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Enhanced photocatalytic activity of a flower-like
In,03/ZnGa,04:Cr heterojunction composite with

long persisting luminescences
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The development of new photocatalysts with high photocatalytic efficiency and catalytic stability, and long

persisting luminescence is critical for ensuring environmental protection and clean energy production. In
this study, we develop a flower-like In,Os/ZnGa,O4:Cr heterojunction composite with enhanced
ultraviolet (UV) photocatalytic activity using a facile two-step hydrothermal method. The spectral

response range of the heterojunction composite is widened to the visible-light range owing to the

presence of the ZnGa,O4:Cr persistent luminescence nanoparticles with sizes of less than 10 nm. The
heterojunction composite is dispersed on the flower petals of In,Oz. The In,O3/ZnGay04:Cr/1:1
composite exhibits photo-degradation performance for rhodamine B degradation that is superior to
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1. Introduction

With rapid economic development, humans have focused their
attention on production of colored materials worldwide. This
has led to an ongoing increase in the annual output of synthetic
dyes. Due to the synthetic dye content in the large amounts of
wastewater discharged by dye industries during the production
process and the absence of effective treatment, the discharge
water harms the environment.® Photocatalysis technology
based on solar energy is a promising approach for the treatment
of environmental pollution and for green renewable energy
utilization. This technology uses semiconductor photocatalysts
that have been investigated in the past several decades. These
photocatalysts include TiO,, CeO,, g-C3N4, ZnO, ZnS, WOs3;,
In,03, and Bi,WO,.*** Among these photocatalysts, as a typical
n-type semiconductor photo-catalyst with a band gap of 2.8 eV
and outstanding thermodynamic stability,"> In,O; has drawn
significant attention in the studies related to photo-
electrochemistry, chemical sensors, photocatalytic hydrogen
generation, and the degradation of organic pollutants.'**¢
However, pure In,0; still shows limited photocatalytic activity
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luminescence that lasts for more than 72 h. Thus, the In,03/ZnGay,O4:Cr/1:1 composite shows great
potential for use in round-the-clock photocatalytic applications.

owing to the fast recombination of the photo-generated elec-
trons and holes and the low utilization of the solar spectrum."”
Therefore, the construction of heterojunction composites is an
effective method to substantially enhance the photocatalytic
performance of In,0;. For example, heterojunction composites
such as In,03/BiVO,, p-CuO-n-In,03, and ZnFe,0,/In,03 have
been rationally designed and exhibit enhanced photocatalytic
activity."*?° ZnGa,0, is an important p-type semiconductor
material. It is a blue-emitting phosphor with a wide band gap
and a d'° electron configuration.® ZnGa,0O, shows great
potential for applications in various areas, such as gas sensors,
ultraviolet (UV) photodetection, solar energy conversion, and
UV light photocatalysis.**?® It is an ideal host lattice that can
emit near-infrared (NIR) afterglow upon chromium ion (Cr*")
doping. Therefore, Cr**-doped ZnGa,0, exhibits great potential
for in vivo bio-imaging with a high signal-to-background ratio.””
Our previous work showed that the Bi** and Cr*" co-doped
ZnGa,0, exhibit excellent photocatalytic activity and NIR
persistent luminescence owing to an increase in the trap density
and a decrease in the band gap that prolong the lifetime of the
photo-generated electron-hole pairs and increase visible light
absorption.>*

Zhang et al. were the first to achieve an afterglow degradation
effect for rhodamine B (RhB) by using a separated long-lasting
phosphors layer to excite TiO,.** Many researchers have
sought to attain high-efficiency LLP-assisted photocatalyst is
using materials such as CaAl,04:(Eu,Nd)/TiO,_,N,,* SrAl,Oy:-
Eu®",Dy**/g-C3N,@NH,-Ui0-66,°  TiO,/St,Al;40,5:Eu”*, Dy** 3
CayrAl;4053:Th* (Sm®"),?  (Zn0:Ga,0;:2Ge0,):Cr**/Ti0, and
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7n,Si0,4:Ga*".%*3* However the photocatalytic properties of these
materials still need to be improved. We expect that the combi-
nation of In,O; and ZnGa,0,:Cr’" will prolong carrier lifetimes
and improve the band gap of the In,03/ZnGa,0,:Cr hetero-
junction composite and also will realize a round-the-clock
photocatalytic reaction with long persistent luminescence. To
the best of our knowledge, no In,03/ZnGa,0,:Cr-based
composites have been reported to date.

Herein, we developed a flower-like In,0;/ZnGa,0,4:Cr heter-
ojunction composite with enhanced UV-light photocatalytic
activity using a facile two-step hydrothermal method. The
spectral response range of the heterojunction composite is
widened to the visible light range by the ZnGa,0,:Cr persistent
luminescence nanoparticles (PLNPs) with sizes smaller than
10 nm. The heterojunction composite was dispersed on the
flower petals of In,0;. The In,03/ZnGa,0,:Cr composite
exhibited high photo-degradation efficiency for RhB degrada-
tion that was higher than those of pure In,0; and ZnGa,0,:Cr,
with complete degradation achieved after 80 min under UV light
irradiation. Moreover, the In,03/ZnGa,0,4:Cr composite showed
long afterglow luminescence that lasted for more than 72 h.
Thus, it shows great potential for round-the-clock photo-
catalytic applications.

2. Experimental
2.1 Materials and reagents

All of the reagents were used as received without further puri-
fication. Ga,0; (99.99%), InCl;-4H,O (99.9%), Zn(NO;), 6H,0
(99.99%), C,HgO,, Cr(NO3);-9H,0 (99.95%), and C;,H,5;NaSO,
were purchased from Aladdin (Shanghai, China). CH,4N,O,
concentrated HNO3, and aqueous NH; (15 wt%) were purchased
from Shanghai Chemical Reagent (Shanghai, China). Ultrapure
water (ULPHW) was used to prepare all of the solutions and was
also used in the photocatalytic tests.

2.2 Preparation of the In,03/ZnGa,0,:Cr composite

The In,03/ZnGa,0,:Cr composites were prepared using a two-
step hydrothermal method (Fig. 1). First, flower-like In,O3
microspheres were synthesized.?® Then, InCl;-4H,0 (0.391 g),
C1,H,5Na0,S (1.09 g), and CH,N,O (0.4 g) were dissolved in
ULPHW (80 mL). Then, the mixture solution was transferred to
a Teflon-lined stainless steel autoclave and heated at 120 °C for
12 h. The resulting colloid solution was centrifuged, and white
precipitates were obtained. The precipitates were washed with
distilled water and ethanol several times and dried in the air.
Finally, the dried precipitates were annealed in air at 500 °C for
2 h, and flower-like In,O; microspheres were obtained.
Subsequently, In,O3 (100 mg) was dispersed in C,HO, (10
mL) for 30 min. The mixed solution was stirred at room
temperature for 30 min. Then, Ga** (0.2 mol L™, 1.99 mL), Zn*"*
(0.4 mol L™, 1 mL), and Cr** (0.01 mol L™, 0.4 mL) solutions
were added to the above mixed solution, and stirred for 30 min.
Aqueous NH; was added to the mixture to adjust the pH to 9.
The resulting mixture was transferred to an autoclave and
heated at 170 °C for 24 h. The products were centrifuged.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the preparation of the In,0Os/ZnGa,O4:Cr

composites.

Finally, the sample was annealed at 700 °C in N, protection for
3 h. The obtained sample was denoted as the In,03/ZnGa,0,:Cr/
1:1 composite.

2.3 Sample characterization

The X-ray diffraction (XRD) patterns for the obtained samples
were recorded using a Bruker D8 Focus Advance X-ray diffrac-
tometer (Bruker, Germany) with Cu-Ka. radiation (A = 0.15406
nm). The microstructures and chemical composition were
determined using a SU8220 field-emission scanning electron
microscope with an EDS spectrometer (Hitachi, Japan). High-
resolution transmission electron microscope (HR-TEM)
images were obtained using a JEM-2100 HR-TEM microscope
(JEOL, Japan). Photoluminescence spectra and persistent
luminescence decay curves were obtained using an F-4500
fluorescence spectrophotometer (Hitachi, Japan). Ultraviolet-
visible (UV-vis) diffuse reflectance spectra were recorded using
a UV-vis spectrophotometer (Shimadzu UV-2600, Japan).

2.4 Photocatalytic activity test

We evaluated the photocatalytic performance of the as-prepared
In,03/ZnGa,0,:Cr composites by measuring the photo-
degradation efficiency of RhB under UV irradiation by
a mercury lamp (300 W, illumination intensity is 8.1346 W
cm?) at room temperature. An In,05/ZnGa,0,:Cr sample (20
mg) was combined with a 10 mg L™ aqueous RhB solution (40
mL). Magnetic stirring was performed continuously in the dark
for 40 min to reach the adsorption-desorption equilibrium.
Then, the suspension was placed under UV light irradiation,
and the samples were collected, separated, and analyzed with
a spectrophotometer at regular time intervals (every 20 min)
using the same method.

3. Results and discussion
3.1 Characterization of the crystal structure

The crystal structures of the as-prepared flower-like In,Oj3,
ZnGa,0,:Cr, and In,03/ZnGa,0,:Cr composites were charac-
terized using XRD. Fig. 2 shows that all of the peaks were
assigned to the In,0; sample with the peaks at the 26 values of
21.47°, 30.59°, 35.47°, 37.58°, 41.49°, 45.64°, 51.06°, 56.08°, and
60.71° indexed to the (211), (222), (400), (411), (332), (431), (440),
(611), and (622) cubic In,O; crystal planes, respectively,® that
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Fig.2 XRD patterns of the In,O3z, ZnGa,04:Cr, and In,Oz/ZnGa,0,4:Cr
composites.

are consistent with the standard JCPDS pattern (file no.06-
0416). Moreover, no impurity diffraction peaks were observed.
In the ZnGa,0,:Cr sample, the peaks were observed at the 26 of
18.45°, 30.28°, 35.7°, 37.4°, 43.58°, 53.85°, 57.56°, 63.19°, and
74.72°, and all of the diffraction peaks were consistent with the
spinel phase of ZnGa,0; (file no. 38-1240) and could be indexed
as the (111), (220), (311), (222), (400), (422), (511), (440), and
(531) crystal planes, respectively.?” Furthermore, the diffraction
peaks of the In,03/ZnGa,0,:Cr/1:1 heterostructure were similar
to the corresponding XRD patterns of cubic In,O; and the spinel
phase of ZnGa,0,. Moreover, with increasing ZnGa,0,:Cr
content, the diffraction peaks of ZnGa,0,:Cr gradually became
stronger than those of In,0;. These results revealed that the
cubic and spinel phases coexisted, indicating that In,Os/
ZnGa,0,:Cr/1:1 heterostructure composites were successfully
constructed with ZnGa,0,:Cr PLNPs with sizes of less than
10 nm dispersed on the flower petals of In,0;. Fig. S1{ shows
the diffraction peaks for the samples with the different contents
of In,0; and ZnGa,0,:Cr. No impurity phases were observed.

3.2 Morphology analysis

The morphology and elemental composition of the flower-like
In,03, ZnGa,04:Cr, and In,0;/ZnGa,0,:Cr/1:1 composites
were further investigated using FESEM, TEM, and EDS. The low-
magnification FESEM image of In,0; (Fig. 3a) shows that the
products consisted of numerous flower-like microspheres with
sizes ranging from 2 to 5 pm. Detailed morphology information
of In,O; was obtained via enlarged magnification FESEM
(Fig. 3b) and TEM (Fig. 3c), revealing that these flower-like
nanostructures are formed from nanosheets. Notably, the
thickness of the flower petals and the edge of the nanosheets is
approximately 20 nm, and the as-obtained flower-like structure
can generally be classified as a hierarchical structure. The
FESEM and TEM images (Fig. 3d and e) of the In,0;/ZnGa,-
0,:Cr/1:1 composite show that the flower-like structure was
preserved. The dark spots observed in the images had a diam-
eter of approximately 10 nm and represented ZnGa,0,:Cr
PLNPs that were well-dispersed on the flower petals of In,0;.
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The HR-TEM and SAED analyses indicated that the ZnGa,0,:Cr
PLNPs had a single-crystal structure and that the distance
between the lattice fringes was 0.48 nm (Fig. 3f). This distance
corresponds to the d-spacing of the ZnGa,0,(111) lattice planes.
Furthermore, the SAED pattern confirmed that the crystals of
the ZnGa,0,:Cr PLNPs were pure spinel crystals. The results of
the EDS analysis demonstrated that the flower-like In,0; was
composed of only In and O, (Fig. 3g) and that the In,Os/
ZnGa,0,:Cr/1:1 composite was composed of only In, Ga, Zn, Cr,

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9,00 2.00
Energy / keV

00 600 8.00
Energy / keV

100 12,0

Fig. 3 (a—c) SEM and TEM images of flower-like In,Os; (d—f)SEM and
TEM, HRTEM, and SAED images of the In,O3/ZnGa,04:Cr/1:1
composites; EDS patterns of the (g) flower-like In,Oz and (h) In,Osz/
ZnGa04:Cr/1:1 composites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Survey XPS spectra of the In,03/ZnGa,O4:Cr/1:1 composites.

and O, (Fig. 3h). Moreover, no other elements were found.
Using EDS-mapping images, we further confirmed that the In,
Ga, O, Zn, and Cr elements were uniformly distributed over the
In,05/ZnGa,0,:Cr composites (Fig. S2%). These results indi-
cated that the ZnGa,0,:Cr PLNPs were successfully embedded
in the flower petals of In,0O; and that the In,03/ZnGa,0,:Cr/1:1
heterojunction composite was successfully constructed.

To measure the surface chemical composition and the
chemical states of the elements, the In,03;/ZnGa,0,:Cr/1:1
composite was characterized by XPS. Peaks of the In, Ga, O,
Zn, and Cr and C elements can be observed from the XPS survey
spectrum of the In,03/ZnGa,0,:Cr/1:1 composite (Fig. 4), which
is consistent with the EDS analysis results. The peak for C 1s at
284.8 €V is attributed to adventitious hydrocarbon from the XPS
instrument.*® The corresponding high-resolution spectra are
also shown in Fig. S3(a and b).} The Zn 2p spectrum had two
peaks at 1022.28 eV and 1045.35 eV assigned to Zn 2p;,, and Zn
2p4/2, respectively, while the Ga 2p spectrum consisted of the
peaks centered at the binding energies of 1118.34 eV and
1145.25 eV that were assigned to Ga 2p;, and Ga 2pyj,
respectively. These observations demonstrate that Zn and Ga
are present in the +2 and +3 oxidization states, respectively.
Moreover, the O 1s core level spectrum of the In,03/ZnGa,0,:Cr
composites are shown in Fig. S3c,I and the major peaks
centered at 529.83, 530.23, and 531.85 eV are attributed to
lattice oxygen in the In-O, Zn-0O, and Ga-O of In,0;/ZnGa,0,:Cr
composites, respectively, whereas the weak peak at 532.17 eV is
due to the presence of the surface adsorbed hydroxyl oxygen
species.’*® The In 3d spectrum also reveals two symmetrical
peaks a 444.78 eV (In 3ds/,) and 452.39 eV (In 3ds/,) (Fig. S3d1)
that are positively shifted compared to the peaks in pure In,0;
(444.3 eV, 451.8 eV), clearly indicating the presence of strong
interactions between In,0O; and ZnGa,0,:Cr. This strong elec-
tronic interaction is essential for the transfer of the photo-
generated charge carriers and the improvement of the photo-
reactivity.****

3.3 Optical properties and band structure

The optical absorption of the samples was measured by UV-vis
diffuse reflectance spectroscopy (DRS). Fig. 5 shows strong

© 2022 The Author(s). Published by the Royal Society of Chemistry
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absorption of the flower-like In,O3 at less than 500 nm, indi-
cating that light is mostly absorbed in the ultraviolet region,
with a band gap E, = 2.8 eV. However, the pure ZnGa,0,:Cr
showed an absorption edge at approximately 350 nm, with
a band gap E, = 4.5 eV. Moreover, no light absorption occurred
in the visible region. When the flower-like In,O; was combined
with the ZnGa,0, : Cr PLNPs in appropriate proportions (1:1),
the absorption peaks gradually moved to the visible-light region
(with a wavelength of 550 nm). In particular, a red shift of the
absorption band edge was distinctly observed for the In,0,/
ZnGa,0,:Cr/1:1 composites, and the intensity of the absorption
peaks was also significantly enhanced. The band gap or energy
gap (Eg) of Iny03/ZnGa,0,:Cr was calculated to be approxi-
mately 2.33 eV according to the following equation (Fig. S4}):*>

ahv = A(hy — Eg)* (1)

where v is the photon energy, « is the absorption coefficient,
and 4 is a constant. The narrow band gap of the In,05/ZnGa,-
0,:Cr/1:1 composites indicated that the synthesized hetero-
junction composites can absorb most of the visible light in
sunlight. The experimental results demonstrated that the co-
existing cubic and spinel phaseln,0;/ZnGa,0,:Cr hetero-
junction composites were successfully constructed using the
ZnGa,0,:Cr particles with the size of 10 nm that were dispersed
on the flower petals of In,03. The In,0; played the key roles of
an electron carrier and electron acceptor in the In,0;/ZnGa,-
0,4:Cr heterojunction composites. The conduction band (CB)
and valence band (VB) of In,0; were located at —0.63 and
2.17 eV, respectively,® where as those of ZnGa,0,:Cr were
located at —1.47 and 3.03 eV, respectively.”® After combining
these two semiconductors, ZnGa,0,:Cr could be excited under
UV light, and the electrons generated in ZnGa,0,:Cr could
migrate to the CB of In,0;. This process led to decreased elec-
tron-hole pair recombination. Subsequently, the electrons
transferred to the surface and reacted with O, to produce O, °,
thereby oxidizing the organic pollutants.** Meanwhile, the
abundant holes on the In,03;/ZnGa,0,:Cr surface also

F(R)/a.u.

1 " 1 " 1 " 1
300 400 500 600
A/ nm

700 800

Fig. 5 UV-visible diffuse reflectance spectra of (a) flower-like In,Os3,
(b) IN03/ZnGay,04:Cr/1:0.5, (c) In03/ZnGay04:Cr/1:1, (d) In,O3/
ZNnGay04:Cr/1:2 and (e) ZnGa,O4:Cr.
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participate in the mineralization of the organic pollutants via
photocatalytic reactions. Therefore, the In,0;/ZnGa,0,4:Cr
composite photocatalyst showed high photocatalytic activity for
the degradation of organic pollutants.

3.4 Photocatalytic activity and mechanism

The photocatalytic activities of the In,03/ZnGa,0,4:Cr compos-
ites were evaluated via the degradation of RhB molecules under
UV light irradiation. First, we established an adsorption-
desorption equilibrium between the catalyst and dye molecules
and stirred the suspension in the dark for 40 min. Fig. 6 shows
that although pure ZnGa,0,:Cr shows no adsorption, both
In,0; and In,03/ZnGa,0,:Cr have good surface adsorption
properties. However, In,0; is preferred to In,03/ZnGa,0,:Cr
because the flower-like In,O; has a large specific surface area.**
Next, the samples were placed under UV irradiation by
a mercury lamp at room temperature. In,03/ZnGa,0,:Cr/1:1
exhibited good photocatalytic performance with a degradation
efficiency of 98.8% after 80 min of irradiation with UV light. The
experimental results indicated that the photocatalytic activity of
In,03/ZnGa,0,4:Cr/1:1 was higher than that of the pure In,0;,
ZnGa,04:Cr, In,03/ZnGa,0,4:Cr/1:0.5 and In,03/ZnGa,0,4:Cr/1:2
samples that showed the degradation efficiencies of 59.3%,
33.2%, 86.7%, and 50.04%, respectively (Fig. 6). Under UV
irradiation, the photo-degradation efficiency of In,0;/ZnGa,-
0,:Cr/1:1 for RhB was higher than that of other PLNPs in the
literature (Table S1}). The results indicate that the composite
with the optimal In,0;/ZnGa,0, : Cr ratio of 1:1 shows good
photocatalytic activity, while the photocatalytic activity
decreases when the composite ratio is greater or lower than the
optimal. This phenomenon has been extensively studied in type
II heterostructures*®** and non-metal and transition metal
doped semiconductor systems,*** and is consistent with the
interfacial charge transfer mechanism.

The surface-decorated ZnGa,0,:Cr in the In,0;/ZnGa,0,:Cr/
1:1 composite acts as an efficient electron scavenger for In,0s3,
because its conduction band potential (—1.47 V vs. NHE) is
lower than the CB level of In,O; (—0.63 V vs. NHE). Conse-
quently, the photo-excited electrons of ZnGa,0,:Cr were pref-
erentially transported to In,O;, and suppressed charger

1.0 pme———n.
08 |
o 0.6}

—
O 0.4 H—=—ZnGa204:Cr
—e—In203
In203/ZnGa204:Cr/1:0.5
—v— In203/ZnGa204:Cr/1:1
In203/ZnGa204:Cr/1:2

02K
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Fig. 6 Photo-degradation
composites.
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combination in ZnGa,04:Cr, providing abundant charge
carriers and leading to the highest photocatalytic activity.”>**
Therefore, both the co-existing cubic and spinel phase In,03/
ZnGa,0,:Cr/1:1 heterojunction composites not only had good
surface adsorption properties but also generated more elec-
tron-hole pairs. Subsequently, these electrons transferred to
the surface of the composites, thus inhibiting the recombina-
tion of the photo-generated electron-hole pairs.

The recyclability of theln,03/ZnGa,0,4:Cr/1:1
composites for photocatalytic RhB degradation was evaluated
by five replicate experiments, as presented in Fig. S5,f showing
that In,03/ZnGa,0,:Cr/1:1 maintained more than 89% of its
initial photocatalytic activity after five cycles. However, the XRD
patterns and XPS spectra of In,0;/ZnGa,0,4:Cr/1:1 did not show
any notable differences before and after the photocatalytic
cycles (Fig. S6 and S7}). These results indicate that the In,05/
ZnGa,0,:Cr/1:1 composite maintains a favorable chemical state
and crystal structure and is not photo-corroded.

The photocatalysis proceeded smoothly, as shown in Fig. 7.
When the In,03/ZnGa,0,:Cr composites were irradiated by UV
light, the electrons generated in ZnGa,0,4:Cr migrate to the CB
of In,0;. This contributed to decreasing the electron-hole pair
recombination. Furthermore, the generated electrons and holes
are subsequently transferred to the surface of the composites.
This process is favorable for electron-hole pair separation. The
electrons subsequently transfer to the surface and react with
oxygen to produce O, ".>* Then, the holes are captured by the
hydroxyl groups (HO—) at the surface of the composites and
produce hydroxyl radicals (HO").>*>* The obtained O, " and
HO" are strong oxidizing agents that degrade the RhB mole-
cules. The mechanism of the photo-degradation reaction
(Fig. 7) can be represented as follows:**

nano-

In,04/ZnGa>04:Cr + hv — hyg* + ecp” (2)
hyg" + H,O — "HO + H* (3)
ecg + 0, — O (4)
O, "+ H" - HO,' (5)
Potential
V (vs. NHE)
201w "
it
L0 CB b
"__:«n.uc\'CF)‘r‘» L = 5
2 % o
o |
+H.0—— m-l .", g
= (| 4 80
+2.0= o= « 5
217¢VVBWY = N N
+30—40H ’“36\@% 7‘?”‘ = '.-l-
OH: \4¥ W

Fig. 7 Schematic illustration of the photocatalytic mechanism of
IN,03/ZnGa04:Cr composites.
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Dye + ("HO/O, ") — degradation (6)

3.5 Photoluminescence analyses

Fig. 8 shows the emission spectra of In,0;, ZnGa,0,:Cr, and
In,03/ZnGa,0,:Cr composites at an excitation wavelength of
254 nm. The ZnGa,0,:Cr and In,0;/ZnGa,0,:Cr composites
give a NIR emission band peaking at 698 nm (assigned to the °E
— A, transition of Cr’") that is superimposed on a broad
emission band in the 600-800 nm range (the *T, — *A” tran-
sition of disordered Cr*")."> However, no NIR emission band
peaks were observed for the pure flower-like In,0;. Moreover,
the band peak intensity increased as the ZnGa,0,:Cr content
increased from 0.5 to 2. Notably, the composite with the
appropriate proportions of In,O; and ZnGa,0,:Cr (In,Os/
ZnGa,0,:Cr/1:1) also showed a certain intensity of NIR emission
band peaks. The results demonstrated that the co-existing cubic
and spinel phase In,05/ZnGa,0,:Cr heterojunction composites
accelerated electron transfer and were favorable for the sepa-
ration of electron-hole pairs. Moreover, they showed a strong
emission spectrum in the NIR. The photoluminescence excita-
tion spectrum was monitored at 696 nm. Four main absorption
bands were observed (Fig. S8f). The strong band peak at
approximately 260 nm was most likely due to the combination
of the O-Cr charge transfer band and the ZnGa,O, host exci-
tation band.?® The bands had peaks at approximately 413, 473,
and 555 nm and originated from the ‘A, — T, (te?), ‘A, — *T;
(te*), and *A, — T, (te?) transitions that were assigned to the 3d
intra-shell transitions of Cr*", respectively.®

Fig. 9a shows the NIR afterglow decay curve of In,Oj/
ZnGa,0,:Cr monitored at 698 nm following excitation by
254 nm UV light for 5 min. The data were recorded for 20 min.
Significant persistent luminescence signals could still be
observed with the naked eye after 20 min. The decay curves of
the NIR afterglow can be fitted well using the following three-
exponential equation:*

1) =Ip + Ae "™ + Ase "™ + Aze™ '™ )

Intensity/(a.u.)

A
650 700 750 800 850

Wavelength / nm

600 900

Fig. 8 Emission spectra of (a) flower-like In,Os, (b) IN,0z/ZNGayOy4: -
Cr/1:2, (c) In,03/ZnGay04:Cr/1:1, (d) In,0z/ZnGa,04:Cr/1:0.5 and (e)
ZnGayOy4:Cr.
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Fig. 9 (a and b) NIR afterglow decay curve and NIR afterglow images
of the INn,O03/ZnGa,04:Cr/1:1 at different times.

where I, is the initial intensity of the afterglow; I(¢) is the
intensity of the afterglow at time ¢; A4, 4,, and 4; are constants;
and 14, 75, and 73 are the derived lifetimes for the exponential
components corresponding to the three different decay
processes. Table S2} shows the fitting results obtained using the
above formula. The average photoluminescence lifetime (7ay)
was 27.97 s. This result indicated that In,0;/ZnGa,0,:Cr had
a long photoluminescence lifetime. We investigated the
persistent luminescence decay of the In,03/ZnGa,0,:Cr
composite using a charge-coupled device camera at different
times (10 min) of irradiation with 254 nm UV light. We still
detected a non-negligible NIR luminescence signal (SNR = 3.1)
from the In,03/ZnGa,0,:Cr 72 h after stopping the UV irradia-
tion (Fig. 9b). This phenomenon indicates that the as-prepared
composites exhibit great potential for round-the-clock photo-
catalytic applications.

4. Conclusions

A flower-like In,03/ZnGa,0,:Cr/1:1 heterojunction composite
with long NIR persistent luminescence was synthesized using
an ethylene glycol-assisted hydrothermal method. The pho-
tocatalytic activity of the In,0;/ZnGa,0,:Cr composite was
improved via the dispersion of the ZnGa,0,:Cr PLNPs on the
flower petals of In,0;. The as-prepared In,03/ZnGa,0,:Cr/1:1
composite exhibited good photocatalytic activity for RhB
degradation, with a degradation efficiency of 98.8% after
80 min under UV light irradiation, which is higher than those
of the pure In,0;, ZnGa,0,:Cr, In,03/ZnGa,0,4:Cr/1:0.5, and
In,03/ZnGa,0,:Cr/1:2 nanoparticles. Moreover, the
composite exhibited long afterglow luminescence that lasted
more than 72 h. Thus, the In,03/ZnGa,0,:Cr composite shows

RSC Adv, 2022, 12, 35064-35071 | 35069
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great potential for use in round-the-clock photocatalytic
applications.
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