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Abstract

Photoinduced hydrogen production is a promising green strategy to store the power from
the Sun as chemical energy. One major challenge is to obtain efficient photocatalytic
systems without employing noble metals. In this contribution we combine different shape-
controlled bipyramidal or nano-sheet anatase TiO2 nanoparticles, preferentially exposing
{101} or {001} facets, and MoxC as co-catalyst to realize noble metal-free photocatalysts.
The effect of TiO2 morphology on the functional properties and efficiency of the final
composite materials in the photocatalytic H2 production is carefully assessed combining
powder X-ray diffraction, transmission electron microscopy, X-ray photoelectron
spectroscopy, UV-Vis diffuse reflectance spectroscopy, photoluminescence, transient
photocurrent and electrochemical impedance spectroscopy. Engineered MoxC/TiO2
interfaces, which exploit the superior reducing ability of the anatase (101) surface, result to

be particularly active in the photocatalytic H2 production from ethanol aqueous solutions.
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1. Introduction

The harnessing of solar radiation for energy purposes is a crucial step for a sustainable
future and its efficient storage is one of the major challenges. In this respect, hydrogen is a
promising energy vector to store the power from the Sun as chemical energy. Moreover, Hz
is an enabling molecule for the production of ammonia, carbon-based fuels and chemicals.
For these reasons, in the last years huge research efforts have been devoted to improve the
efficiency of photocatalytic water splitting and organics photoreforming processes, which
allow obtaining clean hydrogen [1, 2].

In this scenario, TiO2 is a key photoactive semiconductor and different studies tried to
improve its performance by controlling its crystal structure, particle size, surface properties
and morphology [3-5]. In particular, shape-engineering has recently emerged as a power
tool to optimize the NPs physicochemical properties [6, 7]. Concerning the anatase TiO2
crystalline phase, the use of suitable capping agents (e.g. fluorides) allows obtaining NPs
which preferentially expose {001} facets [8], which are usually considerably less stable than
the {101} ones [9]. The different NP morphology can have a strong impact on the material
surface properties [10-12] and, hence, on its functional performance [13-15]. For instance,
it has been reported that {101} facets favour the electron (e°) transfer from the metal oxide
to water, accelerating the rate of hydrogen photoproduction [16]. Conversely, holes (h*)
should preferentially migrate toward {001} facets where the oxidation processes should take
place [16]. Since a suitable balance between the oxidation and reduction reactions is needed,
many researchers tried to find the best combination of different anatase TiO2 facets to
maximize charge separation and, thus, photocatalytic activity [17-21]. However, this issue is
still matter of a lively debate in literature.

Another important aspect is the surface modification of the TiO2 NPs by addition of co-
catalysts to improve the charge carrier separation and to facilitate the Hz photocatalytic
production. For this purpose, Pt, Ag, Pd or Au NPs are the most employed materials [3, 22].
The addition of noble metals to the semiconductor, decreases the Hz-evolution overpotential
and contributes to the suppression of recombination between h* and e". However, huge

research efforts are devoted to develop noble-metal-free co-catalysts [23]. Transition metal
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carbides such as MoxC and WxC, are known to display versatile catalytic properties, similar
to the Pt-group elements, being stable, cheaper and with the advantage of the abundance
of Mo and W [24-27]. In this context, MoxC and WxC have been widely studied as catalysts
for different electrochemical and chemical processes and they are considered promising
candidates to be used as co-catalysts in the photocatalytic hydrogen production [28-33].
Indeed, the presence of MoxC or WxC on the surface of the semiconductor, can favor the
transfer of the photogenerated e to the H*, and therefore the H2 generation. Moreover, the
creation of heterojunctions can have a positive effect, as demonstrated in the case of WC-
Mo2C for the photocatalytic hydrogen production from methanol solutions [34]. Interestingly,
also MoC-Mo2C heterostructures have shown a synergistic effect improving the
electrocatalytic H2 evolution reaction [35].

Based on the literature results discussed above, in this work, we decided to combine shape-
controlled TiO2 NPs with molybdenum carbide, containing both MoC and Mo2C phases, as
co-catalyst, to obtain an efficient noble-metal-free photocatalyst for hydrogen production. In
particular, we compare three different kinds of shape-engineered anatase TiO2 NPs with
different {101}/{001} facet ratio, ranging from 0.3 to 9. The deposition of previously
synthesized MoxC, onto shape-engineered anatase TiO2 NPs allowed us to report, for the
first time, the co-catalyst effect of MoxC as a function of the anatase TiO2 NPs shape. The
samples were tested in the photocatalytic hydrogen production from ethanol aqueous
solutions since biomass-derived ethanol is the biofuel produced in the largest amount
worldwide and, thus, it is considered a promising renewable feedstock for H2 production

using catalytic reforming technologies [36, 37].

2. Experimental

2.1 Materials synthesis

TiO2 nano-sheets (TiO2(NS)-F). The synthesis of TiO2 nano-sheets was performed by a
solvothermal method, following an established literature procedure [38]. In a typical
synthesis, 25 ml Ti(OBu)4 (Aldrich reagent grade 97%) was poured into a Teflon lined

stainless steel reactor and 3.5 ml of concentrated hydrofluoric acid (Aldrich reagent grade
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47%) was added dropwise under stirring. The reactor was sealed and kept under stirring at
250 °C for 24 hours. The resulting paste was centrifuged and washed several times with
acetone to remove the residual organics and then with water (Milli-Q). The final aqueous
suspension was freeze-dried obtaining a bluish powder (the color is due to F- doping).
Thermally treated TiO2 nano-sheets (TiO2(NS)-600). For a complete removal of the
fluorides from the nanoparticles, the as-synthesized (TiO2(NS)-F) nano-sheets were heated
at 600 °C for 1 hour in air (heating ramp 6 °C min-'). The resulting powder was white.

TiO2 bipyramids (TiOz(bipy)). The synthesis of TiO2 truncated bipyramids was obtained,
employing an already well-established procedure [39, 40], by forcing the hydrolysis of a 65
mM aqueous solution of Ti(TEOAH)2 complex (TEOAH = triethanolamine; initial pH 10) by
a hydrothermal treatment at 220 °C for 50 hours in autoclave. TEOAH was used also as
capping agent to induce the growth of the (101) surface. The material was then heated at
600 °C for 1 hour in air atmosphere (heating ramp of 6 °C min').

MoxC nanoparticles. MoxC was synthesized using a novel sol-gel method, based on a
procedure previously developed by some of us [41]. MoCls (Aldrich reagent grade 95%) and
4,5 dicyanoimidazole (DI) (Aldrich reagent grade 99%) were used as metal and carbon
sources, respectively. In brief, 5.6 mmol of MoCls and 2.8 mmol of DI were added into a 15
mL of ethanol under stirring. Afterwards, the sample was treated at 60 °C in an oven under
air and a gel was formed. The gel was then treated under Ar flow in a tubular reactor, with
an increase of temperature of 2.5 °C-min~', up to 700 °C. The system was kept at 700 °C
under Ar flow for 5 h, and then it was cooled down to room temperature.

MoxC/TiO2 photocatalysts. TiO2 NPs and the required amount of MoxC for obtaining a Mo
content of about 1 %wt, were dispersed in ethanol and treated under Ar flow with ultrasounds
(SONICS VCX 500) at 30 °C for 1 h and 250 W. Then, ethanol was carefully evaporated
under continuous stirring at 50 °C under Ar flow. The photocatalysts were labelled
MoxC/TiO2(NS)-X (X = F, 600) and MoxC/TiOz(bipy).

Commercial (Degussa (Evonik)) Aeroxide TiO2 P25 was used as reference material (TiO2

P25).



2.2 Characterization

The Mo content in the samples was determined by inductively coupled plasma atomic
emission spectrometry using a Perkin Elmer Optima 3200RL equipment.

N2 adsorption—desorption isotherms were recorded at -196 °C using a Micromeritics Tristar
[ 3020 equipment. Samples were previously degassed under Ar flow at 100 °C. The specific
surface area (Sser) was calculated by multipoint Brunauer Emmet Teller (BET) analysis of
the adsorption isotherms.

Powder X-ray diffraction (XRD) patterns of the prepared samples were recorded using a
PANalytical X’Pert PRO MPD Alpha1 powder diffractometer equipped with Cu Ka1 radiation
(A=1.5406 A) at 45 kV — 40 mA with a X'Celerator Detector (Active length = 2.122°) in the
range of 20 scan 10-100° with a step size of 0.017° and counting time of 80 s per step. A
semiquantitative phase analysis was performed in as synthesized MoxC nanoparticles,
using accurate area intensities and the reference intensity ratios in the corresponding
powder diffraction file [42]. The crystallite sizes were calculated using the Scherrer equation.
The scanning electron microscopy (SEM) images of the pure TiO2 nanoparticles were
collected with a SEM of type Zeiss Supra 40, equipped with a Schottky field emitter and
operating at 10 kV. SEM-EDX maps were acquired employing a FESEM TESCAN S9000G.
The high-resolution transmission electron microscopy (HR-TEM) of MoxC/TiO2-(NS)-X and
MoxC/TiO2-(bipy) samples were acquired on a JEOL JEM-2100 working at 200 kV.

The characterization by X-ray photoelectron spectroscopy (XPS) was performed using a
Perkin Elmer PHI-5500 Multitechnique System with a hemispherical electron energy
analyser and a 1486.6 eV Al Ka radiation. The adventitious C 1s peak at 284.8 eV, which
was previously determined in the same equipment using Au as reference, was taken as
reference of binding energy values. Deconvolution of XPS peaks was carried out using the
MultiPak XPS software.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was performed using a Perkin Elmer
Lambda 950 UV-vis Spectrometer with a 3 nm slit width and a speed of 655 nm min~'; BaSO4
was used as reference. Band-gap values were determined from the corresponding Tauc plot

and the approach reported in [43].



Photoluminescence (PL) measurements were obtained at room temperature using a Jobin-
Yvon LabRam HR 800 dispersive spectrometer, coupled to an optical microscope Olympus
BXFM (40x NUV microscope objective). The CCD detector was cooled at -70 °C. The
employed excitation laser line was at 325 nm and the dispersive grating was 300 lines/mm.
The transient photocurrent and the electrochemical impedance spectroscopy (EIS)
measurements were carried out using a computer-controlled potentiostat (VMP3, BioLogic
Science Instruments) with an undivided three-electrode cell. The counter electrode,
reference electrode, and working electrodes were a Pt wire, a Ag/AgCI (3 M KCI) electrode,
and the photocatalyst electrode (1 cm? geometric area), respectively; a 0.5 M Na2SOs
aqueous solution was used as electrolyte. EIS measurements were carried out at in the
frequency range of 100 kHz to 0.1 Hz. Measurements under illumination were performed
using a 150 W AM 1.5G solar simulator (Solar Light Co., 16S-300-002 v 4.0) with an incident
light intensity set at 1 Sun (100 mW cm™2).

2.3 Photocatalytic hydrogen production experiments

The tests were carried out at atmospheric pressure and 20 °C in a jacketed glass reactor
designed for continuous gas flow operation and equipped with a condenser, kept at -20 °C,
at the outlet. A broad-spectrum UV-visible Hg lamp (Ace-Hanovia, maximum power at A=
366 nm, emission spectrum shown in Figure S1), was placed inside the reactor in a water-
cooled jacket. For all the experiments, 250 mg of the photocatalyst, previously degassed
under vacuum at 100 °C, and 250 mL of an ethanolaq) (25 % Vv/v) solution, previously purged
with Ar, were employed. After 30 min of stirring under dark and N2/Ar flowing, the solution
was irradiated and, after 10 min of light on, the evolved gaseous products were periodically
sampled at the outlet and on-line analysed using a Varian CP-4900 micro gas
chromatograph provided with micro TCD detectors and two modules equipped with 10 m
PPQ (He carrier) and 10 m molecular sieve 5A (Ar carrier) columns, detection limit for Hz,
50 ppm. The filtered liquid products were separately analyzed by gas chromatography at the
end of the photocatalytic test (4 h) in a Bruker 450 GC equipment, with CP-Sil 8 CB and

WAX columns and a FID detector.



For the reusability test, once the first photocatalytic test ended, the light and stirring were
switched off. After that, the reactor was flushed with argon and kept under argon atmosphere,
in dark, overnight. Then, a second photocatalytic test under the same experimental

conditions was carried out.

3. Results and discussion

3.1 Structural, morphological and chemical characterization of the TiO2 and
MoxC/TiO2 nanoparticles

As stated in the experimental section, three pure anatase materials with shape-
controlled nanoparticles were synthesized following well stablished methods [39, 44].
Representative SEM images of the shape-controlled TiO2 nanoparticles are reported in
Figure 1. As visible in Figure 1A, the TiO2(NS)-F sample is composed of nanosheets, this
sample was synthesized in the presence of fluorides as shape controllers and, therefore,
mainly exposes the {001} facets (~ 80%) and only ~ 20% of the {101} one (for the details of
the calculations of the percentage of exposed facets see Table S1 and Figure S2 in the
Supporting Information). As highlighted in previous studies [39, 44], in which a more detailed
morphological and surface characterization is reported, these NPs contain fluorides both
adsorbed on the surface and in their bulk.

Calcination in air at 600 °C of TiO2(NS)-F NPs results in the TiO2(NS)-600 sample,
which still shows a nanosheet shape (Figure 1B), but it is completely free from fluorides as
it has been previously verified by combined TOF-SIMS, XPS, SEM-EDX, AES analyses [44].
However, the thermal treatment induces a sintering between pair of platelets, occurring
through their basal (001) surfaces (Table 1), and, therefore, a decrease in the BET specific
surface area and in the relative abundance of the {001} facets, accounting now for ~ 60% of
the exposed terminations, occurs [44, 45].

Finally, TiO2(bipy) (Figure 1C), obtained without the use of fluorides, exhibit a
bipyramidal shape which is dominated by {101} facets (90%) [44]. Its BET specific surface
area is in-between those of TiO2(NS)-F and TiO2(NS)-600 samples (Table 1).



Figure 1. SEM images of TiO2(NS)-F (A), TiO2(NS)-600 (B) and TiOz(bipy) (C) samples.



Table 1. Main characteristics of pure and MoxC-loaded TiO2 samples: average dimension of
crystal domains obtained by Scherrer analysis of the 004 and 200 XRD peaks; BET specific

surface area; Mo content; bandgap energy values.

doos d2o0 BET SSA Mo content Bandgap

Catalyst (m)  (m)  (mg) (Wt%) (eV)
TiOz(NS)-F 13 54 36 - 3.27
TiO2(NS)-600 31 53 20 -- 3.25
TiOx(bipy) 40 31 27 - 3.10
MoxC/TiO2(NS)-F 14 56 26 0.96 3.27
MoxC/TiO2(NS)-600 30 53 9 0.73 3.26
MoxC/TiOx(bipy) 36 29 15 0.69 2.92

X-ray diffraction (Figure 2) was employed to verify the crystal phase of the TiO2 NPs,
which was confirmed to be pure anatase (ICDD PDF 00-021-1272) for all materials.
Concerning the XRD pattern of pure MoxC NPs (bottom part of Figure 2 and Figure S3), we
can identify the characteristic XRD peaks of the hexagonal Mo2C (ICDD PDF 04-014-1517)
and cubic MoC (ICDD PDF 04-003-1480) phases. A semiquantitative phase analysis was
performed by carefully fitting the XRD peaks of the two phases and considering the
reference intensity ratios in the corresponding powder diffraction file [42]. The phase
distribution in pure MoxC NPs was found to be of about 14% of hcp Mo2C and 86% of fcc
MoC with average crystallite sizes of 11 nm and 4 nm for hcp Mo2C and fcc MoC,
respectively.

In the patterns of the different MoxC/TiO2 samples (Figure 2), only characteristic
anatase peaks were found. It was not possible to find XRD signals of molybdenum carbides
or other Mo-containing phases owing to the low Mo content, which was in the 0.7-1 % wt/wt

range (see Table 1).
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Figure 2. XRD patterns of the pure and MoxC loaded TiO2 samples. Reference hcp Mo2C

and fcc MoC patterns are also reported.

The composite materials were studied also by TEM, which confirmed that the
molybdenum carbide deposition does not significantly modify the TiO2 bipyramids and nano-
sheet morphology (Figure 3A, C and E). High resolution images (Figure 3B, D and F) allow
visualizing small particles of MoxC co-catalyst, which resulted to be well dispersed on the
TiO2 surfaces, as confirmed also by the SEM-EDX analysis performed on the
MoxC/TiO2(bipy) sample (Figure S4). As visible in the histograms reported in Figure 3, in all

cases, a bimodal particle size distribution was observed: small MoxC NPs with a mean size
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of about 4-6 nm and less abundant and bigger MoxC NPs (11-12 nm) were found. This result
is in agreement with the phase distribution determined by XRD for the MoxC NPs used in
the preparation of MoxC/TiO2 samples; small MoxC NPs could correspond to fcc MoC and
bigger MoxC NPs to hcp Mo2C. Despite we cannot unequivocally identify from the present
TEM results, the corresponding phase of each domain of particle size, a recent study on the
nanoparticle size effects for molybdenum and tungsten carbides highlights that the fcc
phases are prevalent at small particles sizes, while hexagonal phases tend to dominate the

large particle size regions [46], supporting our interpretation of the XRD and TEM results.
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Figure 3. TEM and HR-TEM images of samples: A) and B) MoxC/TiO2(NS)-F; C) and D)
MoxC/TiO2(NS)-600; E) and F) MoxC/TiO2(bipy). White circles highlight the MoxC particles.

The inset histograms show the MoxC particle size distribution for the different samples.
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MoxC-containing materials were characterized by X-ray photoelectron spectroscopy
(see survey spectra in Figure S5). Figure 4 shows the corresponding Mo 3d high resolution
spectrum, which is characterized by the presence of two main broad components at 232.0-
231.7 eV and 235.1-234.9 eV, ascribed to the Mo 3ds2 and Mo 3d32 levels in Mo®* species
[47]. The doublet at 228.7-228.3 and 231.8-231.4 eV is due to the presence of Mo?* and/or
Mo3*, likely related to Mo2C and/or oxycarbide species [31, 47]. Moving to the C 1s spectrum
(Figure S6), its deconvolution shows for all samples a main component ascribed to C-C (at
284.8 eV) and minor components characteristics of C-O (at 286.9-286.6 eV) and O=C-0O
(at 288.5 eV) species [41]. Interestingly, the MoxC/TiO2(bipy) sample shows also an
additional shoulder at 283.0 eV, assigned to Mo—-C bonds [48]. Moreover, the composite
material based on bipyramidal TiO2 NPs is different from the nanosheet TiO2-based samples
also in the Ti 2p spectrum (Figure 4) since the expected Ti** 2par2 peak at 458.8 eV is
associated with a shoulder at 457.5 eV attributed to Ti®* species [49]. O 1s spectra show in
all cases a main band with maximum at about 530 eV characteristic of surface oxide of TiO2
and a shoulder at higher BE which is related with molybdenum oxide or oxycarbide species
(Figure S7). On the other hand, the shoulder with maximum at 528.4 eV in the O 1s spectrum
of MoxC/TiO2(bipy) could be related with the presence of Ti®* [50]. Therefore, the XPS data
show that the deposition of the carbide phase on TiOz induces a preferential reduction of the
surface Ti** to Ti** in bipyramidal anatase NPs, which mainly expose {101} facets. This
finding can be explained considering the different barriers for oxygen vacancy migration
reported for the (101) with and (001) surfaces [51], which result in a different reducibility of
the two crystal facets. Finally, we consider the F 1s core level spectra (Figure S8) which
confirm that some fluorides are still present on the surface of MoxC/TiO2(NS)-F NPs even

after the ultrasound-assisted procedure performed to load the molybdenum carbide phase.

13



459.0
Mo 3d 1-Mo,C/TiO,(NS)-F 1-Mo C/TiO,-F Ti2p

1-Mo,C/TiO,(NS)-600 1-Mo C/TiO,-873

= =
< 2320 S 4390
! >
’%‘ 2350 Y 2314 5
c =
g ; 2283 3
£ i ; £
231.7
2349 1-Mo, C/TIO,(bipy) 1-Mo,C/TiO,-bipy
1
4646
L L i 1 " 1 L i 1 " 1 i J L L " 1 i i i J
240 238 236 234 232 230 228 226 224 470 468 466 464 462 460 458 456 454
Binding Energy (eV) Binding Energy (eV)

Figure 4. Mo 3d (left) and Ti 2p (right) XP spectra of MoxC/TiO2(NS)-X and MoxC/TiOz(bipy)

samples.

From the UV-vis spectroscopy analysis, we calculated the band gap values (Table 1)
using the corresponding Tauc plots (Figure S9). Considering pristine TiO2 NPs, the TiO2(bipy)
sample shows the smallest band gap (3.10 eV). This observation seems to be in
contradiction with previous data on micrometric crystals and with first principles calculations
which suggested a smaller band gap for crystal terminated by the (001) surface [14].
However, it should be considered that the particle thickness along the c-axis for the
nanosheet NPs is around 10 nm (Table S1), while it is about 40 nm for TiO2(bipy), hence for
TiO2(NS) quantum confinement effects could start to be relevant, leading to an increase of
the energy gap [52]. Moving now to the composite materials, we can see that for the
MoxC/TiO2(NS) samples the addition of molybdenum carbide does not modify the band gap.
Conversely, in the MoxC/TiOz2(bipy) system we observe a slight further decrease of the band

gap from 3.10 to 2.92 eV, which can be correlated with the different surface chemistry and
14



the formation of Ti%* species highlighted by the XPS analysis.

3.2 Photoelectrochemical properties and photocatalytic hydrogen production

The photoelectrochemical properties of samples were determined combining
photoluminescence (PL), electrochemical impedance spectroscopy (EIS) and transient
photocurrent measurements. TiO2 PL emission spectrum accounts for the photoinduced
charge recombination and can be related with TiO2 photoactivity [53]. Besides the structure
and morphology of TiO2 nanoparticles, the adsorbates onto the TiO2 surface determine the
PL spectrum [54]. Figure 5 shows the PL spectra of all the materials prepared. In all cases,
wide PL bands with maxima at about 595 nm were found, which are related to the presence
of a high density of defect sites [55]. In particular, a component at about 495-540 nm has
been associated with the presence of surface oxygen vacancies and one around 600-650
with subsurface oxygen vacancies [56]. It is worth noting that the intensity of PL bands,
which depends on the recombination rate of photoinduced charges [57], follows the trend:
TiO2(NS)-F >> TiO2(NS)-600 > TiOz(bipy) > MoxC/TiO2(NS)-F > MoxC/TiO2(NS)-600 >
MoxC/TiO2z(bipy) (Figure 5). In particular, the calcination of TiO2(NS)-F at 600 °C led to a
marked decrease of the intensity of PL band indicating a lower electron/hole recombination
kinetics. In all cases, MoxC-containing samples exhibited PL bands with lower intensity than
the corresponding TiOz2: this indicates a main role of MoxC in hindering the electron/hole
recombination, which is expected to be reflected in the photocatalytic behavior of materials

containing MoxC.
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Figure 5. Photoluminescence spectra of MoxC/TiO2(NS)-X, MoxC/TiOz(bipy), TiO2(NS)-X
and TiO2(bipy) samples.

The transient photocurrent response of samples was determined using on/off pulses of a
simulated solar irradiation (Figure 6): a higher photocurrent value indicates a higher
photoelectron yield. The trend of the photocurrent response (MoxC/TiO2(bipy) >>
TiOz2(bipy) >> MoxC/TiO2(NS)-600> MoxC/TiO2(NS)-F >TiO2(NS)-600 > TiO2(NS)-F) shows
that the shape of TiO2 is of paramount importance. MoxC/TiOz(bipy) and TiO2(bipy) with
bipyramidal TiO2 NPs showed much larger photocurrent density values than the other
samples based on TiO2 NPs with nano-sheet morphology. Although in general an increase
of the photocurrent density was found when MoxC is deposited onto TiOz, this effect was

much higher for bipyramidal TiO2 NPs.
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Figure 6. Photocurrent response of MoxC/TiO2(NS)-X, MoxC/TiOz(bipy), TiO2(NS)-X and
TiO2(bipy) samples.

For a better assessment of the electrochemical properties, all samples were also
characterized by EIS both in dark conditions and under simulated solar irradiation. Figures
7A and 7B display the EIS Nyquist plots in dark and under irradiation, respectively. In all
cases, the arc radius in dark conditions was larger than under illumination, being the order:
TiO2(NS)-F > TiO2(NS)-600 > MoxC/TiO2(NS)-600 > MoxC/TiO2(NS)-F > TiO2z(bipy) >
MoxC/TiO2(bipy). For all TiO2 NPs, a decrease of the transport resistance of photoelectrons

takes place after the MoxC deposition.
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Figure 7. EIS Nyquist plots of MoxC/TiO2(NS)-X, MoxC/TiOz(bipy), TiO2(NS)-X and TiOz2(bipy)

samples: A) in dark; B) under simulated solar irradiation.
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As stated above, all catalysts were tested in the photocatalytic H2 production using aqueous
ethanol (25%v/v) as sacrificial electron donor. Besides H2, small amounts of carbon
containing products such as CO, COz2, methane, ethylene and acetaldehyde were detected
in the gas phase (Table S2), while no O2 was detected. On the other hand, 2,3-butanediol
was the main product of ethanol transformation found in the liquid phase (Table S2).

As stated in the introduction section, once the electron/hole pairs are formed, a preferable
migration of holes to {001} facets of TiO2 and the migration of electrons to {101} facets will
take place [58]. In particular, DFT calculations showed that, after the formation of a
delocalized hole in the valence band and a delocalized electron in the conduction band,
structural relaxation induces localization of the hole on a single surface O ion of the (001)
surface and migration of the excited electron at the (101) surface, where it localizes to form
a Ti%* ion [59].

The photogenerated holes are proposed to produce the first oxidation step of ethanol with

the a-hydroxyethyl radical formation [60]:
CH3CH20H + h* - -CH(OH)CHs + H*

The formation of 2,3-butanediol from the ethanol photo-transformation has been proposed

via the coupling of two a-hydroxyethyl radicals:
2:CH(OH)CHs - CH3CH(OH)CH(OH)CHs

A subsequent oxidation of a-hydroxyethyl will produce acetaldehyde [60]:
‘CH(OH)CH3s + h* ->CH3CHO + H*
Meanwhile, the reduction process will take place mainly over the {101} facets, where the
electrons can be transferred to the MoxC NPs and then to adsorbed protons, leading to
hydrogen evolution:
2H* + 2e > H2

Figure 8 shows the values of Hz production for bare TiO2 samples and MoxC/TiO2 materials.
For comparison, a catalytic test was also carried out with reference TiO2 P25, which showed
the poorest photocatalytic behavior. As visible in Figure 8, for bare TiO2 samples the H2

production yield followed the order TiO2(bipy) > TiO2(NS)-600 > TiO2(NS)-F, which confirms
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the importance of the TiO2 nanoparticle shape in the H2 production reaction. A similar trend
has been recently found for the formic acid photoreforming [20]. Indeed, the overwhelming
presence of exposed {101} facets in bipyramidal anatase favors the electron transfer
necessary for the Hz production, as it has been also demonstrated for the hydrogen
production from methanolic solutions [61]. Moreover, in all cases, the presence of MoxC onto
TiOz increased the H2 production. However, this effect was higher for bipyramidal TiO2 NPs.
Indeed, MoxC/TiOz2(bipy) showed the highest photocurrent response, the lowest
electron/hole recombination rate and the lowest transport resistance of photoelectrons. We
relate the highest co-catalyst effect of MoxC on TiO2(bipy) with the presence of MoxC
nanoparticles onto {101} facets, which accelerates the electron transfer, decreasing the rate

of electron/hole recombination and thus increasing the hydrogen yield.
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Ho production yield (mmol/g.4¢)
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Figure 8. Photocatalytic H2 production from 25%v/v ethanol@q) using MoxC/TiO2(NS)-X,
MoxC/TiO2(bipy), TiO2(NS)-X and TiO2(bipy) samples; t = 4h, T = 20 °C. The results for TiO2

P25 are also reported as benchmark.
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To further assess the photocatalytic behavior and the stability of the MoxC/TiO2 systems, in
Figure 9A we report the H2 production rate along time for the different catalysts. For
MoxC/TiO2(NS)-600 and MoxC/TiOz(bipy), the rate of photoproduction of hydrogen is rather
stable after the first 30 min: in both cases, the rate of Hz production after the initial
stabilization time (30 min) and at the end of the catalytic test (4 h) differ only in a 5%.
Moreover, for the most performant system, MoxC/TiOz(bipy), a reusability test was carried

out (Figure 9B), highlighting a similar photocatalytic behavior of fresh and used catalyst.
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Figure 9. A) Variation of the H2 production rate along time, during the photocatalytic test
using 25%v/v ethanoliaq) and MoxC/TiO2(NS)-X or MoxC/TiOz(bipy) samples; T = 20 °C. B)
Photocatalytic H2 production from 25%v/v ethanolaq in two consecutive tests using

MoxC/TiO2z(bipy).

4. Conclusions

MoxC/TiO2 photocatalysts were prepared combining previously synthesized MoxC NPs, as
co-catalyst, and three kinds of shape-controlled anatase TiO2 NPs exposing different
percentages of {101} and {001} facets. MoxC NPs, which were deposited by an ultrasonic
treatment, were constituted by 86% of fcc MoC and 14 % of hcp Mo2C with average size of

4-6 and 11-12 nm, respectively. In the bipyramidal anatase samples, the deposition of MoxC
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on TiOz, likely induced a preferential reduction of Ti** of the dominant {101} facets, which
resulted in the formation of surface Ti%* species.

The photoelectrochemical characterization of the photocatalysts indicated that the presence
of MoxC onto TiO2 NPs increases the photoelectron yield and photocurrent response and
decreases the electron/hole recombination rate. These effects were higher for bipyramidal
TiO2 than for nano-sheet TiO2.

The presence of the MoxC NPs clearly increased the reaction yields of photocatalytic H2
formation, confirming that carbide phases are promising co-catalysts of TiO2 to prepare
efficient noble metal-free photocatalysts based on TiO2. The efficiency of the final system is
correlated with the TiO2 NPs shape and, in particular, with the amount of {101} facets present.
The proposed mechanism involves, after charge carriers photogeneration, the migration of
the holes to the {001} facets where they can oxidize adsorbed ethanol, generating different
carbon-containing products. In parallel, the electrons migrate to the {101} facets where they
are transferred to the MoxC NPs, increasing the lifetime of the electron-hole couple, and

then to adsorbed protons to generate Ha.
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