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Semiconductor-mediated photocatalysis is a promising photochemical process for harvesting
inexhaustible solar energy to address the energy crisis and environmental issues. However, the low
solar-light response and poor carrier migration are severe drawbacks that limit its practical application.
Herein, we propose a convenient pathway for improving electron-hole separation and solar energy
utilisation by engineering defective Znln,S4 with doping of carbon dots. The optimum ZnIn,S4/CD200
nanosheet exhibited 100% diclofenac (DCF) degradation within 12 min under visible-light. The estimated
photocatalytic efficiency under natural sunlight was 98.2%. Scavenging experiments and electron spin
resonance (ESR) analysis indicated that the superoxide radical (O, ), photoelectron (e ), hole (h*) and
hydroxyl radical ('OH) were the predominant contributions in the ZnIn,S;/CD200/DCF/visible light
system. Furthermore, ZnIn,S4/CD200 exhibited excellent reusability and stability after 4 times recycling.
The photodegradation routes mainly involved hydroxylation, decarboxylation, C—N bond cleavage,
dechlorination, ring closure, and ring-opening. The ecological risk assessment and total organic carbon
(TOC) tests exhibited desirable toxicity reduction and mineralization results. These observations not only
offer a facile strategy for the construction of defective ZnIn,S,, but also pioneer the direct utilisation of
natural light for highly efficient environmental remediation.
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In recent decades, pharmaceuticals, which have saved countless
lives, have evolved into a new category of environmental
pollutants [1]. Diclofenac (DCF) has been extensively employed
for relieving pain, inflammation, and rheumatism and received
consistent attention [2,3]. However, DCF enters various aqueous
matrixes (such as surface water, groundwater, and even potable
water) due to its recalcitrant chemical structure, and limited
removal efficiency [4,5]. As a result, DCF poses a risk to human
health and aquatic organisms, even at trace levels [6,7]. Therefore,
it is vital that efficient and environmentally benign techniques for
the practical remediation of resident DCF in wastewater.

Many strategies, including advanced oxidation processes [8],
filtration [9], adsorption [10], plasma technique [11] and photo-
catalysis [12], have been developed for DCF removal. Among these
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excellent means, semiconductor-mediated photocatalysis has
been developed as a promising chemical approach that converts
solar energy into chemical energy to resolve the energy shortage
and deteriorative environmental issues [13,14]. Nevertheless, the
practical application of this process is hindered by its low
photocatalytic activity due to the poor light-harvesting response
and slow charge-hole migration [15]. Fortunately, the prosperity of
two-dimensional materials offers new opportunities for the
photocatalytic process. Recently, impressive two-dimensional g-
C3N4/CQDs [3], CdooZng1S/MoS, [2], CQDs/BiOCOOH [4], Ag-BiOI-
rGO [16], have received increasing attention for DCF degradation.
However, the limited photodegradation efficiency could not meet
practical requirements. The direct conversion of natural sunlight
for efficiently degrading DCF has not yet been explored. Therefore,
developing a highly efficient photocatalyst with facile preparation
and rapid carrier migration that directly uses natural light should
receive more attention.

As a ternary metal chalcogenide semiconductor, layered
Znln,S4, which has a desirable bandgap and can adsorb visible
light, has received ongoing attention [17,18]. However, narrow-
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band-gap metal sulfide-photocatalysts are susceptible to photo-
corrosion under solar light illumination, which is ubiquitous in
most semiconductors [19]. Therefore, considerable effort has been
devoted to suppressing the photo-induced instability of semicon-
ductor materials. On one hand, defects engineering presents a
promising platform for improving carrier separation and enhanc-
ing the performance of photocatalysis [20]. For example, the
sulphur vacancy (Vs)-mediated defect behaviour in Znln,S4 can act
as a trap for photo-generated electrons, which would accelerate
the carrier transmission and improve H, production by 11 times
[21]. Similar results were also reported by Du et al. [22], Liet al. [23]
and He et al. [24]. It is thus reasonable to utilize ZnIn,S, with
defects as a photocatalyst matrix. At present, most studies
employed the solvothermal route (temperature of approximately
180°C for 12 or 24 h) to achieve ZnIn,S,; with defects [20-22].
However, information is scarce low-temperature (oil bath 80 °C)
and rapid (2 h) defective ZnIn,S, preparation. On the other hand,
carbon dots (CD), which are quasi-spherical, zero-dimension
nanoparticles (smaller than 10nm), are a new generation of
carbon nanomaterials for photocatalysis with unique physico-
chemical and optical properties [25]. Additionally, CD exhibit
prominent electron migration and reservoir behaviours. Conse-
quently, CD can be embedded in semiconductors to enhance their
photocatalytic efficiency and the utilisation of sunlight, such as
TiO, [7], WO5 [26], ZnFe,04 [27], BIOCOOH [4], BiPO4 [28], UiO-66
[29], Bi:TiO, [30] and CuWO,/CdS [31]. However, few studies have
been conducted on CD implanted with defective ZnIn,S, and their
application for highly-efficient DCF photo-degradation under
visible light and natural sunlight.

In this study, we present a simple strategy for improving carrier
migration and solar energy utilization by engineering ZnIn,S, with
defects and simultaneously incorporating CD. The composites
exhibit excellent photocatalytic performance during the degrada-
tion of DCF under visible light and natural sunlight. This work aims
to (1) develop a defective ZnIn,S, composite via a facile method,
(2) characterize and confirm the physicochemical and optical
properties of photocatalysts, (3) explore the photo-degradation
performance, mechanism, and (4) estimate the stability of the
photocatalyst.

The profile and microstructure of the CD and ZnIn,S4/CD200
were determined by transmission electron microscopy (TEM). The
high-resolution TEM (HRTEM) image of CD exhibits a quasi-
spherical zero-dimensional nanostructure with an interplanar
spacing of 0.219 nm (Fig. 1a and inset), which consistent with the
(100) diffraction facets of graphite [25]. From the scanning electron
microscopy (SEM) pattern in Fig. S1 (Supporting information),
ZnIn;S,4/CD200 exhibited a porous and complicated flake structure.
Furthermore, Fig. 1b shows interconnected geometry with the
nanosheet structure in the low-magnification TEM pattern, which
agrees well with the SEM observations. The HRTEM images show
the interplanar distance in the lattice fringes of the ZnIn,S4/CD200
(0.326 nm) and CD (0.219 nm), corresponding to the (102) facet of
the ZnIn,S4/CD200 and (100) plane of CD (Fig. 1c) [32]. Clear
atomic deficiencies are present on the ZnIn,S4/CD200, and the
irregular lattice fringes in the yellow region and distortion in the
blue range indicate that there are abundant defects in the ZnIn,S,/
CD200 [33]. This result can be further verified by the electron spin
resonance (ESR) analysis (Fig. 1d), demonstrating that the ZnIn,S,/
CD200 contained more defects.

The phase and crystal structure of the parent ZnIn,S4 and its
composites were confirmed by X-ray diffraction (XRD) (Fig. 2a).
The pure ZnIn,S,; exhibited the characteristic bands of the
hexagonal ZnIn,S, phase at 260 =21.2°, 27.5°, 30.4°, 47.5°, 52.4°
and 55.7°, which could be consistent with the crystal faces at (006),
(102),(104),(110), (116) and (202), respectively [22,24]. There were
no conspicuous changes in the diffraction peaks and intensities
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Fig.1. TEM image of CD (a); TEM image (b), HRTEM image (c), and ESR spectra (d) of
ZnIn,S,4/CD200 nanosheet.
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Fig. 2. XRD patterns (a), FT-IR spectra (b), DRS spectra (c) and XPS survey spectra of
prepared samples (d).

after CD introduction, indicating the preservation of the pristine
crystal structure and low CD concentration [28]. The FT-IR
technique was employed to further validate the successful
preparation of the catalysts. As shown in Fig. 2b, the parent
Znln,S, exhibited several adsorption bands at approximately 3370,
1611, and 1414 cm ™!, which could be associated with the hydroxyl
units and absorbed water [20,34,35]. Additionally, the peaks at
1000—-1250 cm™" could be associated with the C—O bond in the
residual solvent [36]. Similar profiles were also present in the serial
Znln,S4/CD nanocomposites, demonstrating that the change in the
chemical structure via CD doping was negligible [3,37]. The specific
surface area of semiconductor catalysts plays an important role in
their application as photocatalysis. Fig. S2 (Supporting informa-
tion) and its inset present typical type-IV curves and the relevant
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pore size distribution, respectively, and suggest the presence of a
mesoporous framework. The parameters of the N, adsorption/
desorption isotherms are listed in Table S1 (Supporting informa-
tion). Defective ZnIn,S4 has a high specific surface area (106.18
m?/g) and large pore volume (0.873 cm?®/g), surpassing those of
most previously reported Znln,S, catalysts [22,34]. The specific
surface area of prepared material is not change much after CD
loading, and they endow near degradation rates. Therefore, it can
be predicted that the specific surface area is not the dominant
factors influencing the photocatalytic performance that are
controlled by doping and electron transfer [29,34]. The optical
properties of the photocatalysts were recorded by UV-vis diffuse
reflectance spectra (DRS). As shown in Fig. 2¢, ZnIn,S, and Znln,S4/
CD200 exhibited similar absorption edges at approximately
534 nm, indicating that the photocatalysts can respond under
visible-light. The absorption intensity of ZnIn,S;/CD200 was
notably enhanced above 500 nm, suggesting the presence of the
defect-state in the band structure [24]. The optical bandgaps can be
determined via (ahv)'/? = A(hv-E,) equation [2].

According to the inset of Fig. 2¢, the bandgaps of ZnIn,S4 and
Znln,S4/CD200 are 2.10 and 2.03 eV, respectively. The Mott-
Schottky (M-S) curve was used to confirm the type of photo-
catalyst. Fig. S3 (Supporting information) exhibits a positive slope
for ZnIn,S4/CD200, which is consistent with n-type semiconduc-
tors [38,39]. The flat-band potential (Ef) of ZnIn,S,;/CD200 is
—0.93eV vs. SCE, and reached —0.69eV vs. normal hydrogen
electrode (NHE). Therefore, the CB of ZnIn,S4/CD200 was —0.99 eV
[38]. X-ray photoelectron spectroscopy (XPS) was employed to
determine the elemental composition, chemical state, and
presence of defects (Fig. 2). As shown in the XPS survey pattern
(Fig. 2d), S, In, and Zn were present. The high-resolution S 2p
spectra of ZnIn,S,4 and ZnIn,S4/CD200 in Fig. S4a (Supporting
information) exhibit two characteristic bands (S 2py,2 and S 2p3/2)
[24]. The negative shifts in the S 2p3;, and S 2pq, peaks for ZnIn,S4/
CD200 (161.49 and 162.69 eV) from those of ZnIn,S4 (161.59 and
162.85 eV) indicate the presence of defects [22]. Similarly, the
Zn 2p binding energies and intensities for ZnIn,S;/CD200
(1044.44 eV, Zn 2pq); and 1021.38 eV, Zn 2p3,,) also exhibit similar
contrasting reductive tendencies compared to those of ZnIn,S4
(1044.51 eV, Zn 2p;;> and 1021.48 eV, Zn 2ps);) [40]. However,
there were no clear changes in the In 3d binding energy for ZnIn,S4
(452.29 eV, In 3ds); and 444.74 eV, In 3ds;;) when CD was present
(452.28 eV, In 3ds, and 444.73eV, In 3ds;). These results
indicated that the deficiency of S atoms resulted in reduced
electron density at the nearby Zn atoms, rather than the nearby In
atoms [21,24], indicating the occurrence of local electron transport.
Further quantitative elemental analysis exhibited different atomic
percentages (Table S2 in Supporting information). Znln,S,
exhibited sulfur-vacancy properties due to the Zn:In:S ratio of
1.02:2:3.42. Following the implantation of CD, the atomic ratio of
Zn further declined, which could be due to the existence of Zn
vacancies. This is consistent with the ESR results.
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Fig. 3. Photocatalytic degradation of DCF under visible light on different
photocatalysts (a). Photocatalytic activity of DCF under visible and natural light (b).
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To estimate the photocatalytic activities of the materials, the
photocatalytic DCF degradation process under visible light and
natural sunlight were performed. Fig. 3a compares the DCF
degradation achieved by the different photocatalysts. The
absence of catalyst did not impact the DCF degradation under
visible light. However, in the presence of parent ZnIn,S4 and its
composites, the photocatalytic performance was greatly en-
hanced. In particular, ZnIn,S4/CD200 achieved optimal activity
and fully removed the DCF within 12 min at a degradation rate of
0.455 min~!, which is 15.7-fold that of ZnIn,S; (Fig. S5 in
Supporting information). Interestingly, the catalytic performance
decreased after doping with a high amount of CD, indicating that
the inner filter effect weakened the acquisition of photons by
Znln,S,4 [25,38]. Furthermore, we found that ZnIn,S4/CD200 can
efficiently catalyse the degradation of DCF under natural sunlight
(Fig. 3b). There was no significant change in the DCF degradation
under natural sunlight when there was no catalyst. However, the
photocatalytic efficiency was estimated to be 98.2% in the
presence of ZnIn,S4/CD200. As stated above, we summarized
DCF degradation performance of previous reports and the
materials in the present study (Table S3 in Supporting informa-
tion). The observations reveal that ZnIn,S4/CD200 is superior to
that of the currently used photocatalysts.

Photo-electrochemical characterisation was employed to ex-
plore the enhanced DCF degradation performance of Znln,S4/
CD200. The steady-state photoluminescence spectra (PL) in
Fig. S6a (Supporting information) indicate evident PL quenching
of ZnIn,S4/CD200 nanosheet, suggesting the suppressed recombi-
nation of electron-hole pair. The time-resolved photoluminescence
(TRPL) spectra confirm the charge-carrier kinetics of ZnIn,S4 and
ZnIn,S,4/CD200 (Fig. S6b in Supporting information). Znln,S,/
CD200 exhibited a shorter average lifetime (1.11 ns) than ZnIn,S,
(1.70ns, Table S4 in Supporting information). The clear PL
quenching and lifetime reduction reveal the efficient electron-
hole migration behavior from ZnIn,S, to CD in ZnIn,S4/CD200
nanosheet [41]. As shown in Fig. S6¢ (Supporting information), the
EIS pattern displays a smaller semicircle for Znln,S,/CD200,
suggesting lower charge migration resistance in this photocatalyst,
which permits the slow recombination of photo-induced electron-
hole pairs. Similarly, the enhanced carrier transfer dynamics of
ZnIn,S4/CD200 were also proposed by the transient photocurrent
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Fig. 4. Photocatalytic degradation of DCF with different scavengers (a), and
corresponding rate constant (b), ESR spectra of DMPO-O, ™ (¢) and DMPO-"OH (d)
signals for ZnIn,S4 and ZnIn,S4/CD200.
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measurements (Fig. S6d in Supporting information). These results
indicate that the rich defects and CD implantation can significantly
facilitate charge migration and the response to solar light.

To elucidate the contribution of reactive species, the trapping
experiments were conducted (Fig. 4a). The photocatalytic efficien-
cy of DCF decreased slightly when isopropyl alcohol (IPA) was
introduced into the photo-reactor, and the degradation rate
decreased from 0.455 to 0.335 min~'. However, the participation
of p-benzoquinone (p-BQ), potassium dichromate (K,Cr,0-), and
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-
2Na) greatly restrained the degradation rate of DCF under visible
light. The rate constants are 32.5-fold, 10.8-fold, and 20.7-fold
lower than those of the scavenger-free, respectively (Fig. 4b). The
results suggest that "OH plays a negligible role, e~ and h* play a
secondary function, and O, is the predominant contributor to the
photodegradation process [2]. DCF degradation process was not
occurred in the oxygen-deficient environment, indicating that O, is
indispensable for the degradation reaction. Moreover, the presence
of 0,"~ and "OH products on ZnIn,S4 and ZnIn,S,/CD200 was also
directly confirmed by the ESR analysis. Figs. 4c and d presents the
0, and "OH generation signals by photocatalysts in the dark and
under visible light (5 and 10 min). No clear O, (1:1:1:1) and ‘OH
(1:2:2:1) signal peaks were observed in the dark, while the signal
intensities markedly enhanced under visible light as the illumina-
tion time increased. Additionally, the signal intensities of O, ~ and
‘OH of ZnIn,S4/CD200 are greater than those of ZnIn,S,. This
indicates that ZnIn,S4 and ZnIn,S4/CD200 can generate O, and
‘OH, and ZnIn,S4/CD200 achieved higher electron-hole separation
and utilisation of sunlight, corresponding to the photocatalysis
results.

A schematic diagram of the proposed mechanism is shown in
Fig. S7 (Supporting information). The ZnIn,S4/CD200 nanosheet
can produce e~ and h* under visible-light. The photo-induced e~ on
the CB of ZnIn,S,; can migrate to the CD due to the electronic
storage characteristics of CD [27]. The energy band structure of
Znln,S4/CD200 exhibited a more negative CB edge than the
potential of 0,/0,"~ (-0.33 eV vs. NHE). Therefore, the transferred
e~ in the CD can cause O, to adsorb onto the surface of ZnIn,S,/
CD200 to generate O, ~ [42]. As shown in the ESR patterns, ‘OH
signal peaks were present, which was attributed to the multi-step
transformation between e~ and O, rather than direct h* oxidation.
This illustrated that O, was a rate-determining step under
trapping experiment of "OH, thus leading to slight decrease of rate
in IPA addition and obvious decline in p-BQ participation.
According to the trapping test, h* and e~ also directly served as
the contribution due to the formation of interstitial energy states,
allowing more photogenerated e~ /h* to participate in the photo-
catalytic process. Moreover, the up-converted PL behaviour of CD
resulted in stronger absorption of sunlight. Therefore, Znln,S4/
CD200 achieved excellent DCF degradation under natural light. In
summary, O, ", "OH, h*, and e~ are synergistically responsible for
the degradation of DCF.

To further explore the degradation mechanism, a series of DCF
by-products and corresponding structures were recorded through
LC-MS analysis (Table S5 in Supporting information). Based on
these proposed intermediates, there were three possible degrada-
tion pathways of DCF by ZnIn,S,4/CD200 under visible light, namely
pathways A, B, and C (Fig. S8 in Supporting information). The m/z
fragment of the intermediates increased in the first 6 min, then
decreased as the irradiation time continued. This can be attributed
to two reasons. The low-electron-density C-15 atoms in DCF could
be preferentially attacked by nucleophilic O, to generate
carbocation radicals, and further oxidized to produce P1 (m/z
298)[4,7]. The C-4 atom in P1 was then broken by O, ™ to generate
large-molecule P2. The small-molecule intermediate P3 (m/z 181)
was then generated by the cleavage of C—N bonds [2]. Pathway B
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involves the hydroxylation of DCF. The C-5 atom in DCF could form
P4 through hydroxylation due to its high-electron-density [43,44].
The structure of P5 could be attributed to dihydroxylation, while
P6 was further hydroxylated with the loss of the chlorine atom
[7,45]. The m/z 168 and 145 fragments are vital and agree well with
the cleavage of the C—N bond through the attack of h* [2]. In
pathway C, e~ can induce dechlorination and interact with "OH to
produce P7 (m/z 241) [46], while O, could facilitate the oxidation
of C-15 on P7, resulting in the formation of P8 (m/z 211). Following
decarboxylation and election reduction, P9 (m/z 197) was detected
[47]. These intermediates broke up into small-molecule by-
products, and finally CO, and H,O. The TOC analysis confirms
the final fate of DCF in the ZnIn,S4/CD200 photocatalytic system.
The TOC removal rate was calculated to be 48.62% within 12 min
under visible-light illumination (Fig. S9a in Supporting informa-
tion), indicating that the parent DCF and its related by-products
can be decomposed by the reactive species and converted into CO,
and H-,O0.

Whether the intermediate of DCF degradation is environmen-
tally friendly is related to human health. Therefore, the Toxicity
Estimation Software Tool (T.E.S.T.) was used to determine the eco-
toxicity risk of the photocatalytic products [3]. Fig. S9b (Supporting
information) shows the effect of a lethal concentration of 50%
(LCsg) in the fathead minnow (96 h) in the system with degradation
intermediates. The LCsq value of the parent DCF is 0.43 mg/L. All
degradation by-products exhibited a higher LCsq value (excluding
P4 and P5), indicating that the hydroxylation process has negative
effects [48]. Among all intermediates, the larger-molecules
intermediates resulted in a high degree of toxicity, while the
small-molecule intermediates were less toxic, particularly P10,
P11, P12 and P13, as they were further oxidized and mineralized.
Therefore, a high degree of oxidation and mineralization is vital to
ensure safe water quality. Overall, the ZnIn,S,/CD200/visible light
system could weaken the ecological toxicity of DCF to aquatic
organisms.

Reusability and stability are important for assessing the
performance of materials in a photocatalytic system. As shown
in Fig. S9c (Supporting information), the degradation efficiency
was 87% during the fourth recycle, suggesting a slight decrease in
efficiency from the first experiment. The crystallinity of the fresh
and reused ZnIn,S,4/CD200 was compared using their XRD patterns
(Fig. S9d in Supporting information). No clear phase changes can be
observed, and these observations confirm the excellent regenera-
tion and stability of ZnIn,S,/CD200.

In summary, we successfully synthesised defective ZnIn,S4/
CD200 nanosheets via a facile method. The development of defects
and implantation of CD can introduce interstitial states to extend
the carriers' recombination pathways and provide a charge-
transfer channel to migrate e~ from ZnIn,S, to CD. More
photoinduced e~ and h" can participate in the photocatalytic
system, thereby achieving a 100% removal percentage and rate
constant of 0.455 min~! for DCF degradation. The photocatalytic
efficiency was estimated to be 98.2% under natural sunlight. 0,
e, h* and "OH play key roles in DCF degradation. Hydroxylation,
decarboxylation, C—N bond cleavage, dechlorination, ring closure,
and ring-opening are the main DCF photodegradation pathways.
The ecological risk assessment shows that ZnIn,S4/CD200/visible
light system could weaken the ecological toxicity of DCF to aquatic
organisms. These findings indicate that the engineering of defects
and incorporation of carbon dots can accelerate electron migration
and direct use of natural-sunlight for environmental remediation
and other applications.
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