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ABSTRACT

Indium oxysulfide nanosheet (In2(O,S)3 NS) had been successfully synthesized

by a solution-based process at 90 �C. To further study some properties of

photocatalyst, the 90 �C-prepared In2(O,S)3 NS was annealed at 350, 400, and

450 �C in air for 2 h. It was found that the nanosheet structure at 90 �C changed

to nanoparticle at higher temperature. All the as-prepared and annealed pho-

tocatalysts were carefully characterized and examined toward photocatalytic

hexavalent chromium (Cr(VI)) reduction. Among the photocatalysts, 90 �C-
prepared In2(O,S)3 NS exhibited the greatest photocatalytic reduction of Cr(VI)

without using any hole scavenger reagent under 150 W visible light illumina-

tion. After the Ag deposition on In2(O,S)3 NS, the photocatalyst could produce

nearly 400 lmol/g hydrogen gas in ethanol solution under 150 W Xe-lamp

irradiation for 5 h. The great performance of 90 �C-prepared In2(O,S)3 NS was

due to the high surface area of nanosheet morphology and the formation of solid

solution which significantly increased the visible light absorbance. The photo-

catalytic activities and their mechanisms of 90 �C-prepared In2(O,S)3 NS were

evaluated and elaborated in this work.

Introduction

Hexavalent chromium (Cr(VI)) which has been one of

the industrial heavy metal pollutants is a water-sol-

uble toxic chemical and highly mobile in soil and

aquatic environments [1, 2]. Cr(VI) had been used in

textile dyes, paints, inks, wood preservation,

electroplating, and as anti-corrosion and chromate

conversion coating [3, 4]. The International Agency for

the Research on Cancer (IARC) has classified Cr(VI) as

group I human carcinogen [5–8] with the LD50 value

between 50 and 150 mg/kg [9], and its permissible

level in drinkingwater is 0.05 mg/L [10]. To remediate

the non-biodegradable Cr(VI), some attempts such as

solvent extraction, evaporation, adsorption, ion
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exchange, membrane process, chemical precipitation,

and reverse osmosis had been done [11–13]. The tra-

ditional chromium treatment method consists of pre-

cipitation of Cr(III) at high pH, settling of the insoluble

metal hydroxide, and disposal of the sludges [14]. To

firstly reduceCr(VI)–Cr(III) cationswith low toxicity is

required for effective sorption since Cr(III) can be

precipitated as Cr(OH)3 in aqueous solution. The

trivalent form is thousand times less toxic and can be

effectively adsorbed or precipitated [15].

Photocatalysis-based method can be used to expe-

dite the reduction of highly toxic Cr(VI) due to the

photocatalytic activities on surfaces of semiconductor

nanoparticles. There are many factors that determine

the effectiveness of photocatalysis process, such as

the photo-generated electron and hole recombination

rate, crystal structures, surface characteristics, semi-

conducting behaviors, and chemical properties. The

photocatalysts should have kinetically suitable elec-

tron transport properties from photocatalyst surfaces

to water interface so that it can minimize the energy

losses of charge transport and photo-carrier recom-

bination [16]. Some research works took benefits from

the organic compound-containing wastewater to

effectively reduce Cr(VI)–Cr(III) due to the hole

scavenging properties of organic compounds during

photocatalytic reactions, thus leading to better photo-

carrier separations and efficient photocatalytic activ-

ities [17, 18]. A better photo-carrier separation also

could be obtained by coupling the p-type and n-type

semiconductor materials which had been extensively

studied for the purpose of decreasing photo-carrier

recombination rate [19–26]. However, the sensitivity

of visible light absorbance is also a crucial factor that

can be accomplished by the formation of solid solu-

tion nanoparticles to adjust the bandgap value and

enhance photocatalytic activity [27–29]. The photo-

catalyst design by forming solid solution was one of

the appropriate strategies to optimally utilize high-

bandgap semiconductor materials in harnessing

sunlight energy, which contained of 2% UV, 47%

visible light (corresponding wavelength of

380–780 nm), and 51% infrared in its spectrum [30].

One of the promising semiconductor materials is

In2O3 and In2S3; however, the wide direct bandgap of

In2O3 (about 3 eV) [31, 32] has limited the application

of its photochemical property. The visible light-dri-

ven property of In2O3 had been enhanced by forming

In2O3/In2S3 nanocomposites in the previous work

[33]; nonetheless, the optical property enhancement

by solid solution formation had not been studied.

This work is expecting that the formation of In2(O,S)3
solid solution could shift In2O3 to visible light-driven

material and enhance the catalytic activity.

As the world energy resource is now severely

depended on non-renewable and non-sustainable

fossil fuel, to solve the depletion problem of oil

reserves is urgently required. Moreover, the com-

bustion of fossil fuels also induced many major pol-

lution problems that need to be remediated with a lot

of efforts. Therefore, to find renewable and sustain-

able energy sources is a key to continuously over-

come the pollutant problems. Hydrogen is a

promising energy carrier for future application due to

its environmentally friendly product of hydrogen

combustion. There are some methods to obtain

hydrogen such as petroleum and natural gas steam

reforming process, electrolysis, and photocatalytic

water splitting. Among the methods, the photocatal-

ysis-based method is identified as one of the great

strategies to overcome energy shortage problem and

as an economic viability strategy for large-scale

application. Due to its multi-functions, photocatalyst

can be simultaneously used for hydrogen evolution

and environmental protection from heavy metals.

In this work, an efficient In2(O,S)3 nanosheet (NS)

photocatalyst prepared with a simple solution-based

method was evaluated for its photocatalytic perfor-

mance to reduce Cr(VI) and produce hydrogen under

halogen- and Xe-lamp illuminations, respectively. To

the best of our knowledge, In2(O,S)3 NS has not been

studied in the photocatalysis field. To enhance the

hydrogen evolution reaction (HER), Ag nanoparticle

was deposited on In2(O,S)3 NS catalyst for the pur-

pose of photo-generated electron trapping and sur-

face plasmonic resonance enhancement. The

photocatalytic stability of as-prepared photocatalyst

was demonstrated by carrying out the reusability

experiments. Overall, the promising In2(O,S)3 NS

photocatalyst for environmental remediation and

hydrogen production was demonstrated in this work.

Experimental procedure

Materials

Indium(III) chloride (99.99%) obtained from Alfa

Aesar, thioacetamide (99%) from Alfa Aesar, and

silver nitrate (99.8%) from Sigma-Aldrich were used
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as indium, sulfur, and silver precursors, respectively.

All materials in this work are used without any fur-

ther purification treatment.

Preparation of In2(O,S)3 NS

In2(O,S)3 NS was prepared by solution-based process

at 90 �C for 3 h. In our typical preparation, 20 mol

indium chloride (InCl3) and 20 mol thioacetamide

(C2H5NS) were dissolved in 800 mL deionized (DI)

water. The as-prepared solution was then heated at

90 �C for 3 h to obtain orange precipitation. The

obtained precipitation of In2(O,S)3NSwas collected by

centrifugation and washed for three times with alco-

hol. For further study and comparison purpose, the

obtained In2(O,S)3 NS was then annealed in air at dif-

ferent temperatures of 350, 400, and 450 �C for 2 h.

Annealing the In2(O,S)3 NS with different tempera-

tures resulted different colors. The as-prepared pow-

der at 90 �C and the annealed one at 350, 400, and

450 �Cwere then denoted as InOS-90, InOS-350, InOS-

400, and InOS-450, respectively, in our presentation.

Ag nanoparticle deposition on In2(O,S)3 NS

To increase the localized surface plasmonic resonance

(LSPR) and electron trapping by forming metal/

semiconductor interfaces for HER, Ag nanoparticles

(NPs) were used to be deposited on In2(O,S)3 NS sur-

face. The deposition of Ag NPs on In2(O,S)3 NS was

carried out by dispersing 400 mg In2(O,S)3 NS powder

in 60 mL ethanol solution (50% v/v) under ultrasoni-

cation for 30 min. After the In2(O,S)3 NS powder was

well dispersed, AgNO3 was added with an appropri-

ate amount into the solution. The amounts of AgNO3

precursorwere designed to provide 1, 3, 5, and 10%Ag

contents, based upon In2(O,S)3 NS weight amount.

Then, In2(O,S)3 NS-dispersed AgNO3 solution was

exposed toUV light for 1 h to reduce the adsorbedAg?

ions to Ag nanoparticles. The Ag NPs would deposit

on In2(O,S)3 NS surfaces during the photo-reduction.

The obtained precipitation of Ag-deposited In2(O,S)3
NS was collected by centrifugation and washed for

three times using alcohol followed by drying in a

rotary evaporator.

Characterization

The X-ray diffraction patterns of as-prepared photo-

catalysts were monitored by Bruker D2-phaser

diffractometer using Cu Ka radiation with a wave-

length of 1.5418 Å. The surface morphologies of

photocatalysts were examined by scanning electron

microscopy (FE-SEM, JSM 6500F, JEOL, Tokyo,

Japan) and high-resolution transmission electron

microscopy (HRTEM, Tecnai F20 G2, Philips,

Netherlands). The selected area electron diffraction

patterns (SAED) was monitored by diffraction mode

of HRTEM (Tecnai F20 G2, Philips, Netherlands).

Energy-dispersive X-ray spectroscopy (EDS) line scan

analysis of each element in photocatalyst was carried

out by scanning transmission electron microscopy

(STEM, Tecnai F20 G2, Philips, Netherlands). The

diffuse reflectance spectra (DRS) and absorbance

peak of Cr6? at 542 nm were recorded by a Jasco

V-670 UV–visible spectrophotometry. X-ray photo-

electron spectroscopy (XPS) measurements of catalyst

powders before and after being used for photocat-

alytic Cr(VI) reduction were taken on a VG ESCA

Scientific Theta Probe spectrometer system with Al

Ka (1486.6 eV) source and 15–400 mm X-ray spot size

by using ion gun operated at 3 kV and 1 mA. During

the photocatalytic HER sessions, hydrogen evolution

was monitored with a gas chromatography (GC)

system equipped with thermal conductivity detector

(TCD) and 99.99% Ar as a gas carrier.

Photocatalytic experiment

To examine the photocatalytic activities, the as-pre-

pared In2(O,S)3 powders with different processing

temperatures were initially evaluated toward Cr(VI)

reduction in aqueous solution under visible light

illumination. The photocatalyst with the best perfor-

mance in Cr(VI) reduction was used for hydrogen

evolution reaction (HER). Halogen and xenon lamps

with the same power of 150 W were used for Cr(VI)

reduction and HER, respectively. The intensities of

lamps were measured by photometer, and the results

showed the intensities of halogen and xenon lamps

were 168.4 and 439.2 W/m2, respectively. The lamps

were placed into an annular quartz glass reactor with

the continuous flow of cooling water to keep the

solution temperature constant. Potassium dichromate

was used as a pollutant model in this work. To eval-

uate the photocatalytic activities toward Cr(VI)

reduction, 20 mg of In2(O,S)3 NS powder was dis-

persed into 100 mL potassium dichromate solution

(20 ppm). The solution was then stirred for 45 min in

dark condition to ensure the adsorption and
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desorption equilibrium between catalyst and Cr(VI)

ions. An aliquot from the solution was sampled before

starting the experiment with light on. During the

photocatalytic session, an aliquot was also sampled in

the time interval of 15 min after starting the light

illumination. To confirm the reduction of Cr(VI) ions,

one drop of 5 g/L 1.5-diphenyl carbazide solution and

one drop of sulfuric acid were added into the aliquots

[34]. The existences of Cr(VI) ions would give pink

color to the aliquots. The Cr(VI) degradation was

related to the decrease in peak intensity at 542 nm, as

confirmed by UV–Vis absorbance spectroscopy.

The photocatalytic HER was conducted in a 500 mL

quartz reactor which equipped with the input and

output valves to control the gas flow. Ar gas with

99.99% puritywas used as gas carrier in this work. The

HER experiment was carried out by well dispersing

225 mg photocatalyst in 450 mL ethanol solution (10%

v/v). To detect the hydrogen evolved from the pho-

tocatalytic HER, the output and input valves of reactor

were connected to well-calibrated gas chromatogra-

phy (GC) system and to a tank containing 99.99% Ar

gas, respectively. The position of reactor was placed

lower than that of GC system to easily flow out the

generated hydrogen gas from reactor. Prior to starting

the HER experiment, the reactor was first purged by

Ar gas for 1 h with the flow rate of 100 mL/min to

ensure all the gasses in the reactor had been removed.

The gas sampling was taken in the time interval of

30 min after starting the light illumination on reactor.

Gas sampling was conducted by flowing Ar gas

through the reactor to GC system for several minutes

to complete the detection. The amount of hydrogen gas

fromHERwas obtained by comparing the peak area of

GC spectra at the retention time of 0.8 min with a

calibrated curve that was obtained by quantitatively

mixing the flow meter-controlled argon and H2 at

different ratios.

Results and discussion

X-ray diffraction patterns

The as-prepared In2(O,S)3 NS powders with different

annealing temperatures were carefully examined by

X-ray diffractometer. Figure 1 shows diffraction pat-

terns of 90 �C-prepared and the 300, 400, and 450 �C-
annealed In2(O,S)3 NS catalysts, together with stan-

dard patterns of In2O3 (PDF #06-0416) and In2S3 (PDF

#65-0459). The major phase of solid solution is mainly

related to In2S3 cubic structure with the space group

of Fd-3m. The XRD patterns showed the solid solu-

tion phase of In2(O,S)3 could sustain until 350 �C and

then gradually changed to oxide phase at higher

annealing temperature. InOS-90 pattern showed the

peak shifts of 0.86�, 0.86�, 0.91�, 0.99�, and 1.05� for

(311), (222), (400), (511), and (440) planes, respec-

tively, to higher angles, compared to standard peak

pattern of In2S3. The peak shifts indicate oxygen with

the smaller size (effective r[O2-] = 126 pm) [35]

occupied the sulfur (effective r[S2-] = 170 pm) [27]

sites in In2S3 lattice to form In2(O,S)3 and to shrink the

lattice. The XRD pattern of InOS-350 showed the

same peaks of (311), (222), (400), (511), and (440)
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Figure 1 XRD patterns of InOS-90, InOS-350, InOS-400, InOS-

450, and InOS-90/5% Ag with the standard patterns of In2O3 (PDF

#06-0416) and In2S3 (PDF #65-0459). The used InOS-90 and

InOS-90/5% Ag were denoted as InOS-90 (A) and InOS-90/5%

Ag (A).
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planes with shifts of 0.46�, 0.42�, 0.33�, 0.42�, and

0.57�, respectively, to higher angles. However, the

XRD pattern of InOS-400 showed both of the peak

shifts and the In2O3 formation. The 450 �C annealing

totally removed the sulfur contents in In2(O,S)3 lattice

and changed the crystal structure to cubic In2O3. All

the peaks in InOS-450 pattern matched with the

standard pattern of In2O3 (PDF #06-0416). High-

temperature annealing has induced the sulfur evap-

oration and the oxide phase formation.

After Ag deposition, XRD pattern of InOS-90/Ag

did not show a clear peak of Ag due to the little

amount of Ag deposited on InOS-90 NS. The highest

peak of Ag (PDF #04-0783) may be overlapped with

the peak of (511) from InOS-90 which is indicated by

a little broader peak compared to the peak of InOS-90

at (511). All the major peaks of InOS-90/Ag were the

same as those of InOS-90. After being used for

chromium degradation and hydrogen evolution,

InOS-90 (A) and InOS-90/Ag (A) were, respectively,

examined by X-ray diffractometer. The results shown

in Fig. 1 did not show other phases as compared to

their XRD pattern before being used for Cr(VI)

reduction and hydrogen evolution.

Morphology and microstructure analyses

Figure S1 (in supplementary information) shows the

SEM images of as-prepared and annealed photocat-

alysts. The images revealed InOS-90 and InOS-350

photocatalysts had the shape of nanosheets; however,

InOS-400 and InOS-450 showed the shape of

nanoparticles which is related to the formation of

In2O3, as confirmed by XRD patterns. The pho-

tograph insets in each image in Fig. S1a–d (in sup-

plementary information) showed the different colors

of corresponding catalyst powders. To clearly dif-

ferentiate the differences in microstructure, photo-

catalysts were further examined by transmission

electron microscopy (TEM).

Figure 2 shows TEM images of InOS-90, InOS-350,

InOS-400, and InOS-450. InOS-90 had the shape of

Figure 2 TEM images of InOS-90, InOS-350, InOS-400, and InOS-450.
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nanosheets. After annealing at higher temperatures,

catalysts gradually changed its shape. The shape of

nanosheets was still observable for InOS-350, but it

was degraded and became smaller and wrinkled.

After annealing at 400 �C, nanoparticles clearly

showed in each sheet. For InOS-450, finely dispersed

and aggregated oxide nanoparticles were obtained.

The transition from nanosheet to nanoparticle can be

attributed to the sulfur vaporization to disconnect the

nanosheet.

Figure S2 shows the SEM images of InOS-90 after

depositing with different amounts of Ag nanoparti-

cle. The SEM images of InOS-90/Ag NS had better

resolution due to the conducting Ag nanoparticles

deposited on InOS-90 surfaces. To clearly show the

Ag deposition on InOS-90, element mapping of Ag-

deposited InOS-90 is provided in Fig. S3 (in supple-

mentary information).

InOS-90 and InOS-450 were carefully examined by

high-resolution transmission electron microscopy to

show their lattice fringes and diffraction patterns and

to differentiate the phase formations at different

temperatures, as shown in Fig. 3. HRTEM image of

InOS-90 NS revealed the coexistences of oxide, sul-

fide, and oxysulfide. However, as XRD pattern of

InOS-90 showed the cubic In2S3 structure, In2O3 in

InOS-90 was a minor secondary phase which was not

detected by XRD in Fig. 1. The lattice fringe for (222)

plane of InOS-90 NS (Fig. 3a) showed a spacing of

3.0 Å, which indicated the solid solution of In2S3
(3.1 Å) and In2O3 (2.9 Å) was formed (the d-spacing

of InOS-90 was located between those of In2S3 and

In2O3). The existences of solid solution were also

supported by the electron diffraction pattern of InOS-

90 NS in Fig. 3b. The red circles in Fig. 3b indicated

the (222) planes of In2S3 and In2O3 with the broad and

Figure 3 a, c High-resolution TEM images and b, d the SAED patterns of a, b InOS-90 NS and c, d InOS-450 nanoparticles.
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weak dot spots indicating the formation of In2(O,S)3
solid solution at (222) plane. Furthermore, the (440)

diffraction spots of InOS-90 solid solution were also

observed in the location between two depicted yel-

low circles for pure oxide and sulfide in Fig. 3b. The

broad ring patterns (located between sulfide and

oxide ring patterns) could be related to the solid

solution with certain lattice parameter between the

oxide and sulfide phases. HRTEM image of InOS-450

in Fig. 3c shows the formation of lattice fringes of

(200) and (222) planes for cubic In2O3. The cubic lat-

tice fringe of 5.1 Å for the (200) plane was clearly

resolved. The lattice fringe of In2O3 at (222) was also

supported by the dot spots of the electron diffraction

in Fig. 3d. The SAED patterns of InOS-90 NS and

InOS-450 are different, because IOS-90 has solid

solution phase with diffuse diffraction pattern and

InOS-450 totally becomes a pure oxide with the dot

spot pattern of polycrystal.

Figure S4 (in supplementary information) shows

the STEM composition line profile on InOS-90 NS for

In, S, and O elements along a 250 nm scan line for the

object shown in the inset. The STEM line scanning

showed In element had the highest amount in InOS-

90, followed by S and O elements. At the line scan

positions of 30, 40, 75, 100, 125, and 180 nm, the high

amount of sulfur or oxygen were shown due to the

wrinkling or aggregation of some InOS-90 nanosh-

eets, as indicated by the contrast variation along the

green scan line in the inset of Fig. S4.
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Figure 4 a Diffuse reflectance spectra of InOS-90, InOS-350, InOS-400, InOS-450, In2S3, and InOS-90/5% Ag, and b–f the bandgap

determination from their individual Tauc plots.
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Diffuse reflectance spectrum (DRS) analysis

The optical properties of InOS-90, InOS-350, InOS-

400, InOS-450, InOS-90/5% Ag and commercial In2S3
were examined by DRS measurement, as shown in

Fig. 4a. The DRS spectra of commercial In2S3 had low

and continuous absorbance in visible region. InOS-90

had high visible light absorbance but the absorbance

decreased with the increasing annealing temperature.

After depositing Ag, the visible light absorbance of

InOS-90 was significantly increased due to the effect

of localized surface plasmonic resonance (LSPR).

InOS-450 with the pure In2O3 phase had the lowest

visible light absorbance due to its higher bandgap

energy. InOS-90 solid solution with In2S3 structure

showed a red shift in its absorbance edge. To deter-

mine the bandgap value of each catalyst system, the

Tauc plot was delineated as shown in Fig. 4b–f. Tauc

plot is based on the formula of ahm = A(hm - Eg)
m for

Eg[ hm and ahm = 0 for Eg\ hm, where a is the

material optical absorbance, hm is the photon energy,

Eg is bandgap energy, and m = 0.5 and 2 for
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materials with direct and indirect allowed transition

bandgap, respectively. The direct bandgap energy

values of commercial In2S3, InOS-90, InOS-350, InOS-

400, and InOS-450 were 1.95, 2.40, 2.50, 2.7 and

3.0 eV, respectively. The bandgap value of InOS-450

(In2O3 phase) well agreed with the previous work

[36]. The bandgap values of InOS-90, InOS-350, and

InOS-400 that located between those of In2S3 and

In2O3 indicated the formation of In2(O,S)3 solid

solution.

X-ray photoelectron spectrum (XPS) analysis

All the chemical states of elements in InOS-90 NSs

were shown by XPS full scan in Fig. 5a. The high-

resolution spectra of In (3d), O (1s), and S (2p) were

shown in Fig. 5b–d, respectively. The binding energy

values of In 3d5/2 and In 3d3/2 were 442.05 and

449.61 eV, respectively, which shifted 1.85 eV to

lower energy compared to literature data [37].

However, the value difference of 7.56 eV between the

In 3d5/2 and In 3d3/2 binding energy values was still

well agreed with literature data [37]. The peak shift-

ing of In (3d) to lower binding energy may relate to

the electron bonding polarization caused by charge

interaction between solid solution and adsorbed

oxygen on catalyst [38]. The different types of oxygen

states at positions of 531.11 and 532.32 eV in Fig. 5c

can be described as the lattice oxygen and adsorbed

oxygen in hydroxide form, respectively [37, 39]. The

binding energy values of S 2p3/2 and S 2p1/2 were

observed at 159.38 and 160.41 eV, respectively, and

were consistent with the literature data for S2- [37].

Figure 5d, e shows the full scan and high-resolution

spectra of InOS-90/5% Ag and Ag (3d), respectively.

The binding energy values of Ag 3d5/2 and Ag 3d3/2
were observed at 368.76 and 374.76 eV, respectively,

which were well agree with literature data [37].

Photocatalytic reduction of Cr(VI)

Figure 6 shows photocatalytic activities of the various

catalyst systems to reduce potassium dichromate

under visible light illumination. InOS-90 NS showed

the best photocatalytic reduction. To ensure the

photocatalytic activity, InOS-90 was also tested in the

dark. After Cr(VI) ion adsorption in the dark for

45 min, InOS-90 did not show the reducing ability

without the light illumination for 90 min. The Cr(VI)

ion adsorption experiments for InOS-90, InOS-350,

and InOS-400 under dark condition were also carried

out, and the result is shown in Fig. S5 (in supple-

mentary information). After exposing to the visible

light, InOS-90, InOS-350, and InOS-400 could totally

reduce the Cr(VI) in 15, 30, and 30 min, respectively.

The Cr(VI) residue in solution was calculated by

monitoring the peak intensity of UV–Vis spectra at

542 nm, which was supported by the inset pho-

tograph in Fig. 6 for the aliquots with color change

after 15 min. InOS-400 after annealing had lower

photocatalytic activity in the Cr(VI) reduction. After

annealing at 450 �C, InOS-450 changed to In2O3 and

could not reduce Cr(VI) within 90 min due to its

higher bandgap value. InOS-450 only demonstrated

the abilities in adsorption and desorption without

showing the photocatalytic capability. The commer-

cial In2S3 did not show good photo-reduction of

Cr(VI). Although In2S3 has bandgap energy of 2.5 eV,

the ineffectiveness of photo-carrier separation can be

the reason for its weak Cr(VI) reduction.

The differences photocatalytic activities of hex-

avalent chromium reductions were related to the

phase formations in different processing tempera-

tures. InOS-90 (processed at low temperature) with

solid solution formation has the best photocatalytic

activity as compared to those of catalysts processed at

higher temperature. High-temperature (450 �C) pro-
cessing induced the pure oxide phase formation and

lower the photocatalytic activities due to its high-

bandgap value. At medium temperature
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Figure 6 Photocatalytic activities of InOS-90, InOS-350, InOS-

400, InOS-450, and commercial In2S3 to reduce Cr(VI) under the

visible light illumination. The inset was related to the color change

for InOS-90 under 15 min visible light illumination.
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(350–400 �C), a large amount of sulfur in the lattice

had been evaporated and replaced by oxygen to form

oxide/sulfide phases. At this medium temperature,

the XRD peak shift value to high angle is smaller than

that of InOS-90. This also indicated that a much larger

amount of sulfur in lattice had been replaced by

smaller oxygen atom, which was also confirmed by

the XRD pattern with the formation of oxide phase

from InOS-400. The formation of composite phase at

350–400 �C lead to the lower photocatalytic activities.

As elucidated from the experimental data, InOS-90 as

solid solution phase has shown the significantly

enhanced photocatalytic activity in Cr(VI) reduction.

Based on these experimental data, InOS-90 was used

for photocatalytic HER with Ag as a co-catalyst.

To evaluate whether the photocatalytic activity

involves the surface area of catalysts, BET measure-

ment was applied for InOS-90, InOS-350, InOS-400,

and InOS-450. The specific area and turnover fre-

quencies (TOF) of In2(O,S)3 systems were calculated

and shown as Table 1.

InOS-90 has the highest TOF number due to its

high surface area and greater photocatalytic activity.

Interestingly, although the surface area of InOS-400 is

lower than that of InOS-350, TOF number of InOS-400

was higher than that of InOS-350. This data indicated

the formation of composite phase in InOS-400 (as

confirmed by XRD pattern of InOS-400) was more

important than surface area of InOS-400 to signifi-

cantly enhance the photocatalytic activity.

Photocatalytic hydrogen generation

Figure 7 shows the photocatalytic HER reactions of 0,

1, 3, 5, and 10% Ag-deposited InOS-90 NS in 10%

ethanol solution and 5% Ag-deposited InOS-90 NS in

0, 10, and 100% ethanol solution under xenon-lamp

illumination. There was only a little amount of

hydrogen gas generated for the Ag-free InOS-90 NS.

To increase the localized SPR and electron-trapped

behaviors of photocatalyst system, Ag nanoparticles

were deposited on InOS-90 NS. The actual amounts

of Ag deposited on InOS-90 NS were 0.58, 0.88, 1.95,

and 3.39% for 1, 3, 5, and 10% Ag-deposited InOS-90

NS, respectively, as confirmed by EDS results. Ag

nanoparticles deposited on InOS-90 NS form a

Table 1 Specific surface area and turnover frequencies (TOF) of In2(O,S)3 systems

No. Catalysts BET surface

area (m2/g)

Catalyst

loading (g)

Effective surface

area (m2)

TON of Cr6?

reduction (ppm/m2)

Reaction

time (min)

TOF of Cr6?

reduction (ppm/m2 min)

1 InOS-90 85.604 0.020 1.712 11.682 15 0.779

2 InOS-350 70.170 0.020 1.403 14.251 30 0.475

3 InOS-400 51.701 0.020 1.034 19.342 30 0.645

4 InOS-450 38.704 0.020 0.774 13.191 90 0.147
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Figure 7 Photocatalytic hydrogen evolution of a 0, 1, 3, 5, and 10% Ag-deposited InOS-90 NS catalysts in 10% v/v ethanol solution and

b 5% Ag-deposited InOS-90 NS in different solutions under xenon-lamp illumination.
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metal/semiconductor interface to enhance the photo-

carrier separation and lead to much better photocat-

alytic activity for HER. The rate of hydrogen evolu-

tion reaction increased with the increase in the

amount of Ag deposit on InOS-90. Nevertheless, as

observed in Fig. 7a, InOS-90 deposited with 10% Ag

led to the degraded HER rate, which indicated the Ag

nanoparticle was not an active photocatalyst but a

catalyst to enhance the photo-carrier separation. The

photo-generated electron was transferred to Ag

nanoparticles due to the higher work function of Ag.

A higher amount of Ag nanoparticles on InOS-90 will

cause low light interaction with catalyst leading to

low photocatalytic activity. The highest HER rate was

achieved at 400 lmol/g for 5% Ag-deposited InOS-90

NS in 10% ethanol solution. As confirmed by Fig. 7b,

the amount of generated hydrogen was much higher

in 10% ethanol solution compared to those in pure

water and pure ethanol. The results indicate a syn-

ergetic effect between water and ethanol to maximize

the amount of generated hydrogen. Although the

HER rate was not as high as many other works in this

field, this work could be used as a reference for

developing In2(O,S)3 solid solution NS as a hydrogen-

generated photocatalyst. Furthermore, the Ag-de-

posited In2(O,S)3 NS had shown the promising

results in evolving hydrogen without involving toxic

species in the photo-reactor. The advantages in this

work is that the photo-HER reaction has been per-

formed in the environmentally friendly ethanol

solution under relatively low light intensity of 150 W

Xe-lamp without using the precious Pt metal and the

environmentally harmful hole scavenger reagents

such as Na2S and Na2SO3, which have been widely

used in this field [27, 40–42]. Owing to the great

performances of InOS-90 NSs in our work, it is

promising to perform advanced researches related to

In2(O,S)3 solid solution for different kinds of catalyst

applications.

Reusability of InOS-90 NS
for photocatalytic Cr(VI) reduction reaction

Figure 8a shows the reusability tests of InOS-90 NS

for four times in reducing Cr(VI). After each run of

reusability experiment, the InOS-90 powder was

washed three times with ethanol and dried at 60 �C
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Figure 8 a Reusability of InOS-90 NS powder for Cr(VI)

reduction under visible light illumination, b EDS spectra of Cr

element, and c XPS spectra of Cr(III) as a confirmation of Cr(OH)3
precipitation on InOS-90 NS.
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for 12 h before used for the next run. The Cr(VI)

could be totally reduced in 15, 60, and 105 min for the

first, second, and third reusability experiments,

respectively. However, the fourth reusability experi-

ment showed only 88% of Cr(VI) could be reduced in

105 min. After tested for the fourth run, InOS-90 NS

was carefully examined by EDS and XPS analyses as

shown in Fig. 8b, c, respectively. The EDS spectra

revealed the existences of Cr elements on InOS-90.

Furthermore, the XPS spectra also showed the char-

acteristic binding energy peaks of Cr(III) in Cr(OH)3.

The binding energy values of Cr (2p3/2) and Cr (2p1/2)

were 579.2 and 588.74 eV, respectively, which were

consistent with the literature data [37] and previous

work [43–45]. The precipitation of Cr(OH)3 on cata-

lyst after accomplishing Cr(VI) reduction was also

confirmed by previous work of Navio et al. [46]

Furthermore, the catalyst color was also changed to

yellowish (see Fig. S6 in supplementary information)

after used for hexavalent chromium reduction due to

the orange color of InOS-90 mixed with green color of

Cr(OH)3 after precipitated on InOS-90 surfaces,

indicating the existences of Cr(VI). The decreased

photocatalytic activity of InOS-90 NS is due to the

precipitation of Cr(III) on photocatalyst as Cr(OH)3
which hinders the electron transfer on the interfaces

between photocatalyst and solution and leads to the

degradation of photocatalytic activity.

Photocatalytic oxygen generation

To confirm the coexisting oxygen evolution during the

photo-reduction of Cr(VI), the experiment was carried

out in a 500 mL reactor containing 20 ppm potassium

dichromate in a 450 mL solution with a connection to

gas chromatograph (GC) system. The GC system was

equipped by thermal conductivity detector (TCD) for

oxygen sensor. In this experiment, muchmore amount

of InOS-90NSpowder, up to 160 mgwasused to easily

observe the oxygen evolution during the photo-reac-

tion. Prior to starting the experiment, the reactor was

purged by 99.99% Ar gas for 1 h to remove all the

remaining gas in reactor. The gas sampling during

experiment was conducted for several minutes by

flowing Ar gas through the reactor to GC system.

Figure S7 shows the recorded oxygen evolution

and maximum TCD potential during the Cr(VI)

reduction. The highest rate for the evolved oxygen

reached 41 lmol/g�h under light illumination and

slightly decreased after the first-hour test. This results

indicated most of the Cr(VI) in solution had been

quickly reduced after the first-hour illumination, so

the amount of evolved oxygen also achieved the

maximum value during that period. After the first-

hour illumination, the remaining Cr(VI) in solution

and the evolved oxygen are less. Overall, as long as

the Cr(VI) in solution was available, the photo-gen-

erated electron and hole would be used for Cr(VI)

reduction and water oxidation to evolve oxygen.

Reusability of Ag-deposited InOS-90 NS
for photocatalytic HER

To show the sustainability of Ag-deposited InOS-90

NS in generating hydrogen, the photocatalytic HER

experiments were continuously conducted for five

runs without evacuating and refilling the solution in

reactor. The reusability experiments that carried out

in this work were different from many other works,

in which the solution in reactor was evacuated, cat-

alysts were washed and dried, and the new reagents

were refilled before the next reusability test. Each

reusability experiment was carried out for 5 h, and

the next run was conducted on the next day for total

5 days. Figure 9 shows the results of reusability

experiments for five runs under xenon-lamp illumi-

nation. The amounts of hydrogen generated were

391, 378, 384, 389, 390 lmol/g obtained from the first

till fifth reusability experiments, respectively. The

results indicate that the Ag-deposited InOS-90 cata-

lyst is very stable after a total 25-h operation without

the procedures of evacuating and refilling the reactor

solution.
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alytic HER in the presence of Xe-lamp illumination.
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Photocatalytic mechanism

In2(O,S)3 solid solution NS (InOS-90 NS) shows its

bandgap energy of 2.4 eV, a value between those of

its pure oxide and sulfide phases. The higher band-

gap energy value of In2(O,S)3 solid solution as com-

pared to that of In2S3 is expected to extend the

diffusion length between photo-carriers and prolong

their lifetime for improved photocatalytic efficiency.

The InOS-450 with its higher bandgap of 3.0 eV had

low efficiency of photocatalytic activity due to its

lower visible light absorbance. Photon energy corre-

sponding to a wavelength about 516 nm in visible

region can excite the electron in valence band to

conduction band of In2(O,S)3 NS. In subsequently,

photo-induced electrons and holes will be formed

and the photo-carriers will diffuse to the interfaces

between photocatalyst and solution. The photo-reac-

tion would be sustained, if the lifetime of photo-car-

riers was longer enough for reducing Cr(VI)–Cr(III)

and oxidizing the adsorbed water to oxygen, as

schematically shown in Fig. 10a.

To evolve hydrogen during the photocatalytic reac-

tion in ethanol solution, the deposition of Ag

nanoparticles (NPs) as shown in Fig. 10b is necessary to

have better photo-carrier separation due to the high

work function of Ag NPs [47]. Therefore, once illumi-

nated with light, the photo-excited electrons will be

transferred and trapped to Ag nanoparticles due to the

formation of Schottky barrier [48, 49] at the metal/

semiconductor interfaceswith In2(O,S)3NS. TheAgNP

deposition also increases the localized surface plas-

monic resonance (LSPR) [50] to enhance the light

interaction with photocatalyst. The more photo-gener-

ated electrons in the conduction bandof InOS-90NSare

transferred to AgNPs; the more photo-generated holes

in valence band would induce hydrogen ions from

water hydrolysis reactions (Fig. 10b). However, the

water hydrolysis cannot be enhanced without involv-

ing ethanol in solution. The hydrogen evolution reac-

tion is actually initiated by oxidation reaction which

was also elucidated by the reported literature [51]. As

can be seen in the schematic mechanism, ethanol as a

hole scavenger reagent ismineralized to carbondioxide

andwater [52]. Because of the consumption of hydroxyl

radicals during the ethanol oxidation, more amount of

hydrogen ions from water hydrolysis process can be

reduced to formH2 by the photo-generated electrons in
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Figure 10 Schematic
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respectively.
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conduction band. As the hydrogen production is more

difficult for HER conducted in pure water or pure

ethanol, it indicates that an important role of ethanol in

consuming hydroxyl radicals and enhancing water

hydrolysis reaction to form hydrogen ions. The syner-

getic effect of water and ethanol to enhance photocat-

alyticHERhas been shown in themechanism. Based on

themechanism, the lifetimeofphoto-induced carriers is

significantly prolonged to promote photocatalytic

hydrogen evolution.

Conclusions

Indium oxysulfide had been synthesized with a fea-

sible method at temperature of 90 �C. The InOS-90

powder and the one annealed at 350, 400, and 450 �C
were carefully characterized. InOS-90 showed a

nanosheet structure. InOS-90 and InOS-350 formed

the In2(O,S)3 solid solution, InOS-400 formed the

composite powder containing of oxide and sulfide

phases, and InOS-450 formed the In2O3 phase only.

The reduction behavior of In2(O,S)3 system was

evaluated through Cr(VI) reduction and hydrogen

evolution reaction. InOS-90 without annealing per-

formed the best photo-reduction of Cr(VI) under

visible light illumination. Under Xe-lamp illumina-

tion, InOS-90 NS showed better hydrogen evolution

ability after coated with Ag nanoparticles. The H2

evolution rate reached 400 lmol/g in 10% ethanol

solution for 5 h. Ag-coated InOS-90 catalyst can

repeatedly produce H2 without refilling any fresh

solution for five runs with 5 h for each run. This work

proposes a solid solution-type photocatalyst of In2(-

O,S)3 nanosheets to effectively remove Cr(VI) from

wastewater and to evolve hydrogen from ethanol

solution after it was coated with Ag nanoparticles

without the needs of Pt as a co-catalyst and the

unfriendly chemical as a hole scavenger reagent.
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