract

Herein, the Cy/Cd sZn, S (Cyo/CZS) photocatalysts with excellent photocatalytic
performance were prepared using facile one-pot hydrothermal method. The crystal
structure, morphology, photoelectric performance and photocatalytic activity of the
samples were characterized by XRD, XPS, UV-Vis and electrochemistry. The cata-
lytic degradation of pollutants under the irradiation of visible light was simulated
using Rhodamine B (Rh B). The content of Cg, was changed from 0.5 to 5 wt%,
and the optimal value for the photocatalytic activity was determined to be 2 wt%.
The apparent degradation rate and degradation efficiency of Rh B were 0.024 min~!
and 97.5% within 140 min, which is 3.4 times that of pure CZS. C/CZS exhib-
ited excellent catalytic performance, and its photocatalytic activity was sustained
even after three cycles. Moreover, electrochemical test results demonstrated that the
separation and transfer of photocarriers on CZS surface were effectively improved
by Cg, thus enhancing its activity. In this study, we innovatively prepared a novel
photocatalyst by combining fullerenes with sulfide solid solution for the first time,
which has rarely been studied in the past. The synthetic method is simple, efficient
and pollution-free. Subsequently, the catalytic degradation of Rh B experiment con-
firmed that the catalyst has high catalytic efficiency and stability. This experiment
has practical significance not only for the catalytic degradation of Rh B but also for
the application of fullerene in photocatalysis.
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Introduction

Rapid developments in technology have greatly improved people’s lives. How-
ever, environmental pollution has emerged as a serious global concern. For
decades, numerous efforts have been made on environmental remediation [1,
2]. Several solutions have emerged from scientific efforts, among which photo-
catalysis is very simple, cheap, with the ability to use solar energy directly [3].
There are many efficient photocatalysts, among which cadmium sulfide (CdS) is
widely explored with a suitable band gap of 2.45 eV and coincides with the vis-
ible region of sunlight [4-6]. There are two critical disadvantages that limit the
further application of CdS photocatalysts—a high photogenerated electron—hole
pair recombination rate and photocorrosion problem [7-9].

The CdZnS solid solutions consisting of narrow-bandgap CdS and wide-band-
gap ZnS are effective in solving the aforementioned concerns [10, 11]. As a typi-
cal alloy sulfide semiconductor, a CdZnS solid solution photocatalyst reacts to
visible light and have a greater negative conduction band (CB) position and cor-
rected valence band (VB) position [12, 13]. In addition, the ratio of Cd to Zn
regulates the band structure [14, 15]. Tang et al. [16] used cadmium, zinc, and
thiourea as precursors and PVP as a surfactant to obtain CdZnS nanospheres by
a hydrothermal method at 150 °C. Numerous experiments have been conducted
to confirm that when the proportion of Cd and Zn is equal, Cd,sZn;sS shows
the best catalytic performance [17-19]. However, the photocatalytic efficiency
of Zn,Cd,_,S can still be improved. Doping with other substances is generally
considered to be an efficient method to achieve the same outcome [20, 21]. The
heterojunction structure inhibits the photoinduced electron—hole recombination
probability and improves the catalytic efficiency effectively.

Fullerene (Cg;), composed of 60 carbon atoms, is the third allotrope of carbon.
It is a football-like nanomolecule with a 32-hedron structure, 0.7 nm molecu-
lar diameter, and 1 nm van der Waals diameter. Its lowest unoccupied molecu-
lar orbital energy is low, and it can reversibly accept one to six electrons in the
solid and solution [22, 23]. Therefore, Cg, can be used as an electron library for
absorbing and releasing electrons and has a rich chemical reactivity. In addition,
the highly symmetric large mn-conjugated bond system and conical arrangement
of carbon atoms enable Cg, to effectively separate photogenerated charges and
recombine charges relatively slowly during electron transport [24-26]. Hence,
Cy0» as a potential photosensitive material, can be compounded with semiconduc-
tor photocatalytic materials to improve the separation and migration of photogen-
erated charges, thereby enhancing the photocatalytic activity. Using the Bi,WOq
photocatalyst modified by Cg, it was found that the Rhodamine B (Rh B) and
MB dyes have high degradation efficiency under visible light and sunlight and
focus on the synergistic effect [27]. The synthesized complex using a hydrother-
mal method showed a greater degradation efficiency than pure TiO, under vis-
ible light, and studied different photocatalytic mechanisms under different light
sources [28]. Thus, C¢, enhanced Zn—Cd matrix composites have high photocata-
lytic activity and stability, which has a huge market demand.
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Herein, we report a facile one-pot hydrothermal preparation method for a Cgy/
Cd, sZn, sS nanocomposite and study its photocatalytic performance under visible
light irradiation, where the quantity of Cg, varied from 0.5 to 5 wt% (0.5%, 1%, 2%,
and 5%), and the optimal value for photocatalytic activity was proved to be 2 wt%.
This novel C¢,/Cd,sZn, sS nanocomposite exhibits immense potential for environ-
mental modification.

Experimental
Materials

Cd(CH;COO0),.2H,0, Zn(CH;CO0),, CH,N,S, and Cy, were got from Aladdin
Reagent Company (Shanghai, China). Deionized (DI) water used here was obtained
from laboratories.

Preparation of C,,/Cd, sZn, ;S nanocomposites

The first acidizing treatment of Cg, was implemented before synthesizing nanocom-
posites for higher dispersity. First, 100 mg raw Cg, was evenly mixed in 40 mL of
mixed acid (H,SO,:HNO;=3:1) and dispersed for a period of time at room tempera-
ture. It was then placed in a three-necked bottle for stirring and acidification at 60 °C
for 4 h. Finally, it was diluted and washed by DI water several times until the pH was
7. The product was then placed back into the oven for drying, so as to obtain acidi-
fied Cg.

Ceo/Cdy sZn,, 5S nanocomposites were synthesized via the hydrothermal reaction.
Subsequently, 3 mmol of Cd(CH;COO0),2H,0, 3 mmol of Zn(CH;COO),, 7 mmol
of CH,N,S, and Cg, dissolved in 60 mL of deionized water and were vigorously
stirred for 30 min. Then, a homogeneous suspension was created and moved to a
high-temperature and high-pressure reaction kettle and kept at 180 °C for 12 h. The
autoclave was then dropped to indoor temperature. The yellow precipitate was cen-
trifugally many times and then maintained in a 70 °C vacuum oven for 24 h. The
weight percentage of Cg, was set as 0.5%, 1%, 2%, and 5% to explore its effect on
the photocatalytic activity of Cg4y/Cd,sZn, S nanocomposites. The obtained sam-
ples were labelled as 0.5C4/CZS, 1C/CZS, 2C¢,/CZS, and 5C,/CZS.

Characterization

The patterns of X-ray diffraction (XRD) and the UV—Vis absorption spectrum were
obtained by a Palmer naco diffractometer (Empyrean, Netherlands) with Cu K, radi-
ation and a UV-Vis spectrophotometer (Lambda 750S, USA). The Fourier trans-
form infrared (FT-IR) spectra and X-ray photoelectron spectroscopy (XPS) were
measured using a Nexus FT-IR spectrometer, and an ESCALAB 250Xi X-ray photo-
electron spectrometer. The Brunauer—Emmett-Teller (BET) surface area was deter-
mined by a multipoint BET method using adsorption data in the relative pressure (P/
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Py) range of 0.05-0.3. The CHI 660 B electrochemical system (Shanghai, China)
was applied to carry out electrochemical impedance spectroscopy (EIS) and photo-
current measurements with a standard three-electrode cell system.

Photocatalytic degradation of Rh B

Through the Rh B aqueous solution degradation under the irradiation of visible light,
the photocatalytic activities of the Cgy/Cd, sZn, 5S nanocomposites (or Cd, sZn 55
reference) were determined. To be specific, the photocatalyst prepared by 30 mg was
ultrasonic dispersed in 60 mL of Rh B solution (10 mg/L), which was maintained
with a 300 W xenon lamp and a 420 nm cut-off filter offering visible light. The
suspension was magnetized and stirred for 30 min in the dark to obtain the adsorp-
tion—desorption balance, before the lamp was turned on. After a certain period of
irradiation, an appropriate amount of reaction solution was collected, while the pho-
tocatalyst and Rh B solution were separated through vacuum suction filtration. Rh
B solution concentration was measured using with the 554 nm absorbance UV-Vis
spectrometer. The photocatalytic degradation of each sample follows the non-linear
least squares fitting equation:

A=Cxexp(-kxt)+E

A is the amplitude of the process, C is the concentration of reactant after degrada-
tion of Rh B, E is the end point, and k is the degradation rate constant[29].

Results and discussion
XRD characterization

The XRD pattern of the Cy,/CZS nanocomposites with different C¢, composition
ratios were shown in Fig. la. The diffraction peaks at 24.8°, 26.5°, 28.2°, 36.6°,
43.7°, 47.8°, and 52.8° correspond to the (100), (002), (101), (102), (110), (103),
and (201) crystal surfaces of CdsZn, sS. This is consistent with the standard card
(JCPDS No. 49-1302), indicating that the synthesis of hexagonal Cd,, sZn, 5S is suc-
cessful. In addition, the pattern showed no change after the introduction of Cg, indi-
cating that its introduction did not change the crystal structure of CZS. Fig. 1b pre-
sents a partially enlarged view of the XRD patterns from 10° to 22°. The content of
Cyo is low (<1 wt%), and the diffraction peak is not obvious. However, three peaks
at 10.8° (111), 17.7° (200), and 20.8° (311) were obtained with 2 wt% Cg,. It can be
labeled as the cubic phase of Cq, (JCPDS No. 44-0558), confirming that Cy,/CZS
was synthesized.

XPS profiles

X-ray photoelectron spectroscopy profiles were recorded to explore the chemical
properties of Cyi/CZS nanocomposites. XPS measurements were used to research
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Fig.1 a X-ray diffractometer pattern of CZS, 0.5C4,/CZS, 1C¢,/CZS, 2C4/CZS, and 5C¢,/CZS(XRD
condition: Empyrean, 10°-60°, 10°/min) b local X-ray diffractometer pattern of CZS, 0.5C4/CZS, 1C4y/
CZS, 2C¢y/CZS, and 5C/CZS from 10° to 22° (1) Cd,y sZn, 5S; (2) 0.5C4/CZS; (3) 1C¢/CZS; (4) 2Cqyf/
CZS; (5) 5C¢,/CZS

the chemical state of the constituent elements and chemical composition of 2C,/
CZS nanocomposites (Fig. 2). The XPS survey spectrum results demonstrated
that the sample contained C, S, Cd, and Zn (Fig. 2a). The peaks of Cls appeared
at 284.3 eV, 286.0 eV and 289.3 eV, among which the peak at 284.3 eV belongs
to the adventitious carbon and Cg, (Fig. 2b). The peak at 286.0 eV is portioned
to the oxidized C-O, as produced by oxidizing the defective sp’>~ hybridized Cg,
Furthermore, the peak at 289.3 eV was supposed to be caused from carboxyl car-
bon (C=C-0) [30]. Fig. 2c and d show the XPS profiles of the Cd 3d and Zn 2p
orbitals, respectively, with the binding energies of the Cd 3d orbital are at 406.0 eV,
411.3 eV and the Zn 2p at 1021.8 eV, 1044.9 eV, distinctly different from those for
pure ZnS and CdS combination on the corresponding orbit. Therefore, it was con-
cluded that the prepared catalyst was a metal complex sulfide, not pure ZnS and CdS
mixture. Additionally, the interaction between metals caused differences in the bind-
ing energy. As suggested by the S 2p peaks at 161.0 eV and 162.2 eV, the common
form of existing S in Cd,sZn, S is S*~ (Fig. 2e).

UV-Vis diffuse reflectance spectrum

The UV-Vis spectra for different ratios in the C¢/CZS composite were determined
(Fig. 3a). The absorption band edge of CZS is at 490 nm, which is consistent with
its direct bandgap (2.4 eV). Consequently, visible light can be directly used for the
catalytic reaction. Compared with pure CZS, the absorption band edge of each Cgy/
CZS sample shows barely any change, indicating that the carbon atoms in Cy, do not
enter the lattice of CZS and are bonded only by physical adsorption. In addition, the
bandgap width of each C4,/CdS sample as calculated using the Kubelka—Munk [31]
method is almost equal to that of pure CZS (Fig. 3b), indicating that the introduction
of C¢, will not affect the bandgap width of CZS but only slightly enhance the light
absorption ability.
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Fig.2 X-ray photoelectron spectroscopy survey spectrum of 2Cg,/CZS: a survey; b C 1 s; ¢ Cd 3d; d Zn

2p; and e S 2p (XPS condition: ESCALAB 250Xi; the contaminant carbon(C1s=284.6 eV) was chosen
as a reference for calibration of the binding energies)

Photocatalytic activity and stability
The photocatalytic degradation of Rh B under visible light irradiation was explored

and the photocatalytic reaction of the as-obtained samples was determined. Deg-
radation efficiency of the Cgy/CZS photocatalysts with various Cg, mass ratios
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Fig.3 a Ultraviolet visible diffuse reflectance spectra of CZS, 0.5C4/CZS, 1C4y/CZS, 2Cqy/CZS, and
5C4/CZS b band gap width of CZS, 0.5C4/CZS, 1C4,/CZS, 2C¢,/CZS, and 5C4/CZS(UV-Vis diffu-
sion spectroscopy condition: Lambda 750 S, Wavelength range: 200-750 nm, Absorption ratio reference:
BaSO,; Eg calculation formula: [(ohw)'™ =A(hv—Eg)], n=1/2)

were shown in Fig. 4a presents. In the adsorption stage, the decolorization rates of
Cdy 5Zng5S, 0.5C4/CZS, 1C4/CZS, 2C4y/CZS, and 5C,/CZS to Rh B are 15.4%,
17.2%, 23.2%, 24%, and 22%. The adsorption rate of C,/CZS is slightly higher than
that of CZS. This may be because Cq,/CZS has a slightly larger surface area than
CZS. During the photocatalysis, the degradation rates of all C4,/CZS catalysts for
Rh B were much higher compared with pure Cd,sZn sS. Additionally, the photo-
catalytic degradation rate of 2C,/CZS for Rh B was the highest, reaching 97.5%.
In comparison, it was 61% for pure Cd,sZn,sS, 86.3% for 0.5C4,/CZS, 89.5% for
1C¢/CZS, and 93% for 5C4,/CZS. Thus, it can be confirmed that 2 wt% was the
optimum.

The entire photocatalytic degradation process conforms to non-linear least
squares fitting equation [32]. The rate constant (k), standard deviation (c) and
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Fig.4 a Photocatalytic degradation of RhB by CZS, 0.5C¢/CZS, 1Cy/CZS, 2C4y/CZS, and 5Cgy/
CZS. b Recycling experiments of visible-light photocatalytic degradation of RhB over the 2Cqy/
CZS(experimental conditions: [Rh B],=10 mg/L, catalyst dose=30 mg, vsolution=60 mL, 300 W
xenon lamp, A >420 nm, illumination time: 100 min)
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Table 1 The standard

Sampl k (min™! R?
deviation (o) for photocatalytic amp'e (min™) °
degradation RhB with A 0.007 7x10™ 0.9897
correlation coefficient value (R”) ,
and the rate constants by the 0.5C6/CZS 0.016 41x10 0.9951
non-linear least squares fitting 1C4y/CZS 0.018 6.5x107 0.9916
2C¢/CZS 0.024 0.0013 0.9854
5Cq/CZS 0.020 0.002 0.9917

Table 2 Catalytic degradation of Rhodamine B by different catalysts

Photocatalyst Preparation Degradation efficiency k (min~!) References

CdS/g-C3N, Ultrasonic physical mixing 180 min 95% 0.019 [33]

g-C3N,/ZnS/CuS  Ultrasonic ultraviolet light wave 90 min 90% 0.030 [34]
synthesis

BiOBr Hydrothermal method 140 min 76.6% 0.018 [35]

TiO, Hydrothermal method 140 min 80.4% 0.019 [36]

g-C3N,/Zn, sCd, sS Coprecipitation-hydrothermal 120 min 95.5% 0.028 [37]
method

PbMoO, Hydrothermal method 150 min 95% 0.022 [38]

Ceo/Zngy sCdy sS Hydrothermal method 140 min 97.5% 0.024 This work

correlation coefficient value (R?) of CZS, 0.5C4/CZS, 1C/CZS, 2C¢,/CZS, and
5C4y/CZS are shown in Table 1. Obviously, 2Cy,/CZS composite has the high-
est rate constant. The introduction of Cg, increases k. The apparent reaction rate
of 2C4y/CZS photocatalyst was the highest, which is 3.4 times than that of pure
Cd,y sZny sS (0.024 min~! vs. 0.007 min~") (Fig. 4a). It indicated that medicated Cg,
had the ability to efficiently increase the photocatalytic activity of Cd, sZn, S pho-
tocatalysts. Subsequently, the photocatalytic stability of the 2C¢,/CZS photocatalysts
was determined for comparison. The catalytic efficiency of the catalyst toward Rh
B was essentially unchanged after three cycles, suggesting that the catalyst owned a
good cyclic stability (Fig. 4b). In addition, some similar studies on the catalytic deg-
radation of Rh B were sorted out and compared with this study (Table 2).

Mechanisms of the increase of photocatalytic activity and stability

In general, luminous surface absorptivity, surface property, and the efficiency of
photo charge separation are the determining factors for the photocatalytic activ-
ity. Surface properties are usually expressed in terms of specific surface area. The
larger the specific surface area, the better the general catalytic effect. The catalytic
efficiency of pure CZS nanocrystals can be improved via Cg4, decoration. As shown
in Fig. 3a, the absorption of visible light by Cy,/CZS nanocomposites saw a small
increase. The specific surface area of 2C/CZS is only slightly higher than that of
CZS (41.3 m%g vs. 38.4 m?/g) (Fig. 5). The specific surface areas of other samples
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are 38.6 m%/g (0.5C4,/CZS), 39.6 m*/g (1C4,/CZS) and 41.6 m*/g (5C¢,/CZS). Thus,
it can be deduced that the effective charge separation and transfer is the leading fac-
tor for the high activity, and that the other two factors have little effect.

A photocatalytic mechanism for the composite photocatalyst was made out
according to the above experimental results and considering the properties of Cg,.
The VB electrons of CZS semiconductors can be stirred up to the CB after absorb-
ing enough photon energy under visible light irradiation, which makes the VB gen-
erate holes (h™). However, it is inevitable that some photocarriers will recombine
quickly and cannot participate in the catalytic reaction. When Cg is introduced into
the composite system, it can attract photogenerated electrons from the CB of CZS
to migrate to the surface, as the CB position of CZS is more negative than that of
Cgpo [23]. Thus, the separation of photogenerated electrons and holes on the CZS
surface can be effectively enhanced, resulting in more catalytically active species
being involved in the catalytic reaction. Besides, the photogenerated holes in the VB
of CZS transferred to Cg, spontaneously, thus preventing the oxidation of CZS by
holes. In this experiment, when C,/CZS was used for Rh B photocatalytic degrada-
tion, the photogenerated electrons converted the adsorbed O, into O, active spe-
cies, which decomposing Rh B into small molecules. Rh B was also oxidized by
photogenerated holes in the VB of CZS [39]. Hence, the Cg,/CZS composite photo-
catalyst showed excellent photocatalytic activity and stability.

To further verify the mechanism of enhanced photocatalytic activity and stabil-
ity, the transient photocurrent response (i—t test) and EIS profiles of Cd sZn, sS
and 2C4/CZS were recorded. It is known that the photocurrent reflects the sepa-
ration properties of light-generated electrons and holes. When the photocurrent is
high, the separation efficiency would be high. Fig. 6 shows the transient photocur-
rent response of pure CZS and 2C4,/CZS. The photocurrent density of Cd,, sZn 5S
was higher compared to 2C,/CZS, even though the photocurrent of both samples
is relatively stable. This suggests that the photogenerated electron—hole separa-
tion efficiency is higher in C(/CZS, and more electrons and holes will join the
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Fig.6 Transient photocurrent responses of the Cd,sZnsS and 2Cg)/CZS samples (instrument: CHI
660B electrochemical system, test system: standard three-electrode cell system, working electrode: Cgy/
CZS, counter electrode: platinum wire, reference electrode: Ag/AgCl (saturated KCl), electrolyte: 0.1 M
Na,SO,, radiation source: 300 W xenon lamp coupled with a 420 nm cutoff filter)

3.0x10°
= CZS
e 2C/CZS
2.5x10° 4 - =
-
. u °
2.0x10°
| |
_— [ ]
£ n
®
€ 1.5x10°
- ] [
N - °
< Q
1.0x10° =
" e
L)
LK J
5.0x10" - = ©
0‘“ T T T T T
0.0 5.0x10* 1.0x10° 1.5x10% 2.0x10° 2.5x10%
Z'(ohm)

Fig.7 Nyquist plots of the Cd,sZn,sS and 2C4/CZS samples (instrument: CHI 660B electrochemical
system, test system: standard three-electrode cell system, working electrode: Cq/CZS, counter elec-
trode: platinum wire, reference electrode: Ag/AgCl (saturated KCl), electrolyte: 0.1 M Na,SO,, radiation
source: 300 W xenon lamp coupled with a 420 nm cutoff filter)

catalytic reaction, thus improving the catalytic efficiency. Besides, the EIS results
(Fig. 7) also suggested that the C/CZS system performed better interfacial
charge separation and transfer [40]. Accordingly, it was expected that the photo-
catalytic performance of C/CZS was better.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1099-1111 1109

Conclusion

In this study, we synthesized C,y/Cd,sZn,sS nanocomposites by a facile one-
pot hydrothermal preparation method. The degradation efficiency of Rh B was
evaluated under visible light irradiation, and the results showed that the catalytic
efficiency of Cg/CZS was better than that of pure CZS. The optimum content
of C4, was determined to be 2% when the catalytic efficiency was the highest;
the optimal apparent degradation rate of Rh B was 0.024 min~! (degradation effi-
ciency of 97.5%), which is 3.4 times that of the pure CZS reference. Moreover,
the cyclic stability of the composites was excellent, and their photocatalytic activ-
ity was well maintained after three cycles. The photocurrent measurement and
EIS results showed that the introduction of Cg, can efficiently promote the separa-
tion and transfer of photoexcited charge carriers, which in turn can improve the
catalytic efficiency. Herein, we innovatively synthesized a novel photocatalyst by
combining Cg, with sulfide solid solution for the first time, which has rarely been
studied. Subsequently, the catalytic degradation of Rh B experiment suggested
that the catalyst has good catalytic efficiency and stability. This experiment is of
great help to the catalytic degradation of Rh B and the application of fullerenes in
photocatalysis.
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