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The photocatalytic conversion of CO, to fuels and useful chemicals is a valuable artificial photosynthesis
approach that simultaneously addresses the valorization of CO, emissions and the storage of solar
energy. In this work, we show how indium doping influences the activity and selectivity of TiO, as a CO,
reduction photocatalyst using water as the electron donor, and how silver nanoparticles deposited on
the semiconductor surface reinforce these effects, leading to promising photocatalytic systems with
enhanced performance. For that purpose, catalysts with different indium contents have been synthesized
by a simple wet chemical method starting from anatase TiO,, and a selected In-doped sample has been
further modified by silver decoration following an impregnation method. The catalysts have been
thoroughly characterized using different physicochemical techniques and tested for UV photocatalytic
CO, conversion in a laboratory-made, continuous flow gas-phase reaction system. Characterization
results point at a substitutional doping of indium into the anatase crystal structure, as inferred from the
absence of additional phases visible by X-ray diffraction as well as Raman and UV-vis spectroscopy, and
further supported by an expansion of the unit cell volume calculated from XRD profile refinement and
ratified by DFT calculations, and the absence of In—In scattering in EXAFS spectra. This substitution does
not modify the optical band gap of the synthesized catalysts but, according to XPS, theoretical
calculation and fluorescence spectra, induces electronic modifications that reduce the n-type character
and the electron—hole recombination rate. In-doped catalysts show an increased selectivity towards the
highly reduced product CH4 in photocatalytic CO, reduction tests, whereas the main product attained
with undoped titania is CO. Silver decoration, which leads to the initial formation of silver oxides that are
reduced to metallic Ag nanoparticles under the UV light used in the reactions, dramatically reduces
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DOI: 10.1035/d1ta08347c electron—hole recombination and further enhances the selectivity to methane and ethane in CO,
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Introduction

Nowadays there is a large consensus in the scientific commu-
nity about the need for a great deal of effort into the search for
clean fuels, in order to reduce the CO, emissions to the atmo-
sphere and escape from the current linear, fossil-based energy
system into a circular, renewable-based one.' One of the
cornerstones for this transition lies in the development of
robust technologies to achieve the efficient conversion of small,
low-energy molecules like H,O, N, and CO, into fuels and
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chemicals using only renewable energy sources, solar par
excellence.”” In this respect, a promising pathway to convert CO,
into renewable fuels is artificial photosynthesis using semi-
conductor photocatalysts, based on the red-ox reactivity of
electron-hole pairs created upon irradiation with light of
photon energy equal to or greater than the semiconductor band
gap.* Compared to other CO, recycling technologies like elec-
trochemical reduction or thermo-catalytic hydrogenation, pho-
tocatalytic and photoelectrochemical routes are today in a lower
state of development, though they offer a promising potential in
the medium term for direct solar-into-chemical energy conver-
sion.”” However, for this technology to become reality and be
transferred into the energy industry chain, a significant
enhancement of the process in terms of efficiency and selec-
tivity control is still needed.*™*°

The most studied catalyst for this reaction, as in the rest of
photocatalysis applications, is TiO, because of a unique
combination of properties that include comparatively high
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photonic efficiency, (photo)chemical stability, low cost and non-
toxicity.”* However, it presents some disadvantages that can be
summarized in two, namely, being active only under UV light,
which covers ca. 5% of the solar spectrum in energy terms;'> and
the fact that, even if its photoactivity is higher than in many
other semiconductors, it is still limited by a fast electron-hole
recombination. Considering this, two general strategies arise to
improve solar light utilization with titania: modifying it in order
to extend the absorption towards the visible region, either by
doping, heterostructuring or sensitizing;'*'* or improving its
activity under UV for making the best possible use of this high-
energy part of the solar spectrum. Indeed, solar-activated arti-
ficial photosynthesis for hydrogen production using TiO,-based
photocatalysts has been demonstrated at a pilot-plant scale,
with significant activity.” UV enhancement of titania photo-
catalysts can be reached following different pathways of mate-
rials modification,® among which doping with metal cations
and surface decoration with nanosized metal co-catalysts play
a significant role.'®***® Cation doping offers a remarkable
synthetic versatility since it can be used to modify the structural,
electronic and/or surface characteristics of the titania host,
depending on the nature of the guest cation. For example, Ce-
doping has been reported to modify the chemical potential of
photoinduced electrons and holes,*** and to inhibit electron-
hole recombination,” resulting in higher activity for CO,
reduction. The latter effect, which leads to improved inner
charge transport and hence higher photoconductivity, has also
been reported for Cu-doped TiO, photocatalysts for CO,
conversion,*? and a similar outcome has been described for Mo-
doped titania nanotubes.?® Bi**-doped TiO, photocatalysts, in
turn, have been reported to show enhanced charge separation
accompanied by higher CO, adsorption capacity with respect to
pure titania,** while cobalt doping also modifies the surface
chemistry of TiO, by inducing the formation of oxygen vacan-
cies, resulting in modified product selectivity.”® In*" is an
interesting cation to be used as TiO, dopant since it has been
theoretically proven to induce the formation of electronic states
related to oxygen vacancies that may decrease the electron-hole
recombination rate and hence improve photocatalytic activity.”®
Furthermore, it can induce a stronger s-orbital character in the
conduction band arising from the overlap of In 5s and O 2p
orbitals, which is correlated with low electronic effective
masses, unlike large d-orbital character bands which have
much larger electronic effective masses.”” This is a critical factor
to improve the electronic mobility. In addition, it can form solid
solutions with TiO, in a wide compositional range.*®** Thus, In-
doped TiO, photocatalysts have been explored for different
photocatalytic reactions, where the electronic and surface
modifications induced by In** have led to improved activities
for the degradation of pollutants in water**** or air** and for
hydrogen production by photoreforming of alcohols.”***
Regarding CO, reduction, few works have explored the potential
of indium doped titania for obtaining solar fuels or chemicals
in this way. To the best of the authors' knowledge, only Tahir
et al. have reported in several papers the activity of this kind of
materials for such reaction. Thus, they showed an enhancement
of one order of magnitude in the production of (mainly) carbon
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monoxide, with respect to unmodified TiO,, in a monolithic
reactor fed by CO, and H,O and irradiated with a Hg lamp with
a maximum emission at 252 nm. The authors related the
improvement to a segregated In,O; phase forming an hetero-
junction with titania rather than doping.>® The presence of
metallic indium acting as electron mediator for the same
reaction under 365 nm light was in turn invoked to account for
the enhancement of titania activity upon indium incorporation
through a sol-gel synthesis followed by calcination at 500 °C.*®
The activity of indium-doped titania for photocatalytic CO,
hydrogenation to obtain hydrocarbons in a monolithic reactor,
irradiated at A = 252 nm, was further improved by copper co-
doping®” or decoration with gold nanoparticles.*® However, in
spite of these relatively numerous works, we believe the struc-
tural and electronic modifications induced by indium doping
and their effect on photocatalytic CO, conversion activity and
selectivity have not, been investigated deeply enough. In this
work, we approach these interesting doped systems from
a theoretical and experimental point of view. We discuss the
photocatalytic observations in terms of the structural and
electronic modifications induced in TiO, by indium doping.
Furthermore, the presence of metallic co-catalysts has been
reported to largely influence both photocatalytic activity and
reaction selectivity. Indeed, the latter can be tailor-modified not
only by the surface decoration with the nanoparticles, but also
by tuning their size or shape.'” Several metals like copper, gold,
platinum or silver, have indeed been described to modify the
selectivity toward highly electron-demanding products like
methanol or methane,*** which can be traced back to the metal
properties as an electron mediator, as well as to metal-
induced modifications of the surface chemistry.*** In this
respect, silver can be a remarkable example because of
a comparatively low price and interesting photophysical and
catalytic properties that enable it to act both as co-catalyst and
electron mediator,*>** as well as to display surface plasmon
resonance characteristics with direct effect on the light har-
vesting efficiency of the photocatalytic system.*>* In this work,
we show how silver nanoparticles deposited on the semi-
conductor surface reinforce the effect of indium doping on the
activity and selectivity of TiO, as a CO, reduction photocatalyst
using water as electron donor, leading to promising photo-
catalytic systems with enhanced light utilization properties.
Considering the above-mentioned, catalysts with different
indium contents have been synthesized by a simple wet chem-
ical method starting from anatase TiO,, and a selected In-doped
sample has been further modified by silver decoration following
an impregnation method. All the catalysts have been thoroughly
characterized using different physicochemical techniques and
tested for UV photocatalytic CO, conversion in a laboratory-
made, continuous flow gas-phase reaction system. We found
that In-doped catalysts show an increased selectivity towards
the highly reduced product CH, in photocatalytic CO, reduction
tests, whereas the main product attained with bare TIO, is CO.
Silver decoration dramatically reduces electron-hole recombi-
nation and further enhances the selectivity to methane and
ethane in CO, photocatalytic conversion. We discuss these
photocatalytic observations in terms of the structural and

45,46

J. Mater. Chem. A, 2022, 10, 6054-6064 | 6055


https://doi.org/10.1039/d1ta08347c

Published on 04 November 2021. Downloaded on 2025-11-05 2:04:56 nm..

Journal of Materials Chemistry A

electronic modifications induced in TiO, by indium doping and
by further decoration with Ag nanoparticles.

Experimental
Preparation of catalysts

In all cases the TiO, employed is a commercial anatase-type
titanium dioxide (TiO,, PC500) supplied by CristalACTIV™.
For the synthesis of In-doped TiO,, the appropriate amount of
In(NO;); (Sigma-Aldrich) was dissolved in 70 mL of a 3 : 1 (v/v)
ethanol-water mixture, after which the TiO, powder was added
to the solution and dispersed in an ultrasonic bath for 1 h. The
solvent was then removed in a rotatory evaporator (60 °C, 200
mbar, 80 rpm). The resulting powders were dried at 100 °C
overnight, ground in an agate mortar, calcined in air at 400 °C
for 4 h with a 10 °C min " heating ramp, and ground again. By
this procedure, samples with different nominal indium
amounts (1, 5 and 10 wt%) were obtained, hereafter named as
In-TiO,-1, In-TiO,-5 and In-TiO,-10, respectively.

For silver decoration, a selected In-doped TiO, catalyst was
suspended in 25 mL of an aqueous solution of the appropriate
amount of AgNO; (Sigma-Aldrich) for a final amount of metallic
silver of 1 wt%. Water was then removed in a rotatory evaporator
and the resulting powder was dried overnight at 100 °C, ground
in an agate mortar, calcined in air at 400 °C for 4 h with
a temperature ramp of 5 °C min ', and ground again. The so-
obtained sample is hereafter named as Ag/In-TiO,-1.

Catalyst characterization

Indium contents were determined by ICP-OES using a Perki-
nElmer Optima3300 DV instrument, while total content of
carbon, hydrogen and nitrogen were determined using
a THERMO SCIENTIFIC elementary analyzer Flash 2000 model.
X-ray diffraction (XRD) was measured on a Panalytical EMPY-
REAN X-ray diffractometer using Cu K, radiation (1 = 1.54178 A)
at a scanning rate of 0.01° s~'. From XRD patterns, average
crystal sizes were calculated by applying Scherrer's formula to
the most intense peak, and Pawley refinements were realized
with FullProf software.®® Raman spectra were recorded at room
temperature using a JASCO NRS-5000/7000 series Raman spec-
trometer with an excitation wavelength of 532 nm. TEM images
were obtained using a JEOL 2100F microscope operated at 200
kv and equipped with an EDX detector (Oxford Instruments).
The specific surface areas of the photocatalysts were measured
from N, adsorption isotherms at 77 K recorded on a QUAD-
RASORB device from Quantachrome Instruments. Before the
measurement the samples were degassed under N, atmosphere
at 105 °C for 20 h. The optoelectronic properties were studied by
UV-vis diffuse reflectance spectroscopy using a Lambda 1050
PerkinElmer instrument in the range of 250-800 nm, with
BaSO, as reference. Band gaps were determined from Tauc
plots.* The fluorescence spectra were measured on a Perki-
nElmer LS55 spectrometer, using 300 nm as excitation wave-
length and a cut-off filter at 350 nm. Fluorescence lifetimes were
measured by time-correlated single photon counting (TCSPC) in
a Mini-t equipment from Edinburgh Instruments, with a laser
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diode of 372.2 nm wavelength and a pulse width of 61.2 ps at
a repetition rate of 1 MHz and using an emission band pass
filter at 400 £ 25 nm. Decay data were fitted to monoexponential
curves.

X-ray photoelectron spectra (XPS) were recorded with a lab-
based spectrometer (SPECS GmbH) using a monochromated
Al Ko source (hv = 1486.6 eV) operated at 50 W. Data were
recorded with a PHOIBOS 150 NAP 1D-DLD analyser in fixed
analyser transmission (FAT) mode. The pass energy was set to
40 eV for survey scans and 20 eV for high-resolution regions.
The binding energy scale was calibrated using Au 4f;,, (84.01 eV)
and Ag 3ds/, (368.20 eV). Recorded spectra were additionally
calibrated against the C 1s internal reference. Data interpreta-
tion was done with Casa XPS software. Shirley or two-point
linear background were used depending on the spectrum
shape. Surface chemical analysis was done based on the peak
area of high-resolution spectra and the CasaXPS sensitivity
factors (where RSF of C 1s = 1.000).

Indium K-edge XAS spectra were measured at the CLAESS
beamline of the ALBA synchrotron using a Si(311) mono-
chromator. The samples were prepared as 5 mm pellets mixing
proper amount of powder with cellulose. The spectra were
recorded in transmission mode at room temperature in the
energy range 27 800-28 000 eV and the incident and trans-
mitted intensities were detected with two ionization chambers.
In,0; was used as reference and the spectrum of In-foil was
taken from the Farrel-Lytle database.’® The analysis of XANES
and EXAFS data was performed using ATHENA and ARTEMIS
software of the DEMETER package.>

Computational methods

DFT calculations were carried out using the VASP5.4.4 code®*®
with projector-augmented wave (PAW) potentials®**” to account
for the core—valence interaction. Indium (In) was substitu-
tionally doped onto two Ti sites in a (2 x 2 x 1) anatase
supercell leading to a dopant concentration of 12.5 atom%. The
total energies corresponding to the optimized geometries of all
samples were calculated using the spin polarized version of the
Perdew-Burke-Ernzerhof (PBE).*® The Heyd-Scuseria-Enzerhof
hybrid functional (HSE06)*>% was used, with the exchange
contribution set at 25% and the screening parameter set to 0.2
A", k-Point sampling used a (4 x 4 x 4) Monkhorst-Pack
sampling grid for the bulk unit cell. No symmetry constraints
were applied to the doped structures. For oxygen vacancy
compensation one oxygen atom was removed in the structure
with two dopants.

Photocatalytic reactions

The performance of the synthesized catalysts in photocatalytic
CO, reduction with water in gas phase was tested in continuous
mode in a stainless steel photoreactor with a volume of 280 mL
with a borosilicate window for irradiation (Fig. S1 in ESIT). The
powder catalysts were deposited on glass microfibre filters,
using a suspension of 100 mg of catalyst in ultrapure (Milli-Q)
water. Pure carbon dioxide (99.9999%, Praxair) and ultrapure
water were fed into the reaction system with a CO, : H,O molar
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ratio of 7.25 by means of a Controlled Evaporation and Mixing
(CEM) unit. The reaction was carried out at 2 bar and 50 °C, and
irradiation was provided by 4 fluorescent UV lamps (Ayax = 365
nm) of 6 W each. In a typical procedure, the reactor is outgassed
and flushed with argon (99.9999%, Praxair) for 1 hour to remove
any residual compounds weakly adsorbed on the catalyst
surface. Then a mixture of CO,/H,0 is fed to the reactor for 1 h
to establish the adsorption-desorption balance at the reaction
temperature. Then, the reactor is pressurized and after 1 h
irradiation is started. The reaction products are analyzed in line
every 22 min over a period of 15 hours by means of an Agilent
GC 7890A gas chromatograph equipped with three columns
(QPLOT, Molesieve 5A and CP-Sil5B), one thermal conductivity
detector (TCD), two flame ionization detectors (FID) and
a mechanizer.

Results and discussion
Physico-chemical characterization of the photocatalysts

Table 1 collects the chemical analysis results obtained from
ICP-OES and XPS for the In-doped TiO, samples. The bulk In
content obtained from ICP-OES essentially matches the
nominal one, with slightly higher In incorporation yield with
higher nominal content. The surface chemical compositions
obtained from XPS reveal a significant positive deviation of the
surface In concentration with respect to the bulk one, which
indicates a preferential occupancy of In atoms in the material
surface. This behaviour could be expected considering the
employed doping method, and has been reported for other TiO,
systems doped with post-transition metals, including Sn and
Sb.61763

X-ray diffractograms and their Pawley refinements are shown
in Fig. 1. In all cases, only reflections corresponding to the
anatase phase of TiO, are observed, without the appearance of
any peaks related to indium oxides in the In-containing
samples. The increase of In loading leads to a decreased crys-
tallinity which is clearly observed in the shape of the peak and
in the pattern background determined by the profile fitting. The
crystal cell parameters provided by Pawley refinements (Table 1)
show a quasi linear increase in the a and c¢ cell axes, but
reaching a plateau in the latter with In contents higher than
5 wt%. Given that In®" has a larger ionic radius (0.80 A) than Ti*"
(0.61 A), this structural expansion would agree with a substi-
tutional doping of In** for Ti** in the anatase lattice, suggesting
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Fig. 1 Pawley refinement of X-ray diffractograms of In-doped and
bare TiO, samples. Circles: experimental data; red line: fitting; grey
line: background; blue line: experiential-simulation subtraction.

that In** cations are able to diffuse from the surface into the
anatase crystalline lattice. In addition, values calculated from
the Scherrer formula (Table 1) reveal that crystal size decreases
with indium content, revealing an effect of indium on TiO, that
has been previously related to In-doping,******* even in pre-
crystallized commercial TiO, samples®* as is the case of the
present study. In the case of the silver-decorated catalyst, no
additional reflections corresponding to metallic silver or any
silver oxide are present either, and the diffractogram (Fig. S21t)
matches the one of the corresponding In-doped TiO, sample
without silver, indicating that, differently from the indium
incorporation procedure, the one for silver does not introduce
further changes in TiO, at the long-range structural level.***
As in the case of X-ray diffraction, the Raman spectra of
undoped and In-doped TiO, (Fig. S31) show only the peaks
corresponding to anatase, ie., ca. 144 (E,), 196 (Eg), 393 (Byy),
514 (A;q + Byg) and 635 (E,) cm™ % No additional peaks attrib-
utable to In,0;, with the most intense band at ca. 308 cm™ %,
are observed in doped samples, nor is any silver-related band®’
in the case of the Ag/In-TiO,-1 sample, the spectrum of which
(not shown) essentially matches the In-TiO,-1 one. For a posi-
tion and width analysis of the most intense E, mode of anatase
at ca. 144 cm™ ', the band was fitted in every case to an asym-
metric variation of the pseudo-Voigt profile.®® Fig. S4 and S5 in

Table 1 Main physico-chemical characteristics of the synthesized catalysts

In content (wt%)

Cell parameter (A)

Crystallite BET specific surface Band gap
Sample Nominal ICP-OES XPS a=Db c size (nm) area (m* g~ ") (eV)
TiO, — — — 3.7864 9.5133 16.4 104 3.14
In-TiO,-1 1 0.66 £ 0.03 2.0 £ 0.3 3.7866 9.5143 15.7 106 3.12
In-TiO,-5 5 4.9 £ 0.2 8.0 + 0.7 3.7935 9.5397 12.4 121 3.14
In-TiO,-10 10 10.2 £ 0.5 18 £ 2 3.7987 9.5400 8.9 141 3.15
Ag/In-TiO,-1 1 0.66 + 0.03° 2.0 £ 0.3 3.7866 9.5143 15.8 93 3.14

¢ With respect to TiO,.
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ESIt show the Raman shifts and the full widths at half
maximum (FWHM) obtained from these fittings against the
reciprocal of crystal size and the indium content, respectively.
The band width behaves approximately as predicted by the
phonon confinement model, i.e., FWHM increases as the crystal
size decreases.®”° However, opposed effects seem to occur in
the case of the Raman shift, with a red displacement with
respect to TiO, at low indium content and a blue one at higher
contents. Both phonon confinement due to crystal size®*”® and
cell expansion due to doping*”* would cause a higher Raman
shift in In-doped samples with respect to TiO,, and this effect
seems to dominate the spectra of samples with In wt% =5.
However, assuming that In is replacing Ti in the crystal struc-
ture as suggested by the determined cell parameters, at similar
crystal sizes as it is the case of TiO, and In-TiO,-1, the
considerably larger atomic mass of indium could shift this
vibration mode to lower energy, since this mode involves
displacements of both Ti and O atoms in anatase.” Therefore,
considering the effect of doping in crystal size, unit cell size and
vibration frequencies, the observations made in Raman spectra
would agree with a substitutional doping of In into TiO,, in line
with XRD results. The Raman spectrum of In-TiO,-1 shows no
modifications upon silver-decoration, which confirms that
deposition of silver does not affect the structural features of the
In-doped anatase.

HR-TEM micrographs of both In-TiO,-1 and Ag/In-TiO,-1
catalysts (Fig. 2) display a relatively homogeneous distribution
of particles with sizes between 7 and 18 nm, without significant
morphological changes upon silver decoration. The structure
analysis shows the lattice fringes corresponding to TiO, (101)
plane in an antase crystal phase and Ag,O (011) plane. EDX
analyses reveal an average indium contents in both samples in
accordance with the bulk ones obtained from ICP-OES, with
values between 0.4 and 1.9 wt% In in different areas, and
confirms the presence of 0.7-0.8 wt% Ag in Ag/In-TiO,-1, with
particles of ca. 4-7 nm initially ascribed to Ag,O (marked in the
figure), although it was noticed that the Ag oxides species tend
to reduce to Ag° and get charged under the electron beam.

Textural properties were evaluated by N, adsorption-
desorption isotherms, and the resulting BET surface areas are
included in Table 1. In agreement with crystal size variations,
In-doped samples show higher areas than bare titania, more
notably with higher indium contents where the decrease in

4035 am Sa0som

Anatase (101)

d=
Anatase (101)

/10 nm

Fig. 2 TEM images of In-TiO,-1 (left) and Ag/In-TiO,-1 (right).

6058 | J Mater. Chem. A, 2022, 10, 6054-6064

View Article Online

Paper

crystal size is more marked. On the other hand, silver incor-
poration decreases the surface area, which is probably related to
the partial blocking by the Ag/Ag,O nanoparticles of TiO,
interparticle voids, largely responsible for the surface area in
these samples.*>**

In order to gain deeper insight into the structural properties,
EXAFS studies were performed in all samples in a reduced R-
range from 1.0 to 2.2 A. The In K-edge FT-k*x(k) spectra of In-
doped TiO, samples (Fig. 3A) show only a first shell due to In—-
O single scattering while, in contrast, for In,O; intense second
and third shells are observed and associated to In-In single
scattering paths. The coordination number of In-TiO,-x
samples was fixed to six after checking that, leaving the coor-
dination number as a free parameter, no relevant improve-
ments of the fit were obtained and the fitted value was
consistent with six. This result indicates that In*" cations are
hexacoordinated by oxygen ions, while the absence of In-In
scattering suggests a high dispersion of In**, with no clusters
formed, strongly suggesting that indium exists as a dopant in
the anatase structure and discarding the occurrence of an
amorphous or even an extremely dispersed In,O; phase.
Moreover, a slight decrease (less than 2%) of the In-O bond
distance is observed with respect to In,O; reference, indicating
a stronger In-O bond in In-TiO,-x samples (see Table S1 in
ESIY).

DFT calculations were performed to complete these struc-
tural studies with the determination of the bonding interac-
tions, energy cost and electronic properties of In-TiO, doped
systems. Taking into account the EXAFS data, the inclusion of
a trivalent dopant (In**) substituting for a Ti** atom can lead to
two main possibilities, either the formation of an oxygen hole
(O™ polaron state), or other compensation mechanisms, such as
the formation of an oxygen vacancy for every 2 In** dopants.
Firstly, to determine the relative stability of In doped TiO,, the
substitution energy (E;) and vacancy formation energy (E,) were
calculated, considering that two Ti atoms are replaced (Fig. 3B),
using use eqn (1):

Es = E'IF?OZ +2E7 — 2B, — E%oz 1)

where Efj, and E%OZ are the total energies of the doped system
and bare TiO,, respectively, while Ey; and Ey, are energies per

atom for metal Ti and In. This substitution energy is positive (E

FT K(K)

In-TiO,1

4
R(A)

Fig. 3 (A) FT k®x(k) EXAFS spectra (spheres) of TiO,-x samples and
corresponding fit (black lines). The inset shows the extended fit for
In,O3 reference. The scale is uncorrected for the phase shift. Models of
(B) stoichiometry and (C) vacancy structures. In the case of meTiiion:
Inl: close to Oy, In2: opposite to Oy. Atom colours: Ti (blue), O (red), In
(purple).
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= 19.14 eV), indicating that this is a metastable state, thermo-
dynamically less stable than bare TiO,, in agreement with other
authors.” To determine intrinsic thermodynamic stability of
doped TiO,, the formation energy of In,Ti; _,O, was calculated
through eqn (2):

El = E']r?og —14E7 — 32Eo — Ey (2)

where E is the energy per oxygen atom. Thus, the formation
energies for bi-substituted In-TiO, phase is —200.9 eV, which is
consistent whit previous works.” This negative energy is
consistent with the thermodynamic stability of this phase.

On the other hand, the oxygen vacancy formation energy
(Evac) was also computed following eqn (3):

Evae = Emmi,_o0,, T112E0 — Em i, 0, (3)

where Emnmi, 0, is the total energy of In-doped TiO, with
charge-compensating oxygen vacancies and Eyy, i, o,is the total
energy of the doped system without oxygen vacancies (Fig. 4B).
It has been previously determined that the most stable structure
results from removing an oxygen ion in an equatorial position
relative to the In dopant,* leaving the neighbouring Ti and In
sites as 5-fold coordinated (Fig. 3C). Our calculations lead to
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Fig. 4 (A) In K-edge XANES spectra of In-doped TiO, samples and
references. The inset shows the decrease of the whiteline (feature A)
intensity with In content. (A) Projected density of states (PDOS) for In-
doped anatase with oxygen vacancies including In orbitals for each In
atom. (C) Spin density plot showing the localization of electrons after
formation of an oxygen vacancy in In,Ti;_,O,_,. Positive values
(orange), negative (blue). Colour palette for DOS graphics: In Total
DOS profiles (b) O 2p (red), Ti 3d (dark blue), In (yellow); for In PDOS
orbitals: In-s total (green), In near to Oy (yellow), In far to Oy, (cyan); In-
p total (Violet), In near to Oy (red), In far to Oy (cyan); In-d total
(orange), In near to Oy, (yellow), In far to Oy (red).
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a Ey,. of —1.56 eV, confirming that oxygen vacancy formation is
favourable. Iwaszuk et al.” also reported than oxygen vacancy
compensation is the most favourable mechanism.

The In-O bond distances in the structures with and without
vacancies (Fig. 3C) are summarized in Table S2.t In the case of
the stoichiometric structure, the In-O bonds are equal in the
whole system. On the other hand, for the O-vacancy structure,
a decrease in the bond length is observed in the apical (by 0.15-
0.10 A) and equatorial positions (0.030 A), except for the case of
In-O opposite to the vacancy, which is increased by 0.02 A. The
Ti-In distance closer to the vacancy is increased by 0.08 A. This
tendency leads to an increase in the cell parameters with the
presence of In, consistently with XRD results. Previous studies
have shown that the presence of oxygen vacancies can favour
the photocatalytic activity, insofar as they can decrease the
electron-hole recombination rate and enhance charge
transfer.>>>*

Fig. 4A shows the In K-edge XANES spectra of samples and
references. A whiteline (feature A) centred at 27 952 eV, transi-
tion associated to excitations of 1s electrons to unoccupied 5p
states, is observed in all In-TiO,-x samples and In,O; reference.
However, for In,Oj; there are two clear continuum resonances at
27 992 (B) and 28 011 eV (C) while in the In-doped TiO, samples
only one appears centred between (B) and (C) at ca. 28 002 eV
(D). The edge position, taken as the first maximum of the first
derivative spectra, is at 27 940 eV for In foil and at 27 946 eV for
In-TiO,-x and In,O; samples, as shown in Fig. S6.f This indi-
cates the presence of In** in all In doped samples. A slight
decrease of the whiteline is observed when increasing the
doping level, as displayed in the inset of Fig. 4A. To quantify
these changes, a peak fitting was performed using an arctan
function to model the main edge step and a pseudo-Voigt
function (PVF) was used to fit the whiteline intensity. The
results of the fit (see Fig. S7 and Table S37) indicate a variation
of the peak area of about 5% when increasing the In doping
from 1 to 10 wt%, while the In,0; reference has the smallest
whiteline intensity. Such variation is associated to a decrease of
the unoccupied density of 5p states and could suggest a slight
increase of covalence. In fact, a higher covalence produces a less
localized density of states and lower white line intensities are
expected.”

To further study the effect of In doping in the electronic
structure, partial density of states (PDOS) analyses were carried
in In-substituted TiO, both with (In,Ti,_,0,_,) and without
(In,Ti; _,O,) oxygen vacancies (Fig. 4B and S8,} respectively). In
all cases, the valence band (VB) is mainly formed by the over-
lapping between Op, and Ti 3d(e,) orbitals to form the bonding
o states, being the valence band maximum (VBM) composed by
non-bonding O p, states, while the conduction band minimum
(CBM) is mainly formed by Ti 3d orbitals. This evidences
a covalent interaction of the Ti-O bonds that is also observed in
In-O bonds. The presence of indium leads to a different
behaviour of the systems with and without vacancies. In the
case of In,Ti;_xO,, PDOS exhibits a contribution whose energy
levels are distributed in a wide range of energies above and
below the Fermi level (Eg), known as band tail,”*”” which is
composed by the hybridization of O 2p with Ti 4d and In 5d
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orbitals. These states could indicate the presence of a polaron.”™
In addition, the CBM exhibits a new state at 3.15 eV from Ti 4d
with a slight contribution of In 5d. At higher energy, the anti-
bonding state yielded by the In 5s-O 2p interactions, together
with empty In-5p states, are observed, corroborating XANES
results. The presence of this hybridization favours the charge
transport once extra carriers fill the band.”® Furthermore, both
indium atoms show similar contributions to the DOS, meaning
that they are equivalent and that the excess of charge is
homogeneously distributed between their environments. This
is also corroborated by the examination of nearest neighbour
(NN) indium atoms, where bands located above Egp are mainly
contributed for apical oxygen (Fig. S9A and Bf). On the other
hand, the presence of oxygen vacancies (Vo) also leads to
a noticeable hybridization in the VBM of O 2p with Ti 4d and In
5d orbitals, without the presence of states above Ex. The CBM
also shows a new state at 3.19 eV arising from Ti 4d, with the
presence of antibonding states formed by In 55-O 2p interac-
tions, together with In 5p states. A more specific study of In
atoms shows that, in the case of VBM, both indium atoms show
a similar contribution for the 4d and 5s bands but with
a decrease in the density of states for the indium atom close to
the oxygen vacancy (see Fig. S8C and Dt). In addition, the
presence of the Vg leads to a higher contribution to the bottom
of the CB from In p/d orbitals and their NN (see Fig. S9C and
D). Thus, the presence of these vacancies as charge carriers
results in an increase of carrier concentration and therefore in
an enhancement in conductivity, which was experimentally re-
ported by Zhao et al.”

The band gaps obtained for In-doped systems are 2.8 eV and
2.9 eV for stoichiometric and Oy cases respectively, which is
decreased in comparison with the value for the undoped system
(3.3 eV), as was also confirmed by previous studies.””* This
reduction in the band gap is due to the contribution of 5s5p
orbitals to the Ti 3d conduction band. In turn, Bader charges
show an increase in the charge of the indium and titanium
atoms closer to the oxygen vacancy of 0.05 and 0.06 electrons,
respectively, in comparison with the Ep, 1, o, structure. In
addition, an excess of Bader charge (0.17 electrons) is localized
on the apical oxygen site neighbouring each In-dopant. Fig. 4C
shows the excess spin density plots where charge is localized in
the oxygen vacancy site, comparable to an F-centre, and with
some distribution onto neighbouring In and Ti sites.

Fig. 5 shows the XPS of all In-doped TiO, samples in the Ti2p
and valence band regions. A clear and continuous shift towards
low binding energies can be observed as the In concentration
increases. This observation may be interpreted as an energy
shift of the Fermi level (Eg) of TiO, towards the centre of the
band gap. This may result from the suppression of the forma-
tion of Ti*" defects that pin the E to the bottom of the CB and
are responsible of the TiO, n-type semi-conductivity. Indeed,
the DFT calculations described above suggest that In-doping
introduces empty energy levels below the CBM of TiO,, which
may indeed act as electron acceptors, leading to a lower
concentration of n-type carriers in the anatase CB. Optoelec-
tronic properties were further studied by means of UV-vis as
well as static and time-resolved fluorescence spectroscopies.
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Regarding the former (Fig. 6A), the spectra of all samples are
characterized by the sharp absorption onset at ca. 390 nm cor-
responding to the indirect band gap transition of anatase
TiO,.** No additional absorption edge exists in the visible region
that can be ascribed to the In,O; phase (E; 2.7 eV),** and no
significant displacement of the onset with respect to TiO, is
observed in doped samples.

In this respect, a red shift of the band gap has been predicted
for In-doped anatase with 12.5 at% of dopant,*® which is
considerably larger than the indium content of the present
samples (7.5 at% maximum). Experimentally, it has not been
clearly reported whether In doping modifies the band gap of
TiO, or not, with authors indicating very large** or slight***>3*
red shifts with similar dopant contents, or reflecting essentially
unchanged absorption spectra,**® or even slight blue shifts®
with respect to undoped titania.

Experimentally, it has not been clearly reported whether In
doping modifies the band gap of TiO, or not, with authors
indicating very large®*' or slight*>**3* red shifts with similar
dopant contents, or reflecting essentially unchanged absorption
spectra,**® or even slight blue shifts*® with respect to undoped
titania. The band gap values estimated for the present samples
by means of Tauc plots for indirect semiconductors are listed in
Table 1 and, in any case, confirm that the catalysts studied here
do not show a significant optical band gap modification as far
as the accuracy of the graphical method allows to discern, in
spite of the trend shown by theoretical calculations and XPS.
Regarding the silver-modified catalyst, a shoulder in the visible
region appears that cannot be ascribed to a band gap modifi-
cation but is likely to arise from the presence of silver oxide(s) in
a too small amount to be detected by XRD, as already suggested
by TEM.*** After this sample has been exposed to UV radiation,
however, a broad band centred at ca. 500 nm appears, which can
be ascribed to the surface plasmon resonance absorption of
silver nanoparticles,®** confirming that, as had been previously
observed, metallic silver nanoparticles form on the surface of
the catalyst only when it is irradiated with UV light and the
original silver oxide is photoreduced to the metallic state,
meaning that the actual co-catalyst is formed in situ during the
photocatalytic reactions described below.

Fluorescence spectra (Fig. S10%), in turn, show the typical
radiative de-excitation events for nanosized titania photo-
catalysts, with an intense band centred at ca. 430 nm corre-
sponding to the band-to-band recombination and additional

42,45,82

[—1n-Tio,-10 [—n-Tio 10
—In-Tio, 5 In-Ti0,5
In-Tio,-1 I In-Ti0,1
—Tio, | —Tio,

Low BE shift
"

VBM
low BE shift

CPS
CPS

468 466 464 462 460 458 456 454 10 8 6 4 2
Binding energy (eV) Binding energy (eV)

Fig.5 XPS of In-doped TiO, samples in the Ti 2p3,» (left) and VB (right)
regions.
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weaker contributions at longer wavelengths usually assigned to
excitonic photoluminescence resulting from surface defects
and oxygen vacancies.** Modified titania samples show the
same positions of fluorescence bands, with only changes in
intensity. Thus, upon In doping, the intensity of photo-
luminescence intensity decreases, which can be traced back to
partially suppressed recombination and/or a higher contribu-
tion of non-radiative de-excitation events.>*** The presence of
silver further reduces the spectrum intensity to approximately
half the one observed for the silver-free doped counterpart.
Time-resolved fluorescence measurements taken at the
maximum emission wavelength (Fig. 6B), and the correspond-
ing intensity decay curve fittings, show that fluorescence life-
time (inset in Fig. 6B) increases with indium doping up to
5 wt%. In the absence of a second phase, as deduced from all
the structural data discussed above, this can be ascribed to
a longer lifetime of conduction band electrons in doped
anatase.® Therefore, fluorescence lifetimes suggest that indium
doping actually decreases the electron-hole recombination in
titania, as indicated by DFT calculations, and hence increases
the lifetime of charge carriers available for photocatalytic
reactions. This effect, however, is lost at the highest doping
level, suggesting, as has been frequently discussed,*® that
doping cations may become recombination centres when
introduced in excessive amounts.

The situation is reversed with silver decoration and, as seen
in Fig. 6B inset, anatase fluorescence lifetime decreases in the
silver-modified In-doped sample. When a metal and a semi-
conductor phases coexist as in this case, this observation can be
directly related to a lower electron population in the conduction
band of the photoexcited semiconductor due to the extraction
of electrons by the metal, provided that the relative electronics
are favourable,"” which is the case for the Ag/TiO, system, in
which this transfer has been proved to strongly influence the
photocatalytic behaviour.*®

Photocatalytic CO, reduction

Fig. 7 shows the cumulative productions of the four main
reaction products in the photocatalytic conversion of CO, with
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the different synthesized catalysts. In all cases, these products
are carbon monoxide, methane and considerably smaller
amounts of ethane, as CO, conversion products, together with
hydrogen arising from the water reduction reaction that
competes with CO, reduction for conduction band electrons.
Traces of methanol were also obtained with all catalysts. As
previously reported,*>***>*” TiO, leads to CO as the main carbon
product, together with hydrogen, which means that the product
of the CO, + H,O photocatalytic transformation is syngas, of
well-known synthetic interest,® with small amounts of hydro-
carbons like methane and ethane. Indium doping, however,
modifies this product distribution in such a way that carbon
monoxide production decreases notably and the evolution of
methane is somewhat enhanced, as is slightly that of ethane. In
other words, indium doping increases the selectivity of the
reaction towards hydrocarbons, essentially methane, which
may have greater interest than CO because of their direct use as
fuels, and this increase becomes larger as the dopant content
increases, as depicted in Fig. 8. The shift in selectivity towards
higher electron-demanding products has been previously
related to an increased availability of conduction band electrons
in the photoexcited catalyst as a result of enhanced electron-
hole pair lifetime,>**** and in the present case this can be
related to indium doping insofar as the fluorescence lifetimes
displayed above have shown a reduced recombination rate in
doped systems up to 5 wt% In doping, with which electron
utilization is maximum.’*** This comes, however, by an
increased production of hydrogen, which in principle is not the
target reaction product. In this respect, large efforts are still
needed to selectively use photogenerated electrons for CO,
reduction rather that H' reduction if CO, conversion with water
as electron donor is chosen as the paradigmatic process for
solar fuels production.”® Therefore, the results shown here with
indium doping of TiO, mean a step in the direction of
controlling the selectivity of CO, reduction towards hydrocar-
bons and especially methane, but, as seen in Fig. 8, this occurs
at the expense of conversion. In turn, the total electron utili-
zation, when the different number of electrons needed to
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Fig. 7 Cumulative production of the main products of photocatalytic
CO; reduction with the different synthesized catalysts.
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convert CO, into the different products is considered, is
enhanced to a limited extent, as also included in Fig. 8.

When silver nanoparticles are further introduced into the
catalytic system, however, the positive effect of driving the
reaction towards highly reduced products is greatly enhanced,
achieving a selectivity towards hydrocarbons (methane and
ethane) of nearly 50% as a result of the dramatic increase of
these products with respect to undecorated catalysts observed
in Fig. 8.

In the same line of the discussion above, this can be traced
back to extensive electron-hole recombination suppression,
reinforced by the ability of metallic nanoparticles to act as
electron transfer centres between the photoexcited semi-
conductor and the adsorbed reactant molecules, as inferred
from Fig. 6B.>*>%>% With the silver-decorated In-doped cata-
lyst, the utilization of electrons, both total and carbon-selective
(Fig. 8), is therefore greatly enhanced with respect to the orig-
inal pristine TiO, sample. Additional effort is again required to
suppress hydrogen production, which in this last case accounts
for ca. 40% of reaction products, and is slightly enhanced with
respect to undecorated systems.

Conclusions

In this work, we have shown that indium doping influences the
activity and selectivity of TiO, as a CO, reduction photocatalyst
using water as electron donor, and that silver nanoparticles
deposited on the semiconductor surface reinforce these effects,
leading to promising photocatalytic systems with enhanced
light utilization properties. Characterization results point at
a substitutional doping of indium into the anatase crystal
structure, as inferred from the absence of additional phases
visible by X-ray diffraction as well as Raman and UV-vis spec-
troscopy, and further supported by an expansion of the unit cell
volume calculated from XRD profile refinement and ratified by
DFT calculations, and the absence of In-In scattering in EXAFS
spectra. This substitution does not modify the optical band gap
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of the synthesized catalysts but, according to XPS, theoretical
calculations and time-resolved fluorescence spectra, induces
electronic modifications that reduce the n-type character and
the electron-hole recombination rate. In-doped catalysts show
an increased selectivity towards the highly reduced product CH,
in photocatalytic CO, reduction tests, in contrast with the main
formation of CO attained with undoped titania. Silver decora-
tion, which leads to the initial formation of silver oxides that are
reduced to metallic Ag nanoparticles under the UV light used in
the reactions, dramatically reduces electron-hole recombina-
tion by extracting photoexcited electrons from the conduction
band of titania and acting as electron transfer centres, further
enhancing the selectivity to methane and ethane in CO, pho-
tocatalytic conversion.
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