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ABSTRACT

Ion co-doped photocatalysts with In2O3/TiO2 heterostructure (In2O3/TiO2(m))

were prepared through a new polymeric precursor method. The In2O3/TiO2(m)

precursor solution is of salient advantage in coating photocatalysts on various

substrates and multiple modifications. The photocatalysts were facilely obtained

after the calcination of precursors. Mass ratio of In/Ti was optimized according

to their photocatalytic performances, and IT(m)-3 (wIn/Ti = 3%, modified by N, B

co-doping) showed the best photocatalytic activity. The band gap was suc-

cessfully narrowed to 2.37 eV, and In2O3/TiO2 heterostructure was successfully

constructed in the photocatalysts. Visible light absorption and separation of

photoexcited carriers were significantly enhanced. Under visible light, NOX

(20 mg/L in the water) was 100% photodegraded in 10 min, with 100% TOC

removed in 25 min. The IT(m)-3-loaded quartz fabrics (ITQ) also showed

excellent photocatalytic performance. The photocatalytic activity of ITQ was

repeatable and stable in 45 rounds of recycle without centrifugation. Synergetic

effect of heterostructure and element doping was considered contributing to the

outstanding photocatalysis performance. The polymeric precursor method

proposed in this work showed great potential in large-scale preparation and

application of immobilized photocatalysts. The synergetic improvement

through co-modifications showed its proper compatibility with modifications.
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Introduction

Antibiotics have been utilized as an elixir to protect

human beings and animals from various pathogens

for more than a half of century, and the production

and consumption are both escalating in recent years

[1]. The emission of antibiotics from hospitals and

farms is increasingly detrimental to water environ-

ments [2–4]. Norfloxacin (NOX), belonging to the

third generation of fluoroquinolone antibiotics

(FQAs), has been repeatedly found in various aque-

ous environments [5–8]. The omnipresent and

increasing concentration of NOX in aquatic environ-

ments may induce occurrence of microbial pathogens

with antibiotic resistance, rendering the extant

antibiosis treatment futile [9–12]. In order to remove

the antibiotics from wastewater, numerous tech-

niques have been exerted, such as microbial degra-

dation process [13], sorption [5, 14, 15] or Fenton

process [16]. However, due to the stability and poor

biodegradability of the quinolone ring of NOX [17],

traditional treatment cannot achieve efficient degra-

dation of NOX or demands tremendous time and

money [18].

Recently, photocatalysis has been receiving con-

siderable concern as an effectual method in the field

of water treatment [19–23], which is able to overcome

the disadvantages of low efficient degradation and

secondary pollution for its complete degradation of

organic contaminates into H2O and CO2 [24–26]. TiO2

is generally recognized as the promising photocata-

lyst for its nontoxicity, stability, low-cost and high

photocatalytic activity [27]. However, pristine TiO2

shows hardly any photocatalysis under visible light

due to its intrinsic wide band gap (3.2 eV) and fre-

quent recombination of excited carriers during the

photodegradation [28]. Therefore, numerous resear-

ches have been conducted to improve the visible-

light photocatalytic activity and restrain the recom-

bination of photogenerated carriers, such as self-

doping [29], ion doping [30–32] and heterojunction

constructing [28, 33–36]. The strategy of ion doping is

a convenient and fruitful way to narrow the band gap

by the substitution of Ti 3d or O 2p states [37].

Moreover, multiple ions co-doping, such as N-B co-

doping [38], N–Cl co-doping [39], N–Ir co-doping

[40] and N-F co-doping [41], has been studied and

proved to be more effective than single-element

doping. Besides, heterostructure constructing with

semiconductors with narrow band gap is also an

ideal candidate because their typical structure is

conducive to charge separation and transfer [42].

Indium oxide, with a band gap of 2.8 eV, is an indi-

rect band semiconductor and known as a transparent

conducting material which has been diffusely applied

in solar cells and optical or antistatic coatings [43].

Moreover, In2O3 has also been proved to be compe-

tent in improving the photocatalytic efficiency of

other semiconductors by improving absorption of

visible light region [44, 45] and In2O3/TiO2

heterostructrue is reported to be in favor of increas-

ing the photocatalytic activity due to the lower

bandgap of In2O3 and band alignments of both

semiconductor materials [46]. Mohammad et al. [47]

prepared mesoporous In2O3-TiO2 nanocomposites by

a sol–gel method, and the sample 0.1% In2O3-TiO2

achieved the best photocatalytic performance under

UV light. However, the product in this work showed

no improved visible light absorption in terms of its

ultraviolet–visible diffuse reflectance spectra

(UVDRS), and no photodegradation efficiencies

under visible light were provided. Du et al. [48]

prepared core–shell-structured TiO2@In2O3, and it

showed enhanced photocatalytic activity under visi-

ble light compared with the samples for reference.

In2O3 significantly enhanced visible-light absorption

of TiO2 and photocatalytic activity of decomposing

methyl orange in this work. The final product of the

above two studies was in the form of powders or

particles, limiting their practical application because

the posttreatment recovery of TiO2 in powder form is

both time and money consuming [49]. An et al. [50]

prepared immobilized TiO2@In2O3 by a two-step

hydrothermal method and adopted photoelectro-

chemical (PEC) measurements to investigate the

capacity of water splitting and degradation of BPA.

Though compared with TiO2 nanorods (NR), the

TiO2@In2O3 showed improved photocatalytic per-

formance according to the H2 evolution reaction

(HER) rates; no improvement in photodegradation

efficiency can be discerned through PEC decompo-

sition of bisphenol A and methyl orange. Moreover,

the UVDRS also showed no redshift to longer

wavelength.

Hence, to further improve visible light response

and photocatalytic activity of TiO2, incorporating ion

doping and In2O3 heterostructures into the co-modi-

fication of TiO2 catalyst is promising, but the com-

mon viable approaches of ion doping or
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heterostructures in the previous studies demand long

synthesis period and harsh condition which is detri-

mental to further massive production of catalysts,

and the form of their products are mainly in powder

which severely reduces the feasibility of practical

application because of the expensive separation and

recycle process for the powdered photocatalysts.

Thus, it is imperative for academy and industry to

find a convenient and effectual way of the ion doping

or heterostructure construction. Feasible processing

and stable recyclability will be a bonus for massive

production and application in reality.

To resolve these scientific issues, polymeric pre-

cursor method [51] can be exerted whose product is

homogeneous and long-term stable solution. This

approach shows various advantages: (1)

adjustable structure and composition; (2) mild syn-

thesis conditions and short synthesis period; (3) facile

to various modification and immobilization on sub-

strates; (4) superior film forming ability and unifor-

mity; (5) compatible with soft template to introduce

pore structures. Based on the above superiorities,

polymeric precursor method is suitable for the

preparation of double elements co-doped photocata-

lyst with heterostructures and substrate-loaded pho-

tocatalyst or nanofiber membranes which facilitated

the separation and reuse.

In this work, N–B co-doped TiO2 catalysts with

In2O3/TiO2 heterostructure (In2O3/TiO2(m)) were

prepared by a one-step polymeric precursor method.

The physical property and chemical structure were

characterized. The results of photodegradation tests

showed that the photocatalytic capacity of the pow-

ered TiO2 catalyst and substrate-loaded catalysts

were remarkable in decomposing NOX. The mecha-

nism of how N, B co-doping and In2O3/TiO2

heterostructure ameliorated photocatalysis perfor-

mance was also discussed.

Experiment

Preparation of In2O3/TiO2(m)

In2O3/TiO2(m) precursor solution was prepared by

polymeric precursor method [51] (Fig. 1). Typically,

titanium tetraisopropoxide (TTIP, Aldrich) was

mixed with PEG-600 (Xilong Chemical Co. Ltd) and

In(NO3)3 (Aladdin Industrial Co.). The mixture was

heated at 120 �C for 2 h with the presence of drastic

stir. After cooling to 90 �C, boric acid (BA, Sinopharm

Chemical Reagent Co.) was added in and heated at

110 �C for 4 h. Then, acetamide (Acam, Sinopharm

Chemical Reagent Co.) was added in the solution,

which was heated at 120 �C for 4 h and then cooled to

85 �C. After that, acetylacetone (Acac, Sinopharm

Chemical Reagent Co.) and a mixture of H2O and

n-propanol (Sinopharm Chemical Reagent Co.) (mass

ratio of H2O/n-propanol is 1/4) were sequentially

added dropwise. Then, the mixture was refluxed for

2 h to accomplish the preparation of In2O3/TiO2(m)

precursor. Afterward, the solvent of as-prepared

precursor solution was evaporated and the obtained

In2O3/TiO2(m) resins were calcined at 450 �C for

30 min with a heating rate of 3 �C/min. After calci-

nation, the obtained In2O3/TiO2(m) chips were

manually ground into powders. The molar ratio of

the TTIP/BA/Acam/Acac/H2O was 1.0/0.24/2.0/

0.3/0.5, and the mass ratio of In/Ti varied from 1%,

3% and 5%, denoting as IT(m)-1, IT(m)-3 and IT(m)-5,

respectively. Besides, sample IT-10 (In2O3/TiO2

sample without the ion doping, mIn/mTi = 10%),

sample TiO2(m) (TiO2, co-doped with N and B,

without the addition of indium nitrate) and pristine

TiO2 (without the ion doping and the addition of

indium nitrate) were also prepared by similar

method for comparison.

Preparation of coated quartz fabrics

Quartz fabric (QF) wool was preheated at 450 �C in

muffle oven, removing the sizing agent on the sur-

face. The heat-treated QF was tailored to a size of

50 mm 9 30 mm as substrate with a weight of 0.15 g

controlled by thickness. The IT(m)-3 precursor was

diluted with n-propanol, content controlled by Ti

mass ratio of 3%, Then, polyvinylpyrrolidone (PVP,

1% of mass of diluted precursor) was added and the

system was heated at 100 �C for 1 h. The tailored QF

was dipped into the 50 g diluted precursor and

heated for 1 h at 100 �C. Then, it was extracted and

the solvent was evaporated. The resulting precursor-

coated QF was calcined at 450 �C for 30 min; the

resulted IT(m)-3 coated-QF labeled as ITQ. The mass

of loaded catalysts was 30 mg.

Characterization

Crystalline structures were probed by X-ray diffrac-

tion (XRD, Rigaku D/max 2500, Cu Ka source, 40 kV
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200 mA). Chemical structure was studied by X-ray

photoelectron spectroscopy (XPS, ESCALab220i-XL).

The morphology was investigated by a field-emission

scanning electron microscope (SEM, Hitachi SU-8020)

at an accelerating voltage of 10 kV and a high-reso-

lution field-emission transmission electron micro-

scope (HRTEM, JEOL JEM-2100F) at an accelerating

voltage of 200 kV. The contents of titanium and

indium in the catalysts were measured by inductively

coupled plasma atomic emission spectroscopy (ICP-

AES, IRIS Intrepid II XDL, Thermo Electron Corpo-

ration), and nitrogen and oxygen content were mea-

sured by a nitrogen/oxygen analyzer (TC-306,

Baoying Technology). The Brunauer–Emmett–Teller

(BET) surface areas of samples were analyzed by

nitrogen adsorption by induced isotherms at 77 K

with a Micromeritics ASAP 2020 instrument. The

photoluminescence (PL) spectra were measured with

a fluorescence spectrometer (F-4500, HITACHI). The

ultraviolet–visible diffuse reflectance spectra (UV–Vis

DRS) were probed by a spectrophotometer (Shi-

madzu, UV-2600).

Photodegradation of NOX

In2O3/TiO2(m), with 30 mg amount, and ITQ were

utilized to catalyze the photodegradation of NOX

(20 mg/L, 30 ml) in cuvettes under visible light from

a 500-W Xeon lamp (wavelength below 420 nm cut

off). After the treatment, ITQ was extracted and

repeatedly washed by deionized water. Then, it was

dried out at 100 �C and ready for recycle test. The

photodegraded samples containing catalyst powders

were all centrifuged, while the ones photocatalyzed

by immobilized catalysts were separated without the

presence of centrifugation. After the separation, the

left solutions were analyzed by spectrophotometric

method. The total organic carbon (TOC, Shimadzu,

TOC-L) was adopted to measure the mineralization

degree of NOX.

Results and discussion

Crystalline structure and morphology

XRD patterns of In2O3/TiO2(m) with different

indium contents are shown in Fig. 2. Accordingly,

crystal phase of anatase TiO2 is mainly obtained

(ICDD: 01-071-1166). Besides, a relatively small peak

at * 30.2̊ is detected compared with the XRD result

of the pristine TiO2 (Figure S1) and supposed to be

ascribed to the overlapped Bragg diffraction peak of

B2O3 and In2O3. A minor but nonnegligible shift

toward lower 2Theta degree can also be detected as

the mass ratio of indium increases (inset of Fig. 1), as

is mainly caused by the TiO2 lattice disruption of

In2O3/TiO2 heterostructure. Rietveld fittings were

also executed by Xpert Highscore. The results show

Figure 1 Schematic illustration of preparation process of In2O3/TiO2(m) precursor solution and ITQ.

Figure 2 XRD patterns of the In2O3/TiO2(m) samples and local

magnification (insert).
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that the lattice parameters of sample IT(m)-3

(a = 3.811 Å, b = 3.811 Å, c = 9.511 Å) increase when

compared with that of pristine TiO2 (a = 3.776 Å,

b = 3.776 Å, c = 9.486 Å), indicating that nitrogen and

boron are successfully introduced into the crystal

lattice of TiO2 since the atomic radius of oxygen are

smaller than those of nitrogen and boron [52].

The morphology was investigated by SEM and

HRTEM. As shown in the SEM image for sample

IT(m)-3 (Fig. 3a), the prepared photocatalysts are

uniformly pseudo-spherical nanoparticles and

stacked in a botryoidal structure with brain-textured

sulci and gyri. The elemental mapping analysis result

of IT(m)-3 (Figure S2) shows that the added elements

are present in the sample and they are homoge-

neously dispersed on the TiO2. Also, the uniformity

of particle size is favorable, ranging from 10 to 20 nm,

and in conformity to the diameter of P25, the main-

stream TiO2 commodity [28]. Interestingly, the BET

surface area of IT(m)-3 is 206.89 m2/g which is 3.4

times larger than that of P25 (60.44 m2/g), the N2

adsorption–desorption isotherm of IT(m)-3 and its

pore size distribution (Figure S3) indicate that

mesoporous structure was formed during the calci-

nation which is reported to be able to be beneficial for

visible light absorption [53], additional active sites

and higher electron transfer capacities [54]. HRTEM

images (Fig. 3c, d) distinctly show the lattice fringes

spacing of 0.35 nm, which is in correspondence with

(101) facet of anatase [55]. Besides, the discernable

lattice fringes spacing of 0.41 nm is in agreement

with (211) facet of cubic In2O3 coupled with the (101)

facet of anatase [56]. As a control, HRTEM image of

IT-10 (Fig. 3b) shows distinct attachment of lattice

fringes of anatase (0.35 nm) and cubic In2O3

(0.41 nm). Thus, the In2O3/TiO2 heterostructure is

well established and it is reported that heterostruc-

ture is conducive to better charge separation via

acting as trapping site and phase-junction [33]. The

crystal phase structure obtained by HRTEM images is

consistent with that obtained from XRD analysis.

Chemical composition and structure

ICP-AES and nitrogen/oxygen analyzer were exerted

to measure the metal and nonmetallic element con-

tents in the catalysts, respectively. Based on the

results shown in Table S1, the mass ratio of In/Ti for

the sample IT(m)-3 is * 3% which is identical with

the raw mass ratio of In/Ti in preparation, indicating
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that there is nearly no attrition of indium during the

preparation.

X-ray photoelectron spectroscopy was used to

investigate chemical structures of the sample IT(m)-3,

and the chemical environments of N, B, In and Ti

were obtained, as shown in Fig. 4. The N 1 s XPS

spectrum (Fig. 5a) shows two peaks located at

399.34 eV and 397.49 eV after the deconvolution. The

peak at 399.34 eV is ascribed to the structure of Ti-N-

B [57] and independent interstitial N-doping

[39, 58, 59] in the TiO2 crystal lattice, and the rela-

tively smaller peak at 397.49 eV can be ascribed to the

substitutional N-doping in the TiO2 crystal lattice

[60]. The presence of above structures is reported to

be conducive to the enhancement of photocatalytic

activity of TiO2 under visible light. The B 1 s spec-

trum (Fig. 5b) is deconvoluted into two peaks corre-

sponding to the binding energies of 192.04 eV and

193.99 eV which are attributed to the structure of Ti–

O–B (interstitial B) [61] and B2O3 [62], respectively.

The results from N 1 s and B 1 s XPS spectra indicate

that the structure of Ti–N–B–O–Ti is generated dur-

ing the doping, where N and B are co-interstitial in

one lattice, and the independent interstitial B, inter-

stitial and substitutional N are also introduced into

the TiO2 crystal lattice. Moreover, the existence of

B2O3 on the surface confirmed by B 1 s XPS spectrum

result is in agreement with XRD results. As shown in

Fig. 5C, the In 3d5/2 XPS spectrum can only be

deconvoluted into one peak located at 444.39 eV

belonging to In2O3 [63]. There are no peaks of In-N or

In-B detected, indicating that indium is only present

in the form of In2O3. According to the Ti 2p XPS

spectrum displayed in Fig. 5D, characteristic peaks of

Ti 2p1/2 and Ti 2p3/2 of the sample IT(m)-3 are located

at 464.24 and 458.49 eV, respectively. Difference

between the two characteristic peaks (5.75 eV)

demonstrated that Ti is in the form of Ti4? [46]. As a

comparison, Ti 2p1/2 and Ti 2p3/2 peaks of the pristine

TiO2 are located at 465.04 eV and 459.37 eV, respec-

tively. Binding energies of Ti 2p1/2 and Ti 2p3/2 peaks

of IT(m)-3 are 0.8 eV and 0.88 eV lowered compared

with those of pristine TiO2, respectively; while the

splitting to Ti 2p1/2 and Ti 2p3/2 is unchanged [28].

The shift can be ascribed to the generation of In2O3/

TiO2 heterostructure which leads to the change of

chemical environment.

Photodegradation performance

The photocatalytic activities of as-prepared In2O3/

TiO2(m) samples were tested by catalyzing the pho-

todegradation of NOX. Figure S4A shows that the

sample IT(m)-3 can achieve nearly complete decom-

position of NOX after the illumination of visible light

for 10 min which is higher than the photodegradation

efficiencies of the sample IT(m)-1 and IT(m)-5,

showing the marvelous photodegradation efficiency

of IT(m)-3. As for the photodegradation results

shown in Fig. 6a, about 68% NOX is photodegraded

when catalyzed by TiO2(m); and less than 40% NOX

can be photodegraded in the case of IT-10 and pris-

tine TiO2. IT-10 and IT(m) both show inferior pho-

tocatalysis under visible light compared with that of

IT(m)-3, indicating that the synergistic effect of ion

doping and heterostructures is advantageous.

Meanwhile, according to the results of pseudo first-

order kinetic curves of NOX decomposition (Fig-

ure S4B), the calculated reaction rate constant (k) of

IT(m)-3 is the highest, which is 2.46 and 6.52 times

more than those of TiO2(m) and IT-10, respectively.

Moreover, TOC was applied in this work to investi-

gate the capacity of mineralization. As shown in

Fig. 5B, under visible light, only 11%, 68% and 35%

TOC are removed by the pristine TiO2, TiO2(m) and

IT-10, respectively. 100% TOC removal rate is

accomplished by the sample IT(m)-3 under the same

condition, indicating its enhanced capacity of min-

eralization by the synergistic effect of ion doping and

bFigure 3 SEM image of IT(m)-3 (a), HRTEM images of IT-10

(b) and IT(m)-3 (c, d).

Figure 4 XPS survey spectrum of IT(m)-3.
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In2O3/TiO2 heterostructure. After loading the pho-

tocatalysts on quartz fabrics, as the sample ITQ pre-

pared, photodegradation experiments can be carried

out more conveniently, faster and more efficiently. In

this case, photocatalytic activity and recyclability of

ITQ were tested by cycling photodegradation of

NOX. As the results shown in Fig. 7, in the 45 rounds

of recycle experiments, nearly 100% NOX is

Figure 5 High-resolution XPS spectra of N 1 s (a), B 1 s (b), In 3d (c), Ti 2p (d) of IT(m)-3.

Figure 6 a Time profiles of photocatalytic decomposition of NOX by IT(m)-3 and control samples under visible light; b time profiles of

the change of TOC in photocatalytic decomposition of NOX by IT(m)-3, ITQ and control samples under visible light.
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decomposed at every turn. TOC result of ITQ

(Fig. 6b) shows that 100% TOC is also removed in

25 min under visible light. Moreover, XRD pattern of

ITQ (Figure S5) shows that anatase is still the domi-

nate crystal phase of the supported photocatalysts

and when compared to XRD pattern of pure quartz

fabric (Figure S5 inset), the peak located at between

20� and 25� was belonging to quartz fabric, and the

rest of it was overlapped by the main diffraction peak

(2Theta = 25.2�) of the coated photocatalysts. SEM

images of ITQ (Figure S6A, B) indicates that the

photocatalysts were uniformly loaded on the quartz

fabrics and maintained their crystal phase and mor-

phology after coating process and after the recycling

tests, ITQ retains its morphology (Figure S6C, D),

indicating the existence of excellent binding force

between the loaded IT(m)-3 and the substrates. The

high photodegradation efficiency, robust recyclabil-

ity, simple and convenient maneuverability endowed

the ITQ with great potential in massive practical

application.

Optical property

UV–Vis diffuse reflectance spectrometer was exerted

to investigate photon harvest capacity of the as-pre-

pared catalysts [52]. As the results shown in Fig. 8, all

absorption edges of IT(m)-3, IT-10 and TiO2(m) dis-

play evident redshift from * 380 nm of the pristine

TiO2 to * 435, * 455 and * 420 nm, respectively.

At the wavelengths after the absorption edges, the

three samples, IT(m)-3, IT-10 and TiO2(m), still pos-

sess light absorption, where optical absorption of

pristine TiO2 can be negligible in fact. Among these

three samples, TiO2(m) shows lowest light absorption

in the whole visible-light region. From their absorp-

tion edges to 550 nm, IT-10 shows higher light

absorption than IT(m)-3; while at longer wave-

lengths, absorbance of IT(m)-3 exceeds that of IT-10.

It is notable that on the one hand, 10 wt% In was used

in the sample IT-10, where absorption edge wave-

length more than those of the other samples is real-

ized; on the other hand, although only 3 wt% In was

added in IT(m)-3, better absorbance stability is

obtained over the visible light range, as mainly con-

tributed from the ion doping.

Meanwhile, Tauc Eq. (1) was exerted to calculate

the band gap of these samples [64].

ahmð Þ0:5¼ k � hm� Eg

� �
ð1Þ

where a is absorption coefficient, h is Plank constant,

m is photon frequency, k is a constant related to the

type of transition and Eg is the optical band gap.

As demonstrated in Fig. 9, the band gaps of IT(m)-

3, IT-10 and TiO2(m) are 2.37, 2.24 and 2.64 eV,

respectively, which are all narrowed compared to the

pristine TiO2. Although IT(m)-3 is not the best in each

single contrast of absorption edge and band gap, it

shows the best photocatalytic performance among

these samples. Ion doping and heterostructure are,

respectively, realized in the TiO2(m) and IT-10 sam-

ples, but synchronously established in the IT(m)-3

sample. It suggests that the ion doping and estab-

lishment of In2O3/TiO2 heterostructure are both

conducive to the reduction in band gap and

enhancement of visible light absorption

Figure 7 Cycling tests of photodegradation of NOX catalyzed by

ITQ under visible light.
Figure 8 UVDRS spectra of the sample IT(m)-3, IT-10,

TiO2(m) and pristine TiO2.
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simultaneously; combination of the two approaches

can make a synergetic effect, resulting in the superior

photon reaping capacity of IT(m)-3 under visible

light.

The photoluminescence (PL) spectrum indicates

the recombination rate of photoexcited carriers by

measuring the emission intensity from the secondary

combination of these charge carriers [65, 66]. As

shown in Fig. 10, the PL intensity of pristine TiO2 is

the highest; it lowers much for IT-10 and TiO2(m).

Moreover, it is notable that the PL intensity of IT(m)-3

is much lower than that of any other sample. For the

pristine TiO2 sample, the fast recombination rate of

photoexcited carriers naturally appears without

obstruction. In the case of IT-10, In2O3/TiO2

heterostructure is established, hindering the recom-

bination of photogenerated electron–hole pairs due to

preferable separation and transfer efficiency on the

In2O3/TiO2 interface. In the sample TiO2(m), N and B

co-doping structure was constructed and band gap

was narrowed. Recombination of charge carriers can

also be effectually impeded by the augmented num-

ber and shortened migration time of the charge car-

riers. When the sample IT(m)-3 is used, the

combination of ion doping and heterostructure con-

struction generates synergistic positive effect on

impeding the recombination of electron–hole pairs.

Thus, from an optical point of view, the superior

photocatalysis performance of IT(m)-3 is ascribed to

the competent absorption in the whole visible-light

area and substantially lowered recombination rate of

photoexcited electron–hole pairs, both resulted from

its narrowed band gap and incorporated In2O3/TiO2

heterostructure.

Photocatalytic reaction mechanism

Hydroxyl radicals (OH�), superoxide radicals (�O2-)

and holes (h?) are the main reactive species when

TiO2 photocatalyst is used to catalyze the degrada-

tion of NOX. Therefore, to fathom the photocatalytic

mechanism of IT(m)-3, three different trapping

agents, including EDTA-2Na as holes scavenger [67],

tertiary butanol as OH� scavenger [68] and p-benzo-

quinone as �O2- scavenger [69], were added to gauge

their respective effects on the photocatalytic activity

of IT(m)-3. According to the results shown in Fig-

ure S7, the photodegradation efficiencies of NOX are

lowered down to 5%, 88% and 75% when t-butanol,

EDTA-2Na and p-benzoquinone were implemented,

respectively. The 95% photodegradation efficiency

decrease indicates that hydroxyl radicals are the

dominate reactive agents of IT(m)-3 when catalyzing

the photodegradation of NOX under visible light.

Hence, based on the aforementioned results and

band alignment of cubic In2O3 and anatase TiO2

[44, 47, 70, 71], the schematic photodegradation

mechanism of IT(m)-3 is proposed and illustrated in

Fig. 11. The ion doping narrows the band gap by

generating impurity levels above the top of the

valence band of TiO2, improving the visible-light

absorption [46], and the In2O3/TiO2 heterostructure

favors the separation and transfer of excited electrons

of holes on the interface. Specifically, under the

Figure 9 Plots of (ahm)0.5 versus hm of IT(m)-3, IT-10,

TiO2(m) and pristine TiO2.

Figure 10 PL spectra of sample IT(m)-3 and the control samples

(excited at 280 nm, 20 �C).
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irradiation of visible light, modified TiO2 due to its

narrowed band gap and In2O3 will generate charge

carriers, and since the conduction band potential of

TiO2 is more negative than that of In2O3, the gener-

ated electrons will transfer to the conduction band of

TiO2. Also, the generated holes in the TiO2 will also

migrate to the valence band of In2O3 because its

lower valence band potential. The proposed pho-

todegradation mechanism of IT(m)-3 under visible

light may function as follows:

TiO2 mð Þ þ hm ! hþ TiO2 mð Þð Þ þ e� TiO2 mð Þð Þ ð2Þ

In2O3 þ hm ! hþ In2O3ð Þ þ e� In2O3ð Þ ð3Þ

e� In2O3ð Þ þ TiO2 mð Þ ! e� TiO2 mð Þð Þ þ In2O3 ð4Þ

hþ TiO2 mð Þð Þ þ In2O3 ! hþ In2O3ð Þ þ TiO2 mð Þ ð5Þ

e� TiO2 mð Þð Þ þO2 ! �O2� ð6Þ

hþ In2O3ð Þ þH2O ! OH � þHþ ð7Þ

�O2� þHþ ! OH� ð8Þ

Thus, the facilitation of both the harvest of photons

under visible light and the separation of charge car-

riers which further enhances the photocatalytic

activity are realized simultaneously by the synergistic

effect of the ion doping and the In2O3/TiO2

heterostructure.

Conclusion

In2O3/TiO2(m) photocatalyst was prepared by a

novel precursor method and showed favorable pho-

tocatalytic activity. Under visible light, nearly 100%

of NOX could be photodegraded by sample IT(m)-3

in 10 min and 100% TOC was removed in 25 min.

The preferable photocatalytic activity of IT(m)-3 is

due to the enhancement of specific surface areas, the

narrowed band gap and the In2O3/TiO2

heterostructures whose synergistic effect improves

the capacity of utilization of visible light and reduces

the recombination rate of generated electron–hole

pairs.

In2O3/TiO2(m) photocatalysts coated on the quartz

fabrics are robust and can sustain superior photo-

catalytic activity after recycling and reusing for 45

times. It is noteworthy that the condition of the

polymeric precursor method is moderate, and the

centrifugation is not involved during the recycle

process, as is a tremendous benefit for reducing cost

of pollution treatment. Furthermore, the as-prepared

immobilized catalysts could be prepared in a simple

way and compatible with many substrates, owing to

the favorable machinability of In2O3/TiO2(m) pre-

cursor. Thus, it shows great potential in large-scale

treatment of industrial or domestic wastewater. The

synergistically enhanced photocatalytic activity of

IT(m)-3 through the co-modification was also readily

achieved by this method, manifesting its proper

compatibility with multiple modifications.
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