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In situ preparation of a recyclable hydrogel-based
photocatalyst and its application in sunlight-
promoted photodegradation of eosin Y

Xiaoxia Liu,a Sa Yang,a Yanli Cheng,a Donglei Wei, *ac Hou Chen, *bc

Liangjiu Bai, bc Wenxiang Wang,bc Huawei Yang, ac Lixia Yangb and Kun Yina

A hydrogel-based photocatalyst is synthesized by the construction of a hydrogel skeleton using

common monomers and subsequent in situ generation of Zn–Cu–S photocatalyst particles. The photo-

catalytic degradation performance of the hydrogel-based photocatalyst is systematically studied, and the

photocatalyst exhibits good removal ability for eosin Y. The composite photocatalyst shows high

efficiency at low loading, with a removal rate of up to 498% in 3 hours under sunlight irradiation,

without the need for a preliminary dark adsorption process. High removal efficiency was observed,

remaining above 95% even after 10 recycling runs, demonstrating the excellent stability of the

composite photocatalyst. We thus provide a facile method to construct hydrogel-based photocatalysts

that show high application potential in the photocatalytic removal of eosin Y.

1. Introduction

The efficient removal of organic dyes from wastewater has
attracted great attention because these dyes are usually highly
diversified, water-soluble and resistant to biodegradation, caus-
ing environmental pollution and health problems.1,2 Eosin Y is
one of the most widely used organic dyes that is commonly
used in the painting, rubber, dyestuff and textile industries.3,4

The accumulation of eosin Y in the human body brings health
problems such as blurred vision, respiratory paralysis, and
heart disease.5 Adsorption,6 membrane ultrafiltration,7 bio-
logical treatment,8 ion exchange,9 advanced oxidation,10 and
other methods11 are commonly used for the removal of organic
dyes from aqueous media. Advanced oxidation technologies,
such as electrochemical catalytic oxidation,12 ultrasonic oxi-
dation,13 and Fenton oxidation,14 can completely break down
the structure of dye molecules without forming harmful sec-
ondary products.15 The development of photo-Fenton techni-
ques using light energy for the removal of organic dyes has
extended the application of the oxidation technique.16–19

Photocatalysis has attracted much attention in recent years
due to its advantages of green energy utilization, high catalytic

performance, easy operation, and low-toxicity or non-toxic
degradation products.20,21 A variety of photocatalysts, such as
metal oxides, metal sulfides, and inorganic semiconductors,
have been used to catalyze the degradation of eosin Y.22–24

Among them, copper-doped zinc sulfide semiconductors
(namely, zinc copper sulfide, Zn–Cu–S) are the commonly used,
inexpensive, non-toxic photocatalysts that exhibit good thermal
stability, high absorption in the visible region, and excellent
electron transport properties as well as are capable of rapid
electron–hole pair generation. They exhibit high efficiency and
wide applicability in dye-containing wastewater treatment.25–28

Despite these exciting reports, challenges remain that require
further investigation. In previous studies, most of the Zn–Cu–S
photocatalysts were prepared using solvothermal methods and
obtained as nano- or micron-sized particles.29 In most works,
the efficient removal of organic dyes usually required a large
amount of catalysts, and significant loss of the catalysts and
catalytic efficiency was observed during recycling experiments
because the small size of the catalysts complicated the recovery
step.30,31

Many attempts have been made to achieve low catalyst
loading and easy recovery. The loading of photocatalyst parti-
cles onto two-dimensional substrates, such as fiberglass and Ti
mesh, has been reported and showed good removal ability.32–35

Most of the substrates used in these works were opaque, with
light absorption occurring only on one side of the material.36

A hydrogel is a highly hydrophilic organic material composed
of a three-dimensional cross-linked network. It has been widely
used in many fields, such as tissue engineering, pollutant
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detection, and flexible wearable electronic devices,37–39 and
offers the advantages of easy preparation, large specific surface
area, high light transmittance and easy recyclability.40,41 The
excellent mass transfer channels in hydrogel make it a good
carrier for photocatalysts. Moreover, loading the photocatalyst
into the hydrogel brings additional advantages such as uniform
distribution, reduced agglomeration, and lowered electron–
hole complexation of the photocatalyst.42,43 Several works have
examined the loading of photocatalysts into hydrogels for the
treatment of dye-containing water. These include loading the
already-prepared photocatalyst particles into the channels of
the hydrogels,44–48 or simply through in situ preparation of the
photocatalyst directly in the channels of the hydrogels.49–51

Hydrothermal synthesis represents a powerful method for the
photocatalyst preparation steps; however, the skeleton of the
hydrogel must be designed to tolerate the high temperatures.
Thus, an alternative method of precipitation that occurs
directly in the channels of the hydrogel may overcome this
restriction and provide a more straightforward way to prepare
the hydrogel-based photocatalyst. To reduce the catalyst load-
ing without decreasing the catalytic efficiency, and widen the
applicability of the hydrogel-based photocatalyst with a simple
catalyst preparation process, herein, the hydrogel-based photo-
catalyst was prepared via in situ precipitation of Zn–Cu–S
particles in the channels of the hydrogel. The recyclable photo-
catalyst showed good catalytic performance for the removal of
eosin Y from aqueous media.

2. Experimental section
2.1. Materials

Acrylamide (AM) was purchased from Macklin Biotechnology
Co., Ltd. 2-Hydroxyethyl methacrylate (HEMA) and Na2S�9H2O
were purchased from Energy Chemical Co., Ltd. N,N0-Methyl-
enebisacrylamide (BIS), N,N,N0,N0-tetramethyl ethylenediamine
(TMEDA), potassium persulfate (KPS), eosin Y, and Zn(NO3)2�
6H2O were purchased from Sinopharm Chemical Reagents
Co., Ltd. Cu(NO3)2�3H2O was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. HEMA was treated by passing
through neutral alumina before use. Other regents and solvents
were purchased from commercial sources and used as received.
Deionized water was obtained from a UPH-I-40 L super-
purification system.

2.2. Instrumentations

The concentration of eosin Y was determined by UV-Vis absorp-
tion analysis. The UV-Vis absorption spectra of eosin Y
were recorded in a 1 cm path quartz cuvette on a SHIMADZU
UV-2550 UV-Visible spectrophotometer. The UV-Visible diffuse
reflectance absorption spectra of the hydrogel-based photoca-
talysts were recorded using a UV-Visible near-infrared spectro-
photometer (UV-3600; Shimadzu, Japan). The morphology of
the hydrogel-based photocatalyst was observed using a scan-
ning electron microscope (SEM, Hitachi SU-8010). The presence
of certain functional groups in the catalysts was determined

using Fourier transform infrared spectroscopy (FT-IR, Nicolet
iS50) in the wavelength range of 400–4000 cm�1. The elements
contained in the catalysts were determined using X-ray photo-
electron spectroscopy (XPS, ESCALAB Xi+) in the low-resolution
scanning range of 0–4000 eV and high-resolution scanning
range of N 1s, O 1s, C 1s, Zn 2p, Cu 2p and S 2p orbitals. The
crystal type of the hydrogel-based photocatalyst was deter-
mined using X-ray diffraction (XRD, Bruker D8) with a diffrac-
tion angle 2y in the range of 51–801. The hydrogel-based
photocatalyst was analyzed for reactive oxygen species (ROS)
produced under light irradiation using electron spin resonance
(ESR, Bruker, Germany, A300-10/12). The concentrations of the
remaining Zn(II) and Cu(II) in the mixed Zn(II)–Cu(II) solution
after adsorption by the hydrogel were measured using an
atomic absorption spectrophotometer (AAS, AA240).

2.3. Synthesis of hydrogel-based photocatalyst

With Gel@ZnCuS-3 as an example. AM (2.14 g, 30 mmol,
100 equiv.), HEMA (0.375 mL, 3 mmol, 10 equiv.), BIS
(0.093 g, 0.3 mmol, 1 equiv.), KPS (12.2 mg, 0.045 mmol,
0.15 equiv.), and TMEDA (37.5 mL, 0.3 mmol, 1 equiv.) were
added to water (15 mL). The mixture was evenly divided into
30 parts, placed in a mold, and heated in a water bath at 65 1C
for 20 min to form a cube of 1 � 1 � 0.5 cm. The prepared
hydrogels were immersed and washed with H2O, and the water
was exchanged every 8 h for 3 times. Hydrogels with different
ratios of n(AM) : n(BIS) = 60 : 1, 80 : 1, 120 : 1 were prepared
according to the above procedure (Table 1).

The prepared hydrogels were placed in 100 mL of a mixed
solution containing 20 mmol L�1 Zn(NO3)2 and 2 mmol L�1

Cu(NO3)2, and shaken for 4 h. The hydrogel was then placed in
100 mL of a solution containing 20 mmol L�1 Na2S and shaken
for 2 h to obtain the hydrogel-based photocatalyst. The
hydrogel-based photocatalyst was washed with water for 48 h
(with water exchange every 12 h) to remove the unreacted ions.
The prepared hydrogel-based photocatalyst was kept in deoxy-
genated water. Atomic absorption was used to determine the
concentration of Zn(II) and Cu(II) in the solution after adsorp-
tion to obtain the loading ratios of Zn(II) and Cu(II) in the
hydrogel-based photocatalyst.

The concentration of the remaining Zn(II) and Cu(II) in the
mixed Zn(II)-Cu(II) solution after adsorption by the hydrogel was
measured using AAS analysis. These two metal ions were not
detected in the cleaning solution of the hydrogel-based photo-
catalyst. Thus, the catalyst loading and the ratio of n(Zn) : n(Cu)

Table 1 Preparation of hydrogel-based photocatalysts

Photocatalyst n(Zn) : n(Cu) n(AM) : n(HEMA)

Gel@ZnCuS-1 90 : 10 60 : 1
Gel@ZnCuS-2 90 : 10 80 : 1
Gel@ZnCuS-3 90 : 10 100 : 1
Gel@ZnCuS-4 90 : 10 120 : 1
Gel@ZnCuS-5 85 : 15 100 : 1
Gel@ZnCuS-6 95 : 5 100 : 1
Gel@ZnCuS-7 98 : 2 100 : 1
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in the prepared photocatalyst were calculated according to the
concentration change of the solution.

Hydrogel-based photocatalysts were prepared using solu-
tions with different Zn(II) and Cu(II) concentrations (n(Zn) :
n(Cu) = 98 : 2, 95 : 5, 85 : 15) by using the same procedure
(Table 1).

2.4. General procedure for the photodegradation of eosin Y by
the hydrogel-based photocatalyst

The hydrogel-based photocatalyst was added to 10 mL of
100 mg L�1 eosin Y and photodegraded under a light source
for 3 h. When the reaction was complete, 2 mL of the solution
was taken and used to determine the concentration. Parallel
experiments were conducted for the photocatalytic degradation
experiments.

The removal rate of eosin Y was calculated from the follow-
ing equation:

R(%) = (C0 � C)/C0 (1)

where C is the remaining concentration of eosin Y (mg L�1) and
C0 is the initial concentration of eosin Y (mg L�1).

2.5. Photocatalytic kinetic study

The hydrogel-based photocatalyst was added to 10 mL of
100 mg L�1 eosin Y and illuminated with sunlight for 3 h.
A solution of 2 mL was extracted and diluted to 2 mL every
20 min to determine the concentration of eosin Y.

The Kapp was calculated from the following equation:

ln(C0/Ct) = Kappt (2)

Fig. 1 (a) FT-IR spectra of the hydrogel before and after loading of Zn–Cu–S, (b) XRD patterns and (c) SEM image of Gel@ZnCuS-3, (d) XPS wide scan of
the hydrogel before and after loading of Zn–Cu–S, (e) C 1s, (f) N 1s, (g) O 1s, (h) Zn 2p, (i) Cu 2p and (j) S 2p, (k) UV-vis diffuse reflectance spectroscopy,
(l) (ahv)2 vs. hv plot for Gel@ZnCuS-3.
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where C0 and Ct are the concentrations of eosin Y at the initial
time and time t, respectively.

2.6. Reusability of the hydrogel-based photocatalyst

The hydrogel-based photocatalyst was added to 10 mL of
100 mg L�1 eosin Y and illuminated under sunlight for 3 h.
When the reaction was complete, 2 mL of the solution was
taken and used to determine the concentration of eosin Y. The
hydrogel-based photocatalyst was washed in water for 24 h. The
photocatalytic experiment was carried out using the washed
hydrogel-based photocatalyst under the same conditions. The
recycling experiments were repeated 10 times, and the concen-
tration of eosin Y after each degradation process was recorded.

3. Results and discussion
3.1. Characterization

Fourier transform infrared spectroscopy (FT-IR) analysis was
used to analyze the structure of the hydrogel-based photocata-
lyst. The FT-IR spectra of the hydrogels before and after loading
of Zn–Cu–S (Gel@ZnCuS-3 as an example) are shown in Fig. 1a.
The peaks in the region of 3200–3600 cm�1 are attributed to the
stretching vibration of the O–H and N–H bonds. The peaks at
3000–2835 cm�1 are related to the stretch vibration of
C–H bonds. The spectra also show signals typical of both
co-monomers, as the carbonyl bands from amides and esters,
at approximately 1660 and 1715 cm�1, respectively.52 The
spectra exhibit similar characteristic peaks for these two
materials, which may be attributed to the low loading of the
Zn–Cu–S and the fact that no new bonds were formed during
the catalyst loading process. The crystallinity of the lyophilized
hydrogel was analyzed by XRD (Fig. 1b). Bragg reflections
showed a broad peak at 2y = 22.51, confirming the amorphous
nature of the hydrogel. No crystal-derived peak was observed in
the spectrum, indicating that there was no unreacted monomer
residue in the hydrogel.53 The XRD spectrum of Zn–Cu–S was
reported to show strong diffraction peaks at 2y = 28.81 and
47.81,54 but the characteristic diffraction peaks were not clearly
observed in our study due to the overlap of the signal with that
of the hydrogel. The XRD spectra of other hydrogel-based
photocatalysts, shown in Fig. S2, were similar to that of
Gel@ZnCuS-3. The cross-section morphology of the hydrogel-
based photocatalyst Gel@ZnCuS-3 was characterized by scan-
ning electron microscopy (SEM). As shown in Fig. 1c, the image
reveals that the hydrogel has a three-dimensional mesh struc-
ture with irregularly shaped micropores and interconnected
channels. This may provide large numbers of active sites for
catalyst loading in the hydrogel and facilitate extensive contact
between the catalyst and the contaminants during the adsorp-
tion/photocatalysis process.55 EDS-mapping was used to char-
acterize Gel@ZnCuS-3 and, as shown in Fig. S3, the images
reveal that the Zn–Cu–S particles are uniformly distributed in
the hydrogel matrix.

The surface elemental and chemical bonding compositions
of the hydrogel and Gel@ZnCuS-3 were further investigated

using X-ray photoelectron spectroscopy (XPS) analysis. The low-
resolution XPS spectrum of the hydrogel confirmed the
presence of C, N and O elements. New peaks at 1021, 951 and
161 eV, attributed to Zn, Cu and S elements, are also seen in the
low-resolution XPS spectra of Gel@ZnCuS-3, which are intro-
duced during the catalyst loading process (Fig. 1d). The results
of the high-resolution C 1s, N 1s, O 1s, Zn 2p, Cu 2p and S 2p
XPS spectra of Gel@ZnCuS-3 also confirmed the structure of
the synthesized composite photocatalyst (Fig. 1e–j). In the C 1s
spectrum, the peak can be divided into C–C, CQC and C–N
bonds, with binding energies of 284.8, 287.5 and 284.9 eV. In
the N 1s spectrum, the peak at 398.95 eV is attributed to the
C–N bond. The O 1s peak is divided into CQO and O–H bonds
at binding energies of 530.6 and 530.0 eV. The characteristic
peaks of Zn (Zn 2p3/2 at 1043.9 eV and Zn 2p1/2 at 1021.1 eV) and
Cu (Cu 2p1/2 at 951.7 eV and Cu 2p3/2 at 931.6 eV) are also
consistent with the bivalent state of these elements.56 The
peaks at 161.8 eV (attributed to S 2p1/2) and 160.7 eV (attributed
to S 2p3/2) indicate the presence of divalent-state S.

The changes in the optical properties of hydrogels before
and after loading of Zn–Cu–S photocatalyst were investigated by
UV-Vis diffuse reflectance spectroscopy (Fig. 1k). The absorp-
tion intensity of Gel@ZnCuS-3 was enhanced in the region of
l 4 400 nm, indicating the enhanced visible light absorption
ability of the hydrogel-based photocatalyst. The absorption
intensity of the hydrogel remained nearly constant without
clear absorption peaks in the visible region. Based on these
results, the band gap energy (Eg) of the photocatalyst Gel@Zn-
CuS-3 was characterized using the hydrogel-based photocata-
lyst by ignoring the influence of the hydrogel substrate, and
calculated to be 2.17 eV by the Kubelka–Munk equation
(Fig. 1l). The conduction band potential (CB) and valence band
potential (VB) of Gel@ZnCuS-3 are calculated to be �0.33 eV
and 1.84 eV, respectively (for calculation details, see the SI). On
the basis of the above characterization results, and given that,
to our knowledge, no related reports indicate that any covalent
bonds are formed during the precipitation process, the Zn–Cu–S
particles are expected to form in the channels of the hydrogel via
physical deposition.

3.2. Photocatalytic degradation of eosin Y

The prepared hydrogel-based photocatalysts were exposed to
sunlight to investigate their performance in the photocatalytic
degradation of eosin Y. The hydrogel-based photocatalysts with
different ratios of monomer and cross-linking reagents ranging
from 60 : 1 to 120 : 1 were tested with (gray) and without (green)
a 1-hour dark period (Fig. 2a). The photocatalytic degradation
ability of the hydrogel-based photocatalyst on eosin Y slightly
increased with an increasing ratio of the monomer to cross-
linking reagent. An eosin Y removal rate of 98.4% was achieved
with the hydrogel-based photocatalyst Gel@ZnCuS-3, with a
monomer to cross-linking reagent ratio of 100 : 1. The hydrogel-
based photocatalyst became swollen and friable when the
monomer and cross-linking reagent ratio was increased to
120 : 1, which may be due to incomplete cross-linking of the
hydrogel, leading to a decreased removal rate (93%). The
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photodegradation performance of the hydrothermally synthe-
sized Zn–Cu–S particles upon removal of eosin Y was also tested
as a comparison to the hydrogel-based photocatalyst. Lower
removal rate (76.7%) was observed even when a larger amount
of photocatalyst was used (100 mg), demonstrating that the
strategy of loading the photocatalyst into the hydrogel can
accelerate the photodegradation process.57 Holding the reac-
tion mixture in the dark before exposure to sunlight seemed to
have little influence on the removal of eosin Y. Detailed
adsorption kinetics assays under dark conditions were per-
formed for the hydrogel-based photocatalyst and Zn–Cu–S
particles as a comparison to achieve further insight into the
influence of dark reactions on the removal of eosin Y (Fig. 2b).
The equilibrium of adsorption and desorption was reached in
approximately 30 min for both the hydrogel-based photocata-
lyst and Zn–Cu–S particles. The adsorption of eosin Y by the
hydrogel-based photocatalyst was only approximately 10%,
indicating that photodegradation is the main process for the
removal of eosin Y. The low adsorption efficiency of Gel@Zn-
CuS-3 on eosin Y under dark conditions may be attributed to
the abundant acylamino and hydroxyl functional groups in the
hydrogel, which may induce electrical repulsion of the eosin Y
anion. On the basis of these results, subsequent photodegrada-
tion experiments were conducted under direct irradiation with
sunlight without a dark period for adsorption equilibrium.

The photocatalytic performance of the hydrogel-based
photocatalysts obtained by immersing the hydrogel into solu-
tions containing different ratios of Zn(II) and Cu(II) was inves-
tigated; the results are listed in Fig. 3. The highest removal rate
was observed when a ratio of Zn(II) to Cu(II) of 9 : 1 (Gel@ZnCuS-3)
was used as the immersion solution. The removal rate
decreased with either an increase or a decrease in the ratio
of Zn(II) to Cu(II).

Bench experiments for the photodegradation of eosin Y by
Gel@ZnCuS-3 were conducted in various solution concentra-
tions (20–100 mg L�1) to test the removal ability of the
hydrogel-based photocatalyst (Fig. 4a). The results showed that
the removal rate increased at lower concentrations of eosin Y,
and reached 499% at a concentration of 20 mg L�1 under
irradiation with sunlight. When other light sources, such as

mercury lamp (green), white LEDs (purple), and blue LEDs
(blue), were used, the removal rate showed an apparent
decrease, which may be attributed to the low light intensity of
these light sources (see the SI for light intensity data). It is
worth noting that even with a low catalyst loading of the
Zn–Cu–S photocatalyst and under mild reaction conditions, a
practical removal rate of 84.5% was observed when using white
LEDs. The photodegradation of eosin Y by Gel@ZnCuS-3 in
different solution volumes (5–20 mL) and constant solution
concentration (100 mg L�1) was conducted; the results are
shown in Fig. 4b. Due to the excess of eosin Y in the solution,
the removal rate decreased with increasing solution volume.
The results show the high application potential of the hydrogel-
based photocatalyst for various conditions.

The photocatalytic activity of Gel@ZnCuS-3 for the degrada-
tion of eosin Y under solar irradiation was investigated. The
photocatalyst showed enhanced removal performance with an
increased removal rate under solar irradiation. Fig. 5a shows
the kinetics results of eosin Y removal by Gel@ZnCuS-3 and
Zn–Cu–S particles. To unravel the degradation mechanisms
mediated by Gel@ZnCuS-3 and Zn–Cu–S powder, the degrada-
tion kinetic curve lines were simulated by fitting the
kinetics to pseudo-first-order and pseudo-second-order models
(Fig. 5b and c). A high correlation coefficient for the pseudo-
first-order model for Zn–Cu–S particles (R2 4 0.99) was

Fig. 2 (a) Influence of the dark reaction on the removal of eosin Y by hydrogel-based photocatalysts (C0, 100 ppm), dark reaction for 1 h (gray), followed
by sunlight irradiation for 3 h (yellow), and reaction directly irradiated by sunlight for 3 h (green); (b) removal of eosin Y by Gel@ZnCuS-3 and Cu–Zn–S
powder under dark conditions (t, 3 h; C0, 100 ppm).

Fig. 3 Effect of Zn(II)/Cu(II) solution concentration on eosin Y removal
(sunlight, t, 3 h; C0, 100 ppm).
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observed. For Gel@ZnCuS-3, the correlation coefficient for the
pseudo-first-order model was low (R2 o 0.4), while the correla-
tion coefficient for the pseudo-second-order model was high
(R2 4 0.99).58–60

It is well documented that pollutants are usually degraded
by oxidizing substances, and that the main oxidizing species
during photocatalytic oxidation are h+, �OH and �O2

�. Scaven-
ging of these oxidizing species reduces the photocatalytic
efficiency, so their nature can be detected by adding different
scavengers.61,62 To characterize the species produced in the
Gel@ZnCuS-3 system, benzoquinone (BQ), KI, and t-butanol
(TBA) and were added as scavengers for the detection of h+,
�OH and �O2

�, respectively.63 As shown in Fig. 6a, the

photodegradation of eosin Y was significantly inhibited by
the addition of BQ, and was slightly reduced in the presence
of KI and TBA, indicating that h+ and �OH have limited roles in
the degradation of eosin Y, whereas �O2

� has the major role.
Electron spin resonance (ESR) characterization of �O2

� was
performed for the Gel@ZnCuS-3 catalytic system under light
irradiation, and the significant signal changes that were
observed further confirmed the presence of �O2

� during the
reaction (Fig. 6b). Based on the characterization and experi-
mental results, a plausible photodegradation mechanism was
proposed (Fig. 6c). Sunlight irradiation triggers the photocata-
lytic reaction, and the photogenerated electrons in the conduc-
tion band and photogenerated holes in the valence band are

Fig. 4 (a) Influence of solution concentration on eosin Y removal by Gel@ZnCuS-3 under irradiation with sunlight (orange), UV light (green), white LEDs
(purple) and blue LEDs (blue) (t, 3 h); (b) removal of eosin Y in different solution volumes by Gel@ZnCuS-3 (sunlight; t, 3 h; C0, 100 ppm).

Fig. 5 (a) The photocatalytic degradation curves at different times; the inset shows photographs of the mixture at each time point (sunlight; t, 3 h; C0,
100 ppm). (b) Pseudo-first-order and (c) the pseudo-second-order kinetic results.
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transferred to the photocatalyst’s surface to initiate the redox
reaction. The electron (e) reacts with O2 to form a superoxide
anion radical (�O2

�), which can decompose the eosin Y mole-
cule through a series of oxidizing and reducing reactions.64

Direct decomposition of eosin Y may also occur at the holes of
the photocatalyst.

The photocatalytic performances for the removal of eosin Y
using the hydrogel-based photocatalyst prepared in this
work and photocatalysts in the previous reports are listed in
Table S1. Compared to the previous reports, in our work, the
photocatalyst, which was obtained by a simple synthetic pro-
cedure, achieved high removal rates of eosin Y with low catalyst
loading, and could be used in an increased number of recycling
runs, demonstrating the stability of the hydrogel-based photo-
catalyst. Furthermore, the photocatalytic degradation perfor-
mance of the hydrogel-based photocatalyst towards other
organic contaminants was also examined (Fig. S4). It showed
good photodegradation of methylene blue (removal rate of
98.5%) and acceptable removal rates of methyl orange
(90.1%) and alizarin red (88.2%). When the hydrogel-based
photocatalyst was used for the photodegradation of non-dyeing
bisphenol A, a lower removal rate of 42% was observed.

An advantage of the hydrogel-based photocatalyst is that it
can be easily separated from the reaction mixture after the
photodegradation process. Recycling experiments were con-
ducted to evaluate the reusability of the hydrogel-based photo-
catalyst (Fig. 7). The photocatalyst Gel@ZnCuS-3 retained high
catalytic efficiency as the removal rate remained almost
unchanged after 9 recycling runs (B98%). Only a slight
decrease in removal rate (95.4%) was observed in the 10th
recycling run. The recovery of the hydrogel-based photocatalyst
is straightforward; simple soaking in water for approximately
12 hours under ambient conditions between recycling runs.
When the reaction mixture in each cycle was analyzed by AAS to
determine the leaching concentration, no metal ions were
detected after the photodegradation process. These results
demonstrate the high stability of the hydrogel-based photoca-
talyst and the high potential of this sunlight-promoted photo-
catalytic degradation strategy.

3. Conclusions

A facile synthesis of hydrogel-based photocatalysts was devel-
oped by constructing a hydrogel skeleton using common
monomers and subsequent in situ generation of Zn–Cu–S
photocatalyst particles in the channels of the hydrogel. The
structure and optical properties of the hydrogel-based photo-
catalyst were confirmed by the characterization results. The
composite photocatalyst was used in the photocatalytic degra-
dation of eosin Y and exhibited high catalytic efficiency and
good removal ability at low catalyst loading. The removal rate
can reach approximately 98% in 3 hours under sunlight irra-
diation, without the need for a preliminary dark adsorption
process. Moreover, the hydrogel-based photocatalyst showed
excellent stability, with the removal efficiency maintained
above 95% even after 10 recycling runs. This strategy provides
a simple way to construct hydrogel-based photocatalysts and
has high application potential for the photocatalytic removal of
eosin Y.

Fig. 6 (a) Effect of scavengers on photocatalysis (sunlight; t, 3 h; C0, 100 ppm). (b) ESR spectra of Gel@ZnCuS-3 in water under irradiation with light and
in the dark. (c) Proposed mechanism for the photodegradation of eosin Y by the hydrogel-based photocatalyst.

Fig. 7 Reusability of the hydrogel-based photocatalyst (sunlight; t, 3 h;
C0, 100 ppm).
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