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ABSTRACT

Keywords:

Hematite s .. .
Photoelectrochemistry Overall water splitting represents one of the most promising approaches toward solar energy conversion and
Photoanode storage, which is, however, severely challenged by the four-electron/four-proton nature of the oxygen evolution
Benzylamine reaction (OER). One option to overcome this issue is to replace OER with a more useful reaction, for simulta-
Hydrogen neous production of both hydrogen and chemicals of interest. For the purpose, in this paper a cheap, hydro-

thermally prepared Ti-doped nanostructured hematite photoanode was employed for the frst time as highly

stable, heterogeneous catalyst for the low bias, efficient and highly selective photoinduced oxidation of ben-

zylamine to N-benzylidenebenzylamine, and for the simultaneous production of hydrogen in a double solvent/
environment cell. A preliminary estimate indicates the possibility to obtain a ~150 pmol h-* H. production,
with the contemporary production of stoichiometric benzylidene N-benzylamine in a 5 x 5 cm? area electrode.
This study contributes to overcome the 40-year lasting issues limiting the use of hematite in industrial photo-
electrochemical sunlight conversion and storage, due to poor performance of hematite and lack of economic
value of oxygen production, providing solid evidence for the use of hematite in alternative oxidation reactions of

industrial importance.

1. Introduction

The energy from the sun is one of the most appealing sources of
clean and renewable energy, being only 80 min of solar irradiation on
Earth's surface enough for the fulfilment of approximately all the
human energy demand for one year [1]. Despite the exciting premises,
solar energy is extremely distributed and intermittent, therefore its
exploitation hinges on the efficient storage into more reliable forms,
such as electricity or chemical energy. While photovoltaic devices are
nowadays largely employed, the energy produced by them should be
used immediately or stored in secondary accumulation devices. An al-
ternative and smart approach to avoid this further step consists in
storing the energy captured from sunlight within chemical bonds, such
as H. or CO. byproducts [2]. In particular, water splitting, i.e. the
production of H. and O- from water through hydrogen and oxygen

evolution reactions (HER and OER), represents a clean reaction with a
thermodynamic potential as low as 1.23 €V, far lower than the energy
of all the photon in the visible spectrum [3]. Despite that, the practical
implementation of water splitting is a challenge that is still far from
being overcome, and the main reason lies in the four-electron/four-
proton nature of the OER, resulting in a substantially large over-
potential for achieving sufficient water splitting efficiency.
Interestingly, the OER product, i.e. oxygen, is not particularly va-
luable from the industrial point of view, at least considering its high
content in the atmosphere. A possible solution to this unresolved issue
might be to replace the OER with a less challenging and more useful
reaction, towards the simultaneous production of hydrogen and valu-
able chemicals [4]. Many different oxidation reactions might fulfil the
requirements to this aim, such as the oxidation of alcohols to aldehydes
and ketones [5 8], amines to imines [9,10] as well as cross-coupling
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reactions [11 13] and biomass derived intermediate compounds [14].
A key factor to succeed in this approach is the choice of the pho-
tocatalysts, which absorb the light and convert it to excited holes and
electrons that are promoting either the reduction or the oxidation re-
action, or both. A large number of organic molecules and metal com-
plexes have been proposed for organic photocatalysis application in a
purely homogeneous approach. While these catalysts have been suc-
cessfully employed for complex reactions [15,16], both in the oxidative
and reductive paths, their large-scale employment in industrial devices
is limited by the lack of stability and the challenging recovery of the
catalyst after the organic reaction. In addition, the typically employed
homogenous setup does not allow for the use of different solution en-
vironments, whereas the use of supported inorganic heterogeneous
catalysts in a photoelectrochemical cell allows for a more flexible ex-
perimental setup [17].

Among heterogeneous systems [18,19], the most used inorganic
catalyst for oxidative reactions is certainly TiO-, whose deep valence
band allows for high oxidative photo-potential, often exploited for or-
ganic pollutants degradation [20]. Despite its stability and optimal
catalytic activity, TiO- is characterized by a large band gap (~3.2 eV),
limiting its employment to UV irradiation. Some efforts have been de-
voted to broaden its activity in the visible region, for instance through
the dye-sensitizing approach [18]. Recently, lower band-gap semi-
conductors have also been employed, such as BiVO, [7], Bi-WOs [21]
and PbBiO-X [22] (X = Cl, Br), achieving interesting results. Graphitic
C;3N, is a promising alternative to these materials due to the lack of
toxicity, the low fabrication cost and the highly reducing properties
(conduction band at -1.3 V vs NHE, pH 7 [23]). Whereas this material
holds some potential [23 25], its use as photocatalyst is still limited by
its low absorption coefficient in the visible region, the lack of precise
control on the polycondensation synthesis method, as well as the re-
latively low photo-induced oxidation potential, limiting the application
in organic oxidative reactions. Cadmium sulphides and selenides have
also been often employed as photocatalyst for hydrogen production
[26,27], sometimes coupled to simultaneous oxidation of various al-
cohols to aldehydes [8,28], but lacking of sufficient stability for prac-
tical application.

a-Fe.0s, i.e. hematite, is traditionally one of the most applied and
promising materials for water oxidation since its first proposal by Bard
et al., in 1976 [29] being stable, widely available, cheap and environ-
mental friendly. Thanks to the 2.1 2.3 eV band-gap and the n-type
character, this material has been often used as a photoanode in pho-
toelectrochemical cells [30]. However, its fairly positive conduction
band potential, usually in the +0.2 0.6 V range vs SHE, is preventing
the utilization as single photocatalyst for both HER and OER. This has
been usually exploited by employing a small positive bias or by cou-
pling the photoanode to a second semiconductor photocathode in a
tandem-cell configuration [30]. Hematite is also characterized by some
disadvantages when applied to water oxidation and all the other pho-
tocatalytic application, such as the poor charge mobility, the short ex-
citon lifetime, the medium light penetration depth (a~* = 118 nm at
A = 550 nm) and very short hole diffusion length (2 4 nm), limiting the
photocatalytic performance [30]. Several possible solutions were tried
to circumvent these limitations. Nanostructuring the surface of the
hematite film increases the surface area and shortens the pathway that
photocarriers have to cover to carry out the complete photocatalytic
reaction [31]. The inclusion of a hematite compact thin film (buffer
layer) between the conducting oxide substrate and the nanostructured
hematite film has been reported to direct the growth of hematite na-
nostructures and positively affect the recombination rate at the sub-
strate/hematite interface [32,33].

On the other hand, the carrier mobility can be enhanced through
substitutional doping with several elements, such as Si4+ [34], Mn4+
[35], Sn#+ [36,37] and Ti4+, following the aliovalent doping concept
[35]. Ti++ doping has been largely and successfully employed to dope
hematite, often coupled to co-catalysts or surface treatments [38], but

the role of the Tis+ impurity is still controversial. The improvement of
photocatalytic performance has been attributed to i) the increased
electron concentration [39], ii) the variation of morphology [40], iii)
the suppression of surface state recombination paths due to the Ti4+-
induced surface electric field [41] and iv) the formation of mixed oxide
phases [42], typically forming an overlayer improving the charge se-
paration and transfer at the semiconductor-electrolyte interface [43].

Despite the recent re-discovery of the field of organic photocatalysis
[44], few attempts to use hematite photoanodes as photo-electro-
catalysts for organic oxidative reaction has been reported in the lit-
erature, basically limited to ethanol and methanol oxidation [45].

In the present paper, we propose an innovative photocatalytic ap-
proach for the low-bias photoelectrochemical oxidation of benzylamine
and simultaneous proton reduction by applying Ti-doped hematite na-
norod photoanodes. The benzylamine main oxidation product, N-ben-
zylidenebenzylamine, is a valuable intermediate in organic synthesis
[46] and it is usually synthesized by stoichiometric chemical oxidation
[47], therefore the current photocatalytic approach represents a
greener and appealing alternative. In addition, by applying a small bias,
we investigated the feasibility of performing simultaneous proton re-
duction to hydrogen at the counter-electrode, through a dual reaction
environment configuration (Fig. 1a), allowing for efficient and ex-
tremely selective anodic and cathodic reactions.

The electrodes are prepared by extremely cheap, scalable and en-
vironmentally friendly hydrothermal method. The photocatalytic
properties are correlated with the morphology, composition and
structure of the material. In particular, we demonstrated that Ti doping
results in increased hole mobility and in the activation of the surface
layer. Photoanode optimization boosted its efficiency, achieving pho-
tocurrents as high as 1.2 mA cm™ with +0.8 V external bias applied.
These results pave the way for the large-scale exploitation of Ti-doped
nanostructured hematite as photodetectors for applications with in-
dustrial relevance.

2. Results and discussion
2.1. Morphological and structural characterization

Hematite electrodes were hydrothermally grown on FTO glass after
deposition of a compact hematite buffer layer (see the experimental
section and Fig. 1b). Two different concentration of Ti dopant were
added to the growth solution, respectively equal to 1% and 5% with
respect to Fe content (atomic %), in addition to a reference, undoped
sample.

Fig. 2a displays the cross-sectional SEM micrographs for the pro-
duced Fe.Oj3 electrodes. The film is homogeneously deposited on the
whole unmasked area. The undoped sample in presence of buffer layer
is showing a porous structure composed of vertically aligned nanorods
(NRs) sintered together. We infer that this compact morphology is in-
duced by the increased number of nucleation sites provided by the
buffer layer with respect to the typical morphology of hydrothermally
grown hematite nanorods [37], leading to a denser nanorods array,
finally sintered in the compact layer upon thermal annealing. The
thickness of this film is equal to (370 + 60) nm.

The addition of doping impurities in the growth solution is resulting
in a dramatic change in morphology, as previously reported [48,49].
Indeed, the addition of 1% or 5% Ti to the growth solution is resulting
in an almost complete loss of the ordered quasi-vertical structure, to-
wards a more random deposition of smaller, elongated particles. While
in the 1% doped sample, some residual nanorods with reduced length
(< 100 nm) can be still recognized, the addition of 5% Ti is resulting in
a complete loss of the nanorods morphology towards small, randomly
shaped nanoparticles.

While the determination of the thickness of the hematite layer is not
completely reliable for such inhomogeneous samples, from a statistical
analysis on the SEM micrographs we estimate a thickness ranging from
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Fig. 1. a) Schematic representation of the proposed photoelectrochemical setup for the simultaneous photo-oxidation of benzylamine and hydrogen production using
a-Fe.03 nanostructured photoanodes. b) Synthetic steps for the synthesis of Ti doped hematite photoanodes.

250 to 350 nm, slightly increasing for the 5% doped sample.

The crystal phase of the electrodes has been studied by XRD, using
clean FTO glass as reference to remove the contribution of the under-
lying substrate (Fig. 2b). All the residual peaks, coming from the de-
posited iron oxide layer, can be indexed to hematite hexagonal phase
(JPCSD #33 0664), independently of the amount of Ti or doping. ATR-
IR analysis (Fig. S1a) did not display any residual FeOOH phase, con-
sistently to what observed from the XRD patterns. As expected, the
relative intensity of the undoped sample is higher with respect to the
doped samples, due to the higher thickness and more dense structure.
By performing the peak fitting through Rietveld refinement, we can
give some insight on the average preferred orientation of the nanorods.
For the two most intense peaks, (104) and (110), having 100% and 70%

intensity in the reference diffractogram, respectively, we can observe a
dramatic difference between the doped and undoped samples. The
undoped sample is characterized by the preferential growth along the
110 axis, as demonstrated by the (110)/(104) peak ratio equal to 18.8.
On the other hand, the doped samples are showing far smaller values
for the same peak ratio, equal to 1.3 and 1, for 1% and 5% doping,
respectively, proving that the addition of Ti during the hydrothermal
growth is reducing the degree of control on the formation of elongated
crystallites, towards a random distribution of spherical nano-particles.
Nevertheless, these nanoparticles are formed by single crystals of he-
matite, as confirmed by HR-TEM analysis (Fig. 2c and d), where no
contrast variation is observed due to the formation of heterogeneous
interface. The presence of doping Ti is confirmed by Energy Dispersive
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Fig. 2. a) SEM micrographs reporting the cross-section of the hematite photoelectrodes, namely (top) undoped Fe:0s, (centre) 1% Ti-doped Fe.O; and (bottom) 5%
Ti-doped Fe»0s. Scale bar equal to 500 nm. In the inset, higher magnif cation of the doped hematite nanostructures is reported, with scale bar equal to 100 nm. b)
XRD patterns of the prepared hematite electrodes at different Ti doping concentrations. The XRD pattern of the FTO substrate and the simulated spectrum for the
reference hematite structure (ICDD 00-033-0664) are reported respectively at the top and the bottom of the f gure. The main hematite peaks recognized in the spectra
are highlighted with dashed lines reporting the lattice index. ¢) HR-TEM micrograph of the 1% TieFe.O; sample and d) relative Fast Fourier transform, displaying the
ref ection pattern of hematite [-4-21] zone axis. In the inset the EDS profle extracted by STEM analysis performed on the same nanorod (dashed white line),
specif cally displaying the Ti/Fe ratio. The dashed light blue line is displaying the average Ti/Fe ratio, equal to 2.7%.
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Fig. 3. Tauc plot of the hematite electrodes (continuous lines) and relative
linear f tting (dashed lines), whose intercept with the x-axis is equal to the
optical band gap (Eg). The coefficient n = 2 has been applied due to the indirect
character of the semiconductor transition. In the inset: Optical band gap en-
ergies (Eg) calculated by the linear f tting of the Tauc plot, and fraction of
photons (%A) absorbed at A = 550 nm, obtained by the analysis of
Transmittance and Diffused ref ectance reported in Fig. S2 and Fig. S3.

X-ray spectra (Fig. Sib). The Ti distribution (Fig. 2¢, inset) displays a
maximum on the edge of the nanorod, as previously observed [35], and
a lower amount within the nanorod, decreasing upon increasing the
distance from the nanorod surface, consistent with a Ti doping gradient
along the growth axis. It is worth noting that the increase Ti/Fe ratio
observed at the end of the EDS line profile is due only to the super-
position of the two nanorods shown in the HR-TEM image. While no
characterization of the redox state of the Ti dopant is reported here, this
has been previously determined multiple times to be +4, resulting in an
increased number of oxygen vacancies in the hematite lattice [39

41,43,48,50 53]

2.2. Optical properties

The electrodes display the typical red-orange appearance of hema-
tite thin-films with absorption onset in the 550 580 nm range (Figs. S2
and S3). The band-gap has been determined by fitting the absorption
coefficient trends through the Tauc relationship (Fig. 3) as described in
the SI, and the resulting values are reported in the inset. The band gap
of the pure hematite samples is within the previously reported range for

hematite, usually between 2.0 and 2.2 eV depending on the method of
preparation. Interestingly, a slight but constant decrease of the band
gap is observed in the Ti doped samples. This could be resulting from
the introduction of intra-band gap states due to the doping impurity
[54] or by the formation of a mixed oxide phase with slightly lower
band gap.

The different sample thickness and morphology has a role in the
absolute fraction of photons absorbed by the thin, nanostructured film.
To quantify that, we calculated the absorption and reflection con-
tribution (details in the SI). The resulting fraction of photons absorbed
was compared at A = 550 nm (inset), i.e. where most of the contribu-
tion to the absorption spectrum is due to the absorption of the hematite
layer, rather than the reflection and diffusion effects from the substrate.
Clearly, the undoped samples are absorbing more than the doped ones,
as expected by the higher thickness. Consistently, the fraction of pho-
tons absorbed by the 5% Ti-doped sample is higher than that of the 1%
one.

2.3. Photo-electrochemical characterization

The photoelectrochemical activity of a-Fe.O; NRs electrodes were
investigated with respect to the oxidation of benzylamine (BN) to N-
benzylidenebenzylamine (BI) in acetonitrile solution. Fig. 4 reports the
linear sweep voltammetry obtained upon illumination with AM 1.5G
solar simulator. A strong anodic current is starting at approximately
+1.2 V vs SHE for all the hematite electrodes. This feature can be
observed even in dark condition while it is absent without added BN
(data not reported). Therefore, this current enhancement at +1 V is
related to the electrochemical benzylamine oxidation.

Only upon illumination, all the samples show a new anodic process
with an onset ranging between +60 mV and +330 mV ( + 30 mV, 3
samples average) vs SHE, as displayed in Fig. 4a. The onset potential is
slightly shifting towards more positive potentials for the doped samples
(Fig. S4), even if the large difference in photocurrent density does not
allow for an extremely precise estimation of the onset potential for the
undoped sample. The anodic photocurrent is saturating (plateau) upon
increasing the applied bias, reaching a maximum current density at ca.
+700 mV. This plateau is due to the photo-current generated upon the
oxidation of BN, as confirmed by the voltage independent plateau ty-
pical for photo-generated carrier limited electrochemical processes
[35]. From the comparison of the photocurrent curves, it is clear that
the Ti doping is resulting in a dramatic increase of current density up to
10 x in the case of 5% Tie Fe.O; with respect to pristine Fe.Os,
reaching photocurrent as high as ca. 1 mA cm. The relative Ti content
is also affecting the performance of the photoelectrode, inducing a
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Fig. 4. a) Linear sweep voltammetries of the hematite electrodes in presence of Benzylamine (BN) under AM 1.5G solar simulator illumination. The CV of the 1% Ti
doped hematite electrode in dark condition (dashed curve) has also been reported as reference to better visualize the photocurrent produced by the photocatalytic
process. b) APCE of the photoelectrodes measured at +0.7 V vs OCV. Measurements were performed in acetonitrile solution of 0.05 M BN and 0.1 M tetra-

butylammonium hexaf uorophosphate (TBAPFs).



~10% increase of the photocurrent upon increasing it from 1% to 5%,
together with an increase in photocurrent plateau width.

A small photocurrent drop can be observed by performing the same
photoelectrochemical experiments with hematite photoelectrodes pre-
pared without buffer layer, as displayed in Fig. S5. The insertion of the
compact buffer layer is therefore resulting in slightly better photo-
electrochemical performance, as expected, demonstrating that the re-
combination at the FTO-hematite interface [33] is affecting the pho-
toelectrochemical performance to a small extent. Nevertheless, the
different growth kinetics of the hematite layer in presence/absence of
buffer layer is resulting in different nanostructure, thus some part of
this enhancement might be related to the different morphology.

The Absorbed Photon to Current Efficiency (APCE) of the photo-
electrodes (Fig. 4b), measured in the same experimental conditions of
the photoelectrochemical experiments, remarks the superior properties
of the doped electrodes, with respect to the undoped one. The APCE
onset falls approximately at 580 nm for all samples, consistent with the
band gap energy extracted from Tauc analysis, proving the light har-
vesting efficiency of the photocatalyst in the visible light range. Again,
a slight enhancement is observed in the 5% sample. The shape of the
curve mirrors the one of the transmittance spectra (Fig. S2). The small
signal observed for the undoped sample at 550 nm is reasonably due to
the collection of the few photoinduced carriers, generated close to the
FTO substrate, while at smaller wavelengths holes recombine before
being collected, due to both the reduced light penetration (which in-
duces holes generation far from FTO) and the low hole diffusion length.
The large difference in APCE between the doped and undoped samples
highlights the improved photoelectrochemical performance of the
doped sample due to reduced recombination processes.

2.4. Faradaic efficiency and hydrogen evolution

In order to get insight into the chemical transformation of BN during
the photocatalytic process we performed a chronoamperometry mea-
surement at +1 V vs SHE over 12 h of continuous irradiation. The
product of the reaction has been characterized by NMR (Fig. S6) and
the relative yield has been calculated as described in the SI. The results
of the chronoamperometry experiment performed on the 5% doped
sample (Fig. S7) has been reported in Table 1. We also calculated the
faradaic efficiency, defined as the ratio between the product amount
and the charge passed through the photoelectrode, divided by the
stoichiometric ratio between product and reactants (2 in this case).
Even if the faradaic efficiency after 1 h is only about 80%, the value is
increasing to almost unitary values with increasing the reaction time to
4 h, reaching a total conversion of about 64% after 12 h. The lower
initial faradaic efficiency could be related to some parasitic electro-
chemical processes due to the presence of low amounts of oxidizable
contaminations, such as water, whose contribution becomes negligible
over time.

While the product of the oxidative reaction can be characterized by
the synergy of electrochemical and NMR spectroscopy, the photo-
chemical reaction induced at the counter electrode is mostly unknown
in the single-cell electrochemical experiment. Since the reaction is

Table 1

Main parameters extracted from the chronoamperometry experiment per-
formed on the 5% TieFe.O; sample. The relative BN oxidation to N-benzyli-
denebenzylamine (BI) yield has been calculated as explained in the SI and re-
ported in the table.

t[h] QIC] ne [pmol] Theoretical conversion ®yvr  Faradaic

[%] efficiency [%]
1 5.04 52 10.5 8.5 81
2 9:37 97 19.4 17.5 90
4 15.69 162 32.5 33 > 95
12 30.86 319 64.0 62.5 > 95

conducted in aerated environment, we might expect that oxygen is
reduced at the counter electrode during the chronoamperometric ex-
periment, where the resulting superoxide ion has been often identified
as crucial for the aerobic oxidation of benzylamine [55,56]. The other
option involves a back-reduction of the oxidized benzylamine to the
starting reagent. Even if the high faradaic efficiency suggests that the
latter option is unlikely, we performed a control experiment by in-
sulating the counter-electrode in separated chamber, communicating
with the reaction solution through a porous glass-frit. By adding a sa-
crificial electron acceptor (AgNOs), we could observe a slight increase
in the photocurrent registered at the working electrode (SI, Fig. S8),
and the faradaic efficiency of the oxidation reaction to benzylamine was
calculated to be > 95% also in this case. This is suggesting that the
superoxide ion is not involved in the N-benzylidenebenzylamine pro-
duction, therefore the anaerobic oxidation mechanism discussed by Di
Meglio et al. [57] is more compatible to our system, as schematized in
Fig. 1a. In addition, this experiment proves that a reduction reaction
can be efficiently performed at the counter-electrode without affecting
the oxidation of BN to N-benzylidenebenzylamine.

As a consequence, we investigated the possibility of coupling the
hydrogen evolution reaction (HER) at the counter-electrode by separ-
ating it in an aqueous acidic phase, following the configuration pre-
viously schematized in Fig. 1a. The resulting CV is reported in Fig. So,
where only a slight variation of the photocurrent onset potential can be
noticed due to the presence of the liquid junction potential [58], with
respect to the single environment experiment. The electrolyte (TBAPF)
has been replaced with tetraethylammonium perchlorate to minimize
this potential drop across the glass frit junction. Perchloric acid was
used to ensure acidic environment in the aqueous phase, as well as good
mobility across the junction due to the electrolyte affinity [58]. Due
to the interest in both the electrodes activity, a two electrodes
config- uration was employed and the chronoamperometry
experiment was accompanied by gas chromatography analysis to
investigate the amount of hydrogen produced during the
photocatalysis experiment. As re- ported in Fig. So, a slight shift of
about +0.3 V of the onset potential for BN photo-oxidation is
observed upon switching to the two electrodes configuration. In order
to compare the reaction rate with the one of the BN oxidation
experiment, a fixed bias equal to +1.3 V was applied during the
chronoamperometry experiment, corresponding to +1 V vs SHE. Fig. 5
reports the theoretical amount of H. and N-benzylidene-
benzylamine (BI) extracted from chronoamperometric experiment by
applying the Faraday's law to the integrated charge passing through the
electrode. In addition, the experimentally measured amount of products
is reported, determined by either GC (H=) or H NMR (BI). The close
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Fig. 5. Theoretical amount (black spotted curve) of H. and n-Benzylidene
benzylamine (BI) extracted from chronoamperometric experiment performed
by applying +1.3 V of external bias, electrode area 0.6 cm2. In the graph, the
experimentally measured amount of H. and BI are also reported, determined
respectively by GC and H NMR.



match between the calculated and the measured H. and BI produced
are confirming almost unitary faradaic efficiency for both the HER and
the oxidation of benzylamine highlighting the optimal selectivity of the
system towards the described photocatalytic cycle. It must be noted
that, while the reaction environment for the cathodic reaction is purged
with N, the anodic reaction takes place in aerobic environment,
therefore the presence of oxygen is not affecting the selectivity of the
catalyst towards N-benzylidenebenzylamine production.

From this experiment we can calculate an amount of hydrogen
produced per unit area equal to 6 1 pmol h~* cm2, therefore, with
proper experimental arrangements, we can calculate that, increasing
the electrode area to 5 x 5 ¢m will result in a ~150 pmol h~* H.
produced. For comparison purposes, previous attempts of photo-
catalytic oxidation of organic substrates and simultaneous HER were
achieving H. production rates ranging from 2 to ~65 pymol h [4] It
must be noted that these values are achieved in a single-phase, micro-
heterogeneous setup with no addition of external bias, which is cer-
tainly overestimating the efficiency of our hematite photoanode.
Nevertheless, by simply normalizing the H. production ratio for the
photocurrent density at different potentials in the 5 x 5 cm example,
we can calculate an impressive 60 ymol h~* value with an external
overall bias as low as +0.8 V.

In addition, by comparing the initial linear sweep voltammetry of
the photoelectrode with the one obtained after the chronoamperometry
experiment (Fig. S10), only negligible variation of the photoelectrode
behaviour can be observed, proving the excellent stability of the elec-
trode.

2.5. The role of Ti doping

The _esults of the ]i)lhotoe_lectrochemical characterization h ghlights
that Ti doping in the hematite structure is strongly activating the he-

matite photocatalyst, and the activity is directly proportional to the

doping impu ity content. As stated in the introduction, there can be

several reasons behind this enhancement, and an accurate electro-
chemical analysis has to be performed to understand them.
A possible reason for the high cathodic current might be the higher
surface area of the Fe.O; electrodes thanks to the variation of the na-
noscale morphology. Nitrogen physical adsorption-desorption calcula-
tions were employed to have an insight on the relative surface area of
the samples (Fig S11) Brunauer Emmett Teller (BET) showed a slight
drop in surface area on the doped samples, from 1.43 + 0.42 m2g™* of
the undoped samples to 0.99 + 0 50 and 0.93 + 0.34 m2 g™ for the
1% and 5% Ti doped samples, respectively. Due to the limited mass
loading of the sample, only a qualitative comparison of the relative
value can be performed Since the thickness of the samples is also af-
fected by the Ti content, we calculated the BET surface area per geo-
metrical area unit as described in the SI The resulting ratio is equal to
9809, 495 and 666 for the pristine, the 1% and the 5% Ti doped samples,
respectively. We can therefore confirm that the undoped photoanode is
characterized by the largest surface area, whereas the doped samples
are both characterized by a strong drop as expected by the loss of the
controlled structure observed in the doped samples. Thus, the photo-
current enhancement is clearly not related to the physical surface area.
The electrochemical activity of the surface might be strongly in-
fluenced by the Ti addition. As previously observed by Zandi et al. [43],
doping hematite with Ti produces a larger number of available surface
states to trap holes, by activating the so-ca led “dead layer”. These
surface effects can be responsible for both charge transfer rate en-
hancement and suppress surface recombination, similar to what ob-
served in oxygen evolution catalysts on hematite photoanodes [59]. In
order to understand the role of the morphology on the electrochemical
activity, we calculated the electrochemical double layer capacitance
(Cpr) of the semiconductor surface, by measuring the non faradaic ca-
pacitive current associated with double-layer charging from the scan-
rate dependence of linear sweep voltammograms, as previously

reported [60]. The experimental procedure is described thoroughly in
the SI, and it is typically resulting in an increasing charging current by
increasing the scanning rate, as shown in Fig. Si2a. The double layer
capacitance can be simply extrapolated from the slope of the linear
dependence of the plateau current density against the scan rate (Fig.
S12b).

As expected, the Cpr observed for the Ti-doped samples is always
higher than the one of the undoped samples (Table S1), consistent with
a larger number of active sites for benzylamine oxidation

Consistently, the charge transfer resistance at the interface semi-
conductor-electrolyte is strongly reduced on the doped samples, as
displayed by electrochemical impedance spectrosocopy (EIS) analysis
The Nyquist plot registered in the faradaic region under illumination
(Fig. 6a) is clearly displaying smaller semicircles for the doped samples,
with only small variation upon increasing the Ti content, confirmed by
the Rer val es calculated by fitting with equivalent circuit (modified
Randles circuit, in the inset). With respect to Randles circuit, the ca-
pacitance element was replaced with a constant phase element to take
into account the distribution of time constants generated by the nano-
porous surface [61] and properly fit the experimental data.

A second possible reason for the enhancement of the photoelec
trochemical activity might be related to the valence band edge position,
determining the potential of the photogenerated holes, as well as the
density of majority carriers, responsible for the bulk resistance of the
material. Fig. 6b is reporting the Mott-Schottky plots for all the samples
in dark conditions, exhibiting positive slope as expected fo n-type
semiconductors The linear fit of the sigmoidal function (transition re-
gion) with the Mott-Schottky relationship, allows for the calculation of
the relative position of the flat band potential (Ers)) and the dopant

nsity (Np) can be determined:
s \
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where V is the applied voltage, Cs. is the space charge capacitance Asc
is the surface area (geometrical area used in this case due to a lack of
absolute method for the active surface area), ks is the Boltzmann's
constant, T is the absolute temperature, q is the elementary charge, k is
the dielectric constant of the semiconductor (32 for the hematite) [62]
and € is the vacuum permittivity (8 854 x 10712CV-1m™)

Table 2 is resuming the Ers and Np esulting from the fitting of the
curves in Fig. 6b, as well as the same values obtained upon illumination
with AM 1.5G light (Fig. S14). As a first observation, we can notice that
the doped samples are displaying more positive Erp in the dark with
respect to the undoped samples, as previously reported for Ti-doped
hematite [53] The flat band potential for the undoped is rather nega-
tive with respect to the one usually reported for hematite, between
+0.4 and + 06 V vs SHE [41,63,64], but the different solution en-
vironment, thus the different donor density [65], should be considered
in the evaluation of the measured potential. The valence band edge
potential (Evs) can be therefore estimated from the optical band gap
(Eg) value of about +2 3 V for the undoped sample, and +2 60 270 V
vs SHE for the 1% and 5% Ti-doped samples. Despite the Evs absolute
value is only approximate, also in light of the recent studies on the
nature of polaron states in doped hematite [66] and the consequences
on the position of Evs and Ecs, the relative value can be compared
among the prepared samples. Therefo e, the potential of the photo
generated holes is expected to be higher in the Ti doped samples,
promoting the photo-oxidation process.

Upon illumination, we can observe a AErs towards more positive
potentials of about +100 mV and + 80 mV for the 1% and 5% Ti-
doped samples, while only a slight variation (+25 mV) was observed
for the undoped sample. This behaviour was previously identified as
related to the surface-states charging in hematite thin films, whose
magnitude is related to the amount of surface charges [64]. The higher
magnitude of AErp for the doped samples can be related to the higher
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Fig. 6. a) Potentiostatic EIS experiment at 1V vs SHE upon illumination with AM 1.5G f ltered solar simulator. b) Mott-Shottky plots of the prepared electrodes in

dark conditions in presence of BN (spotted lines) obtained from impedance spectra

(see Supporting Info discussion). The linear f tting used to calculate the f at band

potential (Ers) and the donor density (Np) through the Mott-Schottky equation is also reported (straight solid lines). ¢) Schematic representation and d) experimental
curves obtained from a linear sweep DC voltammetry experiment under AM 1.5G solar simulator illumination either from the semiconductor-electrolyte side (front)
or the semiconductor-substrate side (back). Measurements performed in acetonitrile solution of 0.05 M BN and 0.1 M TBAPFe.

number of surface sites previously assessed by the double layer capa-
citance.

Opposite to the Ers, Np values are not strongly affected by the Ti
content, with a slight increase in the 5% sample only. The absolute
values of the undoped samples are higher than the ones reported pre-
viously for hematite [67], but no correction for the real surface area
was applied due to: (i) the lack of reliability of the BET surface area
measurement in this mass loading range; (ii) the impossibility to obtain
a precise value for the electrochemically active surface area due to the
lack of specific capacitance in this solution environment to compare
with the obtained double layer capacitance. Therefore, we expect a
systematic overestimation of the present values, while the real values
should be lower, when taking into account the nanostructured surface,
and more consistent with the literature. In addition, the different na-
noscale morphology might affect the space charge layer, proportionally
underestimating the donor concentration with the decreasing size of the
nanomaterial domains [62]. Nevertheless, the lack of Np improvement
upon addition of Ti points out that the observed photoelectrochemical
enhancement is not due to an increase of majority carriers (electrons).
Interestingly, upon illumination of the semiconductor with AM
1.5 G source, all samples undergo a slight increase of Np, slightly higher
in the doped samples. This could be related to the higher mobility of the

Table 2
Main results of the Mott-Schottky analysis for the prepared hematite electrodes.

photogenerated charges in the doped samples with respect to the un-
doped ones [68].

To confirm this hypothesis, a comparison between the photo-elec-
trochemical J-V curves was performed, by illuminating the sample ei-
ther from the electrolyte or the glass side of the nanostructured film
(Fig. 6¢). Indeed, due to the low charge diffusion length and light pe-
netration depth (a* = 118 nm at A = 550 nm), the illumination side
has been observed to affect the photocurrent behaviour of hematite
photoelectrodes [69].

Indeed, due to the limited light penetration depth, the depletion
layer is mainly localized at the semiconductor-electrolyte junction, in
the front illumination setup, therefore the current is limited by the
electron diffusion length across the semiconductor. On the opposite, by
illuminating the sample on the semiconductor-FTO interface, the pho-
togenerated electrons are efficiently collected by the conductive oxide,
while the holes must diffuse across the hematite layer to reach the
surface-electrolyte interface.

The undoped sample exhibits a large drop in photocurrent in the
back-illumination configuration with respect to the front configuration
(Fig. 6d), due to the inefficient hole transport across the semiconductor,
unable to reach the semiconductor-electrolyte interface. Thus, the hole
diffusion length is certainly a predominant limiting factor in the

Composition Erg dark [V vs SHE] Np dark [ 1019 cm™3] Ers light [V vs SHE] Nbp light [ 109 cm™3]
Fe,04 0.070 1.97 0.094 218
1% Ti-doped Fe 04 0.458 1.31 0.552 3.11
5% Ti-doped Fe O3 0.569 2.45 0.745 2.98




undoped sample.

On the other hand, the doped samples are exhibiting a moderate
photocurrent enhancement upon illuminating the sample from the glass
side, about ~20% and ~30% for the 1% and 5% Ti doped samples,
respectively, suggesting that one of the limiting factors for the low
APCE in the doped sample lies in the limited photogenerated electrons
diffusion length. The opposite behaviour, with respect to the undoped
sample, suggests also that the hole diffusion length is no more a limiting
factor. This is likely due to higher intrinsic hole diffusion length, but the
smaller crystal domains, highlighted by the SEM micrographs, can also
play a role.

Nevertheless, whereas the superior properties of Ti doped hematite
is often explained with the increased donor density resulting from the
substitutional doping, a combination of modified morphology, in-
creased hole diffusion length and surface effects is more likely to ex-
plain the photocurrent enhancement in our samples.

3. Conclusion

We demonstrated the possibility to apply Ti-doped hematite pho-
toanodes for the efficient and selective photoinduced oxidation of
benzylamine to N-benzylidenebenzylamine, and for the simultaneous
production of hydrogen in a double solvent/double environment cell,
by applying external bias as low as +0.6 V and employing a conven-
tional Pt counter electrode. The morphology and the doping with Ti
impurities are critical to boost the photocatalytic activity of the na-
nostructures. Doping with 1% 5% of Ti allows to dramatically increase
the photocatalytic performance of hematite, achieving high photo-
currents upon illumination with visible light. The source of the in-
creased efficiency has been identified as a combination of the increased
holes mobility and the activation of the surface layer. Both the oxida-
tion of the organic substrate and the production of hydrogen are dis-
playing almost unitary faradaic efficiency, proving the selectivity of the
photocatalyst. With proper experimental arrangements, we can esti-
mate that, by increasing the electrode area to 5 x 5 cm2 a
~150 pmol h™t H. production rate can be achieved, with the con-
temporary production of stoichiometric N-benzylidenebenzylamine.
The use of extremely cheap and widely available materials like hema-
tite is of the utmost importance for the industrial application. In addi-
tion, the use of the hydrothermal growth technique allows for easy and
affordable scale-up, as well as large flexibility with respect to the use of
different substrates sizes and materials. In the past, the economic value
provided by the photoelectrochemical water splitting reaction has
proved to be hardly affordable for large-scale application due to the
poor performance of hematite photoanodes and the lack of economic
value of the oxidation process. This study provides a solid proof of
principle for the use of hematite photoanodes in alternative oxidation
reaction, whose increased product added value might allow for feasible
implementation of industrial scale photoreactors.

4. Experimental section

Fex0s buffer layer deposition. The Fe.O3 buffer layer was prepared by
spin-coating followed by annealing in air [33]. Fluorine-doped tin oxide
(FTO) coated glass slides (2.5 x 1.5 cm, Pilkington TEC8, 8 Ohm/sq.
sheet resistance) were accurately cleaned through ultrasonication and
rinsing steps (deionized water (DW), acetone, ethanol). 1 cm2 of the
slide was masked to allow for direct contact on FTO during the elec-
trochemical experiments. A 0.15 M solution of ferric chloride in 2-bu-
toxyethanol was prepared, and titanium butoxide (Ti(OBu),) was added
to the solution (5% with respect to iron content) as Ti source. No pre-
cipitation occurs during the addition. 70 pl of the solution was de-
posited on the FTO slide, followed by spin coating (10 s at 1000 RPM,
then 30 s at 3000 RPM). The procedure was repeated 3 times to increase
the thickness of the film and allow for homogenous deposition. The
slides are finally annealed at 500 °C for 1 h.

Fex0; electrodes growth. The Fe.O3 nanostructured electrodes were
prepared by slightly adapting a previously reported method [50]. Ty-
pically, a 0.15 M ferric chloride (FeCl;-6H-0) and 1 M sodium nitrate
(NaNO;) in DW was prepared. Again Ti(OBu), was rapidly added to the
solution as Ti source, with two different concentration ratios (1% and
5% vs Fe). The solution was stirred for 10 min to allow for partial
dissolution of the hydrolysed Ti(OBu),. The pH of the solution was
adjusted to 1.5 with HCL. FTO glass slides were suspended horizontally
in a homemade Teflon-lined stainless-steel reactor thanks to a specifi-
cally made PTFE support, with the conductive side facing down. Ty-
pically, the synthesis was simultaneously performed on pristine FTO
glass slides, and buffer layered covered ones. The reactor is closed and
placed in an oven at 100 °C for 6 h. The produced electrodes are then
thoroughly rinsed with DW and annealed at 500 °C for 2 h. Control
experiments were performed without the addition of the Ti source, to
investigate the doping effect on the morphological and functional
properties.

Morphological, structural and optical characterization. Scanning elec-
tron microscopy (SEM) cross-section images were collected on a FEI
Magellan 400 HR-SEM. High resolution transmission electron micro-
scopy (HR-TEM) and scanning transmission electron microscopy
(STEM-HAADF) characterization was performed on a FEI Tecnai F20
equipped with a Schottky emitter operating at 200 kV. The chemical
composition was verified by means of energy dispersive spectrometry
(EDS) by using an EDAX Phoenix spectrometer equipped with an ultra-
thin window detector. X-ray diffraction (XRD) pattern were registered
on a PanAnalytical Empyrean XRD in reflection mode, equipped with
monochromator to minimize Fe luminescence. Nitrogen ad- sorption
desorption isotherms and the Brunauer Emmett Teller (BET) surface
areas were determined with a Micromeritics ASAP2010 station
operated at 77 K. The sample was degassed at 473 K overnight and then
analysed at 77 K. The relative pressure (P/Po) range used for calcula-
tion of BET surface area was from 0.05 to 0.35. The thin film samples
were weighed before analysis and a clean FTO slide was used as re-
ference. Transmittance and Diffused Reflectance characterization was
performed on an Agilent CaryUV 5000 double beam spectrophotometer
equipped with integrating sphere.

Photo-electrochemical experiments. The electrodes were placed in a
glass cylindrical cell (Bio-logic) filled with 6 mL of a 0.1 M solution of
N-Tetrabutylammonium Hexafluorophosphate in Acetonitrile (anhy-
drous) (TBAPFs). Unless stated otherwise, Pt wire and Ag/AgNO;
(0.01 M AgNOg3 in 0.1 M TBAPFs in Acetonitrile) electrodes were used
as counter and reference electrodes, respectively. AM1.5G Solar
Simulator was used as light source, tuning the power output to
100 mW cm™ with a calibrated photovoltaic (PV) cell. The photo-
electrodes are dipped into the electrolyte solution with the deposited
hematite thin film facing the light source, carefully regulating the im-
mersed area to 1 cm2. Voltammetry experiments were performed in
diffusion-limited conditions, whereas long time chrono-amperometry
experiments (4 12 h) were carried out gently stirring with a magnetic
stirrer. A Solartron Analytical ModulabXM electrochemical station was
employed for all the electrochemical characterization.

Spectral responsivity. Incident Photon to Current Efficiency (IPCE)
experiments have been performed in the same experimental conditions
as the photoelectrochemical experiments. The potential was set to
+1.2 Vvs SHE. Absorbed Photon to Current efficiency was calculated
by dividing IPCE for the fraction of photon absorbed at each wave-
length, calculated as described in SI.

Nuclear magnetic resonance (NMR) characterization. The products of
benzylamine oxidation were characterized by *H NMR after several
purification steps [57]. The reaction solution was first washed with 15
20 mL of diethyl ether to precipitate the electrolyte, then filtered over
0.22 pm PTFE syringe filter and vacuum dried. The organic yellow oil
was dispersed in CDCl; for NMR characterization. H NMR spectra
were collected by a Varian MR 400 MHz NMR.

H: photoelectrochemical production experiments. The hydrogen



evolution experiments were carried out upon solar-simulated irradia-
tion of a custom-made gas-tight reactor composed of two compartments
separated by a frit. The first compartment, containing the BN in acet-
onitrile, has two ports which are used for the working and the reference
electrodes, respectively. A hematite photoelectrode (working electrode)
with only 0.6 cm2 surface area was used and connected to a copper wire
(sealed inside a glass stick) using copper tape, a saturated calomel
electrode (SCE, Amel) was used as a reference to calibrate for the po-
tential variation. The second compartment, containing the acidic aqu-
eous solution, has two ports as well, one is used for the platinum
counter electrode and the second one is connected to a closed head-
space from which automatic withdrawal by the GC pump takes place for
gas detection and quantification. All connections involving electrodes
are gas-tight (dce Glass Inc., USA). The gas atmosphere of the first
compartment is analysed on an Agilent Technologies 490 micro-GC
equipped with a 5 A molecular sieve column (10 m) and a thermal
conductivity detector. Argon was used as the carrier gas. 5 mL from the
headspace are sampled by the internal GC pump and 200 nL are in-
jected in the column maintained at 60 °C for separation and detection of
gases. The unused gas sample is then reintroduced in the reactor in
order to minimize its consumption along the whole experiment. The
amount of hydrogen produced during the photo-electrolysis was
quantified from a calibration procedure based on a galvanostatic elec-
trolysis (-0.5 mA, 1 h) of a 0.1 M H.SO, solution with a Pt electrode
using the same setup and experimental conditions. A 100% faradaic
efficiency was assumed leading to a linear correlation between the
amount of hydrogen evolved at the Pt cathode and the electrolysis time.
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