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Tightly Interfaced Cu,O with In,0; to Promote Hydrogen
Evolution in Presence of Biomass-Derived Alcohols

Salvatore Impemba,™® Giacomo Provinciali,® Jonathan Filippi,” Stefano Caporali,™
Beatrice Muzzi,” Andrea Casini,” and Maria Caporali*®

By a mild and straightforward synthetic protocol in aqueous
solution and without surfactants, hierarchical Cu,0 nanospheres
were grown on preformed In,O; nanostructures, varying the
ratio In:Cu (2.5, 0.5). Accordingly, two different binary com-
pounds In,0;-Cu,0 were prepared and afterwards they were
integrated with TiO, NPs. The ternary composites having a
loading of 2.0, 5.0 and 10.0 wt.% respectively of binary In,0,-
Cu,0, were tested as photocatalysts in the solar-driven
production of hydrogen from water, using as sacrificial agents

1. Introduction

Heterogeneous photocatalysis is one of the most important
tool to face a series of different reactions, ranging from
oxidations of organic molecules to hydrogen production
(H,)." Water-splitting reaction through solar technology has
attracted much of the scientific community’s attention as it
allows to obtain H,, a promising energy vector*” in an eco-
friendly manner.®” For this reason, one of the aims of scientific
research is the development of increasingly active photo-
catalysts and recently a large number of different photoactive
materials have been designed and applied in the production of
solar fuels.®'" Greater attention is paid to those semiconduc-
tors that are constituted by elements largely available, non-
toxic and chemically stable. Suitable band gap, efficient
electron/hole separation and high charge transfer are key-
parameters in a semiconductor that are mandatory for an
efficient use of solar energy. These are influenced by physical
and chemical properties such as material morphology, elec-
tronic structure, crystallinity, exposed crystal surface and
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alcohols derived from the biomass. Satisfyingly, the rate of H,
evolution (20.5 mmol/g h) resulted two orders of magnitude
higher respect to bare TiO, (0.2 mmol/g h). Electrochemical
impedance spectroscopy and photoluminescence measure-
ments revealed the formation of a tight heterojunction
between In,0; and Cu,0O, which is responsible for the improved
charge carrier density and transfer and for the diminished
electron-hole recombination.

material defects, and can be improved by the construction of
heterojunctions.">'¥ Titanium dioxide (TiO,) remains one of the
most studied semiconductors for photocatalytic applications
due to its nontoxicity, large availability, chemical stability in
water, acid and base environment and resistance to
photocorrosion."" However, due to its large band gap, it can
only absorb in the UV region and for this reason, other
semiconductors have been investigated to improve the solar
energy utilization, such as MoS,,"*'® In,S;"” Znln,S, ™ CdS,!"
g.GN,? Very interesting is indium oxide (In,0;), an n-type
semiconductor (whose direct and indirect band gap values are
2.8eV and 3.2 eV respectively) which, due to its chemico-
physical, electrical and optical properties, has potential applica-
tions in different fields, such as photocatalysis,”?" gas sensors®?
and solar cells.”** Varieties of In,0;-based nanocomposites
have been studied showing an improvement of photocatalytic
activity in several processes.”>* Cuprous oxide (Cu,0) is a p-
type semiconductor having a narrow band gap (2.0-2.6 eV) and
a high optical absorption coefficient, that make it an excellent
candidate for solar energy conversion applications.” It is often
paired to inorganic oxide semiconductors to extend the
absorption in the visible region; in this work we have studied
the growth of Cu,0 NPs on In,0O; aiming to build a p-n
heterojunction in a Type Il configuration to improve the
efficiency of charge transport and to reduce the tendency to
photocorrosion of Cu,O. A vast literature has been devoted to
the shape-controlled synthesis of Cu,0O micro- and
nanocrystals,®® that can be summarised in two main routes: i)
the use of Cu®" salt as reagent in presence of a surfactant (SDS,
PVP or cetyltrimethylammonium) and a reducing agent (hydrox-
ylamine, ascorbic acid, hydrazine) or ii) pH controlled hydrolysis
of copper (I) chloride (CuCl). Our procedure used copper (II)
chloride (CuCl,) as reagent that was mildly reduced in water at
RT in the presence of preformed In,0; nanostructures, without
using an organic ligand as template. The resulting binary In,0s-
Cu,0 was self-assembled with TiO, via ultrasonication giving a
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series of TiO,/In,0;-Cu,O nanocomposites, having different wt %
of the co-catalyst In,05-Cu,0 and varying In:Cu ratio.

Experimental Section

Materials and Chemicals

TiO, P25 was obtained from Degussa, Indium(lll) chloride hydrate
(InCl;-4H,0, 99.99%), urea (99%), hydrazine (N,H,H,O - 98% in
water) were purchased from Merck. All reagents were used without
further purification.

Synthesis of In,0,

InCl;-4H,0 (146.6 mg, 0.5 mmol) and urea (120.1 mg, 2.0 mmol)
were dissolved by stirring for 30 minutes 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 hours. 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 minutes) were carried out, four using distilled
water and two using ethanol. The white solid of In(OH); was
collected and dried under vacuum for 6 hours. Its chemical identity
and purity was assessed by XRD, see Figure S1. Afterwards, it was
annealed at 600°C for 2 hours in argon flow with a heating rate of
10°C/min, obtaining a pale yellow powder. Yield (respect to starting
InCl5): 58 %.

Synthesis of In,0;-Cu,0 with Different In:Cu Ratio

In,O; previously synthetized (23.0 mg, 0.08 mmol) and CuCl,
(23.5mg, 0.17 mmol) were dispersed in 16 mL of distilled and
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degassed H,O (Solution A) and ultrasonicated for 10 minutes.
Afterwards, N,H,-H,O (hydrazine, 26.0 mg, 0.52 mmol, 3 equiv) was
dissolved in 16 mL of distilled and degassed H,O (Solution B). Then,
Solution B was added into Solution A under stirring, an orange final
suspension was obtained. The latter was stirred at 900 rpm for
2 hours at room temperature, then the orange powder of In,0;-
Cu,0 was isolated by centrifugation. Three washing/centrifugation
cycles were carried out, two using distilled and degassed H,0 and
one using degassed acetone, then the solid was dried under
vacuum overnight to isolate the binary In,0,-Cu,0 (70:30). The
synthesis was carried out as well using 5.10 mg of In,0O;, leaving the
rest unaltered, to obtain the binary composite In,0,-Cu,0 (30:70).

Pure Cu,0 NPs were synthetized following the same procedure,
without using In,0O;

Synthesis of the Ternary Heterostructures TiO,/In,0;-Cu,0

In,05;-Cu,O (ratio 70:30, 1.5 mg) previously synthetized and TiO,
P25 (28.5mg) were ultrasonicated for 3 hours in 20ml of
isopropanol. Then the pale orange powder of TiO,/In,0,-Cu,0 was
isolated by centrifugation, after adding 10 ml of degassed ethanol
before the washing/centrifugation cycle. Ultimately, the solid was
dried under vacuum overnight to obtain the ternary TiO,/In,0;-
Cu,0 5 wt%. Following the same way, the other ternary compound
having 5wt% of In,0;-Cu,0 (30:70) was prepared. The final
content of In and Cu was determined by ICP analysis, see Table S1.

In the case of In,0;-Cu,0 (70:30), the ternary composites having 2.0
and 10.0 wt% of the binary compound were also prepared.

Characterization of Samples

The morphological and compositional analysis of the samples was
conducted using an SEM-EDX instrument setup. Elemental compo-
sition assessment was performed through EDX analysis, employing
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Figure 1. Comparison of PXRD of pristine In,0; and its binary composites In,0;-Cu,0.
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Figure 2. SEM analysis of a) pristine TiO,; b) pristine In,0;; ¢) In,05-Cu,0 (70:30) (focus on nanocubes); d) In,05;-Cu,O (70:30) (focus on nanorods); e) TiO,/

In,05-Cu,0 (70:30).

a silicon-drift detector interfaced with a Scanning Electron Micro-
scope (SEM) operating at a working distance of 8.5 mm and an
accelerating voltage of 10 kV. SEM micrographs of the materials
were obtained using the Field Emission Gun-Scanning Electron
Microscope (FEG-SEM) from Carl Zeiss Microscopy GmbH, Germany,
with the settings adjusted to an acceleration voltage of 3 kV and a
working distance of 3.9 mm. Following this, SEM images were
processed using Imagel’s MorpholLibJ “distance transform water-
shed” method.””*® The images were converted to 8-bit and
binarized, with an average threshold automatically determined.?
Cross-correlation analysis, facilitated by a plugin developed by
Chiga etal, was used to compare binarized images with their
grayscale originals.”” The image with the highest correlation and
determination (R? coefficients was selected for further analysis. To
ensure a comprehensive assessment and minimize the impact of
particle aggregates, at least six regions from each SEM image were
selected for binarization and detailed examination. The MorphoLib)J
technique was used to isolate individual objects, and their
dimensions were recorded. To confirm the reproducibility of the
results, three different SEM images were analyzed for each
formulation.
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The High-Resolution Transmission Electron Microscopy (HR-TEM)
and High-Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) measurements were carried out with a
TALOS F200X G2 (Thermo-Fisher Scientific) equipped with a high-
brightness Field Emission Gun (X-FEG, 80-200 keV), and with 4 in-
column SDD Super-X detectors for energy dispersive X-ray spectro-
scopy (EDXS).

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 (ltaly)
in an ultra-high vacuum (10~° mbar) system equipped with a VSW
HAC 5000 hemispherical electron energy analyzer and a non-
monochromatized Mg—Ko. X-ray source (1253.6 eV). The source
power used was 100 W (10 kVx10 mA) and the spectra were
acquired in the constant-pass-energy mode at E,, ;=44 eV. The
overall energy resolution was 1.2eV as a fullwidth at half
maximum (FWHM) for the Ag 3d;,, line of a pure silver reference.
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Figure 3. a) Transmission Electron Microscopy (TEM) and b) High-Angle Annular Dark Field (HAADF) images of TiO,/In,05-Cu,O (70:30) composite. c)
Enlargement of In,05-Cu,0 heterostructure and d) the High-Resolution TEM image of In,0,.

The recorded spectra were fitted using XPS Peak 4.1 software
employing Gauss-Lorentz curves after subtraction of a Shirley-type
background. 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 hours before the measure-
ments.

The diffuse reflectance spectra were measured by a Shimadzu UV-
2600 spectrometer on the solid samples using an integrating
sphere with BaSO, as a reference material. By using the Kubelka-
Munk equation, Tauc plots were obtained and the optical band-gap
energy of the samples was extrapolated.

Photoluminescence spectroscopy (PL) was 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 impe-
dance spectroscopy (EIS) and electrochemical response (cyclic
voltammetry, 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 electrode, a platinum coiled wire as the counter
electrode and 0.5 M Na,SO, aqueous solution as electrolyte. To
prepare the working electrode, pristine TiO, and the synthesized
samples In,0; Cu,0O, and the ternary nanocomposites TiO,/In,05-
Cu,0 were first dispersed in acetone (1.0 mL). The dispersion
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containing the catalyst (3.0 mg/mL) was deposited by drop-coating
on a fluorine-doped tin oxide (FTO) conductive glass substrate
(20cm? 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.

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 Figure 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 minutes
ultrasonication. Then, the irradiation was started covering the full
solar spectrum (UV-Vis-IR) and the system 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-5 A
column and a thermal conductivity detector using a temperature
ramp program starting from 140°C for 9 minutes and rising to
225°C in 25 minutes, hydrogen retention time is 3.35 min.

Results and Discussion

Cu,0 nanoparticles were grown on In,O; nanostructures by a
wet chemical route using variable amount of preformed In,0,
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Figure 4. STEM-EDX elements (Cu, In, Ti, O) mapping distribution for the chemical composition analysis of Ti,0/In,05-Cu,0 composite.

nanostructures to get binary composites In,0;-Cu,O with differ-
ent In: Cu ratio 70:30 and 30:70 as described in the
Experimental Section. The chemical identity and purity of the
nanocomposites were ascertained by PXRD diffraction as shown
in Figure 1 below, where there is a comparison of XRD spectra
of pristine In,O; and its binary composites In,0;-Cu,0 having
different weight ratio.

The reflections observed for In,O; at 20 =21.5°, 30.5°, 35.4°,
51.0°, 60.6° are assigned at (211), (222), (400), (440) and (622)
crystallographic planes respectively. The highest intensity of the
(222) diffraction peak clearly shows that the In,O; is present
with a cubic phase whose structural symmetry is governed by
the /a3 space group (ICDD #98-000-6517)."" The precursor
In(OH); was also characterized by XRD and showed peaks at
20 =22.3° (200), 31.7° (220), 35.7° (013), 39.1° (222), 45.4° (400),
51.2° (420), 56.9° (422), 66.3° (440), 70.9° (442), 75.4° (620) and
79.9° (622) as shown in Figure S1, which agrees well with the
cubic phase,*? possessing a space group symmetry of Im3
(ICDD #98-001-7283).

The diffraction peaks of Cu,O in the binary composites are
found at 26=29.5°, 36.4°, 42.3°, 61.3°, and 73.5° and can be
safely assigned at (110), (111), (200), (220) and (311) crystallo-
graphic planes respectively. The strong peak at 36.4° indexed to
the (111) plane shows that the preferred crystal orientation of
Cu,0 is cubic™ furthermore, the signal intensity of Cu,O is
increasing sharply going from 70:30 to 30:70 binary composite,
confirming in the latter a greater quantity of Cu,O. There are no
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diffraction peaks attributable to impurities of CuO and/or Cu,
therefore the experimental procedure affords crystalline and
pure Cu,0 NPs grown on In,0;.

Afterwards, the binary derivatives were integrated with TiO,
nanoparticles by self-assembly under ultrasonication, yielding
the corresponding ternary nanocomposites TiO,/In,0;-Cu,0
with different In:Cu ratio. The Figure S2 shows the PXRD
spectrum of the ternary heterostructure TiO,/In,0;-Cu,O having
70:30 weight ratio. The diffraction peaks of anatase TiO,"*!
appeared at 260 =25.3° (011), 37.7° (004), 48.0° (020), 62.7° (024)
and 75.0° (125) while those of rutile TiO,”’ were observed at
20=27.4° (110), 41.2° (111), 54.3° (121), 69.0° (031), and 69.8°
(112). The diffraction peaks of In,0; and Cu,0 were present
confirming the composite was successfully prepared.

SEM images of the binary In,0;-Cu,0 (70:30) and of the
corresponding ternary composite TiO,/In,0;-Cu,0 (70:30) are
collected in Figure 2, together with a reference image of
spherical TiO, NPs (Figure 2a) which are sized in the 10-50 nm
diameter range and an overview of pristine In,O; nano-
structures (Figure 2b).

The two binary composites In,05;-Cu,0O are constituted by
Cu,O NPs well dispersed on the surface of In,O; nanostructures.
Careful SEM inspection revealed hierarchical nature for Cu,O
particles, comprising smaller nanoparticles with average diame-
ter D,=25 nm, that aggregate into larger spherical structures
having an average diameter D,,=365 nm (Figure S4 panel A,
B,) in the case In,0;-Cu,0 (70:30). Meanwhile for the other
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binary compound (30:70) the average size is smaller and sion of approximately 900 nm (Figure S5) and In,O; nanorods
centered around 300 nm (Figure S4 panel A, B,). Regarding (Figure 2b-d) that show as well a hierarchical structure, with an
In,O; nanostructures, SEM analysis highlights the presence of average length of about 1.3 um, formed by the assembly of
In,O0; nanocubes (Figure 2b,c) having an average side dimen-
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individual nanorods (Figure S6). The corresponding size distri-
butions are reported in Figure S7-58-S9.

The SEM image of the ternary composite TiO,/In,05-Cu,0O
(70:30) revealed In,0; and Cu,0 nanostructures buried beneath
TiO, nanoparticles being the latter the major component of the
composite (Figure 2e) as confirmed by SEM-EDX mapping
(Figure S10). SEM image of the other ternary composite TiO./
In,0,-Cu,0 (30:70) is shown in Figure S3.

TEM and HAADF-STEM images (Figures 3a and b, respec-
tively), are shown as representative of the whole sample and
display micrometric cube/rod surrounded by TiO, NPs with
average size around 25 nm as observed by SEM, see Figure 2a.
To establish the crystal structure of the micrometric systems,
HR-TEM images were acquired (Figure 3d). These images
showed the lattice fringes spacing of 2.93 A, characteristic of
the (222) planes of In,0; phase (space group)la3. To assess the
presence of Cu,O NPs on In,O; structures, STEM-EDX elements
mapping distribution were recorded (Figure 4). The STEM-EDX

CHEMNANOMAT

maps of Cu, In, Ti and O demonstrated a uniform distribution of
Cu,0 on In,O; structures, which validate the formation of a
binary system In,0;-Cu,O with a surprisingly extended contact
interface.

To evaluate the oxidation state of the elements in the
nanocomposites, XPS was performed both for binary and
ternary derivatives. Concerning XPS of In 3d, the spectrum
observed for the binary compound In,0,-Cu,0 (70:30) contains
two characteristic peaks at B.E.=444.4eV and B.E.=451.9 eV
(see Figure 5a) corresponding to In 3ds, and In 3d,, respec-
tively, which result shifted to higher binding energy of A=+
0.6 eV respect to pristine In,0; having peaks at B.E.=443.8 eV
and B.E.=451.3 eV (Figure 5a). For the corresponding ternary
derivative TiO,/In,05;-Cu,0 (70:30), being the content of In,0;
under the threshold sensitivity of the instrument, the In 3d
peaks could not be detected, meanwhile the core level XPS
spectrum of Ti 2p was measured and compared with pristine
TiO, As shown in Figure 5b, for bare TiO, two peaks were

a) b)
n;9 In,0, - Cu,0 (70:30)
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Figure 6. a) UV-Vis diffuse reflectance spectra of binary samples and b) corresponding Tauc plots; ¢) UV-Vis diffuse reflectance spectra of ternary samples TiO,/
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detected at B.E.=458.1 eV and B.E.=463.8 eV assigned to Ti
2p;, and Ti 2p, respectively,“®’ going to the ternary composite,
the peaks are shifted to higher binding energy (A= +0.5eV)
resulting B.E.=458.6 eV and B.E.=464.3 eV meaning an elec-
tron depletion, meanwhile the spin-orbital splitting of +5.7 eV
typical of Ti*" is maintained unaltered in both samples.
Concerning the core level XPS spectrum of Cu 2p, in the binary
In,05-Cu,0 (70:30) it was found Cu™ as a largely predominant
specie with the two typical components at B.E.=932.4 eV and
952.1 eV attributed to Cu 2p;, and Cu 2p,,, respectively (see
Figure 5¢). As a minor specie is present the oxide CuO as
revealed by the peaks at B.E.=934.4 eV and 953.8 eV and the
shake-up peak in the region 940.5 - 948.5eV which is
diagnostic of the oxide."” Going to the ternary composite TiO,/
In,05;-Cu,O, the amount of Cu(ll) resulted increased at the
expense of Cu(l) as clearly shown in Figure 5d.
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Afterwards, to study the influence, if any, of the insitu
growth of Cu,0 on In,0; in the optical and electronic properties
of the resulting binary and ternary composites, UV-Vis diffuse
reflectance spectra were measured and are shown in Figure 6.
Going from bare In,0; to its binary composites with variable
amount of Cu,0, the absorbance shifts towards visible region as
one could expect. Accordingly, the band gap energy is
progressively reduced going from E;=3.23 eV for pure In,0; to
E;=2.7 eV for In,0,-Cu,0 (70:30) and 2.51 eV for In,0,-Cu,0
(30:70) as shown by the Tauc plot in Figure 6b, where both
semiconductors have been considered as direct ones. Commer-
cial TiO, nanoparticles have been used as host for the new
cocatalyst In,0;-Cu,0, their optical band gap was measured by
UV-Vis DRS and resulted E;=3.25 eV as shown by the Tauc plot
in Figure S14.
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Afterwards, the optical properties of the corresponding
ternary composites were studied and intriguingly, meanwhile
they have very similar absorbance spectrum (see Figure 6c¢), two
different band gap values can be derived for the nanocompo-
sites having the co-catalyst In,0;-Cu,O (70:30) and (30:70), see
Figure 6d. Being TiO, the major component in 95 wt%, the
ternary nanocomposites are approached as indirect semicond
uctor and a band gap around 3.1eV can be identified, as
deriving from TiO,, meanwhile the binary component In,0;-
Cu,0 (70:30) or (30:70), gives rise to a narrower band gap, 2.28
and 2.12 eV respectively. Thus the loading of In,0;-Cu,0 on
TiO, contributed to narrow significantly the bang gap and to
shift the light absorbance to the visible region.

To study the migration and recombination of photo-
generated charge carriers, photoluminescence (PL) spectro-
scopy was performed. As shown in Figure 7a, the PL curves of
the two ternary composites are superimposable and have a
peak at A=413 nm due to TiO, wherein the broad peak at
around A=467nm can be attributed to the In,0; effect.
Notably, the fluorescence emission intensity is dramatically
diminished respect pristine TiO, and In,0; indicating that the
charge recombination in the new photocatalysts is largely
quenched. Furthermore, electrochemical impedance spectro-
scopy (EIS) of the binary and ternary composites were
measured. Expectedly, the arc radius of TiO,/In,0;-Cu,0O was
smaller respect to the binary compounds, see Figure 7b,
indicating its surface is much more conductive to the migration
of photo-generated electrons. Doing a comparison between the
two ternary composites TiO,/In,05-Cu,0, the one having In,0;-
Cu,0 (70:30) shows minor resistance to charge transfer in
agreement with its higher catalytic activity respect to In,0O;-
Cu,0 (30:70). Overall, these measurements confirm that a
heterojunction structure was obtained by the in situ growth of
Cu,0 NPs on In,0; and further self-assembly with TiO, markedly
enhances the transfer rate of photogenerated carriers and
quenches the electron-hole recombination.

Photocatalytic Tests

We analyzed the solar-driven H, evolution process (HER) in
deionized water using methanol as scavenger under simulated
solar light irradiation. First of all, it was screened the effect on
the reaction rate of the addition to TiO, of a variable amount
(2.0, 5.0 and 10.0 wt %) of In,05-Cu,O (70:30) as co-catalyst. The
corresponding ternary composites were tested and a volcano
plot behavior was found as described in Figure 8a, where the
best photocatalyst resulted the one containing 5 wt% of In,0;-
Cu,0, yielding 20.5 mmol/h.g, more than 100 times higher than
pristine TiO,. On these basis, a comparison among ternary
photocatalysts where the co-catalyst In,0;-Cu,0 was modulated
varying the In—Cu weight ratio as 70:30 and 30:70, was carried
out. It was observed that under full spectrum of solar light, the
best catalytic activity of 20.5 mmol H,/h.g was reached again in
the presence of TiO,/In,0;-Cu,0 (70:30), using methanol as
sacrificial electron donor (SED) as shown in Figure S11.
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A screening of different sacrificial agents other than
methanol was performed, by selecting a series of alcohols
derived from the biomass as ethanol, ethylene glycol and
glycerol. The best H, production rate i.e. 20.5 mmol/h.g could
be reached in the presence of 20 vol % methanol (Figure 8b),
and overwhelms the catalytic activity of similar TiO,-based
heterostructures as summarized in Table S2.

To prove the stability and recyclability of TiO,/In,0,-Cu,0,
recycling tests were conducted, using the same conditions
followed for the screening tests and after three run the H,
production was maintained almost unaltered as shown by
Figure S12. Electron microscopy inspection by SEM-EDAX
showed for the recycled catalyst the same morphology and
surface composition (see Figures S10c and S13b) of the fresh
one, as outlined also by XRD comparison of fresh and recycled
catalyst (Figure S13a).

We further studied the photo-induced electron-hole separa-
tion and charge kinetics that drives the photocatalytic reaction
mechanism by evaluating the band edge potentials. The Mott-
Schottky plots were analyzed to estimate the conduction band
(CB) edge potentials. The flat band potential Vg, of pristine TiO,,
In,0; and Cu,0 were —0.25V, —0.48 V and —0.51 V vs. Ag/AgCl,
respectively (see Figure 9a). Since the CB of the n-type semi-
conductor can be approximated as 0.1V more negative than
the Vg,,*® we added the calculated potentials vs. Ag/AgCl to the
normal hydrogen electrode (NHE) scale using the equation
Enpe=Eagiaga+0.197 and found that the corresponding CB
potentials (Ecg) were —0.15 V (TiO,), —0.38 V (In,0;) and —0.41 V
(Cu,0) respectively. Considering the optical band gap E,
previously measured for In,0; TiO, and Cu,O (see Figure 6 and
Figure S14 respectively) being 3.23 eV, 3.25eV and 2.65eV
respectively, the corresponding E,; were evaluated according to
the equation Ey=Es+E, and resulted 3.11V, 2.85V and
2.25V. On these basis, the energy level diagram could be
derived (Figure 9b) where a type Il heterojunction between p-
and n-type semiconductors is established and it explains well
the synergy among the three components and the resulting
improved catalytic activity. DFT investigations are planned to
provide a theoretical scheme of interaction and also further
information on the photocatalytic mechanism ">

Examining carefully the Mott-Schottky plot (Figure 9a), it is
evident a progressive negative shift of the Vg going from
pristine TiO,, In,O0; and Cu,O to the ternary nanocomposites
TiO,/In,05-Cu,0 revealing an increase of carrier density Ny in
the latter. Taking in consideration equation 1 reported below,
that correlates Ny with the slope k of the linear portion of the
Mott-Schottky graph:®"

ND=—1—— (1)

where e, g, €' are the elementary electron charge, dielectric
constant and permittivity in vacuum respectively, it was
calculated the Ny value in the two ternary nanocomposites and
resulted 5.74x107"° for TiO,/In,0,-Cu,O (70:30) and 3.87x10° "
for TiO,/In,05-Cu,0 (30:70), in agreement with the higher
catalytic activity of the former.
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Conclusions

By in situ growth of Cu,O nanoparticles on In,0; nanostructures
and further assembly with TiO,, a series of vis-light responsive
photocatalysts were obtained with increased active sites and
wider light absorption respect to pristine TiO, as testified by the
narrower band gap. Comparing with bare In,0; and TiO,, a
strong diminution of e /h™ recombination and a significantly
improved migration rate of photogenerated charge carriers was
reached as evidenced by photoluminescence and Nyquist plot
respectively. An highly extended interface contact between
Cu,0 and In,0; as arises from SEM and TEM, agrees withthe
formation of a tight p-n heterojunction among the semi-
conductors which yields a greatly performing photocatalyst in
the presence of different alcohols derived from the biomass.
The best hydrogen production rate of 20.5 mmol/h g, was
reached with methanol, overwhelming bare TiO, by 100 times.
This opens the way to a further development and a wider
application in photocatalysis of this class of nanomaterials,
thanks also to the stability of the system and its easy scalability.
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Ternary nanocomposites have been q N -
developed by growing hierarchical )
Cu,0 nanospheres on In,O; nano-
structures and integrating them as a
co-catalyst with TiO,. In-depth micro-
scopy analysis reveals Cu,O is wide-
spread on In,0; with a highly
extended contact surface. Photocata-
Iytic tests show that Cu,0-In,0,/TiO,
systems enable a greatly increased H,
production respect to bare TiO, using
a variety of bio-alcohols as sacrificial
agents.

S. Impemba, G. Provinciali, J. Filippi, S.
Caporali, B. Muzzi, A. Casini, M.
Caporali*

1-12

Tightly Interfaced Cu,0 with In,0; to
Promote Hydrogen Evolution in
Presence of Biomass-Derived

Alcohols

85U80 |7 SUOWWIOD 3AIeR. 3|qeo!(dde 8Ly Ag pausenob ae ssjole YO ‘@SN JO S3ni Joj A%Iq1T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SLLBY WD A3 | 1M AReaq 1 Ul jUO//:SdNY) SUORIPUOD PUe swiie 1 83 88S *[Z02/TT/6T] uo Akeiqi auljuo AB|IM BWRISIS 8zWallH I BISRAIUN AG 65001202 BWUD/Z00T OT/I0p/W0d™A8 | Im AReiq 1 oulU0'Sade// ANy ol papeojumod ‘0 ‘XZ6966T2



	Tightly Interfaced Cu₂O with In₂O₃ to Promote Hydrogen Evolution in Presence of Biomass-Derived Alcohols
	1. Introduction
	Experimental Section
	Materials and Chemicals
	Synthesis of In₂O₃-Cu₂O with Different In ꞉ Cu Ratio
	Synthesis of the Ternary Heterostructures TiO₂/In₂O₃-Cu₂O
	Characterization of Samples
	Photocatalytic Performance Tests

	Results and Discussion
	Photocatalytic Tests

	Conclusions
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


