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Nanostructured In,O3 was grown on TiO2 NPs by thermal treatment of the solids mixture of TiO3 with the parent
In(OH)3, The effect of calcination temperature in the range between 400 °C and 700 °C was investigated and
peculiar changes both in the structure and in the catalytic activity of the TiO2/InyO3 heterostructure were
revealed. It was found out that T = 600 °C is the best operating temperature for hydrogen production and in
combination with 3.5 wt% InpO3 the H; production from water reached the value of 3.5 mmol/h'g irradiating in
the UV-Vis region. Once 5.0 wt% CuxO nanoparticles were loaded on TiO2/InyOs, the photocatalytic activity
boosted to 9.6 mmol/h'g of Hy, overcoming the hydrogen production of pristine TiO2 by a factor of 48. This result
can be attributed to the formation of a highly efficient heterojunction that assures a synergistic cooperation

among the three semiconductors yielding an improved charge separation and faster charge transport, as evi-
denced by Mott-Schottky, PL and EIS measures.

1. Introduction

Hydrogen represents one of the most promising energy resources to
replace fossil fuels due to its high energy density and zero emission
pollution [1,2]. Among the various means for producing hydrogen, the
water splitting reaction through solar-driven technology is one of the
most studied process since it is eco-friendly, requires a low energy input
and there is no secondary pollution discharge [3,4]. One of the aims of
scientific research is the development of ever more efficient photo-
catalysts in this field [5-8]. Titanium dioxide has a widespread use in
photocatalysis and surely it is the most common semiconductor for this
application due to its high chemical stability, low price, and nontoxicity.
Nevertheless, the use of bare TiO; as a photocatalyst is affected by some
drawbacks as low sunlight use efficiency and fast recombination of
photo-generated carriers [9-11]. In particular in the photocatalytic Hy
production, bare TiO5 has quite low quantum efficiency, thus a common
strategy to face the drawbacks has been the pairing of TiO, with suitable
semiconductors and the use of sacrificial agents to improve light har-
vesting efficiency and photocatalytic performance [12,13]. Several
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studies have shown that indium represents a highly promising photo-
catalyst [14-18], since it decreases charge carrier recombination
moreover it is non-toxic and largely available (compared to pricy noble
metals as Pd, Pt and Au). InpO3, being a semiconductor with an indirect
band gap of 2.8 eV and a direct band gap of ca. 3.2 eV, is known as an
efficient sensitizer able to expand the absorption from UV to visible
region [19]. TiO2 has a band gap of ~3.2 eV in which both the con-
duction and valence band (Ecg = —0.4 V, Eyg = 2.8 eV vs NHE) lie
underneath those of InyO3 (Ecg = —0.63 V vs NHE, Eyg = 2.17 eV), thus
yielding a type II heterojunction which is known to be ideal for the
photocatalytic efficiency [20]. A variety of In03/TiO5 nanocomposites
have been studied showing improved photocatalytic activity in the
reduction of CO3 to CHy [21], in the degradation of methyl orange [22]
and in Hy evolution [23-25].

In the present work, starting from commercial TiOy P25 (anatase
80%, rutile 20%) nanoparticles, the formation of a TiOs-based hetero-
structure was envisaged by the coupling with In,O3 and Cuz0 in the
quality of narrower band gap semiconductors, with the aim to enhance
the absorbance towards the visible region and increase the solar light-to-
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energy conversion.

The hybridization of TiO, with InpO3 nanorods was performed in two
different ways: a) by mixing preformed In,O3 with TiOy via ultra-
sonication in solution, b) by direct growth of InO3 nanostructures on
TiO,, via calcination of In(OH)3 mixed with TiO, NPs. Additionally, the
calcination temperature was varied from 400° to 700 °C and the effects
of thermal treatment on the X-ray structure and catalytic activity of the
binary TiO»/InyO3 were evaluated. To further improve the photo-
catalytic activity, CupO nanoparticles were loaded on the binary TiOy/
Iny03. Indeed, cuprous oxide is a well-known p-type semiconductor
[26], with a narrow band gap (2.0-2.6 eV) and is usually paired with
TiOy due to its considerable absorbance in the visible region [27].
Additionally, being TiO5 and In,O3 n-type semiconductors, the creation
of a p-n heterojunction would certainly strengthen the efficiency of
charge transport. Satisfyingly, the new ternary photocatalyst gave an
excellent hydrogen production of 9.6 mmol/h-g, which is 48 times
higher than pristine TiO,. As added value, the new photocatalyst does
not contain any noble metal and can be prepared by an easily scalable
and straightforward synthesis.

2. Experimental section
2.1. Materials and chemicals

TiOy P25 was obtained from Degussa, Indium (III) chloride hydrate
(InCl3-4H50, 99.99%), urea (99%), hydrazine NoH4°H20 (98% in water)
were purchased from Merck. All reagents were used without further
purification.

2.2. Synthesis of InyO3

InCl3 4H20 (146.6 mg, 0.5 mmol) and urea (120.1 mg, 2.0 mmol)
were dissolved by stirring for 30 min in 40 mL of distilled and degassed
water, for a final concentration of 0.012 M. The solution was transferred
into a Teflon-lined autoclave (volume of 50 mL) and heated at 140 °C in
an oven, for 16 h. Then, the autoclave was cooled at room temperature
and the white solid product was isolated by centrifugation. Six washing/
centrifugation cycles (8000 rpm for 20 min) were carried out, four using
distilled water and two using ethanol. The white solid of In(OH)3 was
collected and dried under vacuum for 6 h. Its chemical identity and
purity was assessed by XRD, see Fig. S2. Afterwards, it was annealed at
600 °C for 2 h in argon flow with a heating rate of 10 °C/min, obtaining a
pale yellow powder. Yield (respect to starting InCls): 58%.

2.3. Synthesis of TiO2/InyO3 heterostructure via sonication, TiO2/
In20350nic

In 03 (1.5 mg) previously synthetized and TiO3 P25 (41.4 mg) were
ultrasonicated for 2 h in 28 mL of isopropanol. To the suspension of
TiO2/Iny03, ethanol (10 mL) was added and after centrifugation the
solid was isolated and dried under vacuum overnight.

2.4. Synthesis of TiO2/InyO3 heterostructure via thermal treatment,
TiO2/In203¢qic

The x % Iny03/TiO3 (0.5, 1.5, 3.5, 5 wt%) catalysts with different
contents x% of InyO3, were prepared by a thermal process. The calcu-
lated amounts of In(OH)3 powder (5.3 mg in the case of 3.5 wt%) were
mixed with TiO3 (121.6 mg) in 50 mL degassed water and ultrasonicated
for 1 h. One washing/centrifugation cycle was carried out adding
degassed acetone (10 mL), then the isolated solid was dried under
vacuum overnight and annealed in a muffle furnace at 600 °C for 2 h in
argon flow, with a heating rate of 10 °C/min. Yield: 98%. The samples
with different contents of In,O3 were obtained and denoted as x%
In203/ Ti02.
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2.5. Synthesis of TiO2/InyO3 heterostructure at different calcination
temperature

Since the best performing catalyst resulted TiO2/Inp03 3.5 wt%, the
corresponding parent composite TiO,/In(OH)3 was annealed in a quartz
tubular furnace in argon atmosphere for 2 h at 400°, 500° and 700 °C
respectively with a heating rate of 10 °C/min to study the role of
annealing temperature in the catalytic activity. The exact In/Ti ratio was
assessed by ICP analysis as shown in Table S1.

2.6. Synthesis of Cuy0 nanoparticles

CuCl; (23.5 mg, 0.17 mmol) was solubilized in 16 mL of degassed
H0 (Solution A) and ultrasonicated for 10 min. Afterwards, NoH4*H20
(hydrazine, 26.0 mg, 0.52 mmol, 3 equiv) was solubilized in 16 mL of
degassed H,0 (Solution B). Then, Solution B was added into Solution An
under stirring and quickly an orange suspension was obtained. The latter
was stirred at 900 rpm for 2 h at room temperature under nitrogen at-
mosphere, then the orange powder of CuyO was isolated by centrifu-
gation. Three washing/centrifugation cycles were carried out, two using
degassed HpO and one using degassed acetone, then the solid was dried
under vacuum overnight.

2.7. Synthesis of the ternary heterostructure TiO2/Inz03/Cuz0

Three ternary composites were prepared by adding a variable
amount of Cup0 NPs (2.5, 5.0, 7.5 wt%) to the binary TiO»/InyO3 having
3.5 wt% Iny0s.

Iny03/TiOy (19 mg) previously synthetized, see section 2.4, and
Cuz0 (1 mg) were ultrasonicated for 3 h in 13 mL of degassed iso-
propanol. To the suspension, degassed ethanol was added and after
centrifugation the light orange solid was isolated and dried under vac-
uum overnight.

2.8. Characterization of samples

To investigate the surface morphology, secondary electron images
were acquired by a Scanning Electron Microscopy (SEM) (Gaia 3 by
Tescan), using an accelerating voltage of the electron beam of 5 kV. To
assess the elemental distribution in the sample, STEM EDX mapping was
also performed using a 200 kV HR-TEM (Talos F200X G2 by Thermo
Fisher Scientific).

To determine the crystallinity and purity of the synthesized catalyst,
X-ray diffraction (XRD) (Panalytical Advance X-ray powder diffrac-
tometer) was performed.

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed at the Chemistry Department, University of Florence (Italy) in an
ultra-high vacuum (10~° mbar) system equipped with a VSW HAC 5000
hemispherical electron energy analyzer and a non-monochromatized
Mg-Ka X-ray source (1253.6 eV). The source power used was 100 W
(10 kV x 10 mA) and the spectra were acquired in the constant-pass-
energy mode at E,;s = 44 eV. The overall energy resolution was 1.2
eV as a full-width at half maximum (FWHM) for the Ag 3ds/» line of a
pure silver reference. The recorded spectra were calibrated using C 1s
peak of adventitious carbon as an internal standard (284.8 eV) and, after
subtraction of a Shirley-type background, fitted using XPS Peak 4.1
software employing Gauss-Lorentz curves. The samples were dropcasted
from a suspension in methanol, dried under a stream of nitrogen and
introduced in the UHV system via a loadlock under inert gas (N») flux, in
order to minimize the exposure to air contaminants and kept in the
introduction chamber for at least 12 h before the measurements.

The diffuse reflectance spectra were measured by a Shimadzu UV-
2600 spectrometer on the solid samples using an integrating sphere
with BaSO4 as a reference material. By using the Kubelka-Munk equa-
tion, Tauc plots were obtained and the optical band-gap energy of the
samples was extrapolated.
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Raman characterization of the samples was performed at room
temperature in a backscattering configuration using a LabRam HR
800EVO Raman spectrometer (Horiba France SAS) equipped with an
Olympus BXFM microscope (objective x100, NA 0.9), TE cooled CCD
detector (Syncerity OE), 532 nm laser and 600 grooves/mm diffraction
grating. The spectral resolution was 0.9-1.8 cm L. The sample was drop-
casted on silicon wafer as the substrate then it was dried in nitrogen
atmosphere. The laser power at the sample was 3.6 mW and the
acquisition time was 5 s. Ten to twenty spectra were registered for each
sample at different locations to verify sample homogeneity and the
absence of photoinduced phenomena. The reference spectrum of Si was
measured contextually in each sample. Raman spectra were corrected
for the baseline and Raman peak analysis was performed through a
mixed Gaussian-Lorentzian fitting function to calculate position and
area of the characteristic peaks.

Photoluminescence spectroscopy (PL) were registered using a Jasco
spectrofluorometer model FP-8300. The powder samples were analysed
by irradiating at a wavelength close to the maximum absorption in the
corresponding UV-Vis spectrum, i.e. A = 325 nm.

Electrochemical measurements including electrochemical imped-
ance spectroscopy (EIS) and electrochemical response (cyclic voltam-
metry, CV) were carried out in a standard three electrode cell using an
electrochemical workstation (PARSTAT 2273 potentiostat/galvanostat).
The EIS (perturbation voltage 20 mV, frequency 100 KHz — 100 mHz)
and CV were measured using a saturated Ag|AgCl|KCl reference elec-
trode, a platinum coiled wire as the counter electrode and 0.5 M NaySO4
aqueous solution as electrolyte. To prepare the working electrode, the
standard TiOp P25 and the synthesized samples In O3 Cuy0, TiO2/
In203cale, TiO2/IN20350nic and TiO2/Iny03/CusO nanocomposites were
first dispersed in MeOH (1.0 mL). The dispersion containing the catalyst
(3.0 mg/mL) was deposited by drop-coating on a fluorine-doped tin
oxide (FTO) conductive glass substrate (2.0 cm?) and was dried under a
stream of nitrogen before measurements. Mott-Schottky (M — S) curves
were measured under an AC amplitude of 10 mV and frequency of 1 kHz.

2.9. Photocatalytic performance tests

The evolution of hydrogen from water was carried out in a 12 mL
cylindrical quartz tube closed with a rubber cap having a silicone
septum under the irradiation of a 300 W Xe lamp (Newport, USA), see
Fig. S1 for the image of the photocatalytic equipment. The photocatalyst
(1.3 mg) was dispersed in 2.4 mL of degassed MilliQ water and 0.6 mL of
degassed methanol (20 vol%) by 10 min ultrasonication. Then, the
irradiation was started in the range UV-Vis (330-780 nm) and the sys-
tem was kept to react under stirring at room temperature (T = 25 °C) for
the required time. Every hour, the gases were sampled via a syringe and
injected into a Shimadzu GC-2010 gas chromatograph equipped with an
MS-5A column and a thermal conductivity detector using a temperature
ramp program starting from 140 °C for 9 min and rising to 225 °C in 25
min, hydrogen retention time is 3.35 min.

3. Results and discussion
3.1. Synthesis and characterization of the photocatalysts

TiO4 (P25) nanoparticles and nanostructured In(OH)s were mixed
together by sonication and calcined at different temperature in the range
400-700 °C, yielding a series of samples TiO5/InyOscalc. As a compar-
ison, preformed InpO3 was sonicated with TiO, obtaining by self-
assembly the sample TiO,/InpOssonic. As further step, CupO NPs were
integrated to the best performing binary, i.e. TiO5/InyOscalc, giving the
ternary photocatalyst TiO2/InyO3/Cuz0O.

Fig. 1 shows XRD spectra of pristine TiO9, In,O3 and Cuy0, TiOy/
Iny03 obtained by calcination and the ternary nanocomposite TiOy/
Il‘l203/ CUZO.

The diffraction peaks of anatase [28] TiOy appeared at 26 = 25.3°
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Fig. 1. Pxrd of TiOg, Iny03, Cuz0, TiO2/Inp03 and TiO2/InyO3/Cuz0.

(011), 37.7° (004), 48.0° (020), 62.7° (024) and 75.0° (125) as shown in
Fig. 1, bottom track. The diffraction peaks of rutile are much less intense
(being around 20 wt%, for clarity are not indexed in the track in Fig. 1)
and were observed at 20 = 27.4° (110), 36.1° (011), 41.2° (111), 54.3°
(121), 69.0° (031), and 69.8° (112) in agreement with literature [29].

The reflections observed for In,O3 at 26 = 30.5°, 35.4°, 45.6°, 51.0°,
60.6°, see Fig. 1 blue track, correspond to a cubic phase whose structural
symmetry is governed by the Ia3 space group (ICDD #98-000-6517)
[30]. The precursor In(OH)3 has peaks at 22.3°, 31.7°, 39.1°, 45.4°,
51.2° and 56.9° as shown in Fig. S2, which agrees well with the cubic
phase, possessing a space group symmetry of Im3 (ICDD #98-001-7283)
[31]. The XRD pattern of CusO shows diffraction peaks at 29.5°, 36.4°,
42.3°,61.3°, and 73.5°, where the strong peak at 36.4° indexed to (111)
plane shows that the preferred crystal orientation of CupO NPs is cubic
[32]. There are no diffraction peaks attributable to impurities of CuO
and/or Cu, therefore the experimental procedure affords highly crys-
talline and pure CupO NPs.

The diffraction peaks of binary TiO2/InpO3 and ternary TiO2/InyO3/
Cuy0 correspond to the standard card of TiO3, InyO3 and CupO thus
confirming the composites were successfully fabricated.

Varying the calcination temperature of TiO5/In(OH)3 3.5 wt% in the
range 400°-700 °C, in the final compound there are only changes for the
structure of TiO, where there is a net increase in rutile content respect to
anatase when heating at 700 °C for 2 h, see Fig. S3.

Fig. 2 shows Raman spectra of pristine TiOg, In303, TiO3/In,03 3.5
wt% calcined, TiOy/Iny03 3.5 wt% sonicated and the ternary TiOy/
Iny03/Cuz0. The vibrational signals for pristine TiO5 NPs appeared at v
= 143 cm’l, 195 cm’l, 392 ecm!, 513 em™! and 634 ecm™! which
correspond respectively to Eg) Eg2), B1g, A1g + Bige) and Eg(3) char-
acteristic vibrational modes of anatase [33]. Regarding In,O3 the Raman
modes at 135, 307, 366, 495 and 631 cm ™! confirm the cubic structure
[34] already observed by XRD, and well agree with literature [35]. For
the binary TiO,/In,O3 composite prepared by sonication, the Raman
peaks of pristine TiO, and InyOs are observed with no detectable
changes with respect to the spectrum of single compounds. On the other
hand, the Raman spectrum of TiOy/Iny03 obtained by calcination re-
veals a red shift of the 307 cm ™ signal of InpOs3, as shown in the inset of
Fig. 2, and a broadening of the same peak with a change in full width at
half maximum. These spectral changes are frequently observed due to
the formation of new bonds between the oxygen of InyO3 and a dopant,
as observed in doped-In,O3 nanocrystals [36]. In our system, the
observed Raman changes of InyO3 can be ascribed to the interaction
between InyOs and Ti*", seemingly indium can diffuse in the crystal



S. Impemba et al.

— In203

—— TiOy/ In,05 sonicated
TiO,/ In,O3 calcined
Ti02/ |n203/ CUQO

— 1-|02

o

T
600

4x10°

w
1

Intensity (counts)

280 300 320 340

T T
400 1500
Raman shift (cm )

T T
200 300
Fig. 2. Raman spectra of InyO3, TiO,, TiO5/In,03 calcined, TiO2/Iny03 soni-
cated and TiO»/In,03/Cu,0 at 532 nm laser excitation. The peak of the silicon
wafer at v = 520 cm™! where it was deposited the sample, was subtracted for
clarity from all the spectra. Inset shows the shifting behavior of In,O3 peak

observed at 307 cm ™. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

lattice of the TiOy matrix, with formation of TiO5/In;03 heterojunction
which in turns favors an enhancement of the electron transfer and thus
leads to an improved performance in catalysis, as it will be shown later
on.

SEM images of In(OH)3, Inp03, InpO3 grown on TiO; and the ternary
composite TiOy/Iny03/Cuz0 are collected in Fig. 3 a,b,d and f respec-
tively, together with a reference image of spherical TiO2 NPs (see
Fig. 3c) having average size 26 nm, see Fig. S4a for the relative size
distribution. In(OH)3 resulted constituted mainly by nanocubes with
0.5-1.5 pm of lateral length, in mixture with nanorods, having length
between 0.8 and 3.0 pm and a diameter in the range 200-400 nm
(Fig. 3a). After annealing In(OH)3 at T = 600 °C for 2 h to produce In203,
an intriguing change in structure can be seen (Fig. 3b). While the
nanorods are almost unaffected by calcination, there is a dramatic effect
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on the nanocubes, which appear as teared apart and shattered with
irregular edges and wrinkled surface. Once In(OH)s is calcined in
mixture with TiOy NPs, the binary composite TiO2/In,Oj3 is obtained and
the morphology for InpO3 is the same as above described, with TiOy NPs
distributed on its surface and edges (Fig. 3d and Fig. S5 for a panoramic
view of TiO2/Iny03). As third step, preformed Cu,O NPs having average
size of 220 nm (Fig. 3e and Fig. S4b for the size distribution) are added to
the binary TiO5/Iny0O3 by ultrasonication. Inspection by SEM on the as-
synthesized ternary composite (Fig. 3f) shows a similar particle distri-
bution respect to TiO2/In,03 (Fig. 3d) with a complete disappearance of
Cu0 NPs. Only a STEM EDX mapping (Fig. 4) confirms the presence of
the CupO NPs, which appear always buried beneath the fine TiO,
dispersion. HRTEM on the ternary composite showed for TiO, NPs clear
lattice fringes of anatase (101) (see Fig. S6) meaning the sonication or
calcination step has not affected the size or morphology.

XPS measurements were carried out to obtain information on the
chemical state of the elements in the binary and ternary nanocomposite.
Fig. 5 shows the binding energy of Ti 2p3,» and Ti 2p;,2 in pure TiOq
which is located at 458.1 eV and 463.8 eV respectively, and this is
consistent with Ti*t in the TiO4 lattice [37]. After forming the hetero-
junction with Inp03, these two peaks exhibited shifts to higher binding
energies (BE) going to 458.7 eV and 464.4 eV respectively, that means
an increase of 0.6 eV respect to pure TiO5 with an unaltered spin-orbital
splitting of 5.7 eV (as observed above) confirming the presence of Ti**.
The increase in binding energy corresponds to a decrease of electron
concentration in titanium, indicating the presence of a strong interaction
likely due to Ti-O-In bond formation. Going to the ternary nano-
composite after assembly with CuyO NPs, the Ti 2p peaks shift at 458.3
eV and 464.1 eV respectively, thus exhibiting a lower shift (+0.3 eV) in
BE respect to pristine TiO9 [38]. Concerning XPS of In 3d, the spectrum
is well resolved for TiO2/InyO3sonic Obtained by sonicating the two ox-
ides, and shows the two characteristic peaks at B.E. = 443.8 eV and B.E.
= 451.3 eV corresponding to In 3ds,, and In 3d3/, respectively, see
Fig. S8. This is superimposable to the XPS In 3d spectrum observed for
the synthetized InyOs, see Fig. S7 [39]. Surprisingly, in the TiOy/I-
n303ca1c and corresponding ternary TiO2/InyO3z¢a1¢/Cuz0 composite, the

Fig. 3. SEM analysis of a) In(OH)3; b) In,03; ¢) TiO; NPs; d) InyO3 grown on TiO,, €) CuyO NPs, f) TiO5/In,03,Cu,0 composite.
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Fig. 4. HAADF-STEM image of TiO5/In,03/Cu,0 (a) and relative EDX mapping
images, b) Cu, c) In, d) Ti. Scale bar = 500 nm.

signal of In 3d is not distinguishable from the noise level. Being XPS a
surface-sensitive technique, the absence of indium signal means there is
a diffusion of this species from the surface into the bulk that reduces
drastically its concentration at the surface. The XPS spectrum of core
level Cu 2p shows Cu" as a largely predominant specie in the ternary
nanohybrid, which is characterized by the Cu 2p3,2 component at B.E. =
932.7 eV and the Cu 2p; /5 component at B.E. = 952.2 eV; as a minor
specie is present the oxide CuO as revealed by the peaks at B.E. = 934.9
eV, 954.7 eV and the shake-up peak in the region 938.6-947.5 eV which
is diagnostic of the oxide [40].

In order to examine the light absorption properties, the samples were
characterized by ultraviolet-visible diffuse reflectance spectroscopy
(UV-Vis DRS). As displayed in Fig. 6, pure TiO3 can only absorb light in
the UV region and pure InyO3 absorbs light with wavelength less than
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440 nm. As shown in Fig. 6a, the absorption of TiO5/In O3 and TiOy/
Iny03/Cuz0 nanocomposites exhibits a red shift, indicating that the
composites have stronger light absorption capabilities, which means the
generation of more photo-generated electrons and holes. The optical
band gap energy E; was estimated by using Kubelka-Munk formula:
(ahv)" = k(hv - Eg) where a represents the absorption coefficient, k is a
constant, hv represents photon energy, n is equal to 2 and 1/2 for direct
and indirect band gap semiconductors, respectively. TiO; is an indirect
band gap semiconductor, meanwhile InyO3 and CuyO are direct semi-
conductor and from the Tauc plot resulted a band gap of 3.25 eV, 3.22
eV and 2.65 eV respectively [41,42]. The band gap energies of
TiO2/In,03(3.5 wt%) and TiO2/Iny03(3.5 wt%)/Cu,0(5%) are 3.13 eV
and 3.06 eV respectively, smaller than that of pure TiO,. The decreased
bandgap may be attributed to the formation of a heterojunction between
the semiconductors with formation of a new photo-generated electron
transport channel [43]. The results show that the ternary nanocomposite
can much more effectively absorb and utilize visible light than pristine
TiO,.

To calculate the conduction band (CB) and valence band (VB) energy
levels of TiO, InyO3, CuzO and their binary and ternary composite,
electrochemical impedance measurements were carried out and the
corresponding Mott-Schottky plots are shown in Fig. 7. From the
extrapolation of the linear region of the Mott-Schottky plot to the x-axis,
the flat-band potential Vp, is obtained and correcting for the standard
potential of the Ag/AgCl electrode (that means addition of +0.2 V), Vg
of TiO2, Inp03, Cuz0, TiO2/In03ca1¢, TiO2/IN20350nic and ternary hybrid
was calculated to be —0.04V, —0.27, —0.31, —0.59, —0.47 and —0.18 vs.
NHE (normal hydrogen electrode), respectively. The flat-band potential
can be approximate as quasi Fermi level and lies 0.1 V lower the con-
duction band minimum (CBM) [44]. Thus, the Ecg was estimated to be
—0.14 V for TiOy, -0.37 V for Iny03, -0.41 V for Cup0, —0.69 V for
TiO2/In203calc, —0.57 V for TiO2/In203 sonic and —0.28 V for the ternary
hybrid respectively.

It is evident a progressive negative shift of Vg and hence in Ecp
passing from pure TiO3 to TiOy/InyO3 obtained by sonication and by
calcination. Knowing the relation between the carrier density Np and the
slope k of the linear portion of the Mott-Schottky graph [45] according
to equation 1 below, where e, ¢, ¢ are the elementary electron charge,
dielectric constant and permittivity in vacuum respectively, it was
calculated the value for Np in pure TiO3 which resulted 7.58 x 10'° that
increases progressively to 1.21 x 1020 for TiO2/Iny03 sonic and becomes
almost double for TiO2/Iny03 ¢4 being Np_2.05 x 10%.

2

= 1i 1
P (equation 1)

D

Correspondingly, the charge transfer rate from the bulk to the surface
is dramatically increased and this justifies the enhanced reaction rate of
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Fig. 5. (a) Comparison of Ti 2p core-level XPS spectra of various samples; (b) Cu 2p core-level XPS spectrum of TiO5/In;03/Cuz0.
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estimate the Vg,

4.4 times passing from TiO5 to TiO2/Iny03 sonic and of 18 times going to
TiO2/In203calc.

From the Mott-Schottky data, the energy position of the valence band
could also be calculated according to: Eyp = Ecp + Eg where Eg is the
band gap of the semiconductors shown above in Fig. 6b—c. From these
experimental magnitudes, the band energy level diagram could be
derived as shown in Fig. 8.

The photoluminescence spectra of TiOy InyOs, TiO2/InpO3cac and
TiO2/Ing0O3/Cuy0 samples were measured to examine the transfer,
migration and recombination process of the photo-induced charge car-
riers under the excitation wavelength of 325 nm. The sharpness of PL
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Fig. 8. Band energy level diagram and the proposed pathway for the photo-
generated charge carriers over TiO/Iny03/Cu,0 under UV-Vis irradiation.

intensity peaks depends on the recombination of electron/hole pairs. As
shown in Fig. 9, InpO3 reveals the strongest luminescence peak at about
458 nm. Meanwhile, the PL emission band for TiO5/In,O3 was weaker
which demonstrates that indium accelerate e—/h + pairs separation. A
further reduction in PL intensity was observed after loading Cu,O NPs to
get the final ternary heterostructure, where the synergistic effect of
copper and indium favored a better separation of photo-induced charge
carriers on titania surface and a faster migration of charges to the sur-
face, hence an improved photocatalytic activity is expected for the
ternary respect to the binary nanocomposite.

To evaluate the interface charge mobility in the binary and ternary
composites applied in HER, EIS measures were carried out. Intriguingly,
TiO2/Iny03 prepared by calcination showed a smaller arc radius than
the corresponding binary obtained by sonication see Fig. 9b, demon-
strating a much more efficient charge transfer.
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3.2. Photocatalytic activity for hydrogen evolution

The synthesized composites were tested on the process of water
splitting carried out by means of photoactivation. A 300 Watt Xenon
lamp was used as source of light and the catalyst was dispersed in water
with a concentration of 0.43 mg/mL. The effect of different synthetic
strategy, either calcination or sonication, the calcination temperature
and co-catalyst (indium, copper) loading on TiO5 were analysed. The
binary composite TiOy/Iny03 was prepared with 3.5, 5.0 and 10.0 wt%
of In,O3 content respectively, by ultrasonicating the dispersion of the
two oxides in isopropanol. Surprisingly only the binary with 3.5 wt%
Iny03 was active and gave a hydrogen productivity of 0.8 mmol/g-h.
Aiming to obtain a tighter interaction between TiO, and InyOs the
synthesis of the binary was performed by following another strategy:

different amount of preformed In(OH)3; was assembled with TiO; by 1 h
of sonication and afterwards the isolated white powder was calcined at
T = 600 °C. The corresponding binary TiO,/In,O3 having 0.5, 1.5, 3.5
and 5.0 wt% respectively of InpO3 grown in situ, were tested and the best
catalytic activity was observed again for 3.5 wt% InyO3, which gave a
hydrogen production of 3.5 mmol/g-h, that is 4.4 times higher than the
analogous TiO,/Iny03 prepared by sonication, see Fig. 10a, where it is
added for comparison pure TiO that gave very low H; production (0.2
mmol/g h). Meanwhile the other binary nanocomposites TiO5/InyO3
obtained by calcination at T = 600 °C were inactive. To verify whether
the calcination temperature plays any effect, the best performing pho-
tocatalyst TiO2/Iny03 (3.5 wt%), was prepared by heating up the pre-
cursors TiOy/In(OH)3 at 400, 500 and 700 °C respectively for 2 h in
argon atmosphere. The results of the catalytic tests are shown in Fig. 10b
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Fig. 10. a) Comparison of pure TiO, binary and ternary photocatalysts in the rate of HER. b) Effect of calcination temperature of TiO,/In,O3 on the amount of
hydrogen evolution. ¢) Influence of CuyO (Wt%) on the amount of hydrogen evolution of the corresponding photocatalyst TiO5/In;03/Cus0.
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and surprisingly it was observed the calcination at T = 600 °C was by far
the best one in creating an efficient heterojunction between InyO3 and
TiO,. Heating at 700 °C there was no activity, and going to a tempera-
ture lower than 600 °C, it was observed a long induction period of 3 h
and afterwards a modest catalytic activity was measured, see Fig. 10a.

A dramatic increase in catalytic activity was observed when to the
binary TiO»/Iny03 calc different amount (2.5, 5.0, 7.5%) of preformed
Cu0 NPs were loaded via ultrasonication. As shown in Fig. 10c, the
maximum photocatalytic activity was reached with a 5 wt% Cu,O that
gave 9.6 mmol/g-h of Hy, almost 50 times the production observed with
pure TiOy, and overwhelms similar TiOy-based photocatalysts which
have been collected in Table S2 for comparison. A further increase of
Cuz0 NPs to 7.5 wt % had the opposite effect of decreasing the activity
likely due to shielding of light.

A screening of hole scavengers was carried out firstly on the binary
TiO2/Iny03, substituting methanol with either ethanol or glycerol and
keeping their amount fixed to 20 vol%, but no catalytic activity was
observed. On the other hand, diminishing the amount of methanol from
20 to 10 vol%, the Hy production was lowered to 1.4 mmol/g-h.

A photo-stability test of the ternary catalyst was performed over four
consecutive runs, with each run of 3 h, as shown in Fig. S9. After each
run, the light irradiation was stopped, the reactor was open to evacuate
the hydrogen gas and then refilled with nitrogen at 1.0 bar. After the first
and the second run, the hydrogen production decreases, passing from
9.4 to 7.8 and 6.6 mmol/h-g, meanwhile was left unaltered after the
third and fourth run. The diminution of the catalytic activity can be
inferred to an incipient degradation of Cuy0 that is well known to be
subjected to photocorrosion and to loose the catalytic efficiency [46,47].
The XRD analysis of the catalyst recovered after the fourth run
confirmed the incipient oxidation of CupO with a tiny amount of CuO as
shown in Fig. S10. The morphology of the recovered catalyst was un-
altered and there was no aggregation of the nanostructures as evidenced
by SEM image in Fig. S11.

4. Conclusion

Successful fabrication of the binary TiO»/InyO3 heterostructure was
achieved by a straightforward and easy protocol. Two different strate-
gies were followed: a) ultrasonication of preformed In,O3 with TiO5 NPs
or b) calcination of the precursor In(OH)3 mixed with TiOy NPs. The
latter route afforded an increase in the photocatalytic activity by a factor
of 18 respect to the benchmark TiO,, revealing the in situ growth brings
about the construction of a much stronger interfacial interaction be-
tween TiO; and In,O3 as revealed by the shift of Raman signals of InoO3
and XPS signals of TiO2. The formation of a TiO5/InyO3 heterojunction
constitutes a preferential channel that greatly promotes the interfacial
charge transfer, as assessed by EIS measures and a largely increased
carrier density Np is present in the material as shown by Mott-Shottky
plot. By loading on the n-type TiO,/In,O3 composite a p-type semi-
conductor as CusO NPs, an electric field is created at the interface that
impedes the charge recombination as shown by PL measures. In
conjunction with this, the deeper light absorption in the visible region of
Cup0O contributes to a further three folds enhancement of hydrogen
productivity, reaching 9.6 mmol/h-g, which is 48 times higher than
pristine TiOy without using any noble metal as co-catalyst. This contri-
bution provides a preliminary study that paves the way to the exploi-
tation of other inorganic substrates for solar fuels production by finely
tuning their catalytic activity through suitable synthetic conditions.
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