Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 March 2020. Downloaded on 4/4/2026 1:55:48 PM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Photocatalytic hydrogen evolution by co-catalyst-
free TiO,/C bulk heterostructures synthesized
under mild conditionsf

i '.) Check for updates ‘

Cite this: RSC Adv., 2020, 10, 12519

Claudio Imparato,*® Giuseppina lervolino,” Marzia Fantauzzi, @< Can Koral

. M . . P . N . P
Wojciech Macyk, (¢ Marcin Kobielusz, © ¢ Gerardino D'Errico,’ llaria Rea, (9
Rocco Di Girolamo, ©f Luca De Stefano,® Antonello Andreone,? Vincenzo Vaiano,®
Antonella Rossi @9 ¢ and Antonio Aronne & *@

Hydrogen production by photocatalytic water splitting is one of the most promising sustainable routes to
store solar energy in the form of chemical bonds. To obtain significant H, evolution rates (HERs)
a variety of defective TiO, catalysts were synthesized by means of procedures generally requiring highly
energy-consuming treatments, e.g. hydrogenation. Even if a complete understanding of the relationship
between defects, electronic structure and catalytic active sites is far from being achieved, the band gap
narrowing and Ti**-self-doping have been considered essential to date. In most reports a metal co-
catalyst (commonly Pt) and a sacrificial electron donor (such as methanol) are used to improve HERs.
Here we report the synthesis of TiO,/C bulk heterostructures, obtained from a hybrid TiO,-based gel by
simple heat treatments at 400 °C under different atmospheres. The electronic structure and properties
of the grey or black gel-derived powders are deeply inspected by a combination of classical and less

conventional techniques, in order to identify the origin of their photoresponsivity. The defective sites of
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Accepted 17th March 2020 these heterostructures, namely oxygen vacancies, graphitic carbon and unpaired electrons localized on

the C matrix, result in a remarkable visible light activity in spite of the lack of band gap narrowing or Ti**-

1

DOI: 10.1039/d0ra01322f self doping. The materials provide HER values ranging from about 0.15 to 0.40 mmol h™* gea %,

under

rsc.li/rsc-advances both UV- and visible-light irradiation, employing glycerol as sacrificial agent and without any co-catalyst.

production. The need to enhance specific functional properties
of the material, for instance to extend the photoresponsivity to
visible light and to increase the photocatalytic efficiency, leads
to different strategies for the modification of its electronic
structure. Doping with metals or non-metals, dye sensitization,
coupling with other semiconductors or carbon-based materials,
and the introduction of structural defects by harsh treatments
such as hydrogenation are the most investigated approaches."
Depending on the energy level of the electronic state formed
within the band gap, doped TiO, materials with different
colorations can be obtained. They exhibit an extended absorp-
tion in the visible light range and an enhanced photocatalytic
activity in oxidation reactions of pollutants, but their perfor-
mance in hydrogen evolution does not usually appear
improved.>® Conversely, the hydrogen evolution seems to be

Introduction

Titanium dioxide is one of the most attractive semiconductor
materials thanks to its relevant photocatalytic applications,
among them environmental remediation and hydrogen
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strongly favored by a prolonged hydrogenation treatment at
high temperature and H, pressure, which produces a high level
of Ti*" self-doping and/or oxygen vacancies, giving a dark
coloration (grey or black titania).** Hydrogenated materials
show a core-shell structure with a thin amorphous shell coating
the crystalline core and their band gap narrowing is mainly due
to the upward shift of the valence band and tailing of both
valence and conducting bands.*®” However, they may suffer
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from some shortcomings. Although various methods to
synthesize defective TiO,_, were tested, they generally involve
drastic treatments or complicated procedures.>*® The forma-
tion mechanism of different types of defects and their rela-
tionship with the photoinduced properties is still not
completely understood**® and some reports attest a limited
increase of photocatalytic activity in the visible range."*™** A poor
thermal stability of surface defects, particularly in the case of
Ti**, was observed on some materials, which tend to be grad-
ually reoxidized in contact with air.*>** Moreover, the electronic
states associated to Ti** can act as recombination centers
reducing the charge carriers' lifetime as they are located just
below the conducting band, while some of them are too deep in
the band gap so they do not possess suitable reduction potential
for water splitting.*®

In this photocatalytic process the use of a sacrificial agent as
electron donor (an organic compound, preferably derived from
biomass) and the addition of a co-catalyst (commonly Pt or
another noble metal) enhance the H, evolution rate (HER),
which has reached a benchmark value of about 40 mmol
h™" g... > Interesting HER values were recently reported for
carbon modified TiO,, ranging from about 6 to 37 mmol h!
Zeat .77 In the case of carbon doping, that usually requires
a multi-steps procedure, the improved photocatalytic activity
was generally related to the generation of midgap states or band
gap narrowing as well as to the formation and stabilization of
oxygen vacancies and Ti*" sites."*'8 For heterostructures with
graphene, graphene oxide, C nanotubes, C layers coating and
also with graphite-like carbon the increased charge carriers’
availability and lifetime, based on the separation of electrons
and holes at the interface between the conjugated materials,
were also proposed to explain the improved photocatalytic
properties.’>** Recently several studies focused on co-catalyst-
free H, evolution reaction on TiO,. The best result to date
(3.5 mmol h™" g, ') was reported for P25 TiO, treated in
a strongly reducing medium,* whereas most works involving
defective TiO, do not exceed HER around 0.2 mmol h™" g, *.*¢

Here we report the synthesis of TiO,/C bulk heterostructures
formed by defective anatase TiO, nanocrystals embedded in
a carbonaceous matrix composed by amorphous and crystalline
carbon, obtained by suitable thermal treatments of a hybrid
chemical gel in which titanium is involved in a charge transfer
complexation equilibrium with an organic compound.?® Both
the sol-gel procedure and the following treatments of the gel
under mild conditions have synergistic effects in determining
the characteristics of the final product. These heterostructures
exhibit different defective sites, oxygen vacancies without Ti**
self-doping, carbon radicals localized on the C matrix and
graphitic carbon, that determine their significant photocatalytic
efficiency, tested in hydrogen generation using glycerol as an
electron donor. Our materials show impressive co-catalyst-free
HER under both UV irradiation (about 0.4 mmol h™" g.,, ")
and visible light (about 0.2 mmol h™" g., '). Moreover, it is
worthwhile to note that most of the works concerning H,
evolution employed methanol as a sacrificial agent,'® whereas in
this paper glycerol was used since it is the major by-product of
the biodiesel production process,' opening a new perspective
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towards the valorization of this by-product coming from
a renewable source.

Results and discussion
Synthesis of gel-derived defective TiO, materials

Sol-gel is a versatile synthesis technique to produce different
kinds of materials, starting from a colloidal solution of the
precursors, which allows obtaining either physical (particulate)
or chemical gels. TiO, is frequently produced as bulk or nano-
particles from physical gels,>*** while to attain chemical gels the
stabilization of the sol against the uncontrolled hydrolysis of
titanium alkoxides is required. It can be achieved using com-
plexing agents of Ti**, such as B-diketones, including acetyla-
cetone (Hacac),??***” forming heteroleptic alkoxide complexes
able to give micelles by self-assembly.”® Chemical gels obtained
in this way ensure a high homogeneity of the oxide structure
and provide porous xerogels with macroscopic granulometry
and specific features related to the organic complexing agent
used. Concerning the materials derived from TiO,-acetylace-
tone systems, their photoresponsivity to visible light was mainly
attributed to Ti** self-doping that was obtained by heating in air
at 400 °C a hybrid dried gel with nominal Hacac/Ti molar ratio
equal to 0.4 (ref. 23) or at 350 °C for 2 h a hybrid sol, containing
variable amounts of Al(acac); and Hacac/Ti molar ratio equal to
1.7 In the latter case, the heavy Ti*" self-doping in the surface
layer of the sol-derived materials was interpreted as due to the
catalytic role played by Al(acac); in the reduction of Ti**.*” On
the contrary, the yellow-colored hybrid chemical gel (hybrid sol-
gel titania, HSGT) prepared by some of us exhibits both visible
light absorption and a valuable percentage of Ti*" self-doping
(6%), which increases after calcination in air.*®* Moreover, the
most peculiar property of this material is the ability to generate
and stabilize superoxide radical anions (O, ") on its surface for
avery long time (years), as confirmed by EPR spectroscopy.>*>*>°
The presence of the adsorbed radicals is responsible for the
oxidative activity of HSGT without the need for light
irradiation.>*?%?°

Superoxide radical can act as an oxidant, but also as
a moderate reductant, through one-electron transfer, forming
0O,. We believe that adsorbed O, plays a key role also in the
self-reduction process occurring during thermal treatment of
the hybrid gels, therefore the ability to control its formation at
the surface of the material could be a new strategy for the
preparation of defective TiO, materials. Drying the TiO,-acac
wet gel in air (HSGT) or under vacuum (HSGT-v) drastically
influences the concentration of surface adsorbed superoxide
radicals, which in turn affects the characteristics of the mate-
rials obtained by annealing. When the wet gel was dried at 30 °C
in a vacuum oven, so in the absence of a prolonged contact with
atmospheric O,, the formation of O, was prevented, resulting
in a hybrid xerogel showing no clear EPR signal.”* On the other
hand, drying under a reducing atmosphere should favor the
formation of a defective TiO, structure in the subsequent
annealing stage. At the same time the hybrid nature of the
xerogels can generate carbon structures that should enhance
both the photoresponsivity to visible light and the

This journal is © The Royal Society of Chemistry 2020
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photocatalytic performance of TiO,.'*** Consequently, to obtain
a defective anatase TiO, with a tailored distribution of defects
the HSGT-v xerogels were annealed at 400 °C for 1 and 3 h under
different atmospheres (see Table 1).

Morphological, structural and thermal characterization

The samples produced by annealing the HSGT-v xerogel are
composed of particles with a broad size distribution in the
micrometer range (from about 1 to 50 pm, as shown by SEM
images, Fig. S1t), depending on the xerogel grinding and heat
treatment. High-magnification SEM images, displayed in Fig. 1,
reveal the presence of nanometric primary particles or grains
with an average diameter of 10-20 nm. The analysis of TEM
images (Fig. 1 and S171) shows TiO, nanocrystals embedded in
a continuous carbonaceous matrix. A typical d-spacing value of
0.35 nm corresponding to the (101) lattice plane of anatase
phase was detected for all annealed samples (Fig. 1). The aspect
of HN1 and HN3 samples resemble that of N1 and N3 samples.
Thermal treatments induce the partial crystallization of the
amorphous xerogels in the anatase polymorph, as also attested
by XRD profiles (Fig. S21) and Raman spectra (Fig. 2a). The
average size of the anatase nanocrystals, estimated to be about
10 nm by Scherrer's equation, is observed to lie in the 3-8 nm
range, except for A3 which shows a larger value (8-12 nm).
These results indicate that the adopted synthesis procedure
generates a homogeneous hybrid gel from which a bulk TiO,/C
heterostructure, formed by anatase nanocrystals uniformly
dispersed in a carbon matrix, is obtained. The structure of
HSGT-v heat-treated samples was analyzed by Raman spec-
troscopy (Fig. 2a and b). The six Raman active modes of anatase
TiO, (Ag + 2Byg + 3E,) are clearly visible in the Raman spectra of
all samples in the 100-800 cm" range (Fig. 2a) and appear much
more pronounced the A3 spectrum, in agreement with TEM
analysis. Their peak positions well agree with the values pre-
dicted for the anatase polymorph®' indicating the lack of C-
doping, in accordance with the XRD profiles, where no notice-
able shifts of the main diffraction peaks are seen with respect to
a reference anatase TiO, (Fig. S2t), and with the XPS data,
presented in the following. Except for A3, for which the pro-
longed annealing in air causes the combustion of carbon atoms

Table 1 Synthesis conditions of the studied materials: starting gel
(dried in air, HSGT, or in vacuum, HSGT-v), atmosphere (gas flow) and
time of the annealing treatment at 400 °C

Sample Precursor gel Annealing gas Annealing time (h)
SA1 HSGT Air® 1
SA3 HSGT Air? 3
Al HSGT-v Air 1
A3 HSGT-v Air 3
N1 HSGT-v N, 1
N3 HSGT-v N, 3
HN1 HSGT-v 3% H,/N, 1
HN3 HSGT-v 3% H,/N, 3

“ Static air (open furnace).

This journal is © The Royal Society of Chemistry 2020
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belonging to the outer layers of the sample and the increase of
the crystallization degree, all Raman spectra exhibit the char-
acteristic G and D peaks of a defective graphitic material at
about 1590 and 1360 cm™ " (Fig. 2b). They are related to the
bond stretching of all pairs of sp? carbon atoms of the graphitic
network, and to breathing modes of sp? atoms in rings,
respectively.® The D band, indicative of the defectivity of the
graphitic network, is broad and exhibits few features suggesting
the presence of additional components. To reveal them the
curve fitting of these Raman signals was performed and the
resulting parameters are reported in Table S1.7 The curve fitting
reveals the presence of three additional bands: D* (1150-
1200 cm™') due to the defectivity of graphitic lattice; D"
(1500-1550 cm™ ") due to the graphitic amorphous lattice; D’
(1600-1620 cm™ ') due to the phonon density of states in the
finite-size of graphite crystals.** Therefore the carbonaceous
matrix in which the anatase nanocrystals are embedded appears
formed by sp> carbon atoms arranged either in amorphous or in
crystalline phases. For a graphitic material with a high struc-
tural disorder the graphitization degree can be better estimated
by evaluating the integrated intensity ratio Ip/(I, + I) for the D
and G bands obtained from curve fitting, rather than the I/Ig
ratio.?*%

A similar graphitization degree was estimated for all samples
(Table 2) indicating that during the annealing in air the organic
component creates a relative amount of graphitic carbon
similar to that obtained under reducing atmospheres. Thermal
analysis is a very useful tool to discern the different C species
present in the HSGT-v annealed samples and to determine their
whole amount (surface and bulk). TG curves of all samples,
recorded in air at 10 °C min~ ' heating rate, are displayed in
Fig. 2c while in Fig. 2d the TG/DTA/DTG curves of N3 are re-
ported as representative example of these measurements.
Besides the gradual weight loss (about 1%) below 300 °C,
mainly due to adsorbed water and surface -OH groups, three
steep mass losses are clearly distinguished in the following
ranges: 350-500 °C (I), 550-680 °C; (II), 680-800 °C (II).

Each event is associated with an exothermic DTA peak
related to the combustion of different carbon species. Accord-
ing to the above Raman analysis the mass loss occurring in
these ranges is related to the oxidation of amorphous sp?
carbon atoms (range I); carbon atoms in defective graphitic
structures (range II); carbon atoms in graphitic network (range
I11).** The temperatures of DTA and DTG peaks are very close
indicating that the weight losses are strictly related to
combustion processes. The first DTA exo-peak is generally
sharp; the second is broad while the third one appears as two
unresolved peaks as a consequence of the size distribution of
the graphitic nanodomains.*® Similar results were obtained for
all the samples. The total content of carbon (ranges I-III) and
graphitic carbon (ranges II-1III) is reported in Table 2.

Surface and electronic characterization

In a previous paper,? the Ti 2p X-ray photoelectron spectra of
the SA1 sample, obtained by drying and calcining in air the
HSGT wet gel (Table 1), provided evidence of the presence of

RSC Adv, 2020, 10, 12519-12534 | 12521
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Fig.1 High-magnification SEM images (left) and TEM images (right, scale bar 2 nm) of some HSGT-v annealed samples. A d-spacing of 0.35 nm
corresponding to the (101) lattice plane of TiO, anatase phase is highlighted in all TEM images.

a considerable Ti*" self-doping: two different components
ascribed to Ti** and Ti sub-oxides were detected (at about
457.5 eV and at 455.8 eV respectively), together with the
component due to Ti*" (at about 459.3 eV). The percentage of
reduced titanium was about 16% for Ti*" and 10% for the Ti
sub-oxides in SA1,% and it strongly decreased to 3% for Ti** in
the sample annealed in air for 3 h (SA3). The comparison of the
Ti 2p spectra acquired on these samples is provided in Fig. S3a.t
The O/Ti*" ratio was 2.1 (£0.1) in the case of SA3, thus
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indicating the formation of stoichiometric titanium oxide
(TiO,) within the experimental uncertainty. It is worth noting
that no signal attributable to reduced titanium was revealed in
an aged SA1 sample: the Ti 2p spectra of SA1 characterized
again by XPS after about two years of storage show that only Ti*"
is present at the sample surface and that defective TiO,_, has
turned into stoichiometric TiO, (Fig. S3at). On the other hand,
a single component is observed in the Ti 2p spectra recorded on
the corresponding annealed samples derived from HSGT-v
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Table 2 Surface O/Ti atomic ratio and graphitic carbon content (at%) estimated by XPS results; Ip/(lp + /) ratio estimated by curve fitting of G
and D Raman peaks; graphitic and total carbon content (wt%) estimated by TG/DTA analysis; concentration of paramagnetic centers (spin
density) obtained from EPR spectra; BET specific surface area (SSA) and apparent quantum efficiency (AQE) in H, generation under UV irradiation

O/Ti*" atomic  Ip/(Ip + Spin density (10"

Sample  ratio 1) Clotal graphitic” (Wt%)  Crotal” (Wt%) Celemental (at%) spin per g) SSA (m”g™")  AQE (%)
SA1 1.9+ 0.1 — — — — 3+1 — —

SA3 2.1+ 0.1 — — — — 0.3 + 0.1 — —

Al 1.8 £ 0.2 0.58 1.1 1.6 1.5% 4+1 56 0.97

A3 1.8 £ 0.2 — 1.8 2.3 1.5-1.8% 8+1 45 0.51

N1 1.6 £ 0.2 0.68 4.7 5.9 2.6% 45+ 5 11 0.66

N3 1.8 £ 0.1 0.64 4.3 6.4 3.9-4.0% 60 + 5 4 1.2

HN1 1.8 £ 0.1 0.68 4.0 6.0 3.4-4.0% 45+ 5 10 0.88
HN3 1.8 £ 0.1 0.76 3.9 5.2 4.0-4.1% 50 £ 5 7 1.3

“ By TG/DTA analysis. ” By XPS analysis.

(Fig. 3a) thus indicating that no Ti*" self-doping is detected. The
binding energy of Ti 2p;, ranges between 458.9 and 459.2 eV for
all the samples, a value typical for Ti in nanostructured nano-
crystalline TiO, (Table S2t),>**”*® and no components at about
457 eV are found, which might be assigned to reduced tita-
nium.? The O/Ti*" ratios for all the samples were calculated
starting from curve fitting of O 1s XP-spectra. O 1s signals are
multicomponent, with the most intense peak at 530.3 eV due to
oxygen in TiO,, and the less intense components at 531.5 and
532.6 eV due to -OH and/or defective oxygen and to adsorbed
water, respectively.>****® Only the component at about 530 eV
was considered to calculate O/Ti*" ratio, and it was found that
the O/Ti"" ratios in A1 and A3 samples are 1.8 (£0.2). The
absence of reduced Ti was also noticed when HSGT-v was
annealed in nitrogen or in hydrogen/nitrogen mixtures for
different times (Fig. 3a). For these samples the O/Ti*" ratios
were found to be lower than the expected stoichiometry, espe-
cially for N1 (Table 2).

The presence of reduced titanium cannot be thus invoked to
justify the photocatalytic properties of these materials (vide
infra), but the O/Ti ratio lower than 2 and the component at
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531.5 eV in O 1s peaks support the presence of oxygen defects
influencing the catalytic properties. Although the formation of
oxygen vacancies during annealing of TiO, in inert or reducing
atmosphere is often accompanied by a partial reduction of Ti*",
the lack of Ti** signal was also observed in some reduced TiO,_,
samples.”” On the other hand, it was recently shown that in
reduced ZrO,_, a distribution of neutral and charged oxygen
vacancies not associated to the presence of Zr** species can be
obtained,** and a similar behavior might occur in TiO,.

To assess the surface carbon species, the curve fitting of C 1s
signals has been also performed, adding a component due to
elemental carbon, according to the curve-fitting strategy
proposed in literature for resolving the different contributions
to C 1s signals in PM;, samples.*> The results are provided in
Fig. 3c. A component due to elemental carbon is observed at
284.2 eV, whose relative intensity with respect to the total
carbon content increases from 7% for the air-annealed samples
to 11-12% for the samples heated under H,/N, mixture. Such
component was not detected in the case of the C 1s signals
acquired on SA1 and SA3 samples (Fig. S3b¥).
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(a) Ti 2p, (b) O 1s, (c) C 1s and (d) valence band X-ray photoelectron spectra of annealed HSGT-v samples. The binding energy of the

valence band edge, determined as the intersection of the horizontal offset line with the line representing the linear portion of the step, is

reported.
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It can be observed that the higher is the elemental C content,
the higher the Ti 2p binding energy (Table S2). This result
might be ascribed to the presence of C-TiO, heterostructures,
in agreement with Liu et al.** They reported also a small shift
towards higher BE values in the most intense component at
about 530 eV of O 1s peak on C-TiO, heterostructures compared
to TiO,. In this paper we observe the same trend (Fig. 3b).
However, the absence of carbon and oxygen components at
282.7 eV and 527.6 eV respectively, ascribed by those authors to
Ti-O-C bonds in C-doped TiO,, suggests us that carbon does
not behave as a dopant. To further clarify if the elemental
carbon presence is due to C-doping of TiO,, the XPS valence
bands (VB) of the samples were also acquired and processed.
The valence bands (Fig. 3d) show two prominent peaks at about
5.5 eV and 7.7 eV, due to w-nonbonding and o-bonding O 2p
electrons respectively; the shape of the VB is typical for anatase
being the peak at 7.7 eV more intense than the one at 5.5 eV. The
absence of additional electronic states above the VB edge, which
are supposed to be present in the case of C-doped TiO,, leads us
to exclude that carbon behaves as a dopant.**

Electron paramagnetic resonance spectroscopy points out
further differences between the samples derived from HSGT
and HSGT-v dried gels. All their spectra (Fig. 4a and b) consist in
single peaks with g factor about 2.0024, close to the free electron
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value. Several literature reports on chemically modified or
physically treated TiO, show this kind of EPR signal, with g
factors between 2.002 and 2.005, and most of them attribute it
to single electrons trapped in oxygen vacancies.*”**™*® Even
though a singlet with similar features has been found in TiO,
composites containing carbon-based materials and related to C-
centered radicals,****" this eventuality is not considered by the
majority of the authors.

Despite an apparent similarity, a more detailed lineshape
analysis on the SA1 and A1 spectra reveals clear discrepancies.
Indeed, the samples contain a comparable concentration of
paramagnetic species (3 x 107 and 4 x 10" spin per g,
respectively), but the SA1 signal has a somewhat larger peak-to-
peak width (5.5 vs. 4.3 G) and a mixed Gaussian-Lorentzian
lineshape (Table S31), while the A1 signal is mostly Lorentzian.
Notably, upon a longer (3 h) annealing in air an opposite vari-
ation of the signals is observed (Fig. 4a, Table S31): in SA3 it
becomes narrower and very weak, while in A3 the intensity
doubles with respect to A1 (8 x 10" spin per g). This opposite
behavior suggests that the EPR signals of the two kinds of
materials have a different origin. The spectrum of SA1 may be
mainly due to defects such as oxygen vacancies, while that of A1
have a large contribution from a species more stable under
oxidizing conditions (a longer heating in air). To further
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Fig. 4 EPR spectra recorded at room temperature on: (a) HSGT samples annealed in static air at 400 °C for 1 (SA1) and 3 h (SA3) and HSGT-v
samples annealed in air flow at 400 °C for 1 (A1) and 3 h (A3); (b) HSGT-v samples annealed in different conditions. The intensity scale is different
in the two graphs. (c) Real part of conductivity ¢’ as a function of frequency for A1, A3, SA1 and SA3 samples; (d) real part ¢’ (full symbols) and
imaginary part ¢’ (open symbols) of the complex conductivity for the annealed HSGT-v samples as a function of frequency. Blue (1 h) and red (3 h)
colors correspond to the annealing duration. Squares (A1, A3), circles (N1, N3) and triangles (HN1, HN3) refer to air, N,, and H,/N, mixture gas flow
respectively. The dashed black curves show the fit obtained by applying the Drude—Smith model.
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investigate the behavior of these EPR signals, microwave power
saturation measurements were performed (Fig. S4t). For both
samples the amplitude (proportional to the intensity) tends to
reach a plateau at high microwave power, indicating partial
saturation of the signal, but the two curves have a quite different
shape. As suggested by a sharper slope change, SA1 apparently
comprises two components with different relaxation rates,
which are not observed for A1. The dependence on microwave
power of the intensity of signals associated with oxygen vacancy
defects in TiO, was described either as reaching a plateau®® or
decreasing after a maximum,> indicating relatively long relax-
ation times for these radicals. The latter trend was also attrib-
uted to unpaired electrons in a point defect at the interface
between particles.> In the case of TiO, coupled with carbon
materials (e.g. graphene-like), peaks were found with g about
2.0035 and different linewidth and power saturation trends,
according to the spatial distribution of the radical centers in the
delocalized 7 systems.*® The partially Gaussian lineshape, the
power saturation trend and the evolution with the annealing
time suggest the SA1 spectrum to be a composite signal, origi-
nated by a heterogeneous radical distribution with a contribu-
tion from oxygen vacancies. Keeping in mind the close
relationship often found between Ti*" and vacancy sites,’ this
interpretation would be in accordance with the high Ti**
content in SA1.>® Considering the presence of different carbon
species in the HSGT-v derived materials, excess electrons
localized on such species probably represent the prevalent
source of their EPR signal (Fig. 4b). The peaks of the xerogels
treated under N, and H,/N, mixture, showing totally or mainly
Lorentzian shape, are distinguished by a spin density one order
of magnitude higher with respect to A1 and A3 (Table 2). The
correlation between total carbon content and spin density
supports the attribution of the EPR signal to C-centered
unpaired electrons, as proposed by some authors.** On the
other hand, the contribution of electrons trapped in oxygen
vacancies, whose presence is indicated by XPS and PL spectra
(see below), cannot be excluded in these samples as well.

Terahertz spectroscopy characterization

The difference in behavior of annealed samples obtained from
HSGT and HSGT-v is confirmed by Terahertz Time Domain
Spectroscopy (THz-TDS). This technique allows to extract the
complex optical properties of a material in a contactless way
and to explore the electronic dynamics over nanometer length
scales, without resorting to the Kramers-Kronig relations.
Therefore, it directly probes the conducting state within nano-
domains, in contrast with traditional dc conductivity measure-
ments probing long-range transport phenomena only.”® It is
also worth mentioning that THz is an ideal frequency range for
the investigation of inorganic semiconductors, since scattering
times are typically in the range 0.05-1 ps, and plasma
frequencies also fall in the far-infrared region.

The comparative analysis of the samples produced by
annealing in air HSGT-v (A1 and A3) and HSGT (SA1 and SA3)
evidences a clear difference of the transport properties in the
THz spectrum. In Fig. 4c the data retrieved for A1 and A3 are

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

compared with SA1 and SA3, in the range 0.3-1 THz. The real
conductivity ¢’ in HSGT-v-derived samples exceeds 10> Sm™" at
1 THz, which is much larger (by one order of magnitude or
more) than in HSGT-derived ones, clearly indicating that there
is an additional conduction mechanism. In HSGT-derived
samples, moreover, conductivity is very sensitive to the
annealing time, whereas Al and A3 display only a slight
difference in terms of their conducting properties even at the
lowest frequencies.

For all HGST-v derived samples, it is important to stress that
both real (Re[d(w)]) and imaginary (Im[&(w)]) components of the
measured conductivity are found to be much larger than
previous results reported in literature. In fact, THz spectroscopy
studies carried out on pure pellets®® or on nanopowders with
different dopants®” show that conductivity usually does not
exceed some tens of S m™! at 1 THz. On the other hand, I-V
measurements and potential-dependent capacity characteriza-
tion of carbon-doped and/or carbon-modified anatase TiO,
nanopowders present lower resistance and in turn higher
conductivity values with respect to pure samples by several
orders of magnitude.*®

Re[d(w)] and Im[6(w)] are then simultaneously fit to the
Drude-Smith (DS) model, keeping background permittivity (¢.),
relaxation time (7), plasma frequency (w,) and c; as free
parameters (see eqn (1), Experimental). The complex conduc-
tivity comparison of the samples prepared under various
atmospheres and annealing temperatures is shown in Fig. 4d.
The background permittivity extracted from the DS fit yields an
average value of 5.0 + 0.7, with less than 15% distribution
among the samples. Moreover, from the fitting procedure we
find ¢; = —1 for all samples, which is consistent with the
observed frequency behavior for the complex conductivity, with
the real part approaching zero at dc whereas the imaginary part
being negative at low frequencies (below 1 THz). This is inter-
preted in the DS model as conductivity dominated by carriers
backscattering,* therefore outlining a picture where transport
in all HSGT-v samples derives, regardless of the annealing
conditions, from electrons localized either on oxygen vacancies
or on carbon radicals located on the carbonaceous matrix, and
not from excess charge released into the conduction band
because of the formation of Ti*". The observed increase in
conductivity absolute values can therefore be explained with the
high density of structural defects induced by the adopted
synthesis conditions.

The extracted plasma frequencies (wp = 12 + 1 THz) and
relaxation times (t = 76 £ 8 fs) are found to merge within the
deviation of the 5 spot measurements, confirming in a direct
way that all HGST-v samples display the same complex THz
response. While scattering values are in line with previous
results,®*” the retrieved plasma frequency differs quite signifi-
cantly from what has been reported on both anatase/rutile
mixed nanopowders®® and nanostructured anatase TiO,
samples.®® Reported works on the intrinsic transport properties
of anatase have proven that the metallic transition occurs for
charge carrier concentrations =10"'°.°* In our samples, given
a plasma frequency w, ~ 10 THz and even assuming a polaron

effective mass m* ~ 10m, (electron mass) as in rutile,* we
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estimate a charge carrier density N = wpzeom"‘/e2 in the order of
10 to 10" cm ™3, which is far smaller than the metallic tran-
sition condition. This behavior proves that the enhanced
conductivity for the samples derived from HSGT-v shows non-
degenerate electrical transport properties.®* It is worth to
mention that the recent works on carbon-doped TiO, materials
attribute the conductivity increase to the narrowing effect of
doping on the band gap by introducing tails in both valence and
conduction bands.®® On the contrary, for the HSGT-v-derived
samples the XPS valence band spectra do not show any side
tails. In this context, the observed reduction in plasma
frequency is consistently explained as a change in the electron-
phonon interaction induced by the presence of carbon species,
that leads to a larger polaronic effective mass, similarly to what
has been observed in anatase films doped with Ni.*

Moreover, from the knowledge of the bulk conductivity (o),
the surface impedance (Zs) can be easily determined for an ideal
system using the eqn (2) (see Experimental). We evaluated the
real part (the surface resistance Z') and the imaginary part (the
surface reactance Z") of the impedance for the N3 sample.
Results are plotted in Fig. S5,f showing that the surface
impedance varies in the range of tens of Ohms and is relatively
reactive (inductive), since Z” > Z'. Comparatively, in the near-
THz frequency the surface resistance and the surface reac-
tance of bulk copper present values of the order of tenths of
Ohms.

Optical, spectro- and photo-electrochemical characterization

UV-vis DRS spectra reveal that all HSGT-v samples exhibit
a visible light absorption reaching the NIR range, besides the
typical absorption of TiO, in the UV range (Fig. 5a). For the A1
and A3 dark-grey colored samples this absorption appears as an
extended tail, while for the N1, N3, HN1 and HN3 black colored
samples it is more pronounced. It should be emphasized that
similar visible-light photoresponsivity was previously obtained
for “black” titania nanomaterials prepared by hydrogenation
and treatments in harsh conditions,>*'" and was tightly con-
nected to the band gap narrowing and band tailing originated
by the formation of an amorphous hydrogenated outer layer
and to the midgap states associated with Ti**-self doping.
Conversely, in this study such photoresponsivity was achieved
by much milder treatments. The band gap value (Eg) of all
HSGT-v annealed materials was estimated to be about 3.1 eV by
photoluminescence (PL) (see below). For A1 and A3 samples it
was also estimated by Tauc plot (Fig. S6t) using a procedure
proposed by some of us.* The same value was found within the
experimental error (+0.1 eV) for both samples, thus confirming
the reliability of the E, estimation. The lack of either band gap
narrowing or Ti**-self doping indicates that the extended visible
light absorption of our materials is related to the synergistic
effect of carbon species and oxygen vacancies, in agreement
with the PL data.

The analysis of the PL emission spectra gives a further
evidence of the presence of oxygen vacancy defects. A
pronounced emission band at 400 nm plus other contributions
in the visible region of the wavelength spectrum are seen in all
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PL spectra (Fig. 5b). The emission centered at 400 nm (3.1 eV) is
attributed to the excitonic recombination, in particular the
radiative recombination of self-trapped excitons. The self-
trapped excitons are generated by the self-localization of
photoinduced charges due to the strong electron-phonon
coupling. The PL emission seen in the visible region between
440 and 650 nm is due to interband transitions. The green
contributions centered at about 455 and 500 nm as well as the
red one at about 600 nm are related to the radiative recombi-
nation of free electrons and holes trapped into oxygen vacancy
sites (F'-centers) and between free holes and electrons that relax
from either conduction band or shallow electron states associ-
ated with subsurface oxygen vacancies, respectively.®® These
transitions appear to be enhanced in A1 and A3 with respect to
the other samples indicating the presence of a larger amount of
oxygen vacancies in the samples annealed in air than in those
annealed in inert or reducing atmospheres. Moreover, the
relative PL intensities appear affected by heat treatment dura-
tion and atmosphere. Increasing the heat treatment time, the
PL relative intensity increases for the samples annealed in air
while an opposite trend is seen for the samples annealed in N,
and H,/N,. The presence of graphitic carbon was suggested to
enhance the photocatalytic efficiency via the conversion of long
wavelengths to short ones, which significantly promoted the
light utilization of the photocatalysts.®® The samples annealed
in air exhibit a lower amount of graphitic carbon than the other
ones. Among them, N1 and N3 exhibit a higher amount of
graphitic carbon than HN1 and HN3 samples with N1 showing
the highest value, while a similar content is seen for HN1 and
HN3 (Table 2). The structure of the materials could cause an
efficient charge separation through interfacial charge transfer
between anatase nanocrystals and amorphous, defective and
graphitic carbon.

In this process both the interface morphology and the
compositional distribution of the C matrix play a key role
because electrons can be trapped also on carbon radicals
localized on the diverse C species, in agreement with EPR
analysis. All these concomitant factors can affect the ability to
capture the photogenerated electrons providing higher life-
times of electron-hole pairs, and hence a higher photocatalytic
activity (vide infra).

Spectroelectrochemical measurements (chro-
noamperometry combined with diffuse reflectance UV-vis
spectroscopy) give information on the density of empty elec-
tronic states.®”*® The densities of states (DOS) calculated for the
A1 and N3 samples (Fig. 5¢) present similarities. One significant
difference can be observed in the range from —1.0 to —1.5 V vs.
Ag/Ag", where a relatively high concentration of electronic states
appears in the case of N3. A direct quantitative analysis of the
concentration of electronic states for N3 and A1 materials is,
however, impossible due to optical and spectral differences of
the two electrodes, since the measurement is based on reflec-
tance changes at 600 nm. Nevertheless, A1 sample seems to be
richer in deep electronic states which should rather act as
electron traps diminishing the photocatalytic activity of the
material in reduction processes (e.g., hydrogen generation). The
position of the dense electronic state with onset at about —1.5V

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) UV-visible diffuse reflectance (UV-vis DRS) spectra of the annealed HSGT-v samples, expressed as Kubelka—Munk function, F(R). (b)

Steady-state photoluminescence (PL) spectra of the annealed HSGT-v samples (excitation wavelength 325 nm). (c) Density of electronic states
(DOS) patterns for samples Al, N3, HSGT dried gel and a reference TiO, prepared by sol-gel (SGT), measured in 0.1 mol L™ LiClO, acetonitrile
electrolyte. The measurements were carried out for each working electrode under the same conditions, in inert atmosphere. (d) Incident-
photon-to-current conversion efficiency (IPCE) measured at applied potential 0.9 V vs. Ag/AgCl (electrolyte: aqueous 0.1 mol L~* KNOs solution,
saturated with Ar); (e) photocurrent as a function of potential (vs. Ag/AgCl) and incident light wavelength, recorded on PET/ITO electrode
covered with Al sample, under regular conditions, and (f) after the addition of 5 wt% glycerol to the electrolyte (aqueous 0.1 mol L=t KNOs

solution, saturated with Ar).

(corresponding to —0.7 V vs. NHE) is close to the calculated Ecp
edge values (vide infra, Table 3).

To highlight the effect of the annealing on the electronic
structure of the studied materials, two amorphous titanium
oxide samples were analyzed as reference: the TiO,-acac dried
gel (HSGT) and a bare TiO, particulate gel (SGT). The inspection
of their DOS profiles (Fig. 5c) shows that SGT has a dense
electronic state at ca. —1.6 Vvs. Ag/Ag”, similar to A1 and N3, but
it lacks the distribution of deep midgap states, which are not
very evident also in HSGT, indicating that the annealing of the
hybrid gel leads to the creation of numerous defects that can act

Table 3 Band gap energy values (g, eV), valence band edge (Eyg) and
conducting band edge (Ecg) values expressed vs. both absolute
vacuum scale (eV) and NHE (V) for the samples derived from HSGT-v

Eygp edge Ecp edge Eyp edge Ecp edge

Sample  Eg (eV) (eV) (eV) W) W)

Al 3.1 —7.0 -3.9 2.5 —0.6
A3 3.1 7.1 —4.0 2.6 —-0.5
N1 3.1 —7.2 —4.1 2.7 —0.4
N3 3.1 —-7.3 —4.2 2.8 —-0.3
HN1 3.1 —7.3 —4.2 2.8 —0.3
HN3 3.1 —-7.1 —4.2 2.6 —-0.5

This journal is © The Royal Society of Chemistry 2020

as electron traps. It is interesting to note that in HSGT the
presence of the Ti-acac complex strongly influences the density
of states, causing a marked shift of electronic states towards
higher energy with respect to the other investigated samples.
Consequently, they should be attributed mainly to the presence
of surface states induced by the ligand.

Photocurrent spectra allow to examine the photo-response of
the materials in the UV-visible radiation spectrum. Noticeable
photocurrents have been recorded in the range 400-440 nm for
all samples pointing at their photoactivity upon visible light
irradiation (Fig. 5d). This activity can be attributed mainly to the
presence of carbon in the structure of the samples. Carbona-
ceous species are supposed to offer electrons of energy higher
than the top of the valence band which can be excited to the
conduction band with visible light.** Significantly higher
photocurrents are observed when UV light is involved, as the
result of a direct VB to CB excitation.

The samples annealed in air show largely higher photocur-
rents induced by UV than the other samples, likely related to
a larger amount of oxygen vacancies. These defects improve UV
light utilization generating shallow electron states below the
conducting band, then acting as trap for photogenerated elec-
trons. Possibly the lower carbon content contributes to increase
UV light absorption directly by TiO,. On the other hand, in the

RSC Adv, 2020, 10, 12519-12534 | 12527
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range of 400-440 nm A3 is almost inactive compared to Al
because of its lower amount of graphitic carbon.

Photocurrents have also been recorded upon addition of
5 wt% glycerol as a hole scavenger, since it is the sacrificial
agent used in photocatalytic hydrogen generation tests (vide
infra). Fig. 5e shows photocurrents recorded for the electrode
covered with A1 powder measured under variable potential and
wavelength of incident light. Clear anodic photocurrents (red
areas) were significantly amplified (roughly by the factor of 3)
when glycerol was added to the electrolyte (Fig. 5f). This
confirms an efficient holes consumption by glycerol, resulting
in a suppressed electron-hole recombination and improved
efficiency of photocurrent generation. Moreover, the so-called
photocurrent doubling effect may operate here. This phenom-
enon is based on the injection of additional electrons into the
conduction band from photogenerated organic radicals.
Photocurrent measurements confirm therefore not only the
extended spectral range of photoactivity of A1 (Fig. 5¢), but also
its ability to efficiently oxidize organic compounds (pollutants,
fuels or sacrificial reagents). Since the degradation of organics
may involve either a direct attack of holes or an indirect
oxidation with photogenerated reactive oxygen species, in
particular hydroxyl radicals (HO®), oxidation of terephthalic
acid (TA) to hydroxyterephthalic acid (TAOH) was monitored to
evaluate the efficiency of HO" generation. The photocatalysts
were irradiated with UV-vis light (A > 320 nm) in aqueous
solutions of TA. The rate of TAOH formation (Fig. S71) reflects
the efficiency of HO® generation: A3 appeared the most active
sample, however, A1 and HN3 materials also showed significant
photoactivity. This observation can be explained by the gener-
ation of holes with relatively higher oxidative potential by these
samples.

Photocatalytic hydrogen production

The hydrogen evolution rate (HER) values obtained on the
annealed HSGT-v materials under UV irradiation starting from
a 5 wt% glycerol solution at the spontaneous pH are shown in
Fig. 6a. As expected, no H, production was observed for
a photolysis test (not reported). The highest HER values were
obtained for N3 and HN3 samples, 375 and 424 pmol h™" g.q.
respectively, while lower H, generation was detected for the
other samples. However, all HER values, except for A3, are
higher than 200 umol h™" g.,.* (at 100 mW cm 2 light inten-
sity), which is a benchmark value reported in recent research
studies about the photocatalytic performances of defective TiO,
without co-catalyst (in methanol aqueous solution).® In most
cases, the H, production from defective titania is accompanied
by the use of co-catalysts based on noble metals (in particular
platinum). For instance, Zhao et al. reported a HER of about
2500 umol h™" g.,. " obtained from methanol aqueous solution
(30 vol%) on defective TiO, loaded with 1 wt% Pt, but reported
no H, production data without Pt.” Other recent papers focused
on the photocatalytic H, production using defective TiO,
without co-catalyst. For example, TiO, nanotubes were tested in
the absence of noble metals, obtaining a HER of about 6 pmol
h™" em™2* while for hydrogenated anatase HER values not
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higher than 155 pmol h™" g., ' were reached under solar
simulating lamp with 100 mW c¢m™? light intensity.’* On the
other hand, the apparent quantum efficiencies (AQE) reported
in Table 2, evaluated for 4 h UV irradiation as described in the
eqn (3) (Experimental), evidence values higher than 1% for N3
(1.2%) and HN3 (1.3%), which are much higher than that
observed in literature for unmodified TiO, in the photo-
reforming of glycerol.”” Higher AQE values were obtained only
in presence of noble metal-based co-catalysts, for instance Ag,0O
(AQE of about 4% after 4 h of irradiation).” Therefore, our
results appear outstanding with respect to those reported in the
current literature dealing with similar photocatalytic systems.

The ability of a photocatalytic material to operate a reaction
(e.g. water splitting) is defined by its electronic structure in
terms of relative positions of valence and conduction band
edges. Based on the band gap (£;) and valence band edge (Evg)
energy values it is possible to calculate the conduction band
edge (Ecg) energy value (vs. absolute vacuum scale, eV) accord-
ing to Ecg = Evp + Eg. All HSGT-v annealed samples exhibit the
same E, value (3.1 eV) as estimated by PL and UV-vis-DRS
analyses. The Ecp and Eyg potentials (vs. NHE, V) were calcu-
lated considering the Eyg values (vs. absolute vacuum scale, eV)
estimated by XPS analysis and the work function of the XPS
instrument (@.x, = 4.0 €V vs. absolute vacuum scale), using 4.5V
as a scale factor (Table 3). It should be noted that all the Eyp
values result more positive than the oxidation potential O,/H,O
(+1.23 V vs. NHE) and, simultaneously, all the Ecg values result
more negative than the reduction potential H'/H, (0 V).
Therefore, the electronic structure of all the annealed HSGT-v
samples satisfies the thermodynamic requirements for the
photocatalytic H, production by water splitting reaction.”™

To analyze the kinetic aspects, the HER values were
normalized with respect to the specific surface area (SSA) of
each sample (n-HER, Fig. 6b). The samples annealed in N, or
H,/N, exhibit much higher n-HER values than those annealed
in air, with N3 showing the best performance. This result can be
explained considering the concurrent effects related to the
defective structure and the morphology of these materials
formed by TiO, anatase nanocrystals incorporated in an amor-
phous and graphitic carbon matrix (Fig. 1). In agreement with
TG/DTA data the annealing in reducing atmospheres results in
the formation of a larger (about three times) amount of carbon
than the annealing in air. This causes a dramatic reduction of
the SSA values reaching 4 m”> ¢ ' in N3 (see Table 2). Therefore,
to analyze the trend of n-HER values we separately compare the
samples annealed in air and the ones annealed in N, or H,/N,.
A3 shows a n-HER value lower than that of A1. A3 contains more
total carbon, but insignificant graphitic carbon on the surface
(see Raman spectra, Fig. 2b), indicating the relevance of the
graphite phase and a likely contribution of oxygen vacancies.
Considering the trend of n-HER of the samples annealed in
reducing atmospheres, besides the effects of the graphitic
phase and of the oxygen vacancies, another contribution should
be considered. Under UV irradiation electrons localized on
carbon radicals, whose density appear enhanced in the EPR
spectra of these samples, can be directly injected into CB. N3
exhibits the highest n-HER and the larger carbon content and

This journal is © The Royal Society of Chemistry 2020
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production after 4 hours of UV irradiation for successive reuse cycles of N3 sample; glycerol initial concentration: 5 wt%; pH = 6. (d) Photo-
catalytic hydrogen production during the irradiation with UV and visible light for N3 sample. Catalyst dosage: 1.5 g L™ glycerol initial

concentration: 5 wt%; pH = 6.

radical density, while HN3 shows a higher n-HER than HN1
despite their similar carbon content, suggesting that in H,/N,
annealed samples the oxygen vacancies have a greater influence
on the photocatalytic activity. It should be noted that the trend
of n-HER values well agrees with the PL emission intensities
under the same annealing atmosphere, since a lower PL
intensity is usually related to the lower recombination rate of
the e /h" pairs (see Fig. 5b).

Based on the above observations N3 was chosen to investi-
gate the influence of operating conditions on the photocatalytic
H, generation.

The optimal photocatalyst dosage was evaluated exploring
the 0.75-2.0 g L' concentration range under UV light irradia-
tion for 4 hours (Fig. S81). It was found that the photocatalytic
efficiency increases with the catalyst dosage up to 1.5 g L™ "
(2540 pmol L™") and then does not change increasing the
dosage up to 2.0 g L™, keeping about the same value of H,
production. This shows that the whole amount of catalyst used
in the test is well exposed to light radiation at 1.5 ¢ L™ " dosage.
At higher concentration the lack of improvement can be
explained assuming that the excess of photocatalyst does not
participate in the reaction probably due to both an increased
turbidity of the suspension and to the scattering effects of
catalyst particles.”

The recyclability is one of the most important aspects to be
considered in the formulation of a new photocatalytic mate-
rial.”® To check the recyclability of N3 sample, the H, production
tests were repeated up to 5 cycles (Fig. 6¢). At the end of each

This journal is © The Royal Society of Chemistry 2020

test, the catalyst was recovered by centrifugation and dried at
room temperature for 48 hours. No regeneration step was
carried out on the recovered catalyst. It is worthwhile to note
that almost the same amount of H, was obtained in all the reuse
cycles, being in the range 2300-2500 pmol L', These results are
consistent with the photocatalytic data reported in literature for
black TiO, with and without the use of a co-catalyst'® and
emphasize the stability of the N3 photocatalyst in the H,
production from glycerol aqueous solution.

The H, production activity of the N3 photocatalyst under
visible light irradiation was also evaluated, reaching a value of
1204 umol L' after 4 hours of irradiation (corresponding to
200 umol h™" g™') (Fig. 6d). This result is very interesting since
it confirms the ability of the optimized N3 photocatalyst to
produce H, in the absence of a co-catalyst also under visible
light. In literature few works report the photocatalytic activity of
black TiO, and hydrogenated TiO, under visible light irradia-
tion without noble metals, and in most cases the photocatalytic
activity is reported in the presence of simulated solar light,
which includes a certain fraction of UV radiation.'>*° In a recent
paper, the H, production from only water splitting reaction,
using black TiO, without co-catalyst and under visible light, has
been reported as 0.045 umol H, g~ " after 18 hours.”” The visible
light activity of the N3 photocatalyst may be explained consid-
ering the above discussion and recent literature findings which
underlined that the presence of paramagnetic Ti*" states could
act as recombination centers for charge carriers, suppressing
the visible light photoactivity."* The XPS analysis excludes the
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presence of Ti’" on the studied samples and the EPR and PL
spectra display signals that can be related to trapped electrons
localized either on oxygen vacancies or on carbon radicals.
Moreover, the strong absorption in the whole visible light
region observed despite the absence of band gap narrowing
appears to benefit the photocatalytic performances under
visible light irradiation.” Therefore, the visible light driven H,
evolution is related to the presence of specific defect centers
acting as catalytic reactive sites: the carbon species and the
oxygen vacancies. These defects allow to obtain enhanced
photoactivity also in the absence of Ti** ions by two synergistic
effects: reducing the electrons-holes recombination rate and
increasing the visible light absorption.

Conclusions

Band gap narrowing and Ti**-self doping are considered two
essential electronic features for TiO,-based materials, which
allow visible light harvesting and hydrogen production by
a photocatalytic route, respectively. In this work, we have ob-
tained TiO,/C bulk heterostructures which exhibit remarkable
visible light photoresponsivity and impressive H, evolution
rates under both UV and visible light irradiation. They are
formed by defective anatase TiO, nanocrystals, characterized by
the same band gap of pristine TiO, (3.1 eV) and whose structure
contains oxygen vacancies without Ti**, embedded in a carbo-
naceous matrix. These materials were synthesized under mild
conditions, by heating a hybrid TiO,-acetylacetonate gel at
400 °C for 1 or 3 h under different atmospheres (air, N,, H,/N,).
Regardless of atmosphere the pyrolysis of the organic phase
belonging to the dried gel results in the formation of a carbo-
naceous matrix, formed by amorphous and crystalline sp>
carbon atoms, in which the anatase TiO, nanocrystals are
incorporated. The graphitic phase, the carbon radicals and the
oxygen vacancies with a trapped electron (F*-centers) play a key
and synergistic role in determining the ability to give
outstanding and stable H, production under UV and visible-
light irradiation without metallic co-catalysts. These perfor-
mances were obtained using glycerol as electron donor and
represent a promising step in the development of the exploita-
tion of this biomass-derived compound. Furthermore, photo-
current and HO" photogeneration tests evidenced also an
interesting oxidative ability of some of the materials, particu-
larly those calcined in air, suggesting their potential for other
photocatalytic processes.

Experimental
Synthesis of the materials

The TiO, materials were synthesized by a hydrolytic sol-gel
route at room temperature. Titanium(iv) n-butoxide (97+%),
acetylacetone (Hacac) (99+%), 1-propanol (99.80+%) and
hydrochloric acid (37 wt%) were provided by Sigma-Aldrich and
used as received. From a solution with molar ratios
Ti : Hacac : propanol : water 1:0.4:5:10 a homogeneous
chemical gel was obtained, as described in a previous work.>
The gel dried at 30 °C in an air-ventilated oven for a few days was
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named HSGT (hybrid sol-gel titania), while a wet gel dried in
a vacuum oven was named HSGT-v. The xerogels were ground
and finally annealed at 400 °C in a tubular furnace in different
conditions, as reported in Table 1. It is relevant to note that the
SA1 and SA3 samples were obtained by heating the HSGT dried
gel at 400 °C for 1 or 3 hours, respectively, in a furnace with the
ends of the quartz tube open to air (static air conditions), while
the A1 and A3 samples were obtained by heating the HSGT-v
dried gel at 400 °C for 1 or 3 hours in laminar air flow, by
analogy with the treatments carried out in N, (N1 and N3
samples) and in 3% H,/N, mixture (HN1 and HN3 samples).

Characterization

X-ray diffraction (XRD) measurements were performed with
a Philips X'PERT-PRO diffractometer by using mono-
chromatized CuKa radiation (40 mA, 40 kV) with a step width of
0.013° 26. The average size of TiO, anatase nanocrystals was
evaluated by Scherrer's equation using the FWHM of the (101)
peak, centred at 25.3° 26.

Field emission scanning electron microscopy images were
obtained with a FEI Nova NanoSEM 450 emission SEM at an
accelerating voltage of 5 kV (range of acceleration voltage: 50 V
to 30 kV) equipped with an Everhart Thornley detector (ETD)
and a Through-Lens-Detector (TLD). The samples were first
sputter coated with a thin layer of Au-Pd alloy in order to
prevent charging of the surface.

TEM micrographs were collected using a FEI TECNAI G2 S-
twin apparatus operating at 200 kV (LaB, source). The powder
samples were transferred on carbon-coated copper grids by
dispersing them in ethanol and then adding one drop on the
copper grid and evaporating the solvent.

Raman spectra were acquired with a Dispersive MicroRaman
spectrometer (Invia, Renishaw) with a 514 nm diode-laser. The
laser power was set at 25 mW and each sample was exposed to
the laser beam with accumulation time of about 1 min. Curve
fitting analysis of the experimental D and G Raman lineshapes
to a set of Gaussian functions was performed using Origin 8.5
software with non-linear least squares fitting based on the
Levenberg-Marquardt method.

Thermogravimetric and differential thermal analysis (TG/
DTA) were performed by a TA Instrument simultaneous ther-
moanalyser (SDT Q600), heating in air at 10 °C min~" rate.

X-ray photoelectron spectroscopy (XPS) experiments were
carried out using a PHI Quantera®*™ spectrometer (ULVAC PHI,
Chanhassen, MN, USA) equipped with a monochromatic Al Ko
X-ray source. Photoelectron spectra were recorded in fixed
analyser transmission mode; the pass energy value was set at
69 eV and 280 eV for the narrow scan and the survey spectra,
respectively. The binding energies were referred to C 1s peak at
285.0 eV. More details on the instrument setup, calibration and
data processing are provided elsewhere.”

Electron paramagnetic resonance (EPR) spectra were recor-
ded on the solid samples using an X-band (9 GHz) Bruker Elexys
E—500 spectrometer (Bruker, Rheinstetten, Germany). The
capillary containing the sample was placed in a standard 4 mm
quartz sample tube. Measurements were performed at 25 °C.

This journal is © The Royal Society of Chemistry 2020
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The instrumental settings were as follows: sweep width, 140 G;
resolution, 1024 points; modulation frequency, 100 kHz;
modulation amplitude, 1.0 G; time constant, 20.5 ms, attenua-
tion, 10 dB. The g-factor value and the spin density of the
samples were evaluated by means of an internal standard, Mn>*-
doped MgO and calibrated with reference to a diphenylpi-
crylhydrazyl (DPPH) standard solution. For power saturation
experiments, microwave power was gradually incremented from
0.001 to about 100 mW.?® Elaboration and curve fitting of the
spectra were performed using Xepr software (Bruker).

Terahertz Time Domain Spectroscopy (THz-TDS) trans-
mission measurements have been carried out by means of
a femtosecond laser driven all fiber coupled THz spectrometer
(Menlo Systems). Photoconductive antennas are used for both
THz generation and detection, and TPX (Polymethylpentene)
lenses to collimate and focus the broad THz frequency range
onto the samples. The time domain signal passing through the
sample at normal incidence and the free space (reference)
signal are acquired separately. Once the time domain signals
are transferred in the frequency domain by applying a Fast
Fourier Transform (FFT), the material transfer complex func-
tion T(w) can be extracted from the ratio of the electric field
transmitted through the sample, E5(w), and the reference signal,
E(w).

T(w) correlates with the amplitude and phase changes in the
transmitted signal due to refraction (n) and absorption (k)
inside each sample. Once the complex index of refraction
filw) = n(w) + ik(w) is extracted from the transfer function, the
complex dielectric function & = ¢ + ¢”, where ¢’ = n*> — k> and ¢"
= 2nk, can be evaluated. All samples were investigated in
pressed pellets having 1 cm in diameter. Pellets of HSGT-
derived samples (SA1 and SA3) are prepared from pure
powders, whereas HSGT-v-derived samples, due to their highly
absorptive nature, are first mixed with pure KBr with a weight
ratio 1:5 and then pressed into disk form, following the
procedure successfully used in a previous work.*® Considering
the possible dishomogeneities due to the KBr mixing, the
measurements on HSGT-v-derived pellets are carried out in 5
different spots for each sample. Multi-spot measurements have
shown a 10% standard deviation in the transfer function, con-
firming a high degree of homogeneity.

The dielectric response of the mixture is retrieved from the
frequency domain analysis by using a commercial software
(TeraLyzer) which utilizes an algorithm based on the iterative
minimization of the discrete peaks originated from the multiple
reflections inside the target due to periodic Fabry-Perot oscil-
lations.” With the same algorithm, one can determine the
thickness for each pellet with high precision. Then, the intrinsic
dielectric properties of the mixed pellets are extracted by using
the Landau-Lifshitz-Looyenga equation model under the mean
field theory assumption.®

The dielectric behaviour of the samples can then be
described invoking the standard Drude-Smith (DS) theory,
commonly used to model carriers undergoing restricted
motion.** Assuming a reasonably strong charge carrier locali-
zation, the formula for &w) in the DS model under single-
scattering approximation is given by the eqn (1):
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where ¢, is the background permittivity, w = 27 is the radial
frequency, w, = 1/t is the relaxation frequency (7 is the carrier
collision time) and wy, is the plasma frequency. ¢, accounts for
the fraction of charge carriers initial velocity retained after one
collision only. This formula is frequently used to describe the
transport properties in a large number of nanomaterials in the
THz band.**

The corresponding complex conductivity can be obtained
using the expression: (w) = —i[&(w)—¢« |eow, Where & is the free
space permittivity.

The surface impedance (Zs) for an ideal system was deter-
mined by the eqn (2):**

LWLy
Zw) = o(w) + iweg 2)
where u, is the free space permeability and ¢(w) is the bulk
conductivity.

Ultraviolet-visible light diffuse reflectance (UV-vis DRS)
spectra were recorded in the 200-800 nm range using
a double beam Jasco spectrophotometer. Samples were mixed
with BaSO,, used as standard. The measured intensity was
expressed as the value of the Kubelka-Munk function F(R).

Steady-state photoluminescence (PL) spectra were recorded
exciting the sample by a continuous light emission He-Cd laser
at 325 nm (KIMMON Laser System). PL was collected at normal
incidence respect to the surface of samples through an optical
fiber, dispersed in a spectrometer (Princeton Instruments,
SpectraPro 300i), and detected using a Peltier cooled charge
coupled device (CCD) camera (PIXIS 100F). A long pass filter
with a nominal cut-on wavelength of 350 nm was used to
remove the laser line at monochromator inlet.

The specific surface area (SSA) determination was performed
using BET method by N, adsorption at —196 °C with a Costech
Sorptometer 1042 after a pretreatment of the sample at 150 °C
for 4 hours in He flow (99.9990%).

Redox properties and density of electronic states (DOS) of the
materials were determined using a combination of electro-
chemical measurements and UV-vis diffuse reflectance spec-
troscopy. The spectroelectrochemical measurements were
carried out in a three-electrode system using Pt as counter and
Ag/Ag" (10 mmol L™ AgNO; in 0.1 mol L™ Bu,NCIO, in aceto-
nitrile) as reference electrodes, respectively. As a working elec-
trode platinum foil (ca. 3 cm?) covered by the studied materials
was used. The electrodes were placed in a cuvette with a quartz
window filled with 0.1 mol L™ ! LiClO, acetonitrile solution as the
electrolyte. The cuvette was then placed in front of the integrating
sphere, with working electrode oriented toward the light beam.
Prior to (15 min) and during the experiment argon was purged in
order to remove dissolved oxygen. The electrochemical part of
measurements was performed with a Bio-Logic, SP-150 poten-
tiostat. The applied potential was lowered every 10 min by 25 mV.
The relative reflectance was collected by PerkinElmer UV-Vis
Lambda 12 spectrophotometer equipped with a 5 cm diameter
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integrating sphere. The relative reflectance was converted to the
Kubelka-Munk function changes (AKM). The density of states
was calculated as a difference in the Kubelka-Munk function
between each applied potential at 600 nm.

Photocurrent measurements were performed with a photo-
electric spectrometer (Instytut Fotonowy) and a three electrodes
configuration with Ag/AgCl as the reference electrode and
platinum wire as the counter electrode. The working electrode -
a thin layer of the material - was deposited at the surface of ITO-
coated transparent foil (60 Q sq~" resistance, Sigma-Aldrich).
The electrolyte (0.1 mol L™! KNO;, pH = 6.1) was purged with
argon for 15 min prior to and during the measurement. The
working electrodes were irradiated by xenon lamp in the range
of 330-500 nm with 10 nm step. The irradiation was carried out
from the backside through the ITO layer. The incident photon-
to-current conversion efficiency (IPCE) was calculated based on
photocurrents and incident light power. In order to determine
the effect of glycerol additive on the value of photocurrents, the
measurement was carried out twice with the same working
electrode, adding 5 wt% glycerol to the electrolyte before the
second measurement.

Photocatalytic experiments

The photocatalytic experiments for hydrogen production were
carried out in a pyrex cylindrical reactor (ID = 2.6 cm) equipped
with an N, distributor device (Q = 0.075 N L min ") to assure
the absence of O, during the tests. The photoreactor was irra-
diated by four UV lamps (Philips, nominal power: 8§ W each)
with main emission peak at 365 nm or by four visible lamps
(Philips, nominal power: 8 W each) with spectral emission in
the range 400-650 nm. The lamps surrounded the photoreactor
external surface and were positioned at an equal distance from
it (about 30 mm) in order to uniformly irradiate the suspension.
The photon flux at reactor external surface was about 25 and 26
mW cm 2 for UV and visible lamps, respectively. The value of
photon flux was obtained through actinometrical technique by
means of a spectro-radiometer (StellarNet Inc).** To ensure the
complete mixing of the suspension in the reactor, a peristaltic
pump (Watson Marlow) was used. In a typical photocatalytic
test, a glycerol aqueous solution with initial concentration
equal to 5 wt% was used. The treated solution volume was 80
mL. The photocatalytic hydrogen evolution rate was evaluated
at the spontaneous pH of the solution (pH = 6) and at different
photocatalyst dosages (in the range 0.75-2 g L™"). Before the
irradiation, the suspension was stirred in the dark for 2 hours,
in order assure the adsorption-desorption equilibrium of glyc-
erol on the photocatalyst surface, and then the reaction was
started under UV or visible light up to 4 hours. The analysis of
the gaseous phase coming from the photoreactor was per-
formed by using a continuous analyzer (ABB Advance Optima
A02020 equipped with a thermal conductivity detector, TCD) to
measure the H, concentration during the irradiation time. The
effect of catalyst dosage, reusability of the optimized photo-
catalyst as well as the influence of the light source (UV or visible
light) was evaluated. The apparent quantum efficiency (AQE)
was calculated according to the eqn (3):%
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x 100 (3)

where N} is the number of incident photons at the external
surface of the reactor, ¢ is the irradiation time, Ry, is the ob-
tained hydrogen production rate and N, is the Avogadro
number.
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