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HIGHLIGHTS GRAPHICAL ABSTRACT

e Nanosized ZnGa,04:Cu was designed for
continuously degrading pollutants.
e The doping of Cu(Il) highly increased
the persistent production and availabil- cp %9
ity of active species. S preluminztion

e oH radicals were identified as the main
active species.

e A possible mechanism for the persistent
degradation of dyes was proposed.
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ARTICLE INFO ABSTRACT
Keywords: Photocatalysis is considered as an environmentally friendly and sustainable method as it can produce active
Copper doped zinc gallate species to degrade pollutants. However, its applications are hindered by the turbidity of pollutants and the re-

Active species
Persistent photocatalytic degradation
Organic dyes

quirements for continuous or repeated in situ irradiation. To avoid the need for continuous in situ irradiation in
the photocatalytic process, herein we report the doping of Cu(Il) ions into zinc gallate (ZnGazO4) as traps to
capture photo-generated electrons. In this way, long lifetime charge release and separation were effectively
achieved for the persistent degradation of organic dyes in wastewater. The Cu(Il) doped ZnGa,04 (ZGC)
nanoparticles with a small size about 7.7 nm synthesized via a hydrothermal method exhibited a persistent
photocatalytic activity with continuous production of reactive oxygen species for at least 96 h without in situ
irradiation due to its unique electronic structure and carrier transport path, and enabled to degrade 82.2 % of
rhodamine B in 1 h. Further investigation revealed that the doped Cu(Il) ions occupied the octahedral sites of
ZGC and highly increased the persistent production and availability of active species for the persistent degra-
dation of organic dyes under pre-illuminated conditions.
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D.-M. Zhou et al.
1. Introduction

Organic dyes are one of the main sources of water pollution, posing
serious threats to the food chain and water bodies due to their huge
demand from various fields, including paper mill, textile, plastic, food,
and pharmaceutical industries [1,2]. To reduce the impact of organic
dye wastewater, a series of remedial methods have been utilized, such as
photocatalysis, adsorption, and biodegradation [3]. Among these
methods, photocatalysis is an environmentally friendly and economical
approach with no secondary pollutants since it can generate active
species including reactive oxygen species (ROS) to effectively eliminate
organic pollutants [4,5]. In general, semiconductor catalysts in photo-
catalytic reactions undergo three consecutive processes including the
generation of photo-electrons (e) and holes (h™M), the migration of these
e and h" to the surface of the material, and redox reactions on the
surface, leading to the formation of active species [6,7]. According to the
above processes, traditional semiconductor catalysis cannot be per-
formed in the absence of light sources. Thus, the key limitation of
traditional semiconductor catalysts is the poor light utilization effi-
ciency in the dark condition or the solution with a low light penetration
[8]. To address this limitation, it is significant to design novel materials
for persistent photocatalysis of organic pollutants in the absence of light.

Long persistent photocatalysts can avoid the dependence on in situ
excitation in conventional photocatalysis and prolong the operation of
photocatalysis in the dark due to their unique electron-storage compo-
nent [9,10]. Typical long persistent photocatalytic processes can be
described as the e” generation after irradiation, the transfer of e” into the
conduction bands as well as the corresponding h* formation in the
valence bands of materials. The e and h™ can be stored in the traps. After
irradiation stops, the e and h™ on the traps can slightly release and
migrate to the surface of materials for oxidation-reduction reactions
[10]. It is very important to promote the migration efficiency of e~ and
h™ to the surface of catalysts for persistent photocatalytic reaction after
removing the excitation source. Besides, the inherent excellent photo-
catalytic activity also plays a key role in long persistent photocatalysis.
Therefore, the first step is to select a suitable catalyst matrix.

Alkaline earth gallates (AB2O4) exhibit excellent photocatalytic
performance [9]. P-block metal oxides with d*° configuration have great
potential as photocatalysts [11]. Zinc gallate (ZnGapO4, ZGO) is a
ternary metal-oxide-based spinel with two d'° cations, a wide bandgap,
and good chemical and thermal stability [12,13]. Due to its unique
performance, ZGO has been widely utilized in the field of photocatalysis
for hydrogen production, COy reduction, and antibiotics degradation
[14-16]. Generally, Zn ions locate in the tetrahedron while Ga ions in
the octahedron of the crystalline structure of ZGO. The valence band and
conduction band are respectively composed of the O 2p atomic orbitals
of lattice O~ ions and the Ga 3d atomic orbitals of lattice Ga>" ions in
GaOg octahedron [17]. This unique electronic structure makes ZGO a
prospective and ideal catalytic matrix for potential persistent photo-
catalytic application, especially since it is not only a luminescent ma-
terial but also an electron storage material [7,18]. However, the low
efficiency for the charge separation and active species generation of ZGO
spinels limits further wide applications.

Several approaches are available to improve the efficiency for the
charge separation and active species generation of host materials.
Transition metal-doping is an essential way to promote the activity of
photocatalytic degradation as it can introduce new levels or adjust en-
ergy band structure to inhibit the rapid combination of photo-generated
carriers [12]. Han et al. [19] reported that Cu(Il)-doped PCN 224
significantly increased the production of ROS due to the effective trap-
ping of e by Cu(Il) doping, which enhanced the separation of photo-
generated charge carriers. Gong et al. [20] prepared Cu(II)-doped
ZnyGeOy4 persistent luminescence nanorods with excellent ability for
persistent ROS production. The introduction of Cu(II) ions acted as traps
to store photo-generated carriers, endowing the Cu(II)-doped ZnGeO4
nanorods with persistent photocatalytic properties even after the
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excitation stopped. However, Zn,GeO4 nanorods are unsuitable for
photocatalytic application due to their instability in acidic environment
[7,20]. Furthermore, although numerous studies have been reported on
round-the-clock photocatalysis, most of the catalysts are big-sized ma-
terials, such as micron-size [21]. It was found that the small-sized
semiconductor materials (<10 nm) gave higher photocatalytic activity
than big-sized materials (e.g. pm) as their short migration path greatly
inhibited the recombination rate of e and h™ pairs [22].

Herein, we report the synthesis of Cu(II)-doped ZGO nanoparticles
(ZGC) via a hydrothermal method for efficient persistent photocatalysis
of three organic dyes in the absence of in-situ irradiation light sources.
ZGO was selected as the matrix material due to its unique electronic
structure [7,18]. Cu(II) was introduced to ZGO as the trap center to store
photo-generated charge carriers upon light excitation. Thus, the stored
carriers could release for a period, and continuously migrate to the
surface of ZGC to initiate redox reactions for the degradation of organic
dyes after the stopping of light excitation. The active species including
hydrogen radicals (eH), superoxide radicals (eO;), singlet oxygen (102)
and h" after pre-illumination were found, and the persistent photo-
catalytic mechanism of ZGC was also proposed.

2. Experimental
2.1. Chemicals and materials

Zn(NO3)2-6H50 (99.99 %), Ga(NO3)3-xH20 (99.99 %), ammonium
hydroxide (NH3-H20, 25 %-28 %), cetyltrimethyl ammonium bromide
(CTAB, 99 %), isopropyl alcohol (IPA, 99.7 %), benzoquinone (BQ, 98
%), ammonium oxalate (AO, 99.5 %), r-histidine (1-His, 99 %), ethanol
(99.7%) and crystal violet (CV, 90 %) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Ultrapure water was
purchased from Wahaha Group Co. (Hangzhou, China). Cu(NO3)5-3H50
(99 %), 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, 97 %),
5,5-diamethyl-1-pyrroline N-oxide (DMPO, 98 %), 2,2,6,6-tetramethyl-
piperidine (TEMP, 98 %), 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO, 98 %), methylene blue (MB, 96 %), methyl orange (MO, 96
%), were purchased from Aladdin (Shanghai, China). Rhodamine B
(RhB, 96 %) was purchased from J&K Scientific (Shanghai, China).

2.2. Apparatus

X-ray diffraction (XRD) spectra were recorded on a D2 PHASER
diffractometer (Bruker AXS, Germany). Electron paramagnetic reso-
nance spectroscopy (EPR) experiments were performed on an EMXplus-
10/12 spectrometer (Bruker, Germany). Transmission electron micro-
scopy (TEM) images were obtained on a JEM-2100 transmission electron
microscope (JEOL, Japan). The DigitalMicrograph software was used to
analyse the fast Fourier transform (FFT) diffraction pattern, inverse fast
Fourier transform (IFFT) patterns, and lattice spacing of nanomaterials
from high-resolution TEM (HRTEM) images. Nitrogen adsorption ex-
periments were performed on Autosorb-iQ (Quantachrome, USA) using
N adsorption at 77 K. X-ray photoelectron spectroscopy (XPS) experi-
ments were carried out on an Axis supra with monochromatized Al Ka
radiation (hv = 1486.6 eV) as X-ray source (Kratos, UK). All spectra
were calibrated by the C 1 s peak at 284.8 eV. Zeta potentials were ac-
quired on a Nano Zetasizer (ZEN 3700, Malvern Instruments, Man-
chester, UK). Photoluminescence (PL) spectra were collected on a F-
7000 fluorescence spectrophotometer (Hitachi, Japan). UV-vis diffuse
reflectance spectra were acquired on a UV-3600i Plus spectrophotom-
eter (Shimadzu, Japan). The fluorescence of ROS indicator was
measured on a Synergy H1 microplate reader (Bio Tek, America).
UV-vis absorption spectra were recorded on a UV-3600 PLUS spectro-
photometer (Shimadzu, Japan). Time-resolved fluorescence decay
spectra were obtained on FLS1000 (Edinburgh, UK). Raman spectra
were collected on DXRxi with a 532 nm excitation source (Thermo,
USA).
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2.3. Synthesis of ZGC and ZGO nanoparticles

ZGC and ZGO nanoparticles were synthesized via a facile hydro-
thermal process [20,23]. In a typical synthesis of ZGC, the solutions of
zinc nitrate (2 mL, 0.5 mol/L), gallium nitrate (4 mL, 0.5 mol/L), and
copper nitrate (63 pL 0.08 mol/L) were thoroughly mixed. CTAB (2 mg)
was added to the mixed solution and the mixed solution was ultra-
sonicated at room temperature for 5 min. The reaction solution was
adjusted to pH 8.0 with ammonium hydroxide and stirred constantly for
1 h, then the homogenous solution was transferred into a 25 mL Teflon-
liner autoclave and heated at 220 °C for 24 h. After the reaction mixture
was cooled to room temperature, the resulting ZGC was collected by
centrifugation, washed with 0.01 M HCI and ethanol for several times,
and dried in vacuum at 60 °C for further persistent photocatalytic
application. ZGO was synthesized by the same procedure except that no
solution of copper nitrate was added.

2.4. Measurement of ROS using DCFH indicator

The ROS produced by the typical ZGC nanoparticles was determined
by a ROS assay kit. Firstly, DCFH-DA was converted to 2,7-dichlor-
odihydrofluorescein (DCFH) in the ROS assay kit. In brief, DCFH-DA
(0.5 mL, 1 mmol/L) in ethanol was added into NaOH solution (2 mL,
10 mmol/L) and the mixture was reacted at room temperature for 30
min. The above mixture was neutralized with PBS buffer (10 mL, 25
mmol/L, pH 7.4) and stored at —20 °C in the dark for further use [24].
Subsequently, ZGC nanoparticles were illuminated with a UV lamp (6 W,
254 nm) for 60 min and mixed with DCFH (40 pmol/L) immediately.
The mixture was allowed to react in the dark for 30 min. After that, the
supernatant was harvested by centrifugation, and the fluorescence (FL)
intensity at 525 nm was recorded on a Synergy H1 microplate reader
with an excitation wavelength of 488 nm.

2.5. Test of persistent photocatalytic activity

The persistent photocatalytic activity of the as-synthesized photo-
catalysts ZGO and ZGC was evaluated by monitoring the UV-vis ab-
sorption of RhB, MB, MO, CV, and RhB/MB/MO/CV mixture solutions.
In a typical persistent photocatalytic test, 0.3 g photocatalyst powders
were firstly irradiated by a UV lamp (254 nm, 20 pW cm~2) for 60 min.
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After UV light irradiation, the pre-irradiated photocatalyst powders
were put into dye solutions (10 mg/L, 30 mL) for degradation in the
dark. The final concentration of each dye in the mixed dye solution was
10 mg/L while that of the as-prepared ZGC or ZGO was 10 g/L. The
parallel experiments for the un-irradiated ZGC or ZGO were conducted
as reference as well. A certain volume of the suspension was collected at
predetermined times to measure the absorbance of RhB, MB, MO, CV,
and mixture solutions after the centrifugation removal of the photo-
catalyst. The efficiency of degradation was calculated as C/Cy, where Cy
is the initial concentration of each dye, and C is the remaining concen-
tration of each dye after persistent photocatalytic reaction.

3. Results and discussion

3.1. Optimization of ZGC preparation and characterization of ZGO and
ZGC

The preparation of ZGC for the persistent degradation of organic dyes
is illustrated in Scheme 1. To obtain the ZGC with the best persistent
photocatalytic property, the Cu(Il) doping ratio and reaction conditions
were optimized. As the ROS generation ability plays a key role in the
persistent photocatalytic process, the ROS produced by ZGC was
measured using DCFH as a fluorescent probe. DCFH can be oxidized by
ROS to 2',7'-dichlorofluorescein (DCF) which gives strong fluorescence.
The enhanced fluorescence intensity has a close relation to the con-
centration of ROS. As shown in Fig. S1, all of the Cu(Il) doping ratio,
reaction pH, time, and temperature had effect on the ROS production of
ZGC. The highest fluorescence intensity appeared at the Cu(Il) doping
ratio of 0.25 % (Fig. S1a), the reaction pH 8.0 (Fig. S1b), the hydro-
thermal time of 24 h (Fig. Slc) and the hydrothermal temperature of
220 °C (Fig. S1d).

The PL spectra of the as-prepared ZGC under different synthesis
conditions were measured to reveal the effect of synthesis conditions on
the separation of photogenerated charge carriers. According to the
principle of PL peak production, the separation of photo-generated e-h™
pairs can be directly reflected in the PL spectrum. That is, the weaker the
PL intensity, the lower the recombination rate of photogenic carriers
[25]. The PL intensity of the prepared ZGC decreased sharply as the Cu
(II) doping ratio increased (Fig. S2a), while the lowest PL intensity
appeared at the pH of 8.0 and the hydrothermal temperature of 220 °C

LAy

&

°C 2 (111}
220°C 24h Aoirds

ZnGa,0,:Cu

Electron-Hole
{Recombinati

Scheme 1. Illustration for the preparation of ZGC for the persistent photocatalytic degradation of organic dyes.
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(Fig. S2b and 2c). However, the hydrothermal time showed little effect
on the PL intensity (Fig. S2d). The above results indicate the significant
effect of Cu(ll) doping on the separation of photogenerated charge
carriers.

The diffraction peaks slightly shifted to higher angles as the Cu(Il)
doping ratio increased (Fig. S3a and S3b). However, the phase of ZnO
(JCPDS card no. 36-1451) was detected at the hydrothermal tempera-
ture of 220 °C (Fig. S3c). It is possible that Zn?* was not fully involved in
the formation of ZGC under high hydrothermal temperature, thus excess
Zn?t can be dissolved by the formation of soluble ammonium com-
plexes, generating ZnO impurity [26]. To gain pure ZGC nanoparticles,
ZnO impurity was removed through a washing step with HCl solution, as
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confirmed by HRTEM (Fig. 1a—c vs. Fig. S4a-c).

The crystalline structures show good evolution trends under different
conditions except pH 10.0 and a hydrothermal time of 48 h which led to
the destruction of the crystal phase of ZGC (Fig. S3). Based on the above
results, the optimal conditions (Cu(Il) doping ratio of 0.25 %, pH 8.0,
hydrothermal time of 24 h, and hydrothermal temperature of 220 °C)
were selected for the preparation of ZGC.

The crystal phases of HCl-treated ZGC and ZGO were identified by
XRD spectrometry. As shown in Fig. 1f and g, all diffraction patterns
were well matched to the spinel structure of ZGO (JCPDS card no.
38-1240). Compared with ZGO, the diffraction peaks of ZGC showed
very slight diffraction shift to higher angles, probably due to the
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Fig. 1. Characterization of the as-prepared ZGC and ZGO. (a, b, ¢, d, e) TEM image (inset, HRTEM image), FFT pattern, IFFT pattern and the corresponding lattice
spacing profile of ZGGC; (f, g) XRD patterns; (h) EPR patterns; (i, j, k, 1, m) TEM image (inset, HRTEM image), FFT pattern, IFFT pattern and the corresponding lattice
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compromise of lattice shrinking with Cu doping [27]. To further verify
the Cu doping, EPR spectra were collected (Fig. 1h). Cu(lIl) ions are
paramagnetic and can cause the occurrence of anisotropic EPR spectra
[28,29]. The EPR spectrum of ZGC exhibited characteristic Cu(II) signals
with an axial g-tensor and a four-line hyperfine coupling pattern due to
the Cu nuclear spin 3/2 [30]. In addition, a five-line spectrum was
observed, indicating the simultaneous occurrence of apparently com-
pressed and elongated octahedral complexes [28]. These results indicate
that the Cu(II) was doped into the ZGO host lattices and situated on the
tetragonally distorted octahedral sites.

The morphologies of ZGC and ZGO were characterized by TEM
(Fig. 1a and i). The ZGC and ZGO samples had similar morphology and
size. The ZGC showed an average size of 7.7 + 1.5 nm (N = 100, Fig. S5).
The microstructures consisted of numerous hexagonal shapes, implying
that they had exposed crystal facets of the (111) plane. To investigate
the structural details of the as-prepared ZGC and ZGO, HRTEM, the
corresponding FFT, IFFT images, and line-scan height profiles were
analysed (Fig. 1a—e and Fig. 1i-m). The results show that ZGC and ZGO
had similar lattice fringes, corresponding to (111) and (311) lattice
planes on ZGO nanoparticle, respectively. However, ZGC exhibited
smaller d-spacing of the (111) and (311) planes than ZGO (Fig. 1c-e
and 1 k-m), revealing the lattice shrinkage in ZGC, which was consistent
with the peak shift to higher angles in the XRD patterns (Fig. 1f and g).
These results suggest that the Cu doping decreased the interatomic
spacing.

N3 adsorption/desorption isotherms of ZGO and ZGC were obtained
to measure the specific surface area (Fig. S6). Typical type-IV curves
were observed both in Ny adsorption/desorption isotherms of ZGO and
ZGC, indicating the presence of mesopores in the dendrites. The
Brunauer-Emmett-Teller (BET) surface area of ZGC (100.5 mz/g) was
nearly equal to that of ZGO (99.9 mz/g). The results show that Cu(II)
doping did not lead to significant difference in specific surface area.

Oxygen vacancies (Ov) with defect states can trap e or h*, which is
conducive to photocatalytic efficiency and change the binding energies
[31]. Therefore, XPS analysis was performed to reveal the chemical
states of the oxygen elements in the prepared ZGO and ZGC. The O 1 s
spectra of both ZGO and ZGC could be deconvoluted into three sub-
peaks at 530.3 + 0.1, 531.6 + 0.1, and 533.0 + 0.1 eV (Fig. S7), cor-
responding to lattice oxygen atoms in a fully-coordinated environment
(Op), lattice oxygen atoms in the vicinity of Vo (Oy), and surface-
adsorbed species (Opy), respectively [32,33]. Cu(Il) doping made the
relative intensity of Oy increase, but reduced that of Oy (Fig. S8). This
phenomenon can be ascribed to the generation of more Vos in ZGC than
ZGO [34-36].

3.2. Optical properties of ZGC nanoparticles

PL spectra were acquired to study whether the separation of photo-
generated charge carriers was facilitated by Cu(II) doping. The excita-
tion (Ex) and emission spectra (Em) of ZGO and ZGC are shown in
Fig. 2a. The maximum emission peak located around 700 nm originating
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Fig. 2. Optical properties of ZGO and ZGC nanoparticles. (a) PL spectra, inset:
amplified PL spectra in the range marked in black dotted box. (b) UV-vis diffuse
reflectance spectra.
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from the Vo, and a weak emission peak appeared around 510 nm
belonging to the 2Ex- *A, transition of Ga®" in the distorted octahedral
(inset of Fig. 2a) [32,37]. Both ZGO and ZGC gave similar PL bands, but
ZGC showed much weaker PL signal due to the effective inhibition of the
recombination of the photo-generated e-h™ pairs. The above results
suggest that Cu(Il) doping greatly assisted the separation of photo-
generated charge carriers in favor of the next photocatalytic
degradation.

UV-vis diffuse reflectance spectra were measured to study the effect
of Cu(II) doping on the optical absorption properties of ZGO due to the
change of the electronic structure. As is shown in Fig. 2b, both ZGO and
ZGC exhibited similar absorption edges around the ultraviolet region
with strong absorption below 500 nm. ZGC gave an additional trailing
absorption over 500 nm resulting from a typical light absorption process
of defect states. In particular, a red shift of the absorption band edge in
conjunction with a significant absorption enhancement was distinctly
observed for ZGC. The result indicates the preferable adsorption of the
UV and NIR lights by ZGC.

To explore the behaviour of photogenerated charge carriers, the
time-resolved photoluminescence spectra were collected to analyse the
lifetime of photogenerated carriers (Fig. S9 and Table S1). ZGO and ZGC
gave the average lifetime of 1.5 and 8.7 ms for photogenerated carriers,
respectively, suggesting ZGC enabled more effective migration and
separation of interfacial charges [38]. As a result, Cu(II) doping signif-
icantly prolonged the lifetime of photogenerated carriers.

Raman spectra were collected to further reveal the doping situation
of Cu(Il) ions. ZGO and ZGC gave similar Raman profiles (Fig. S10). The
peaks at 610 em™! (T2g) and 716 em™! (A1g) were related to the asym-
metric stretching vibration and the symmetric ZnO4 tetrahedron [39].
Compared with ZGO, ZGC gave weaker intensity of Tog and showed a
slight left-shift of the Aig peak, indicating Cu(II) doping resulted in
octahedral distortion and asymmetrical ZnO4 tetrahedron [40].

3.3. ROS generation analysis

To detect the ROS production by the pre-illuminated ZGO and ZGC in
the dark, DCFH, which can be oxidized to DCF by ROS to give strong
fluorescence at 525 nm, was chosen as the fluorescence probe [23]. As
shown in Fig. 3a, in the presence of DCFH, pre-illuminated ZGC gave
much stronger fluorescence than pre-illuminated ZGO because Cu(Il)
doping made ZGC have excellent photo-energy trapping capacity and
efficient releasing of photo-generated e and h™ pairs to the surface for
ROS generation. Moreover, the fluorescence intensity of DCF increased
with pre-illuminated ZGC concentration (Fig. 3b) and pre-illumination
time (Fig. 3c). The results indicate the ROS production of pre-
illuminated ZGC was dependent of ZGC concentration and pre-
illumination time.

The persistent ROS production capacity of pre-illuminated ZGC was
also explored. As shown in Fig. 3d, the fluorescence of ZGC dispersion
with DCFH indicator was continuously detected for 96 h, suggesting the
remarkable persistent photocatalytic activity of pre-illuminated ZGC.
The above results demonstrate the great significance of Cu(II) doping
into ZGO in improving ROS production for persistent photodegradation.

3.4. Detection of specific reactive species

Previous studies have proven that e, h* and various reactive radical
intermediate species are generated during the photocatalytic process,
such as hydroxyl radicals (¢OH), O, and 10, [5]. To further verify the
formation of active species generated by the as-prepared ZGO and ZGC
after pre-illumination, EPR spectroscopy was used to record the free
radicals with or without pre-illumination by 254 nm UV light. Firstly,
DMPO was chosen to verify the generation of eOH/eH and O;.
Fig. S11a shows a characteristic 9-fold signal of DMPO-eH adduct, and
the 6-fold signal of the carbon-centered radical, but no typical 1:2:2:1
quartet characteristic signal of DMPO-eOH adduct. This situation could
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concentrations of ZGC dispersions with pre-illumination by a 254 nm UV lamp for 60 min, (c) 250 pug mL~! ZGC dispersion with pre-illumination by a 254 nm UV
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be attributed to a relatively high reaction rate to efficiently consume
oOH including the partial transformation of ¢OH to eH [41,42]. The un-
illuminated ZGC also generated eH but with a small amount. Fig. S11b
showed a weak DMPO-eO, signal in the pre-illuminated ZGC, con-
firming the generation of ¢05.

TEMP was further used to trap 'O. As presented in Fig. S11c, no
signal was detected in un-illuminated ZGC. However, pre-illuminated
ZGC showed three peaks with stronger intensity in a 1:1:1 ratio than
pre-illuminated ZGO, suggesting that Cu(II) doping enhanced the gen-
eration of 10, after pre-illumination.

TEMPO was used as a spin label to detect the generated h'. As
TEMPO itself has EPR signal, so the blank group with TEMPO showed
obvious signal. The obvious decrease in the signal intensity of TEMPO in
pre-illuminated ZGC indicates the formation of h'. As shown in
Fig. S11d, pre-illuminated ZGC gave a more significant decrease in the
signal intensity than pre-illuminated ZGO, revealing the generation of
more h' from pre-illuminated ZGC.

3.5. Persistent photocatalytic degradation of dyes

To evaluate the persistent photocatalytic ability of the as-prepared
nanoparticles, the persistent decomposition curves of RhB were
measured in an aqueous solution in the dark. The as-prepared photo-
catalyst powders were first irradiated with a UV lamp for 60 min and
then placed into the RhB solution for degradation application in the
dark. For comparison, degradation experiments for the as-prepared
photocatalyst powders without any pre-illumination were also carried
out under the same conditions. As shown in Fig. 4a, un-illuminated ZGO
and ZGC gave similar degradation results, indicating the insignificant
impact of the doped Cu(Il) on the degradation of RhB under dark con-
ditions without pre-illumination. About 35.3 % and 32.2 % of RhB
degraded by un-illuminated ZGO and ZGC in 60 min, respectively,
mainly because they can generate eH even under dark conditions from
the EPR data (Fig. S11a). In contrast, pre-illuminated ZGC made RhB
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degrade immediately, whereas pre-illuminated ZGO had RhB degrade
after 20 min, indicating Cu doping accelerated the persistent degrada-
tion. Moreover, pre-illuminated ZGC exhibited a significantly higher
degradation efficiency (82.2 % of RhB degraded in 60 min) in the dark
than pre-illuminated ZGO (49.6 % of RhB degraded in 60 min). The
results show that Cu(II) doping greatly enhanced the overall catalytic
performance in the dark after pre-illumination due to the introduction of
more photogenerated carriers.

Compared to other persistent photocatalytic materials [9,18,21,43],
ZGC gave much faster and efficient persistent degradation of organic
dyes (82.2 % of RhB degraded in 60 min) with a small size of 7.5 + 1.5
nm and lower irradiation power intensity (Table 1).

To understand the contribution of the generated active species (¢OH,
03, 10, and h™) to persistent photocatalytic degradation, capture ex-
periments for various active species were carried out. IPA, BQ, AO and t-
His were used to trap ¢OH, ¢O;, h' and 10,, respectively. The persistent
photodegradation of RhB in the presence of un-illuminated ZGO and
ZGC were inhibited by IPA (Fig. 4b), while pre-illuminated ZGC was
significantly inhibited by IPA, AO, and r-His followed the order of IPA >
AO ~ 1-His (Fig. 4c), indicated the significance of eOH. The EPR data
showed the active species was eH, which was linked to the trans-
formation of eOH to eH. Therefore, oH played a vital role while h* and
10, a secondary role in the persistent photocatalysis. The same is also
true for the dominant ROS in the persistent photodegradation process of
ZGO (Fig. 4d), but h' and 102 showed more significant effects in ZGC
(Fig. 4c). In general, BQ gave no obvious inhibition, indicating the
insignificant contribution of O; to the degradation of RhB.

To show the persistent catalytic behaviour of ZGC for organic pol-
lutants, other three dyes were chosen as target pollutants. It is well
known that RhB, CV, and MB are cationic dyes and MO is an anionic dye
[44,45]. Although the surface of ZGC is negatively charged (Fig. S12),
ZGC showed no interaction with cationic MB dye, but acted as photo-
catalyst for degrading anionic MO dye as well as RhB and CV dyes
(Fig. S13-516). Thus, the main driving force for the decrease of the
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Fig. 4. Persistent photocatalytic activity for RhB degradation: (a) ZGO and ZGC with or without 254 nm UV light pre-illumination for 60 min; (b) trapping ex-
periments of active species by un-illuminated ZGO and ZGC after reaction in the dark for 30 min; (c) trapping experiments of active species from pre-illuminated ZGC;
(d) trapping experiments of active species from pre-illuminated ZGO. Error bars, + one standard deviation, n = 3. BQ, 1-His, AO and IPA were used to trap O, 10,,

h* and eOH, respectively.

Table 1
Comparison of over reported persistent photocatalytic materials for degradation of organic pollutants in the dark environment.
Catalysts Pollutants  Pollutant Particle size Light source Active Degradation Ref.
concentration species efficiency
(mg/L)
MgGay04 RhB 20 400 nm long x 100 nm 500 W UV lamp «OH 31%inlh [9]
wide
ZnGay04:Cr*-750- EDTA MB 50 20 nm 30 W LED *OH, «0,, 59.9% in10h
MG 30 ' 95%in10h L18]
CcVv 5 95 % in 10 h
Sr,MgSi,0,:Eu®t, Dy’ MO 20 micron-sized 250 W mercury lamp «OH, 0, 39.5%in 24 h [21]
RhB 76.5% in 24 h
MB 20.4 % in 24 h
MI-ZnGay04:Cre*-750- TC 25 20 nm 500 W Xe lamp, 2 > *OH, «0,, 11.6 %in4h .
EDTA oTC 25 420 ' 10.5%in 4 h [43]
MG 50 185%in4h
ZnGa,04:Cu* RhB 10 7.7 nm 6 W UV lamp oH, 10,, h* 82.2%in1h This
work

Notes: EDTA, MG, TC, OTC and MI are the abbreviations of ethylenediaminetetraacetic acid disodium, malachite green, tetracycline, oxytetracycline and molecular-

imprinting, respectively.

solution concentration of dyes was photocatalytic degradation rather
than electrostatic attraction. Fig. S17 shows the structures of the four
dyes. MO has a visible part of the spectra with a maximum of 465 nm
originating from a conjugated structure formed by the N—=N azo bond
(chromophore) [46]. The azo bond is a potential reaction site for ¢H and
cationic dyes are reduced by eH preferentially at the C=N" bond [41],
so the anionic MO dye with N=N azo bond, RhB, and CV with the CG=N*
bond degraded in the presence of ZGC. However, ZGC showed no
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photocatalytic effect on MB due to the lack of the C=N" bond.
Wastewater often contains more than one dye. The persistent
decomposition of the RhB-MB-MO-CV mixture solution was examined in
the presence of pre-illuminated ZGC in the dark. For this purpose, the
UV-vis absorption spectra of the mixture solution in the dark were
measured at 30 min after pre-illuminated or unilluminated ZGC was
added. The absorption peaks of the RhB-MB-MO-CV mixture solution
were the superposition of those of RhB, MB, MO and CV (Fig. S18). All



D.-M. Zhou et al.

the dyes in the mixture underwent photodegradation with the pre-
illuminated ZGC, but the degradation of dye mixture was less signifi-
cant than single dyes due to the competitive photodegradation between
the dyes. The degradation efficiency followed an decreasing order of
MO > RhB > CV > MB. These results further confirm the efficient
persistent photocatalytic activity of ZGC towards organic pollutants in
the case of dark or slight light conditions.

3.6. Reusability of ZGC

The long-term stability of photocatalysts is a crucial consideration
for their practical applications. To assess its stability for practical use,
ZGC was washed and collected, and four recycled experiments were
conducted to evaluate its persistent photocatalytic degradation for RhB
under identical conditions. As shown in Fig. S19, the persistent photo-
catalytic performance of ZGC did not decrease after four recycles of
degradation experiments. Additionally, the XRD pattern revealed that
the crystal phase of the fourth recycled ZGC remained unchanged
(Fig. S20). These results indicate that ZGC had excellent persistent
photocatalytic stability for the degradation of organic dyes.

3.7. Persistent photocatalytic mechanism of ZGC

Density functional theory calculation was conducted to investigate
the band structure and state density of ZGO and ZGC. As shown in
Fig. 5a, the valence band of ZGO was predominantly composed of O 2p
orbitals and hybridized with a minor contribution from Zn 3d and Ga 3d
orbitals, while the conduction band mainly constituted O 2p orbitals.
Once the lattice Ga(Ill) ions in ZGO were substituted by doped Cu(Il)
ions, the electronic orbitals of the doped Cu(Il) ions engaged in hy-
bridization with the GaOg octahedron [17], so the Cu 3d states also
played a role in the formation of the valence band in ZGC. A new energy
level stemming from Cu 3d and O 2p states was found (Fig. 5b), indi-
cating that Cu(Il) could serve as an efficient trap center with suitable
depth. Consequently, in addition to electron transition from the valence
band to the conduction band, there is also a transition of e from the
valence band to the energy level of the doped Cu(Il) ions [47].

Fig. 6 illustrates the mechanism for the persistent photocatalysis of
ZGC after stopping excitation. ZGO is a type of long afterglow matrix
material, possess two active centers, luminescent center and trap center.
The luminescent center can facilitate the recombination of e and h™,

Energy (eV)
m—\o—\r\)wbmms‘lm

Energy (eV)
M—\D—*Nw#(‘ﬂm\l
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which is conducive to afterglow luminescence. The trap center can store
and release photo-generated charge carriers. The doped Cu(Il) ions serve
as the trap center rather than luminescent center inhibit the recombi-
nation of e and h™ to promote the production of active species. The
potential persistent catalytic mechanisms of ZGC are associated with the
involved active species (eOH, oH, ¢O;, 10, and h™). When ZGC is
irradiated by UV light with an energy greater than or equal to the band
gap energy, ¢ and h' are generated (eq 1), and stored in traps [10,48].
These stored e and h* can be continuously released from the traps for a
period in the dark, subsequently transferred to the surface of ZGC, where
they respectively oxidize H»O molecules into H" and ¢OH (eq 4), and
reduced oxygen into e0, (eq 2) [49]. Moreover, ¢0, is oxidized by h™ to
generate 102 (eq 3) and the ¢OH transformed to eH (eq 5) [41,50]. The
obtained eH, ¢O;, 10, and h* act as strong oxidizing agents to effec-
tively degrade the organic dyes (eq 6). The stoichiometry dominating
degradation reaction for ZGC is as follows:

ZGC +hv—hi; +egy (@)
0, +egz—00; (2)
¢0, +hiz— '0, 3
H,O+hi;— e OH+H" (€3]
oOH — eH (O]
Organic dye + (oH, '0,, h*) - CO, + H,0 6)

4. Conclusions

In summary, we have reported the excellent ability of ZGC nano-
particles for persistent photocatalytic degradation of organic dyes with
good recycling capability. The replacement of Ga(Ill) sites by Cu(Il)
doping did not change the crystal structure, but significantly improved
the production and availability of active species. The doped Cu(II) ions
acted as trapping sites to greatly increase the charge transfer rate, and
promote the long lifetime release and separation of e and h' pairs. eH
played a vital role while h™ and 'O, played secondary roles in the
persistent degradation of organic dyes in the dark. ZGC nanoparticles

Fig. 5. Model, band structure, and density of states (DOS) of the as-prepared nanoparticles ZGO (a) and ZGC (b).
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Fig. 6. Mechanism illustration for the persistent photocatalysis of ZGC after stopping excitation.

exhibited much higher efficiency and more rapid degradation of organic
dyes than other persistent photocatalytic materials [9,18,21,43]. This
investigation highlights the potential of ZGC as a persistent photo-
catalyst for the degradation of organic pollutants in the case of dark or
slight light conditions.
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