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Abstract

In this paper, well-defined 3D flower-like porous rhombohedral In,O; (rh-In,O3) nanostructures were
successfully synthesized via the hydrothermal method combining with post-thermal treatments. Interestingly, 3D
flower-like c-1n,O3 nanostructures could be also obtained by simply adjusting the annealing temperature according
to this reaction route. The possible growth mechanism of obtained flower-like In,O; nanostructures was proposed
based on a series of contrasting experimental observations depending on the different reaction conditions as well as
our understandings. What’s more, we also investigated the photocatalytic activities of bulk In,O3, 3D flower-like
rh-1n,03, and c-In,03 nanostructures for the degradation of tetracycline (TC) under the visible light. Photocatalytic
degradation results indicated that 3D flower-like porous rh-In,O; nanostructures exhibited the highest
photocatalytic activities. The possible photocatalytic mechanism for the degradation of TC of 3D flower-like
porous rh-In,0O3 nanostructures was also discussed.

Keywords: Hydrothermal synthesis, 3D nanostructures, rh-In,Os, visible light, photocatalysis.
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Introduction

Over the past decades, antibiotics have been commonly used to prevent animal diseases and promote
livestock productivity *3. However, the frequent occurrence of antibiotics in the aqueous environment leads to the
emergence of environmental issues, such as ecological disturbance and water pollution *®. Tetracycline (TC), one
of antibiotic groups, is important because of its extremely high consumption as human and veterinary medicines
™10 In addition, tetracycline hydrochloride residues may cause a series of ecological, environmental and health

11-14

issues =1t has drawn widely attention to find a green, low-cost and effective method to remove the tetracycline

residues from the aqueous environment. It is well known that photodegradation of tetracycline by semiconductor
photocatalysts is an economic and ecologically safe option for solving energy and pollution problems %7,
Recently, some studies on the high-efficiency photocatalytic degradation of TC by semiconductor-based (such as
TiO, and ZnO) photocatalysts have been reported **% but most of them are UV-light driven rather than
visible-light driven. Therefore, seeking the available photocatalysts with superior visible-light photocatalytic
activities is still a huge challenge.

In,O3, as an important n-type semiconductor with wide band gap, has been widely applied in optoelectronic

% and photocatalysts®. It exists in either cubic

devices such as solar cells %, touch displays %, gas sensors 2
bixbyite-type (c-In,03) phase (E4: 2.93 % 0.15 eV) or rh-In,0; phase (Eq: 3.02 £ 0.15 eV) % For c-1n,04, various
morphologies of c-In,O3 nanostructures have been obtained through using several approaches, including physical
evaporation technique 26, chemical vapor deposition 27, thermal oxidation %, laser ablation technique 2°, sol—gel
method *°, and solution-phase growth *!. However, compared with c-In,O; a few studies on rh-In,04
nanostructures had been reported because the synthesis of rh-In,0O; needed some extreme reaction conditions, such
as high pressure or high temperature 3. Usually, solvothermal method has been proved powerful to produce highly
pure rh-In,0; with uniform densities at low processing temperature 3. For example, Chen and co-workers
prepared rod-like rh-In,O3 nanostructures by using the Poly-ethylene-glycol (PEG) *%. Yin synthesized hollow
rh-1n,05 nanostructures via ethanol-glycerol-assisted solvothermal route . Unfortunately, solvothermal method is
limited to using many organic or toxic solvents such as triethylene glycol, glycerol, and ethylene glycol, which
might bring about great difficulties to the large-scale production and environmental protection %%, Hydrothermal
method is a very green, facile, and promising soft chemical route in terms of low reaction temperature,
environmentally friendly treatment and large-scale production *°. However, to the best of our knowledge, no

studies on the synthesis of rh-1n,0O3 nanostructures through the hydrothermal method have been reported to date.

3D nanostructures including hierarchical rod-aggregates, hexagonal-like and urchin-like nanostructures, have
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attracted much interest because 3D structures can affect the surface area, adsorption, reflectance, adhesion, and
carrier transportation properties that differ from those of the one-dimensional (1D) or two-dimensional (2D)
nanostructures and have enormous potentials in photocatalytic field *°*3. Herein, well-defined 3D flower-like
porous rh-In,O3 nanostructures self-assembled by nanosheets were successfully prepared via a hydrothermal
method combining with post-thermal treatment. Especially, 3D flower-like c-In,O3 nanostructures could be also
obtained by simply adjusting the annealing temperature. Moreover, we explored the effect of the reaction time and
the amount of urea and glucose in detail, which played an important role in controlling the shape of 3D flower-like
porous rh-In,O; nanostructures. The possible growth mechanism of 3D flower-like In,05; nanostructures was
studied on the basis of our experimental observations. The photocatalytic activities of 3D flower-like 1n,O;
nanostructures towards the degradation of TC under visible light were reported for the first time. In addition, the
photocatalytic degradation results indicated that 3D flower-like porous rh-In,O; nanostructures exhibited the

highest visible-light-driven photocatalytic performance.

Experimental Details

Preparation of 3D flower-like precursor

All reagents were of analytical grade without further purification and the deionized water was used in all
experiments. In a typical synthesis, In(NO3);*4.5H,0 (1 mmol), urea (7 mmol), and glucose (9 mmol) were
dissolved in 30 mL deionized water (DI water) and stirred at room temperature for 30 min. The resultant solution
was transferred into a Teflon-lined stainless steel autoclave (50 mL capacity) and heated at 180 °C for 6 h. As soon
as the autoclave was cooled to the room temperature naturally, the products were collected by centrifugation and
then washed thoroughly with DI water and ethanol alternately for three times. The products were dried at 60 °C in

vacuum for 12 h.

Preparation of 3D porous flower-like rh-In,O3; nanostructures

The pre-synthesized brown sample was loaded in a quartz boat and annealed in a tube furnace at 500 °C for 2
h. And then it was cooled to room temperature naturally. The heating rate for the tube furnace was 2 °C/min before

the furnace temperature reached 500 °C. The final products were collected for subsequent characterization.

Preparation of 3D flower-like c-1n,0O3 nanostructures
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The pre-synthesized brown sample was loaded in a quartz boat and annealed in a tube furnace at 600 °C for 2
h. And then it was cooled to room temperature naturally. The heating rate for the tube furnace was 2 °C/min before

the furnace temperature reached 600 °C. The final products were collected for subsequent characterization.

Preparation of bulk 1n,03

An appropriate amount of In(NO3)3-4.5H,0 was loaded in a quartz boat and annealed in a tube furnace at 500
°C for 2 h. And then it was cooled to room temperature naturally. The heating rate for the tube furnace was 2

°C/min before the furnace temperature reached 500 °C.

Sample Characterization

The X-ray powder diffraction (XRD) patterns were performed on Bruker or D8 Advance using Cu-Ka
radiation (A =1.54056 A) in the 20 range of 10 ° to 80 °. The morphologies and microstructures of the samples were
characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
higher-magnification transmission electron microscopy (HRTEM) images and energy-dispersive X-ray spectrum
analysis (EDS). The SEM and EDS were performed using S-4800 Il field-emission scanning electron
micro-analyzer with the accelerating voltage of 15 kV (Hitachi S4800). The TEM images and HRTEM images
were taken on JEOL JEM-2100F high-resolution transmission electron microscope. Specimens for TEM and
HRTEM measurements were prepared via drop casting a droplet of an ethanol suspension onto a copper grid,
coated with a thin layer of amorphous carbon film, and allowed to dry in air. Raman spectra were collected at room
temperature on a Jobin-Yvon HR-800 spectrometer with a 488 nm Ar* ion laser. The Brunauer-Emmett-Teller
(BET) surface areas were measured with Builder 4200 instrument at liquid nitrogen temperature. Shimadzu
UV-2550 spectrometer equipped with WASR-2200 diffuse reflection integrating sphere was employed to acquire
the diffuse-reflection ultraviolet-visible (UV-vis) absorbance spectrum of the samples over the range of 200-800

nm, using BaSO, as a reflection reference.

Photocatalytic activities

The photocatalytic activity measurements of 3D flower-like porous rh-In,O5 nanostructures, 3D flower-like
¢-In,O3 nanostructures and bulk In,O3 nanostructures were carried out by degrading the tetracycline (TC, AR.)
under visible light irradiation. 50 mg photocatalyst was ultrasonically dispersed in 100 mL Pyrex glass vessel

which contained 10 mL tetracycline solution (100 mg+L™). The solution was continuously magnetically stirred in
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dark for about 30 min at room temperature to ensure the establishment of an adsorption—desorption equilibrium.
The mixture was then loaded in an open beaker and continuously stirred during the exposure to visible light from a
350 W Xe lamp with a 420 nm cutoff filter and the whole photocatalytic reaction was conducted at room
temperature. The distance between the light source and the bottom of the solution was about 10 cm. Absorption
spectra of samples were measured to monitor the photocatalytic degradation of TC aqueous solution, and the

absorption at 357 nm was recorded as a function of irradiation time.

Results and discussion

Phase and purity of the samples

XRD was performed to investigate the crystal structure of the samples. The XRD pattern of precursor before
annealing showed the broad peak centered at around 25° , which was attributed to the (002) plane of the carbon
structure (denoted as *). The other main diffraction peaks at 26= 22.3°, 31.7°, and 51.2° could be perfectly indexed
to the (200), (220), and (420) crystal faces of In(OH); (JCPDS No. 73-1810), and the characteristic peaks were
relatively weak due to the existence of carbon layer (Fig. 1a). After annealing at 500 °C for 2 h, the diffraction
peaks in Fig. 1b were in good agreement with rhombohedra phase of In,O3 (rh-In,0O3, JCPDS No. 21-0406), and
no characteristic peaks for impurity, such as carbon and In(OH); were observed, indicating that the In(OH);
precursor was completely transformed into rh-In,O3 under this particular annealing condition. After the subsequent
annealing at 600 °C for 2 h, diffraction peaks of rh-In,O; disappeared (Fig. 1c), and the new corresponding
diffraction peaks could be well indexed to cubic In,O3 (c-In,03;, JCPDS No. 06-0416). It demonstrated that the

transformation from In(OH); to rh-In,0;3 or c-In,O3 could be realized via controlling the annealing temperature.

To further examine the different crystalline structures of In,Os;, Raman spectroscopy measurements were
performed on the rh-In,03 and c-In,05 samples (Fig. 2). On the basis of the group theory analysis, the optical
modes of rh-In,05 have the irreducible representation, shown as below **:

Topt = 2Ag + 5Eq + 2Ay, + 2Ag, + 3Ag + 4E, 1)

Where the Ay, Aa, Agg, and E, are infrared active or Raman inactive, the A,q and E4 are Raman active. As
shown in Fig. 2a, the Raman mode at 163 and 501 cm™ were attributed to the A;gmode, while the Raman modes at
219, 384, and 590 cm™ were assigned to the E, mode, which agreed well with the reported values in the literature.

What’s more, the Raman peaks were relatively weak in intensity due to the incident light scattering caused by the
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self-assembled nanostructures constituting the hierarchical structure.

For c-In,03, the following vibration modes were predicted *:

Topi=4Ag + 4Eq +14T, +5A,, +5E, +16T, )

Where Ay, Eq, and T, represent Raman-active modes, Au and E, represent inactive modes, and T, represents
infrared-active modes. Fig.2b showed representative Raman spectra of c-1n,05 in the frequency range of 100-700
cm. It was very obvious that Raman modes located at about 108, 132, 306, 365, 495, and 627cm™ were in good
agreement with Raman active modes of previously described c-In,O; structures, which also actually provided

additional proof to illustrate the In,05 with cubic phase.

The morphology of the as-obtained samples

The size and morphology of precursor In(OH)s, rh-In,O;, and c-In,O; were investigated by SEM
measurement, respectively. As shown in Fig.3a, it could be clearly seen that In(OH); obtained by hydrothermal
process is orderly flower-like aggregate composed of nanosheets with the coarse surface. After annealing at 500 °C
for 2 h (Fig. 3b ), the product rh-In,O; exhibited well-defined flower-like structures and the EDS spectrum further
confirmed the presence of In and O elements in this sample (C and Pt signals come from the plated element for
SEM measurement) (Fig. 3d). After annealing at 600 °C for 2 h, the whole morphology of c-In,03 was similar with
that of the rh-In,O3 (Fig. 3c). Careful observation on the TEM images of rh-1n,05 (Fig. 4a and 4b) revealed that
the as-prepared flower-like rh-In,0O3 nanostructures were built up by interlaced nanosheets with average thickness
of about 100 nm and length of several hundred nanometers. More importantly, these nanosheets were composed of
numerous small nanoparticles and many nanopores with the diameter of 5-20 nm appeared (Fig. 4c). Besides, the
HRTEM image presented well-defined lattice fringes with an interplanar distance of 0.288 nm, corresponding to
the (104) plane of rh-In,0; (Fig. 4d), which also indicated the good crystallinity of rh-In,Os. In addition, the

well-arranged SAED image (inset of Fig. 4b) reveals the polycrystalline of the as-obtained rh-In,0s.

Growth mechanism and factors influencing on the formation of 3D flower-like porous rh-In,O;

nanostructures

In this work, the possible formation mechanism of 3D flower-like rh-1n,O3 nanostructures was divided into

two processes. Firstly, the In(OH); precursor with nanosheet-based flowers was prepared by a simple hydrothermal
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route. Then, flower-like rh-In,O; nanostructures were obtained under ambient pressure by the thermal
decomposition of the In(OH); precursor at 500 °C for 2 h. In order to understand the formation of 3D flower-like
rh-In,O3 nanostructures, we studied the influence of different parameters on the morphology of products
systematically. We found that the reaction time, the amount of urea and glucose both played an important role in

controlling the morphology of In,O3 nanostructures.

The influence of reaction time on the formation of 3D flower-like In,05; nanostructures was investigated as a
variable while keeping all other reaction parameters the same. When the reaction time is less than 20 min, no
precipitate was observed. When the reaction time reached 30 min, some leaf-like sheets formed gradually (Fig.5a).
When the reaction time was increased to 1 h (Fig. 5b), both some nanosheets and flower-like aggregates appeared.
Finally, as the reaction time prolonged to 4 h (Fig. 5c), the individual nanosheets disappeared completely and the
well-defined 3D flower-like morphology appeared. Fig. 5d shows the XRD patterns of the products obtained at 30
min, 1 h, and 4 h, respectively. It should be noted that the product before calcination existed in the form of In(OH),

for different hydrothermal durations.

The influence of glucose on the formation of 3D flower-like rh-In,O3 nanostructures was investigated as a
variable while keeping all other reaction parameters the same. Fig. 6 showed SEM images of the obtained samples
under adding the different amount of glucose. Without glucose, the obtained product mainly consisted of irregular
and coarse aggregates. When the amount of glucose was 3 mmol, numerous nanosheets appeared. When the
amount of glucose was increased to 7 mmol, typical flower-like In,O3 nanostructures assembled by nanosheets
appeared gradually. However, when the amount of glucose was further increased in 12 mmol, nanosheet-based
In,O5 flowers can be obtained while individual nanosheets or fragments do exist in the product. It is well known
that glucose molecules have a certain binding affinity to indium ion and can be absorbed onto the nanoparticles
surfaces when they start growing, achieving anisotropic crystal growth kinetically. When the concentration of
glucose was low, the nanosheets were difficult to assemble into flower-like as low rate of nucleation. However, the
high rate of nucleation would destroy the formation of 3D flower-like due to the high rate of nucleation. Therefore,
when the amount of glucose was 9 mmol, the rate of nucleation was suitable for obtaining the well-defined 3D

flower-like structures.

To explore the role of urea in the formation of 3D flower-like In,O3, several experiments with different

amounts of urea such as 0, 1, 4, and 10 mmol with the other conditions unchanged were conducted (Fig. 7).
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Without addition of urea, the product consisted of many sphere-like particles with irregular size. When the amount
of urea was 1 mmol, both the aggregated-spheres and aggregated-nanosheets appeared. When further increase the
amount of urea (4 mmol), the aggregates disappeared and nanosheets-based flowers grown out gradually. However,
further increasing the amount of urea to 10 mmol led to the formation of the mixture of nanosheet-based flowers
and several individual nanosheets due to the collapse of flowers. The experimental results revealed that urea
played an important role in controlling the morphology of In,O3 and well-defined 3D flower-like structure could
be achieved successfully with 7 mmol urea. Under the hydrothermal condition, urea could decompose into
NH5-H,0 and CO, (reaction 3). Then NH3-H,O released OH™ and successively reacted with In®" to form In(OH),

(reaction 4).

NH,(CO)NH, + 3H,0 — 2NH,* + 20H™ + CO, 1 ®)

In* + 30H™ — In(OH), (4)

From the above-mentioned chemical reactions, we can deduce that the concentration of OH™ is crucial for the
formation of In(OH); precursor. On one hand, when the addition of urea was not sufficient, the concentration of
OH™ was not enough for the full growth of nanosheets. So, it was difficult to assemble into flower-like structure
due to low rate of nucleation, which finally led to the formation of sphere-like particles (Fig. 7a). On the other
hand, the assembly rate of nanosheets was too fast which led to the collapse of some flower-like structures when
excessive urea was introduced. Herein, 7 mmol of urea is appropriate for the formation of 3D flower-like

nanostructures.

On the basis of the results discussed above, the possible formation mechanism of flower-like In,O;
nanostructures is suggested (Scheme 1). At the initial stage of hydrothermal reaction, because glucose molecules
have a certain binding affinity to In® and can be absorbed onto the nanocrystals surfaces when nanocrystals start
growing, achieving anisotropic crystal growth kinetically. At the same time, as the Lewis base, urea can coordinate
with the In®" because of the coordination effects *. As a result, the complex precursor (such as glucose-In®*-urea)
was formed at the initial stage. With the increase of reaction time and temperature, the urea molecules began to
hydrolyze to give off OH", which favored the homogeneous nucleation of In(OH); nanocrystals derived from the
complex precursor. As the reaction continued, the In(OH)3; nanocrystals aggregated to form flakes or sheets due to
the anisotropy and lots of nanosheets with a planar surface interlaced with each other into a multilayer and network

structure. Subsequently, the hierarchical flower-like In(OH); structure decorated with carbon layers was shaped by
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the self-assembly process. Finally, 3D flower-like porous rh-In,O; nanostructures and 3D flower-like c-In,04

nanostructures were obtained by annealing at 500 °C and 600 °C for 2 h to remove the carbon layers, respectively.

Photocatalytic activities of 3D flower-like porous rh-1n,O5; nanostructures.

The photocatalytic activities of the as-synthesized 3D flower-like porous rh-In,O5; nanostructures and 3D
flower-like c-In,O; nanostructures were evaluated by the degradation of TC (10 mg/L) under visible light
irradiation at room temperature. The characteristic absorption peak of TC at A = 357 nm was selected as
monitoring the photocatalytic degradation process of TC. Fig. 8a showed the absorption spectra of the TC aqueous
solution in the presence of 3D flower-like rh-1n,O3 nanostructures under visible light irradiation. Obviously, with

the increase of degradation time, the absorption peaks at about 357 nm for TC diminished gradually.

The degradation efficiency of TC over 3D flower-like porous rh-In,05 nanostructures, 3D flower-like c-In,05
nanostructures, and bulk In,O3 under visible light irradiation was presented in Fig. 8b. The results showed that the
direct photolysis of TC was negligible without a photocatalyst after 3 h visible light irradiation, indicating the
stability of TC solution. Meanwhile, in the presence of photocatalysts, the TC concentration decreased steadily
with increasing irradiation time. It could be seen that only 19.3% and 41.1% of TC was degraded after 3 h
irradiation for the bulk In,O; and 3D flower-like c-In,O5; nanostructures, respectively. However, for the 3D
flower-like porous rh-1n,O3 nanostructures, the TC was degraded by 67.5%, which was greatly more effective than

the bulk In,O3 and 3D flower-like c-1n,03 nanostructures.

For TC solution with low concentration, the photocatalytic degradation process was a quasi-first-level

reaction and its kinetics could be expressed in the following formula:

In (Co/C)= kt ©)

Where the k was the apparent rate constant, C and C, were the concentration at time and the initial
concentration, respectively. Photocatalytic properties of the samples could also be assessed through the reaction
rate constant k value: the bigger the k value, the better the photocatalytic performance. Fig. 8c showed the
relationship between In(Cy/C) and light time (t). Through the first-level linear fitting, the reaction rate constant k
values of the products were obtained. As shown in Fig. 8d, the k values for bulk In,03, 3D flower-like c-In,03
nanostructures, and 3D flower-like porous rh-In,O; nanostructures were 0.00748, 0.0692 and 0.1732 h,

respectively, suggesting that the 3D flower-like porous rh-In,0O3 possessed the highest degradation rate.
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It is demonstrated that the photocatalytic activity of individual photocatalytic system is mainly governed by
structural features, light absorption ability, and the ability to adsorb target pollutants. To find out the reason for
their difference in photocatalytic activity over 3D flower-like c-In,O3 nanostructures and 3D flower-like porous
rh-1n,O3 nanostructures, the UV-vis diffuse reflectance spectrometer (DRS) was first used to determine the band
gap energy of these two samples. As shown in Fig. 9, the absorption band edges of 3D flower-like c-In,O3 and 3D
flower-like porous rh-In,O; were located at about 430 and 445 nm, respectively. The band gaps energy (E,) of

In,0; was calculated by the plot of (Ahv) /2

versus hv, as presented in the inset of Fig. 9. Obviously, the band gaps
were estimated to be 2.85 eV for rh-In,0;and 2.75 eV for c-In,0s. It is well acknowledged that the process of
photocatalysis for catalysts is the excitation of electrons from valence band to conduction band by direct
absorption of photons, and separated electrons and holes subsequently move to the catalyst surface and react with
TC. This process is initiated by light absorption with energy equal to or larger than the band gap energy of
semiconductors. This means that the narrower band gap, the more active the photocatalyst. However, in our case,
the photocatalytic of 3D flower-like porous rh-In,O3 nanostructures were much higher than that of 3D flower-like
¢-In,O3 nanostructures, indicating that the higher photocatalytic was not attributed to the narrower band gap. In
addition, nitrogen sorption was then used to measure the Brunauer-Emmett-Teller (BET) surface areas of the 3D
flower-like c-In,03 nanostructures and 3D flower-like porous rh-In,05 nanostructures. It was found that the BET
surface area of 3D flower-like porous rh-In,05 (27.2 m?/g) was much larger than that of 3D flower-like c-In,O4
(19.5 m?/g). The relatively higher BET surface area of 3D flower-like porous rh-In,0; further confirmed that the
as-obtained rh-In,O3 possessed the porous structure. Usually, a higher surface area is beneficial to the reduced
probability of electron-hole recombination and promoted migration of photogenerated carriers. Hence, we
concluded that the much higher photocatalytic activity of 3D flower-like porous rh-In,O; compared with 3D

flower-like c-In,O3 was owing to its larger BET surface area.

Detection of active species by scavengers

In aqueous solution, the photo-assisted catalytic degradation of TC was caused by the active species produced
on the surface of semiconductors, such as holes, electrons, *OH, and O, *6. When absorbing the visible light with
the energy (hv) equal to or larger than the band gap energy (Eg), the 3D flower-like rh-In,O; nanostructures
generate valence-band holes (h*) and conduction-band electrons (¢7) at the surface, which is illustrated in the

following eqs (7):
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2In,05 + hv — In,03 (h*yg) + 1n,03 (e°ce) )

The separation of electrons and holes is always recognized to be the initial step in the photodegradation
mechanism. Therefore, to unfold the mechanism of the process, a series of quenchers were employed to ascertain
the ruling active species. The scavengers introduced to the TC solution prior to the addition of rh-In,Os
photocatalyst 4’ were benzoquinone (BQ) for O, , EDTA for h*, AgNO, for e, and tert-butyl alcohol (TBA) for
*OH. Fig. 10 is the photodegradation of TC over 3D flower-like porous rh-In,O; photocatalyst in the presence of
active species scavengers. The addition of BQ and EDTA substantially diminished the photodegradation of TC and
a similar inhibition phenomenon was also observed with the addition of TBA. However, the introduction of

AgNO; caused a small increase in the photodegradation of TC.

Directed by the above findings from the active species trapping experimental results, we conclude that the
holes, *OH radicals and O, are the main contributors to the photocatalysis of TC over 3D flower-like porous
rh-In,O; photocatalyst. It should be noted that the CB electrons of rh-In,05can combine with Ag” after introducing
the AgNO3;, which can effectively separate the electron—hole pairs and refrain the recombination of electrons and

holes 8

. In other words, the more holes can be released from the VB of rh-In,O; and attend to the
photodegradation. On the basis of the above results, we propose a plausible mechanism for the photodegradation
of TC over 3D flower-like porous rh-In,O5 photocatalyst. As shown in the scheme 2, under the irradiation of
visible light, the electron—hole pairs are excited from the VB of 3D flower-like porous rh-In,O3to its CB. The
electron—hole pairs can then undergo further reactions with dissolved oxygen and water to form reactive radical
species. The holes can react with water adsorbed on the surface of 3D flower-like porous rh-In,O;to generate
highly active hydroxyl radicals (*OH). Moreover, O, acts as an electron acceptor and generates *O, species, which
are found to be the ruling active species in the photodegradation of TC. In addition, the photogenerated holes are
also involved in the direct oxidation of TC which is evidenced by the active species trapping experiments. Thus,

the active species including holes, *OH radicals, and O, result in the degradation of TC over 3D flower-like

porous rh-In,05 photocatalyst under visible light.

Conclusions

In summary, we reported the preparation of well-defined 3D flower-like porous rh-In,O; nanostructures
self-assembled by numerous nanosheets via a hydrothermal method combining with post-thermal treatment.

Interestingly, 3D flower-like c-In,O3 nanostructures could be also obtained by simply adjusting the annealing
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temperature. We explored the effect of the reaction time and the amount of urea and glucose in detail, which
significantly influenced the formation of 3D flower-like Porous rh-In,O3 nanostructures. What’s more, the
photocatalytic activities of 3D flower-like In,O3; nanostructures towards the degradation of TC under visible light
irradiation were reported for the first time. 3D flower-like Porous rh-In,O3 nanostructures exhibited the highest
photocatalytic activity for the degradation of TC under the visible light irradiation. It is expected that this
repeatable and mild synthesis route could aid to fabricate more efficient photocatalyst with well-defined structures

and high photocatalytic performance for environmental remediation.
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Fig.1. XRD patterns of 3D flower-like the In(OH); nanostructures (a); 3D flower-like porous rh-In,O;

nanostructures (b); and 3D flower-like c-In,O3 nanostructures (c).
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2

Energy (KeV)
Fig.3. SEM images of the precursor (a); 3D flower-like porous rh-In,0; nanostructures (b) and 3D flower-like
¢-In,05 nanostructures (c) obtained by annealing the precursor at 500 °C and 600 °C, respectively; (d) EDS of 3D
flower-like porous rh-In,0O3 nanostructures.
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Fig.4. TEM (a-c) and HRTEM (d) images of the 3D flower-like porous rh-In,O3 nanostructures; and the inset:
corresponding SAED pattern.
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Fig.5. SEM images and XRD patterns of the products collected at different hydrothermal times: (a) 30 min; (b) 1 h;
and (c) 4 h.
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Fig.6. SEM images of the samples obtained with different amounts of glucose (a) 0 mmol; (b) 3 mmol; (c) 7 mmol;

and (d) 12 mmol after annealing at 500 °C (with the same addition of 7 mmol urea).
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Fig.2. SEM images of the samples obtained with different amounts of urea (a) 0 mmol; (b) 1 mmol; (c) 4 mmol;
and (d) 10 mmol after annealing at 500 °C ( with the same addition of 9 mmol glucose).
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Scheme 1: the formation of 3D flower-like In,O3 nanostructures.
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Fig.8. (a) Variation curves of the visible light absorption spectrum of TC in the presence of 3D flower-like
rh-In203 nanostructures; (b) photodegradation curves of TC in the presence of 3D flower-like porous rh-1n,0,
nanostructures, 3D flower-like c-1n,O3 nanostructures, and bulk In,Os; (c) Linear fitting curves of TC degradation;

(d) degradation rate constant k of samples.
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Fig.9. UV-vis absorption spectrum of 3D flower-like porous rh-In,O5; nanostructures and 3D flower-like c-1n,04

nanostructures. Inset: the corresponding plot of (Ahv)*? as a function of photon energy (hv).
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Fig.10. Effects of a series of scavengers on the photodegradation efficiency of TC using 3D flower-like porous

rh-1n,O3 nanostructures,
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Scheme 2: The degradation mechanism of 3D flower-like porous rh-1n,O3; nanostructures photocatalytic.



