
CHEMICAL ROUTES TO MATERIALS

Z-scheme In2O3/WO3 heterogeneous photocatalysts

with enhanced visible-light-driven photocatalytic

activity toward degradation of organic dyes

Ruyi Xie1,* , Kuanjun Fang1, Yu Liu1, Weichao Chen1, Jianing Fan1, Xiaowen Wang1,
Yanfei Ren1, and Yawei Song1

1College of Textiles and Clothing, Collaborative Innovation Center for Eco-Textiles of Shandong Province, State Key Laboratory of

Bio-Fibers and Eco-Textiles, Qingdao University, No. 308 Ningxia Road, Qingdao 266071, People’s Republic of China

Received: 29 January 2020

Accepted: 20 May 2020

Published online:

3 June 2020

� Springer Science+Business

Media, LLC, part of Springer

Nature 2020

ABSTRACT

To effectively decompose the organic dyes in wastewater, a novel all-solid state

Z-scheme In2O3/WO3 heterostructured photocatalyst was successfully prepared

by loading In2O3 nanoparticles onto WO3 nano-needles through a two-step

hydrothermal–solvothermal method. The phase structures, morphologies,

chemical compositions, and optical adsorption properties of these photocata-

lysts were characterized in detail. In the Z-scheme photocatalytic system, the

built-in internal electric field can accelerate the recombination of useless photo-

generated holes on the VB of In2O3 and electrons on the CB of WO3. The

retaining photo-generated charge carriers on the CB of In2O3 and VB of WO3

possess strong redox ability. Therefore, the In2O3/WO3 heterogeneous photo-

catalysts exhibited remarkably improved photocatalytic activity toward degra-

dation of organic dyes and tetracycline hydrochloride compared to pure WO3

and In2O3 semiconductor materials under visible-light irradiation. The recycling

experiments showed that Z-scheme In2O3/WO3 heterogeneous photocatalyst

could still degrade 86.6% of methylene blue and 86.4% of rhodamine B even

after three cycles, confirming its high photo-stability. The trapping experiments

demonstrated that photo-generated holes and �O2
- were the predominant active

species for photocatalytic degradation of organic dyes. Based on the experi-

mental results, a possible photocatalytic mechanism of Z-scheme In2O3/WO3

heterostructure was proposed. This investigation provided a novel approach for

construction of efficient heterostructured photocatalysts for wastewater

purification.
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Introduction

Since the first synthetic dye mauveine came out in

1856, the dyestuff industry has developed rapidly

and offered various dyes for textile, paper-making,

and leather industries. However, the use of synthetic

dye also brings about serious environmental prob-

lems, because approximately 10–15% of dyes cannot

be utilized during dyeing process and released into

natural water system as colored effluents [1]. The

organic dye residues in environment have been

proved to possess negative impact on aquatic life as

well as human health [2–7]. Differing from natural

dyes, synthetic dyes usually have low biodegrad-

ability due to their stable chemical structure and

cannot be easily removed by conventional wastewa-

ter treatment methods. Therefore, it is highly urgent

to develop efficient methods and techniques for the

elimination of synthetic dyes from dyeing effluent.

Recently, semiconductor photocatalysis has

received great attention as one of the most desirable

and environment-friendly methods to decompose

organic dyes using renewable solar light energy

[8–11]. So far, many photocatalyst nanoparticles have

been developed for wastewater treatment, such TiO2,

ZnO, BiVO4, g-C3N4, Ag3PO4, and BiOX(X = Cl, Br, I)

[12]. Compared with other treatment methods, pho-

tocatalysis technology has its distinct advantages,

such as nontoxicity, easy operation, mild reaction

conditions, and low-cost [13, 14]. However, the pho-

tocatalytic activities of single photocatalysts are usu-

ally inhibited due to their high recombination rate of

photo-generated charge carriers and their low uti-

lization of visible light energy. The construction of

semiconductor heterostructured photocatalysts is

proposed as a feasible and promising strategy to

address the above limitations [15–17]. Among the

proposed heterojunction systems, all-solid state

Z-scheme heterostructures have been proven to be

one of the most effective ways for fabricating high

efficient photocatalysts due to their relatively high

redox potential [18–21]. The Z-scheme photocatalytic

system is usually composed of oxidation photocata-

lyst (PS I) and reduction photocatalyst (PS II). For the

purpose of maximizing performances of the

Z-scheme system, PS I and PS II should possess low

valence band (VB) position and high conduction

band (CB) position, respectively.

Tungsten oxide (WO3) is an important metal oxide

semiconductor photocatalyst with relatively narrow

band gap (2.7 eV) and high photo-stability. Gener-

ally, its conduction band (CB) position is about

0.74 eV, and the valence band (VB) position is about

3.44 eV [22]. The highly positive VB level of WO3

endows photo-generated holes with a strong oxida-

tive capability. However, the photocatalytic activity

of pure WO3 under visible-light irradiation is actually

unsatisfactory due to its rapid recombination of

photo-generated charge carriers and their sluggish

migration. It is generally known that the morphology

of photocatalyst plays a pivotal role in determining

its photocatalytic efficiency. According to previous

literature [23–26], WO3 possesses various morpholo-

gies such as nanoparticles, nanoflowers, nanosheets,

and nanorods. Among various WO3 nanostructures,

one-dimensional (1D) WO3 is considered as the

optimal morphology for photocatalysis due to the

high surface-to-volume ratios and shorter migration

paths of photo-generated charge carriers. Moreover,

coupling WO3 with other semiconductor photocata-

lysts, such as TiO2/WO3 [27], WO3/g-C3N4 [28],

Ag3PO4/WO3 [29], WO3/Ag2CrO4 [30], to form

heterojunctions has been reported as an effective

strategy of promoting the separation of photo-gen-

erated electron–hole pairs. WO3 with more positive

VB position is well suited as the PS I in

Z-scheme heterogeneous photocatalyst. In this case,

to seek a semiconductor photocatalyst with appro-

priate CB potential is important for the construction

of heterojunction photocatalytic system containing

WO3. Indium oxide (In2O3), with a band gap of

2.8 eV, is a well-known n-type semiconductor mate-

rial and has been widely coupled with other photo-

catalysts to construct heterogeneous photocatalytic

structure [31–34]. The CB and VB potentials of In2O3

are -0.63 eV and 2.17 eV, respectively, vs. normal

hydrogen electrode (NHE) [35]. The more negative

CB potential makes In2O3 a feasible candidate for the

construction of Z-scheme photocatalytic system as

the reduction photocatalyst.

Herein, an all-solid state Z-scheme In2O3/WO3

photocatalyst was fabricated by depositing In2O3

nanoparticles on 1D WO3 nano-needles via a facile

two-step hydrothermal–solvothermal route. The

photocatalytic activity of In2O3/WO3 was evaluated

by the degradation of MB, RhB, and TC under visible-

light irradiation. The as-prepared In2O3/WO3 com-

posite photocatalyst exhibited excellent
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photocatalytic performance under visible-light irra-

diation, in comparison with pure WO3 and In2O3. The

prepared samples were systematically characterized

in terms of phase structures and morphologies,

chemical bonding states, optical properties, and

electrochemical properties. The radicals trapping

experiments were conducted to detect the main

active species during the photocatalytic reaction. The

degradation intermediates of organic dyes were

analyzed by HPLC–MS. Subsequently, a possible

photocatalytic mechanism for degradation of organic

dyes was also proposed.

Experimental section

Materials

Indium (III) nitrate hydrate (In(NO3)3�4.5H2O), D(?)-

glucose monohydrate (C6H12O6�H2O), urea

(CO(NH2)2), tert-butyl (t-BuOH), ammonium oxalate

(AO), and benzoquinone (BQ) were purchased from

the Sinopharm Chemical Reagent Co., Ltd. Sodium

tungstate dihydrate (Na2WO4�2H2O), rhodamine B

(RhB), methylene blue (MB), and tetracycline

hydrochloride (TC) were obtained from Shanghai

Aladdin Bio-Chem Technology Co., Ltd. Sodium

chloride (NaCl), ethanol absolute (CH3CH2(OH)),

and hydrochloric acid (HCl) were purchased from

Sigma-Aldrich. All of the above chemicals were used

without further purification. Deionized (DI) water

was used throughout the experiments.

Preparation of WO3 nano-needle
photocatalysts

WO3 photocatalysts were prepared by hydrothermal

method. In a typical procedure, 1 g of Na2WO4�2H2O

and 0.2 g of NaCl were added into 25 mL of DI water

and stirred magnetically for 3 h. Then, the pH value

of the above suspension was adjusted to 2.0 using

HCl solution. After magnetic stirring for another 2 h,

the mixture was transferred into a 50-mL Teflon-lined

stainless autoclave, sealed, and maintained at 200 �C
for 20 h in a muffle furnace. The precipitates were

collected out and washed with DI water and ethanol

for three times, respectively. Finally, WO3 photocat-

alysts were obtained after drying at 60 �C for 8 h in a

vacuum oven.

Preparation of Z-scheme In2O3/WO3

photocatalyst

The Z-scheme In2O3/WO3 (In/W) heterogeneous

photocatalysts were prepared via a solvothermal

method. Typically, 129 mg of WO3 photocatalysts

was added into the mixture of diethylene glycol

(20 mL) and DI water (8 mL). The WO3 dispersion

was treated using ultrasonic for 20 min and stirred

magnetically for 180 min. Subsequently, a certain

amount of In(NO3)3�4.5H2O was added into the

above dispersion and stirred for 120 min. Then, 2.5 g

of CO(NH2)2 was added into the mixture solution.

After stirring for another 60 min, the obtained solu-

tion was transferred into a 50-mL Teflon-lined stain-

less autoclave and maintained at 200 �C for 18 h. As

the autoclave was naturally cooled to room temper-

ature, the obtained products were collected by cen-

trifugation and washed thoroughly with ethanol and

DI water. Finally, the composite photocatalysts were

obtained after drying at 60 �C for 5 h in a vacuum

oven. The obtained samples are labeled as In/W-x

(x = 1, 2, 3), which represents the different mass

fractions (5%, 10%, and 15%) of In2O3 in composite

photocatalysts, respectively. For comparison, the

pure In2O3 photocatalyst nanoparticles were also

prepared by the same method without adding WO3

photocatalysts (Fig. 1).

Characterization

The crystalline structures of the prepared composite

photocatalysts were acquired by X-ray powder

diffraction (XRD, Rigaku Ltd., Japan) in the range of

10–80� (2h), using Cu Ka (a = 1.54056 Å) radiation.

The morphology and microstructure of samples were

observed using a scanning electron microscope

(SEM) (HITACHI S-4800, Japan) with an energy-dis-

persive X-ray spectroscopy (EDS) and a transmission

electron microscope (TEM) (JEOL JEM-2100, Japan).

The chemical composition of the samples was deter-

mined by X-ray photoelectron spectroscopy (XPS,

Thermo ESCALAB 250XI). All the binding energies

were referenced to the C 1 s peak at 284.8 eV. The

UV–Vis diffuse reflectance spectroscopy (UV–Vis

DRS) was recorded using a UV–Vis spectropho-

tometer (U-3900H, HITACHI, Japan) equipped with

an integrating sphere attachment. Photoluminescence

(PL) spectra were tested on an Edinburgh FS5 Fluo-

rescence Spectrometer. The specific surface areas of
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the photocatalysts were investigated at 77 K by Bru-

nauer–Emmett–Teller (BET) nitrogen adsorption–

desorption methods with a Micromeritics Tristar II

3020 system. The transient photocurrent and elec-

trochemical impedance spectroscopy (EIS) were per-

formed on an electrochemical workstation (CHI760D

Chenhua Instrument Company) with a three-elec-

trode system. Electron spin resonance (ESR) spec-

troscopy was measured on an electron paramagnetic

resonance spectrometer (Bruker A300, Germany)

using spin capture reagent DMPO in water and

methyl alcohol.

Photocatalytic activity evaluation

The photocatalytic activity of prepared photocatalyst

was evaluated by the photocatalytic degradation of

organic dyes (MB and RhB) and antibiotics TC under

the illumination of a 500 W Xe lamp with a 420-nm

cutoff filter. All of the photocatalytic experiments

were carried out at room temperature and atmo-

spheric pressure. Typically, a certain amount of

photocatalysts were dispersed homogeneously in

50 mL of MB (5 mg/L), RhB (25 mg/L), and TC

(20 mg/L) aqueous solution. Before irradiation, the

suspensions were magnetically stirred in the dark for

30 min to establish adsorption–desorption equilib-

rium between the dyes and photocatalysts. Subse-

quently, the Xe lamp was turned on and cooled by a

quartz cold trap throughout the photocatalytic

experiments. At a periodic interval, constant amounts

of suspensions were taken out and filtered to remove

the photocatalyst powders. To investigate the cycling

stability, the photocatalysts after photocatalytic reac-

tion were separated from dispersions by centrifuga-

tion and washed with ethanol and deionized water

for three times. The dried photocatalysts were reused

in the fresh dye solutions for the next cycle. The

concentrations of MB, RhB, and TC filtrates were

determined by spectrophotometry using a UV–Vis

spectrophotometer (U-3900H, HITACHI, Japan). The

photocatalytic degradation rate of the dye was cal-

culated according to the following Eq. (1):

R ¼ 1 � Ct

C0

� �
� 100% ð1Þ

where R is the dye degradation rate; C0 is the initial

concentration of dye solution; Ct is the concentration

of dye solution at a given irradiation time t. The total

organic carbon (TOC) during photocatalytic degra-

dation of organic dyes by different samples was

determined to evaluate the mineralization ability of

the corresponding photocatalysts.

Free radicals trapping experiments were also car-

ried out to determine the main active species in the

photocatalytic degradation of organic dyes. Three

different scavengers, t-BuOH, AO, and BQ, were

chosen for capturing �OH, h?, and �O2
-, respectively.

In every experiment, 0.5 mL of scavenger solutions

(1 mmol/L) was added into the reaction mixtures

before light irradiation.

The degradation intermediates of two organic dyes

were analyzed by HPLC–MS (Thermo Scientific,

USA) with C18 column (100 mm 9 4.6 mm i.d.,

5 lm). The mixture of two solvents (acetonitrile: 0.1%

Formic acid solution = 60:40, v/v) was used as a

mobile phase. The flow rate was 0.6 mL/min and the

injection volume was 5 lL. The column temperature

was maintained at 30 �C.

Figure 1 Schematic illustration of the preparation process for In/

W-x.
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Results and discussion

XRD analysis

The crystalline structures of the as-prepared samples

were characterized by XRD analysis. As shown in

Fig. 2, all the diffraction peaks of WO3 photocatalyst

could be ascribed to the standard XRD patterns of

monoclinic phase WO3 (JCPDS20-1324) with the

major peaks at 2h = 23.08�, 23.71�, 24.09�, 26.59�,
28.77�, 33.64�, 34.02�, 41.52�, 47.23�, 48.43�, 50.49�,
53.68�, and 54.30�, corresponding to the diffractions

of the (001), (020), (200), (120), (111), (201), (220), (221),

(002), (040), (112), (202), and (041) crystal planes,

respectively [22]. The XRD patterns of In2O3 exhib-

ited several peaks at 21.50�, 30.58�, 35.47�, 45.69�,
51.04�, and 60.68�, which were attributed to the

diffraction peaks of the (211), (222), (400), (431), (440),

and (622) crystal planes (JCPDS71-2195), respectively

[36]. For the composite photocatalyst In2O3/WO3,

each of the diffraction peaks of WO3 could be

observed in their XRD patterns, indicating that the

crystalline structure of WO3 photocatalyst was not

affected by the introduction of In2O3. Moreover, the

strongest characteristic diffraction peak of In2O3 at

30.58� could also be found in the composite photo-

catalysts and its intensity increased gradually with

the increasing contents. The other characteristic

diffraction peaks of In2O3 could not be observed

obviously owing to the low content. The XRD results

confirmed that In2O3 nano-photocatalysts were

successfully loaded on the surface of WO3 nano-

needle photocatalysts.

Morphological characterization

The morphologies and microstructures of the sam-

ples were investigated by SEM and HRTEM. Fig-

ure 3a shows that pure WO3 photocatalysts had the

one-dimensional nano-needle shape with a width of

80–100 nm and a length of 1.5–2 lm as presented in

Fig. 3d. Figure 3b reveals that pure In2O3 photocata-

lysts were monodisperse nanoparticles with the size

of approximately 50 nm as displayed in Fig. 3e. As

for In/W-3 composite photocatalysts, the WO3 nano-

needle photocatalysts were coated with a large

number of In2O3 nanoparticles as shown in Fig. 3c.

The corresponding EDS spectrum in Fig. S1 also

demonstrated the coexistence of W, In, and O ele-

ments in the composite photocatalysts. The con-

struction of heterostructure nano-photocatalysts was

further confirmed by the HRTEM images. Figure 3d

showed that pristine WO3 photocatalysts had typical

nano-needle morphology with good crystallinity and

the fringe spacing of 0.374 nm was assigned to the

(020) crystal plane of WO3 [37]. The inset in Fig. 3e

exhibited that pristine In2O3 was also crystalline and

the fringe spacing of 0.291 nm was corresponding to

(222) crystal plans of In2O3 [38]. It can be seen from

Fig. 3f that In2O3 nanoparticles and WO3 nano-nee-

dles closely contacted with each other. Three differ-

ent lattice planes were observed near the interface

area. The fringe spacing of 0.199 nm, 0.291 nm, and

0.374 nm can be indexed to the (431), (222) crystal

plans of In2O3 and the (020) crystal plane of WO3,

respectively. The tightly contact interfaces between

In2O3 and WO3 can facilitate the rapid separation and

transfer of photo-generated electron–hole pairs, thus

improving the photocatalytic activity of composite

photocatalysts.

XPS analysis

The surface chemical compositions and elemental

chemical states of In2O3, WO3, and In/W-3 were

analyzed by XPS measurement. The full-scan XPS

spectrum in Fig. 4a clearly demonstrated the pres-

ence of In, W, and O elements in In/W-3, indicating

the coexistence of In2O3 and WO3 in the composite

photocatalysts. The high-resolution XPS spectra of W,

In, and O are shown in Fig. 4b–d. The W 4f XPS of
Figure 2 XRD patterns of WO3, In2O3, and In/W-x

photocatalysts.
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pure WO3 in Fig. 4b showed two well-resolved peaks

at 37.15 eV and 35.05 eV, corresponding to W 4f 5/2

and W 4f 7/2 two characteristic peaks of W6?,

respectively [39]. Compared to pure WO3, the two

characteristic peaks of W 4f in In/W-3 were shifted

toward lower binding energies due to the interaction

between WO3 and In2O3 photocatalysts. In Fig. 4c,

the In 3d spectrum of In2O3 displayed two peaks at

450.95 eV and 443.40 eV, corresponding to In 3d 3/2

and In 3d 5/2 peaks of In3? [40], while their positions

in the In/W-3 made a significant shift toward higher

values at 451.40 eV and 443.80 eV, respectively. It

was noteworthy that the O1 s spectra in Fig. 4d were

greatly different in WO3, In2O3, and In/W-3. The O 1s

peak in In2O3 can be deconvoluted into two obvious

bands at about 528.86 and 530.29 eV, which were

assigned to the oxygen bond of In-O-In and the

oxygen defects (Ov), respectively [41]. As for WO3,

the O 1 s signal peak centered at about 529.80 eV can

be ascribed to the crystal lattice oxygen in W–O bond.

In terms of In/W-3 composite photocatalyst, the O 1 s

spectrum can be deconvoluted into three obvious

bands at about 529.16 eV, 529.71 eV, and 530.94 eV,

which was similar to a combination of WO3 and

In2O3. The above XPS results further confirmed the

coexistence of In2O3 and WO3 in the In/W-3

heterostructure photocatalysts.

UV–Vis DRS

The UV–Vis DRS spectra of the WO3, In2O3, and In/

W-x composite photocatalysts are plotted in Fig. 5a.

Pure WO3 and In2O3 displayed relatively weak

absorption intensities in visible light region and had

absorption edges at 430 nm and 420 nm, respectively,

which corresponded to a bandgap energy of 2.70 eV

and 2.80 eV. Compared with the pure WO3 and In2O3

nano-photocatalysts, the In/W-x composite photo-

catalysts demonstrated stronger absorption in both

UV and visible light regions, which may be ascribed

to the interaction between WO3 and In2O3 nano-

photocatalysts. At the same time, the absorption

edges exhibited an obvious red shift phenomenon

with the increasing amount of In2O3 in composite

photocatalysts. When the usage of In2O3 was over

15%, the absorption in visible light region did not

exhibit obvious enhancement. The above results

demonstrated the construction of Z-scheme photo-

catalysts could effectively improve their utilization

for sunlight and produced more photo-generated

electrons and holes for photocatalytic reaction

Figure 3 SEM images of a WO3, b In2O3, and c In/W-3, HRTEM images of d WO3, e In2O3, and f In/W-3.
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accordingly. Moreover, the band gap energies (Eg) of

WO3, In2O3, and In/W-x composite photocatalysts

can be estimated according to the modified Kubelka–

Munk function (2):

ahv ¼ A hv� Egð Þ2 ð2Þ

where a is the absorption coefficient, v is the light

frequency, Eg is the band gap (eV), and A is a con-

stant. From Tauc plots of different photocatalysts in

Fig. 5b, Eg values of pure WO3 and In2O3 can be

calculated to be approximately 2.79 and 2.83 eV,

while Eg values of In/W-1, In/W-2, and In/W-3 are

estimated to be 2.70, 2.43, and 2.41 eV, respectively.

Remarkably, the introduction of In2O3 nanoparticles

on WO3 nano-needle photocatalysts had obvious

effects on narrowing band gap energies of composite

photocatalysts, thereby promoting the absorption of

visible light.

PL emission spectra and electrochemical
properties

Photoluminescence spectroscopy was applied to

study the separation processes of photo-generated

electrons and holes in the as-prepared photocatalysts

as shown in Fig. 6. Generally, a stronger fluorescence

intensity stands for a higher recombination ratio of

photo-generated electron–hole pairs [42]. Pure WO3

and In2O3 photocatalysts both exhibited strong PL

peaks at the range of 340 nm to 450 nm under an

excitation wavelength of 310 nm, indicating their

high recombination rate of photo-induced carriers.

After loading In2O3 nanoparticles on WO3, the PL

intensities of heterogeneous In/W-x photocatalysts

were remarkably lower than those of pure In2O3 and

WO3. The PL spectra results indicated that the con-

struction of Z-scheme heterostructure effectively

inhibited the recombination of photo-generated

electron–hole pairs.

Figure 4 XPS spectra of WO3, In2O3 and In/W-3 photocatalysts: a full survey, b W 4f, c In 3d and d O 1s core levels.
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The photoelectrochemical tests were also per-

formed to study the interfacial charge transfer and

separation process of the as-prepared photocatalysts.

The transient photocurrent responses of pure WO3

and In/W-x heterogeneous photocatalysts were

recorded under visible-light irradiation for four light

on–off cycles. As shown in Fig. 7a, pure WO3 exhib-

ited the lowest photocurrent response. The pho-

tocurrent intensities of In/W-x photocatalysts were

obviously higher and increased gradually with the

increasing contents of In2O3. These results demon-

strated that the introduction of In2O3 nanoparticles

improved separation efficiency of the photo-gener-

ated charge carriers in In/W-x photocatalysts. The

charge separation efficiency of photocatalyst samples

was further investigated by electrochemical impe-

dance spectroscopy (EIS). Figure 7b displays the

Nyquist plots of the photocatalyst photoelectrodes

Figure 5 a UV–Vis diffuse reflectance spectra of In2O3, WO3,

and In/W-x photocatalysts, b Tauc plots of In2O3, WO3, and In/W-

x photocatalysts.

Figure 6 Photoluminescence (PL) emission spectra of In2O3,

WO3, and In/W-x with the excitation wavelength at 310 nm. Figure 7 a Transient photocurrent response curves and

b electrochemical impedance spectra of In2O3, WO3, and In/W-

x photocatalysts.
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under visible-light irradiation. Normally, the charge

carrier transfer process in photocatalysts can be

reflected by the semicircle part of Nyquist curve at

the high-frequency region, and the small radius

results from efficient charge transfer [43]. Obviously,

In/W-x displayed relatively smaller arc radius than

pure WO3, indicating their faster interfacial electron

transfer. The findings of transient photocurrent

response and ESI measurement agreed well with the

PL analysis. These above results demonstrated that

Z-scheme heterostructure can significantly accelerate

the separation and transfer of photo-generated elec-

trons and holes in In/W-x composite photocatalysts,

leading to higher photocatalytic activity.

Photocatalytic performance

The photocatalytic performances of the as-prepared

photocatalysts were evaluated by decomposing MB,

RhB, and TC under visible-light irradiation. Before

irradiation, the dark adsorption experiments of

organic dyes on photocatalysts were conducted and

the concentration changes were shown in Fig. S2. It

can be seen that for both MB and RhB dyes the

adsorption–desorption equilibrium could be reached

after 30 min. The photolysis results of two organic

dyes in Fig. 8a and (d) displayed that the dyes had

relatively high photochemical stability and their self-

degradation could be neglected. At the presence of

pure WO3 and In2O3 photocatalysts, only approxi-

mately 41.4% (39.6%) and 29.4% (30.8%) of MB (RhB)

were decomposed after visible-light irradiation for 90

(120) min. Compared to single photocatalyst, the In/

W-x binary Z-scheme photocatalysts exhibited sub-

stantially enhanced photocatalytic activities. The

degradation rates of organic dyes increased with the

increasing content of In2O3 in In/W-x. The In/W-1,

In/W-2, and In/W-3 can remove 75.1% (54.4%),

89.7% (88.0%), and 92.4% (90.5%) of MB (RhB) dyes

after visible-light irradiation for 90 (120) minutes,

respectively. Meanwhile, the photocatalytic activity

of In/W-3 was compared with that of TiO2-P25 in

Fig. S3. Obviously, the photocatalytic degradation

rate of organic dye over In/W-3 was much higher

than TiO2-P25. The improved photocatalytic activity

can be attributed to the construction of

Z-scheme heterojunction between WO3 and In2O3,

which led to wider visible-light absorption range and

accelerated separation rate of photo-generated elec-

tron–hole pairs. The appropriate dosage of In2O3 in

the composite photocatalysts was crucial for the

enhancement of photocatalytic activity. When the

content of In2O3 exceeded 10%, the In/W

Figure 8 Photocatalytic activities of different photocatalysts for

the degradation of a MB and d RhB under visible-light irradiation,

kinetic fit for the degradation of b MB and e RhB, kinetic rate

constant for photocatalytic degradation of c MB and f RhB,

g photocatalytic removal efficiency of TC by different

photocatalysts.
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photocatalysts did not show significant increase. This

could be explained as that too much In2O3 nanopar-

ticle may interfere with light absorption and reduce

the light intensity arriving at the surface of In/W

nanocomposites [44].

As shown in Fig. 8b, e, the photocatalytic degra-

dation process of MB and RhB can be described by a

pseudo-first-order kinetics reaction and expressed as

Eq. (3):

ln
C0

Ct

� �
¼ kt ð3Þ

where k is the kinetic rate constant (min-1). C0 and Ct

are the concentrations of organic dyes at reaction

time 0 and t, respectively. The corresponding reaction

rate constants for different samples are displayed in

Fig. 8c, f. The kinetic rate constants of MB removed

by In/W-1, In/W-2, and In/W-3 photocatalysts were

0.016, 0.026, and 0.029 min-1, respectively, which

were 1.59, 3.24, 3.70 times higher than that of WO3.

Similarly, the degradation process of RhB by In/W-1,

In/W-2, and In/W-3 photocatalysts also possessed

much higher rate constants than WO3, which was

consistent with the tendency of their degradation

rate.

Besides these organic dyes, the colorless antibiotic

TC was also used to evaluate the photocatalytic per-

formance of the prepared photocatalysts. As shown

in Fig. 9, the In/W-x exhibited higher photocatalytic

activity for TC degradation than pure In2O3 and

WO3. In/W-3 still had the best photocatalytic ability

and could remove approximately 82.4% of TC mole-

cules. The above results indicated that In/W

Z-scheme nanocomposites can be utilized as an effi-

cient photocatalysts for the degradation of organic

pollutants.

To study the effects of photocatalyst dosage on the

photocatalytic degradation of organic dye, In/W-3

photocatalysts at different concentrations (0.4, 0.6,

0.8, 1.0, and 1.2 g/L) were used in the photocatalytic

experiments and the results are presented in Fig. 10a.

It is observed that the degradation efficiencies of both

MB and RhB increased with the increasing concen-

tration of photocatalysts from 0.4 g/L to 1.0 g/L.

When the dosage of photocatalysts exceeded 1.0 g/L,

photocatalytic degradation efficiency showed a slight

decline. The phenomenon is due to that more pho-

tocatalysts can produce more active species to

degrade organic dyes. But too much photocatalyst

powder could result in a turbid solution, less visible

light penetration, which was not conducive to the

formation of photo-generated hole-electron pairs [45].

The pH value of dye solutions also obviously

affected their photocatalytic degradation efficiency.

As shown in Fig. 10b, under neutral conditions In/

W-3 exhibited the highest photocatalytic activity for

the degradation of both MB and RhB dyes. The

degradation efficiencies of two organic dyes

decreased significantly under acidic and alkaline pH

conditions. The results can be explained as follows.

The surface of In/W-3 photocatalysts could be easily

protonated under acidic condition [46], which may

reduce the electrostatic attraction between photocat-

alysts and cationic dyes (MB and RhB). Under alka-

line conditions, the strong electrostatic interaction

between photocatalysts and organic dyes can hinder

the absorption of incident light.

Furthermore, the mineralization rates of organic

dyes over WO3, In2O3, and In/W-x photocatalysts

under visible-light irradiation were further evaluated

by the total organic carbon (TOC) analysis. It can be

found from Fig. 10c, d that In/W-x exhibited much

higher TOC mineralization rate than pure WO3 and

In2O3 photocatalysts. In/W-3 achieved the highest

TOC removal efficiency (82.1% for MB, 72.5% for

RhB) after 90-min light irradiation, indicating that the

majority of organic dyes could be mineralized during

the photocatalytic degradation process. The TOC

results are also consistent with the decolorization

results in Fig. 8a, d. It indicates that In/W-x photo-

catalysts have strong mineralization ability for MB

and RhB organic dyes in the photocatalytic process.Figure 9 Photocatalytic removal efficiency of TC by different

photocatalysts.
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In order to investigate the stability of the In/W

nanocomposite photocatalysts, the recycling degra-

dation experiments were carried out at neutral pH

using 1.0 g/L of In/W-3 photocatalysts. As presented

in Fig. 10e–f, after three cycles In/W-3 photocatalysts

still remained relatively high photocatalytic perfor-

mance toward the degradation of two organic dyes.

The degradation rates of MB and RhB remained

86.6% and 86.4% at the third cycle at the presence of

In/W-3. The used In/W-3 photocatalysts after three

cycles were also characterized by XRD, BET, and

SEM analysis. Figure S4(a) shows the XRD patterns of

In/W-3 photocatalysts before and after photocatalytic

degradation process. It can be seen that the location

and intensity of characteristic peaks did not show

significant changes after the photocatalytic reaction.

Figure 10 Effects of a photocatalyst dose and b pH on

photocatalytic degradation of dyes using In/W-3 photocatalyst,

the TOC removal efficiency of c MB and d RhB dyes using

different photocatalysts, photocatalytic activities of In/W-3

photocatalyst after three cycles for the degradation of e MB and

f RhB under visible-light irradiation.
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The BET results in Fig. S4(b) indicated that the used

In/W-3 photocatalyst had the similar N2 adsorption–

desorption isotherms to that of the original sample.

The BET specific surface areas of the samples before

and after photocatalytic reaction were 28.79 m2/g

and 27.14 m2/g. From the SEM images in Fig. S4(c-d),

the morphologies of IN/W-3 photocatalysts had no

obvious changes after three photocatalytic cycles. The

above results demonstrated In/W-3 photocatalysts

had outstanding structure stability under the visible-

light irradiation.

Photocatalytic mechanism

The reactive oxygen species generated in the photo-

catalysis process were verified by the electron spin

resonance (ESR) spectrum. As shown in Fig. 11a, b,

the characteristic signal peaks of the DMPO-�OH and

DMPO-�O2
- adducts were detected under visible-

light illumination. In/W-3 photocatalysts displayed

much higher DMPO-�OH and DMPO-�O2
- signal

peaks than pure WO3 and In2O3 because of their

relatively low electron–hole recombination rate. No

obvious DMPO-�OH signals can be observed in pure

In2O3 sample due to its less positive VB potential

than H2O/�OH as presented in Fig. 13c. Meanwhile,

the characteristic peaks of DMPO-�O2
- cannot be

found in pure WO3 sample owing to its more positive

CB potential. The ESR results revealed that the In/W-

3 photocatalysts can produce more �OH and �O2
-

radicals under visible-light irradiation.

To further investigate the dominant species in

photocatalytic degradation reaction of organic dyes,

free radicals trapping experiments were conducted in

the presence of three different scavengers: t-BuOH

for �OH, AO for photo-generated holes (h?) and BQ

for �O2
- [47]. The effects of different scavengers on

the photocatalytic activities of WO3, In2O3, and In/

W-3 are depicted in Fig. 11c. T-BuOH and BQ had

almost no effects on the photocatalytic reaction of

WO3 compared with the photo-degradation result

without scavengers, while AO resulted in a signifi-

cantly declined photocatalytic efficiency of MB. Due

to more positive CB potential (0.74 eV) of WO3 than

the redox potential (- 0.33 eV) of O2/�O2
-, no �O2

-

could be produced in the WO3 photocatalytic system.

Therefore, it can be speculated that h? was the main

active species in WO3 photocatalysts for photo-

degradation of MB. Unlike WO3, in the presence of

t-BuOH, In2O3 exhibited the similar photocatalytic

activity to that without any scavengers. The photo-

catalytic degradation efficiency of MB decreased

greatly after adding BQ scavenger, but improved

slightly after adding AO scavenger due to the

Figure 11 ESR spectra of a DMPO-�OH in aqueous dispersion

and b DMPO-�O2
- in methanol dispersion, c photocatalytic

degradation of MB by WO3, In2O3, and In/W-3 in the presence of

t-BuOH, AO and BQ under visible-light irradiation.
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reduced recombination of photo-induced electron–

hole pairs. The results indicated that �O2
- played a

major role in In2O3 photocatalytic system. With

regard to In/W-3, both AO and BQ adversely affec-

ted the photo-degradation efficiency of MB, sug-

gesting the construction of Z-scheme between In2O3

and WO3. It was clear that h? and �O2
-, rather than

�OH, were the main active species for In/W-3 during

photocatalytic degradation process.

The degradation intermediates of two organic dyes

were detected by LC–MS analysis [48]; the chemical

structures and m/z values of degradation products

are listed in Table 1 and Table 2. The possible pho-

tocatalytic degradation pathways of MB and RhB

dyes by In/W-3 photocatalysts are proposed in

Fig. 12. As shown in Fig. 12a, the MB molecules were

mainly attacked by h? and �O2
-, thereby leading to

demethylation, deamination, oxidation, and a series

of ring-opening reactions. They were gradually

decomposed into several intermediates with alde-

hyde, carbonyl, and carboxyl groups, such as degra-

dation products B (m/z = 224), C (m/z = 183), D (m/

z = 141), E (m/z = 143), F(m/z = 161), G(m/z = 161),

H(m/z = 118). Finally, these intermediates were min-

eralized to CO2 and H2O. Figure 12b displays the

possible degradation pathway of RhB dye. Firstly, the

N-deethylation occurred on the nitrogen atoms of

RhB molecules due to the attacks of h? and �O2
-,

resulting in various intermediates including I (m/

z = 359), J (m/z = 415), and K (m/z = 387). Then, the

chromophore structures of these deethylated prod-

ucts were destroyed through cleavage of the conju-

gated xanthene structure, leading to the

intermediates with low molecular weights including

products L (m/z = 300), M (m/z = 239), N (m/z = 226),

O (m/z = 195), and P (m/z = 217). The benzene ring

structures of above intermediates were attacked

continuously and oxidized to products Q (m/z = 114)

Table 1 Degradation products of MB identified by LC–MS

S.No m/z Chemical structure

1 198

2 224

3 183

4 141

5 143

6 161

7 161

8 118
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and R (m/z = 118). Ultimately, the formed products

could be mineralized to CO2 and H2O.

Based on the above experimental results and band

gap structures, the probable photocatalytic mecha-

nism of Z-scheme In/W nanocomposite

photocatalysts was proposed. As shown in Fig. 13a,

WO3 has a band gap energy of 2.70 eV with the VB

potential of 3.44 eV and the CB potential of 0.74 eV.

In2O3 has a band gap energy of 2.80 eV with the VB

potential of 2.17 eV and the CB potential of

Table 2 Degradation products of RhB identified by LC–MS

S.No m/z Chemical structure

1 415

2 387

3 359

4 300

5 239

6 226

7 217

8 195

9 118

10 114
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- 0.63 eV. Both WO3 and In2O3 belong to n-type

semiconductors. According to previous reports, the

Fermi level of n-type semiconductor is usually

0.20 eV lower than the CB potential [49]. Apparently,

WO3 has lower Fermi level and larger work function

(W2 = 6.23 eV) than In2O3 photocatalysts

(W1 = 4.00 eV) [50, 51]. When the two photocatalysts

contact with each other, the electrons will sponta-

neously flow from In2O3 to WO3 until their Fermi

levels are aligned. Thus, In2O3 is positive charged

due to the loss of electrons, and WO3 is negatively

charged due to the accumulation of electrons at the

interface. Then, an internal electric field is built at the

In2O3/WO3 interface. At the same time, the energy

band edges of In2O3 bend upward toward the inter-

face and those of WO3 bend downward due to the

transfer of electrons [52]. Figure 13c shows the

migration process of photon-generated charge carri-

ers between WO3 and In2O3 under visible-light irra-

diation. Firstly, WO3 and In2O3 can absorb visible

light to generate the electron–hole pairs, respectively.

Secondly, under the comprehensive effects of internal

electric field, and band edge bending, the photo-

generated electrons in the CB of WO3 can quickly

migrate to the VB of In2O3 and recombine with the

photo-generated holes. Simultaneously, the internal

recombination of photo-induced charge carriers was

effectively inhibited for both WO3 and In2O3 photo-

catalysts. As a result, for the Z-scheme heterogeneous

In/W photocatalyst, the photo-generated electrons

will accumulate in the CB of In2O3 and holes will

gather in the VB of WO3. Finally, the leaving elec-

trons in In2O3 can react with O2 to form �O2
- due to

its more negative CB potential than the redox

potential of O2/�O2
-. The organic dyes were degra-

ded by �O2
- to CO2 and H2O. The photo-generated

h? with strong oxidation ability in the VB of WO3 can

directly take part in the photocatalytic degradation of

organic dyes. In a word, the construction of

Z-scheme structure between WO3 and In2O3 can not

only promote the migration and separation of photo-

generated carriers, but also retain the active species

with high redox capacity for degradation of organic

pollutants.

Figure 12 Photocatalytic degradation pathways of organic dyes: a MB, b RhB.
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Conclusions

In summary, we successfully fabricated a novel all-

solid state Z-scheme In2O3/WO3 heterogeneous

photocatalyst through a facile two-step hydrother-

mal–solvothermal method. The obtained composite

photocatalysts exhibited much higher photocatalytic

degradation ability toward organic dyes and antibi-

otics under visible-light irradiation than pure WO3

and In2O3 semiconductor materials. When the con-

tent of In2O3 reached 15%, the corresponding pho-

tocatalyst In/W-3 achieved the highest dye

degradation rate constants, which was 3.70 times

higher than that of pure WO3. The enhanced

photocatalytic performance can be attributed to the

construction of Z-scheme heterojunction between

WO3 nano-needles and In2O3 nanoparticles. The

built-in electric field in this heterostructure acceler-

ated the recombination of useless photo-generated

holes and electrons, holding the photo-generated

charge carriers with strong redox capacity for pho-

tocatalytic reaction. The free radical trapping exper-

iments indicated that photo-excited holes and �O2
- in

the Z-scheme photocatalytic system were the pre-

dominant active species for the organic dye degra-

dation. The intermediates of two organic dyes were

determined by HPLC–MS. This work provides new

insights into the design of efficient heterostructure

Figure 13 Schematic illustration of the possible charge transfer mechanism of photo-induced electrons and holes for the degradation of

organic dyes: a before contact, b after contact, c after light irradiation.
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photocatalysts for the purification of textile dyeing

wastewater.
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