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The efficiency of photo-electrocatalytic (PECa) devices for the production of solar fuels depends on several
limiting factors such as light harvesting, charge recombination and mass transport diffusion. We analyse
here how they influence the performances in PECa cells having a photo-anode based on Au-modified
TiO, nanotube (TNT) arrays, with the aim of developing design criteria to optimize the photo-anode and
the PECa cell configuration for water photo-electrolysis (splitting) and ethanol photo-reforming processes.
The TNT samples were prepared by controlled anodic oxidation of Ti foils and then decorated with gold
nanoparticles using different techniques to enhance the visible light response through heterojunction and
plasmonic effects. The activity tests were made in a gas-phase reactor, as well as in a PECa cell without
applied bias. Results were analysed in terms of photo-generated current, H, production rate and photo-
conversion efficiency. Particularly, a solar-to-hydrogen efficiency of 0.83% and a Faradaic efficiency of 91%
were obtained without adding sacrificial reagents.
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1. Introduction

The photo-electrocatalytic (PECa) approach for solar fuel gener-
ation is an emerging technology for the future of sustainable en-
ergy [1-3]. There is a clear trend to develop alternative solutions
to the use of fossil fuels, with solar fuel/chemicals production be-
ing a key factor to enable this transition to a new resource and
efficient production of energy [4]. PECa solar cells, e.g., cells with
separated zones for the reactions of oxidation and reactions nec-
essary to produce solar fuels, are a critical technology to realize
this objective [5-7]. Although different configurations exist for this
type of cells [6,7], the most common cell is based on a semicon-
ductor photo-anode where water is oxidized to O, and H* /e~ with
the latter transported to the other half-cell of the PECa device to

* Corresponding author.
E-mail address: ampellic@unime.it (C. Ampelli).
1 Present address: Advanced Light Source, Joint Center for Artificial Photosynthe-
sis, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., M/S 30R0205 Berkeley,
CA 94720, USA.

http://dx.doi.org/10.1016/j.jechem.2016.11.004

either produce H, (in a compartment different from that of oxy-
gen evolution, an important factor for device exploitability and se-
curity of operation) or reduce CO,. While most of the literature
studies are based on operations of both the electrodes (for water
oxidation and H, production or CO, reduction) in the presence of
a liquid bulk electrolyte [7], we have earlier shown how the op-
erations in electrolyte-less conditions (gas-phase type electrodes,
similar to the gas-diffusion layer - GDL - electrodes used in PEM-
type fuel cells) may be advantageous for various reasons. This type
of PECa cell design [6,8] also requires different characteristics for
the photo-anode [8,9] with respect to those operating in the pres-
ence of an electrolyte. In particular, a specific type of nanostruc-
ture, as that based on an array of vertically-aligned semiconductor
nanotubes, is necessary for an efficient transport/collection of both
photo-generated electrons and protons during the water oxidation
[9].

Therefore, in addition to the general issue of developing im-
proved photo-active materials for water oxidation, there are spe-
cific design issues related to the development of advanced photo-
anodes for the type of PECa cells discussed above. The latter
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aspects have been in general much less addressed and there is the
need of a better understanding of the factors controlling the per-
formances in this type of photo-anodes, which is the scope of the
present work.

Among the many recent papers about photo-electrodes for wa-
ter splitting, it may be cited, for example, the works of Zhou and
Xie [10] on the development of new photo-active materials and
their characterization in terms of UV-visible light absorption, band
gap and quantum yield; Russo et al. [11] on BiVO,4; Natali Sora et
al. on LaFeOs [12]. Moreover, Lhermitte and Bartlett [13] reviewed
the use of CuWO, electrodes for water oxidation, Kang et al. [14],
the synthesis and properties of different photoelectrodes for wa-
ter splitting, Yang et al. [15], the use of earth abundant materials
for the use in PECa devices for water splitting, and Domen and
coworkers [16] the recent advances in semiconductors for water
splitting. It may be remarked that, in general, the preparation of
these materials is often not related to the type of electrochemical
device utilized, or that the form in which these materials are de-
veloped is not well suitable for the type of PECa cell (electrolyte-
less) discussed above [17]. We may also note that from a practical
point of view, it would be preferable to evaluate the total produc-
tivity of the cell than the properties of the single catalytic mate-
rials or their photocatalytic activity in the degradation of organic
dyes and pollutants [18-20].

From this perspective, electrochemistry and electrochemical en-
gineering assume an important role in the development of the
future technologies in energy chemistry [21,22]. In our previous
papers, we also showed that synthesis of the materials (for the
preparation of the electrodes) and design of the cell (in terms
of reactor configuration and operating conditions) are both of ex-
treme importance for the development of highly-efficient PECa de-
vices for solar fuel generation [23,24]. Mass transport limitations
and charge recombination phenomena are the main issues that
strongly limit performance of PECa cells, especially for the elec-
trochemical reduction of CO, [25,26].

Performance and stability of PECa cells are largely determined
by the processes occurring at the interface with the electrode;
hence, the electrode structure (i.e., the development of 2D or 3D
nanostructured electrodes) is one of the key factor to increase the
efficiency of solar PECa cells. Recently, Xu et al. [27] proposed
the construction of photonic nano systems based on 3D porous
reduced graphene oxide (RGO) and TiO, aerogel for solar water
splitting. They presented a good example of fabrication of three-
dimensional porous photo electrodes, which are necessary to en-
sure high active surface area and promote light trapping, charge
separation and transport. Moreover, the simulation of transport
phenomena in PECa reactors may help in designing properly the
reactor configuration, to attain the maximum benefits from the ir-
radiation patterns and minimize the high overpotentials typically
encountered in such kinds of cell. The use of plasmonic enhance-
ment for solar water splitting, in general, is an area of fast growing
relevance [28-30].

These studies usually take into account the transport phenom-
ena equations (Navier-Stokes equations), the energy equation for
the electrolyte and the radiative transfer equation, providing useful
information about the suitable reactor design for enhancing solar-
to-hydrogen efficiency and hydrogen production. However, quite a
few studies have investigated the PECa reactor design [31-33] and
they are mainly focused on heat transfer and flow characteristics
without taking into account the influence of the electrode struc-
ture and porosity on the efficiency of PECa cells.

This contribution would like to stress the importance of a
multidisciplinary approach for the development of solar PECa
cells by considering: (i) the chemistry of the materials, which is
the base for the synthesis of suited photo- and electro-catalysts
to be assembled and implemented for the fabrication of nanos-

tructured electrodes (by a nanoscale engineering approach); and
(ii) the engineering of the device, for maximizing the overall
solar energy conversion performance. Particularly, the discussion
will be made by evaluating the critical factors controlling PECa
performance, through the analysis of the results obtained from
experimental tests on plasmonic-type photo-anodes based on Au-
modified TiO, nanotube arrays. These nanostructured electrodes
were irradiated by a solar simulator within a novel PECa device
[6,8] and tested in the processes of both water photo-electrolysis
and ethanol photo-dehydrogenation for the production of
hydrogen.

The evaluation of the factors influencing the behaviour of so-
lar PECa devices evidences the need of approaching in multidisci-
plinary way, including: (i) nano-engineering for designing the elec-
trodes; (ii) catalysis and reaction engineering and (iii) industrial
engineering, to attain the maximum benefits from the cell config-
uration for a real industrial implementation.

Vertically aligned TiO, nanotubes were prepared by controlled
anodic oxidation of Ti foils. It is an already consolidated technique
[34-36], easily scalable, for the formation of highly ordered TiO,
nanotube arrays, although the correlation of the characteristics of
these titania nanostructured thin films with the relevant properties
for PECa devices, such as (i) enhanced visible light absorption and
(ii) improved charge separation characteristics, are less investigated
[37,38].

With the aim to further enhance the visible response by hetero-
junction and plasmonic-type effects, gold nanoparticles (Au NPs)
were also deposited on the TiO, nanotubes using different tech-
niques. In addition to the commonly-used wet impregnation and
photo-deposition techniques, we also present here a modified elec-
trodeposition technique for Au NPs, based on multiple cycles of
voltage ramps followed by a selective washing treatment. This
method aims at controlling the nucleation phase of Au NP forma-
tion, limiting their aggregation and removing the excess of Au that
weekly interacts with the TiO, surface. The motivation to investi-
gate different methods of deposition is related to the great role of
the size and dispersion of Au NPs, as well as their interaction with
the semiconductor, to determine the H, productivity and efficiency
of the PECa cell.

Although we focus discussion here on the formation of H, in
PECa cells, the same type of devices, but with tuned type of elec-
trocatalysts, may be used also for the reduction of CO, as reported
elsewhere [39-41].

2. Experimental
2.1. Preparation of TiO, nanotube arrays

TiO, nanotube (TNT) photo-electrodes were prepared by con-
trolled anodic oxidation of Ti foils. The essence of the method can
be described as a reconstruction of a thin TiO, layer (formed ini-
tially by oxidation of a Ti foil) which occurs under the application
of a constant voltage in the presence of fluoride-based electrolytes
[34-36]. The starting titanium disc (Alfa Aesar, 0.025 mm of thick-
ness, 3.5 cm of diameter) was anodized using a two-electrode elec-
trochemical cell working at room temperature at 50 V. The reaction
bath consisted of a solution of ethylene glycol with H,O (2 wt%)
and NaF (0.3 wt%). The set voltage was gradually reached by a pro-
grammed ramp at 3V/min and then kept constant for the whole
anodization (5 h). Details about the geometry of the cell and pro-
cedure of preparation were described elsewhere [24,42]. After the
preparation, the nano-structured amorphous substrates were an-
nealed at 450°C in air for 3h in order to induce crystallization
into the anatase phase. A thin Ti layer remained non-oxidized, thus
acting as an electron-collective layer during the photo-catalytic
process.
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2.2. Deposition of Au

Three techniques were investigated for the decoration of TNT
with Au NPs: (i) wet impregnation, (ii) photo-reduction and (iii)
electrodeposition.

A typical wet impregnation technique was adapted for the de-
position of gold on a substrate in the form of a thin film instead of
a powder. The as-prepared TNT/Ti film (after calcination) was lo-
cated at the bottom of a decanter (having about the same size of
the round TNT/Ti film), which was filled with an aqueous solution
of HAuCl, and heated at 60 °C under constant slow stirring until
complete evaporation of water was achieved.

The photo-reduction method was carried out in gas phase: the
as-prepared TNT/Ti film was first immersed into the metal precur-
sor aqueous solution (HAuCly) for 30 min, allowing the nanotubes
to fill in by the capillary forces. Then, it was exposed to an UV-
visible lamp under a low inert gas flow to form the NPs in a photo-
reduction process. The lamp was the same utilized for the irradia-
tion of the PEC cell (see below in paragraph 2.4).

Electrodeposition technique was performed in a conventional
electrochemical cell with a three-electrode configuration using
Ag/AgCl as the reference electrode and a Pt rod as the counter-
electrode. The as-prepared TNT/Ti film (acting as the working elec-
trode) was subjected to cyclic voltammetry in presence of the
metal precursor (HAuCly) in 1M phosphate buffer solution (PBS).
In particular, seven cycles from 0 to+ 1.4V (and reverse) were per-
formed at a scan rate of 20mV/s and 50°C temperature. Finally,
the excess of Au was removed by washing with deionized water in
an ultrasonic bath (2 min).

After depositing gold on TiO, using one of these three tech-
niques, the TNT/Ti film was dried in air at 200°C for 2h with a
heating rate of 2 °C/min.

2.3. Characterization

The structural and morphological characterization of the mate-
rials was made by scanning electron microscopy (SEM) with high
resolution field emission gun (Zeiss SUPRA 35 VP), operated at
a primary beam acceleration voltages of 5KkV, equipped with an
energy-dispersive X-ray (EDX) analyzer. The oxide layer sizes (nan-
otube diameter and length) were directly obtained from SEM im-
ages. Ultraviolet-visible diffuse reflectance spectra were recorded
by a Jasco V570 spectrometer equipped with an integrating sphere
for solid samples, using BaSO,4 as reference and in air. Chronoam-
perometry measurements were performed by the use of a three-
electrode photo-electrochemical cell, with a Pt wire as counter-
electrode and a saturated KCI-Ag/AgCl reference electrode. All the
tests were performed at room temperature in 1 M KOH solution at
0.1V using a 2049 AMEL potentiostat-galvanostat. Atomic absorp-
tion spectroscopy (AAS - AAnalyst 200 Perkin Elmer) was used to
determine the effective gold loading, after dispersion of the sam-
ples in an aqueous HF solution in ultrasonic bath. The phase com-
position and the degree of crystallinity were analysed by X-ray
diffraction analysis with an ADP 2000 diffractometer using a Cu-
Ko radiation. Data were collected at a scanning rate of 0.025/s in a
26 range from 20 to 80°. Diffraction peak identification was made
on the basis of the JCPDS database of reference compounds.

2.4. Gas-phase reactor and PECa device

The experimental apparatus for the photo-(electro) catalytic ex-
periments consists of a solar illuminator, a photo-reactor and a gas
chromatograph for the analysis of products.

The solar illuminator is a Xe-arc lamp (Lot Oriel, 300 W)
equipped with a set of lenses for light collection and focusing, a
water filter to eliminate the infrared radiation and a set of filters

to select the desired wavelength region, thus evaluating the photo-
response in ultraviolet or visible regions.

The Au-modified TiO, nanotube arrays were studied in two re-
actions: (1) the photo-production of H, in the presence of an al-
cohol and (2) the water photo-electrolysis (splitting). For the first
reaction, a gas-phase photo-reactor (GPR) was used, while a PECa
type cell was used in the second case.

The GPR is made of Pyrex and equipped with a quartz window
that allows irradiating a photocatalytic area of ~10 cm?2. The photo-
catalytic substrate, prepared as a thin film, was suspended within
the reactor headspace and irradiated perpendicularly by light com-
ing from the external lamp. An aqueous ethanol solution, having
a controlled temperature (60°C) and composition (10vol%), was
present on the bottom of the reactor maintaining the gas in equi-
librium with the liquid phase. Details about the GPR were reported
elsewhere [43,44].

The PECa reactor is made of Plexiglas and equipped with a
quartz window. It has a two-electrode configuration with two sep-
arate compartments for the reduction and oxidation half-reactions.
The irradiated area is ~10cm2. 1M NaOH aqueous solution was
used as electrolyte in the anodic compartment, while 0.5M H;SO4
aqueous solution was used in the cathodic side of the PECa cell.
The principle of working of the PECa device can be summarized
as follows: (i) light irradiation induces a charge separation (elec-
trons and holes) on the Au/TiO, surface (photo-anode) where the
holes oxidizes the water to O,; (ii) the protons pass through a
Nafion® membrane to the other compartment (cathode), while the
electrons, collected by the Ti layer, reach the cathode through an
external wire and (iii) the protons recombine with the electrons
on the electrocatalyst surface (commercial Pt supported on carbon
cloth, by E-TEK®) to give H,. Before its use, the Nafion® membrane
was treated with H,0, to remove organic impurities and then
in Hy,SO4 for activation. A potentiostat-galvanostat (AMEL 2049)
interfaced with a Personal Computer, was used to measure the
photo-generated current. Details about the assembling of the work-
ing electrode were reported elsewhere [24,45].

A gas chromatograph (GC) with a thermal conductivity detector
(TCD) was used to analyse the permanent gases (H,, O,, CH4 and
CO) by a molecular sieve column (5A Plot). Carbon dioxide, ethanol
and acetaldehyde were instead analysed by a fused silica column
(Rt-Qbond).

3. Results and discussion
3.1. TNT characterization

Highly ordered vertically aligned TiO, nanotubes (TNT) were
prepared by controlled anodic oxidation, as reported in the exper-
imental part. The peculiarity of this technique lies in its capability
to tailor the desired nano-architecture by modulating the synthetic
parameters during the anodization, such as the applied voltage, the
time of anodization, the nature of the electrolyte, the quantity of
H,O0, the pH.

Fig. 1 shows some SEM top images of TNT arrays prepared
at 50V. After the preparation the surface of the photo-layer was
partially covered by amorphous oxide (Fig. 1a), which limits its
photo-response. The debris can easy be removed by short etch-
ing with concentrated HCl (30s) in ultrasonic bath; Fig. 1(b) shows
the clean TNT surface after the sonication treatment, which is of
fundamental importance to enhance light harvesting and photo-
catalytic activity. The inset of Fig. 1(b) shows a magnification of
the top surface of TNT, evidencing an average inner diameter of
~70 nm and a wall thickness of ~8-10 nm. The thickness of the ox-
ide (which corresponds to the length of the nanotubes) was mea-
sured as ~1.2 um. This is an average value because the sonication
treatment creates slightly differences at microscale. The growth of
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Fig. 1. SEM top images of (a) the as-prepared TiO, nanotube arrays anodized at
50V and (b) the same nanotubes after sonication treatment. The inset shows a
magnification of the cleaned top surface.

the nanotubes is the result of the equilibrium between two reac-
tions: (i) the controlled oxidation of Ti, due to the application of a
strong electromagnetic field and (ii) the partial dissolution of the
oxide, due to the presence of fluoride anions in the reaction bath.

The length of the nanotubes has much influence on perfor-
mance of a PECa cell, as the transport of electrons occurs from the
top of the nanotubes, where light harvesting is the greatest, to the
bottom of the nanotubes and towards the collector layer (which is
the metallic Ti remained non-oxidized after the anodization). Light
absorption could be maximized by increasing the quantity of the
photo-catalytic materials, i.e., obtaining longer TNT by increasing
time of anodization. However, we have demonstrated that, in PECa
cells, the longer TiO, nanotubes are the more charge recombina-
tion phenomena occur; thus, a thin nanotube layer is preferable.
The only feasible engineering solutions to increase light harvesting
(not considering the nature of the photo-catalytic material) refer
to: (i) increase the irradiated surface area, (ii) create an ordered
nano-architecture (and 3D porosity) in the photo-catalyst, (iii) di-
minish light scattering phenomena and (iv) clean the surface from

not-absorbing (nano) objects. The relationship between thickness
of the photo-layer and PEC performance was deeply studied and
reported elsewhere [46].

The nanometer-sized Au NPs are known to exert visible-light
absorption, a phenomenon that is due to the surface plasmon res-
onance (SPR) [47]. The morphologies of the prepared vertically
aligned Au-modified TNT arrays are shown in Fig. 2.

Wet impregnation resulted preferentially in samples showing
aggregation of not well-dispersed Au NPs and deposited mainly on
the top of the TNTs (Fig. 2a). Photo-reduction method has been re-
ported in literature as a more suitable technique for obtaining very
small NPs [48]. In our case, even if smaller and quite dispersed
NPs were obtained with respect to wet impregnation method (8-
15nm), some debris was present on the TiO, surface, which are
residuals from the evaporation of the aqueous solution containing
the precursor salt (Fig. 2b).

Electrodeposition seems to be the best method for decorating
homogeneously the surface of the TNTs. Fig. 2(c) shows a top view
of the TNT arrays obtained using this technique. The dispersion of
the Au NPs is more uniform with respect to the sample prepared
by wet impregnation and comparable with the sample obtained by
photo-reduction. However, very small Au NPs (3-5nm) can be ob-
served preferentially on the top of TNTs, in correspondence with
the edges of the tubes (Fig. 2c). EDX analysis confirmed the pres-
ence of gold on the TNT surface. A few bigger Au NPs (with size
similar to the opening of the tubes) blocked up the holes of some
tubes in spite of the post-sonication treatment to remove the ex-
cess of Au. The major part of Au NPs was deposited on the top of
TNTs, due to the resistance encountered by the aqueous Au precur-
sor solution to fill completely the tubes by capillarity.

Fig. 3 reports the UV-visible diffuse reflectance spectra of the
Au-modified TNT arrays prepared according with the three stud-
ied modalities of Au deposition. The spectra of the bare TNT arrays
(non-modified) and commercial TiO, P25 Degussa (for reference)
have also been reported.

All the spectra exhibit a strong absorption band centred at
about 350-400 nm related to the lowest energy charge transfer
02-— Ti*" and thus associated to the TiO, band gap consistent
with expectations for a mixture of anatase and rutile TiO, poly-
morphs. TNT modification by gold shifts the band gap up from
3.3 eV to about 3.1 eV depending on the method of deposition (see
table in Fig. 3). It should be observed that TiO, P25 Degussa has a
band gap shifted to lower frequencies with respect to the TNT ar-
rays, due to the presence of about 20 wt% of rutile phase in the P25
sample, while TNT arrays show only anatase phase, as discussed
below.

Except for TiO, P25 Degussa, all the spectra also evidence a
broad absorption peak centred around 550 nm, with a broad tail
on the low energy side extending to the whole visible region. Note
that the apparent series of peaks above about 550 nm for the Au-
modified TNTs by electrodeposition is due to light diffraction inter-
ferences.

It may be noted that non-modified TNT sample shows also
a broad absorption band in the visible region, although with a
maximum centred around 650-700 nm. This absorption band is
not present in films of TiO, prepared by sol-gel or by depositing
commercial TiO, nanoparticles (such as P25). It is related to light
diffraction in 2D-type photonic materials [49,50]. TNT arrays show
a periodicity of the crystal structure that is in wavelength equal to
600-750 nm. The result is an improvement in terms of visible light
harvesting, although it must be noted that this strong visible-light
absorption (being related to light diffraction, rather that absorption
with generation of charge separation) does not produce in princi-
ple an improved photocatalytic activity.

In photonic crystals, due to the periodically structured electro-
magnetic medium, light cannot propagate through the structure



288 C. Ampelli et al./Journal of Energy Chemistry 26 (2017) 284-294

Photo-reduction
ENT = 500kV : —
WD = 39 mm

.
¥ Electrodeposition

Signal A = InLens
Photo No. = 7226

T W - -

Wt o
EHT = 1000 kV
WD = 36mm

Fig. 2. SEM top images of Au-modified TNT arrays with Au deposited by (a) wet impregnation, (b) photo-reduction, (c) electrodeposition. In (d) a magnification of (c) image

is reported showing 3-5nm Au NPs. EDX analysis is also reported.
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Fig. 3. UV-visible diffuse reflectance spectra of Au-modified TNT arrays prepared
by different Au deposition methods. The table in the figure reported the calculated
band gaps.

and thus is localized and trapped, creating an intense local electro-
magnetic field which may interact with other incoming photons,
allowing the generation of some hot-electrons (injected into the
valence band of the semiconductor) [51]. The mechanism, although
less efficient, is similar to that present in plasmonic materials (for

example, gold NPs deposited on TiO,), where two mechanisms
of hot-electron generation exist [52-54]: (i) plasmon-induced res-
onant energy transfer and (ii) direct electron transfer. The first
consists in the non-radiative dipole-dipole coupling between the
plasmon of the metal and the electron-hole pairs in the semi-
conductor. The second, typically referred to as “hot” electron in-
jection, involves the transfer of plasmonic electrons over the in-
terfacial Schottky barrier established between the Fermi level of
the metal and the conduction band of the semiconductor. Metals
with a larger density of electronic states, as in the case of the d-
band electrons in Au, are necessary for an efficient mechanism.
The strong localized electromagnetic field created by a photonic
nanostructure of the semiconductor, such as in our TNT system,
may positively further interact with this mechanism of visible-light
generation of charge separation in wide-band gap semiconductors
(such as TiO,). Therefore, it is possible to develop visible light re-
sponsive TiO,-based photoelectrodes based on the synergetic inter-
action between Au-based plasmonic responses and TiO, photonic
crystals [51].

In Fig. 3, it is evident that the deposition of Au NPs on TNT
arrays slightly intensifies and shifts to wavelengths below 600 nm
the maximum in the broad absorption band, although the specific
effect is largely depending on the method of Au NP deposition. The
presence of interference fringes in the range 600-1200 nm in the
spectrum of Au-modified TNT arrays prepared by electrodeposition
is probably related to the difference in localization of Au NPs with
respect to the other two methods of preparation, as discussed be-
fore. Likely, very small Au NPs on the top of the TNTs induce a
localized surface resonance coupling with the resonances deriving
from the Au NPs localized in other positions of the TNTs, where
they are more influenced from the electromagnetic field gener-
ated by the photonic crystal. This could explain the interference
fringes observed in this sample, differently from the other sam-
ples (Fig. 3), although more studies are necessary to better clarify
this effect. This interpretation, however, supports the idea of the
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coupling between photonic and plasmonic effects in Au NPs/TNT
systems, and that this effect greatly depends on the characteristics
(related to the method of gold deposition) of the Au NPs. Cai et
al. [55], studying the photo-catalytic activity of 3D ordered macro-
porous gold-loaded TiO, photonic crystals, observed the same in-
terference fringes with similar frequency for the Au-TiO, sample
with lower Au loading (1 wt%). This sample also showed the low-
est Au NP size (about 6 nm), even if the ordered TiO, structure was
different with respect to our TNT arrays. They also found that, by
incorporating Au NPs in TiO, films, the lifetimes of the UV-visible
excited electrons and holes are extended, limiting the charge sep-
aration phenomena.

TNT arrays prepared by anodic oxidation show a BET surface
area slightly higher than Degussa P25 (68.1 vs. 48 m?/g) and no
significant changes were observed after Au deposition. The phase
composition was investigated by XRD and the obtained patterns
are shown in Fig. 4.

As already reported in the experimental part, the TNT arrays
are amorphous after the anodization, thus the samples were an-
nealed to induce crystallization. The XRD pattern for TNT/Ti sam-
ple showed a 100% anatase structure (no rutile phase was detected
in all the samples, expect for TiO, P25 Degussa). To discern the
peaks related to anatase (A) TiO, from the Ti peaks, the TNT ar-
rays were completely removed by a strong sonication treatment
and then analysed by XRD; results are also reported in Fig. 4, to-
gether with the pattern obtained for the only Ti support.

Diffraction Au peaks (as reported in the JCPDS file No. 04-0784)
were also observed, even if barely discernible from the background,
due to the low Au concentration on TNT and to the small size of
Au NPs obtained by electrodeposition technique, as confirmed by
SEM analysis. To evaluate the effective Au metal loading in TNT,
the as-prepared Au-modified TNT arrays were sonicated in concen-
trated HF aqueous solution (48 wt%) to dissolve Au and the result-
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Fig. 5. Hydrogen evolution as a function of time in gas-phase photo-catalytic ex-
periments of ethanol photo-dehydrogenation over Au-modified TNT arrays.

ing solutions, after proper dilution, were analysed by AAS. Calibra-
tion curves were obtained by means of three standard solutions
in the range 1-5ppm by diluting gold atomic spectroscopy stan-
dard concentrate (1.00 g/L) supplied by Sigma Aldrich. The analyti-
cal results showed ~1.5 wt% Au loading for the sample prepared by
electrodeposition; a similar value was detected for the Au-modified
TNT sample prepared by photo-reduction, while the Au loading for
the sample prepared by wet impregnation was higher (2.4 wt%).

3.2. H, production

Fig. 5 shows the H, formation activity in gas-phase experiments
of the different Au-modified TNT arrays. A maximum in produc-
tivity to hydrogen was observed for the photo-catalyst prepared
by electrodeposition, giving about 190 pmol H, in 5h of light ir-
radiation. For the sample with Au deposited by photo-reduction
technique, H, evolution was about 19% lower. While the effective
Au loading is similar, the higher performance for Au-modified TNT
arrays by electrodeposition should be ascribed to the smaller Au
NPs obtained using this Au deposition technique, as confirmed by
SEM analysis. As commented regarding Fig. 3, however, the sam-
ple prepared by electrodeposition shows also a better effective in-
teraction between plasmonic and photonic effects to enhance in-
teraction with the light. This is a likely alternative interpretation
of the enhanced photocatalytic activity in H, generation. Hydrogen
evolution for the sample prepared by wet impregnation was even
less than the non-modified TNT arrays. In this sample, no small Au
NPs are present on the top of the TNTs and Au aggregates are par-
tially covering the photo-active surface. Although in principle the
latter effect may reduce performance with respect to bare TiO,,
it is likely that trapping of electrons by large metal particles may
enhance in this case charge recombination and thus a lowering of
performance. This result well indicates that simple addition of gold
particles may result in lower performances, in the absence of spe-
cific characteristics in which these NPs enhance the photocatalytic
behaviour, for example through the effective plasmonic-photonic
interaction, as commented above.

As reported in the experimental part (paragraph 2.4), these ex-
periments were performed by using a GPR reactor in the pro-
cess of ethanol photo-dehydrogenation/reforming. The main side
product was acetaldehyde, evidencing that dehydrogenation pro-
cess prevails over the reaction of complete ethanol reforming to
give CO,. Although formally these are photocatalytic tests, we be-
lieve that may more correctly be described as a short-circuit-type
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Fig. 6. Schematic mechanism of water photo-electrolysis and/or ethanol photo-
dehydrogenation over Au-modified TNT arrays with both redox reactions occurring
in the same environment.

electrochemical cell, with the TNT arrays being the anode for the
oxidation reaction and the Au NPs the cathode for the proton re-
duction. The holes created in TNTs during light irradiation, oxi-
dize ethanol to acetaldehyde (and/or water to O,), while electrons
are attracted by Au NPs combining with protons coming from the
ethanol deprotonation. This tentative mechanism is depicted in Fig.
6.

Jana et al. [56], in studying the photoelectrochemical behaviour
of Au NPs on TNT substrates, pointed out the critical role of
the electrode-electrolyte interface in plasmonic generation of free
charges on the NP surface. Charge separation occurred by the
transfer of photo-excited electrons from the Au NPs to TNT con-
duction band and simultaneous transfer of compensative electrons
from a donor in solution to the Au NPs. They also reported that
Au NPs and TNTs form a Schottky junction, which is the reason
of band bending at their interfaces. The result is a reduced re-
combination of photogenerated electrons and holes in the junction
region (heterojunction effect) and more charge carriers available
for the redox reactions. It may be remarked that in our experi-
ments (Fig. 5), we operate in the absence of an electrolyte, in the
gas-phase type reactor described in the experimental part. The Au
NPs/TNT photocatalyst is thus in contact with the gas phase where
ethanol and water are present at the equilibrium with the liquid
solution present at the bottom of the reactor (not in direct contact
with the photocatalysts). The explanation of Jana et al. [56] about
the role of the electrolyte in the process may thus be not ap-
plied correctly, although it is evident from the data reported in
Fig. 5 that a linearity in H, generation is present. The redox pro-
cesses are reasonably closed by the conducting properties of the
semiconductor (TNT) and the surface mobility of charged species
(like protons). Likely, these are the limiting factors in performances
in our gas-phase approach, even if there are other potential ad-
vantages in terms of reduced light scattering, gas cap, formation
of double layer and associated mass transfer limitations, etc. [6,8].
By a better design of the semiconductor properties (improving hy-
drophilicity, for example) and electrode engineering (some aspects
discussed below), in addition to a proper design of the Au NPs/TNT
materials to exploit better the phononic-plasmonic interaction, it
is likely possible to improve the performances of these photocata-
lysts in H, generation.

It may also be observed that within the lab-scale time range
investigated (up to about 20h) there is no deactivation of the
catalysts, especially in the more active ones (some deactivation
is observed in bare TNTs and Au-modified TNTs prepared by wet
impregnation, as shown in Fig. 5). This suggests that there is no
relevant adsorption and surface polymerization of the acetaldehyde
formed as a main production in ethanol dehydrogenation.

Selectivity of the reaction to acetaldehyde is rather high, above
98% and thus this reaction, which may likely be extended to other
types of alcohols or possible other types of substrates, can be a
good example of solar-driven chemistry, e.g., a type of chemistry
based on the direct use of solar energy or more in general re-
newable type of energy. From a sustainability perspective, waste
streams containing ethanol can be converted selectively to H, and
acetaldehyde (both valuable chemicals) without the formal need
to supply energy, except solar one. This evidences the interest in
this type of solar-driven catalytic chemistry. It may also be noted
that even if the superhydrophilic behaviour of TiO, upon irradia-
tion is well known, and thus the dehydration of ethanol (forma-
tion of ethylene) may be expected to be relevant, this reaction is
minimized in our Au NPs/TNT photocatalysts. There is likely a role
of the specific TiO, nanostructure on this peculiar behaviour, al-
though to be investigated more in detail.

3.3. PEC performance

Performance of a PECa cell is determined by the ability of a
photo-electrode to carry out the following processes: (i) light har-
vesting, (ii) generation of electric charge carriers, (iii) carrier mi-
gration towards the interface between photo-electrode and elec-
trolyte and (iv) carrier transportation towards the external circuit
to the place where hydrogen formation occurs [57].

Being a solar simulator utilized in our apparatus for measur-
ing the PECa cell performances, the first requirement is to measure
the irradiance of the lamp. A spectroradiometer system (Lot Oriel,
model ILT950) was used for this purpose. Particularly, the probe
connected to the spectroradiometer by means of optical fibre was
located within the reactor replacing the photo-active material. The
measured irradiance was 135 mW/cm?2, which represents the light
energy reaching the Au-modified TNT arrays when irradiated by
the solar illuminator. In order to evaluate the real light absorbance
from the photo-active material, the TNT layer was detached from
the metallic Ti (remained not oxidized after the anodization) and
the probe was located behind the obtained transparent TNT mem-
brane, thus measuring the light transmittance. The resulting value
in terms of irradiance was 59 mW/cm?2, which represents the ef-
fective quantity of light absorbed by the photo-anode.

The samples were then exposed to light irradiation for chrono-
amperometric measurements, using different filters to select the
desired wavelength region. Fig. 7(a) shows the typical photocurrent
vs. time profiles referred to non-modified TNT arrays, obtained in a
three-electrode cell using an aqueous solution of 1M KOH at 0.1V
(Ag/AgCl reference electrode, Pt counter-electrode).

The ON/OFF illumination at open spectrum displayed a quick
rise in photocurrent and fast recovery to the original value through
multiple ON/OFF cycles (four cycles). There is a stable and repro-
ducible photocurrent for all the tested samples. By using the AM
1.5 G filter (simulating standard terrestrial solar irradiance distri-
bution) the ON/OFF increment was ~18% with respect to the value
at open spectrum (no filter). Considering that the percentage of
UV light in solar spectrum is only 4%, this result obtained by AM
1.5 G filter evidences the improved performance of TNT arrays in
the visible region with respect to standard TiO, (active only when
irradiated by ultraviolet light, see UV-visible spectrum in Fig. 3).
This is related to the effect previously discussed with reference to
the results reported in Fig. 3. Fig. 7(b) shows the TNT photocur-
rent profile in comparison with data obtained by irradiating the
Au-modified TNT arrays with gold deposited by the three different
deposition techniques.

Electrodeposition method allows enhancing the photocurrent
response, being 1.6 times higher than the photocurrent of the non-
modified TNT arrays, which becomes 1.8 times higher when the
AM 1.5 G filter was used. The other two gold deposition techniques
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Fig. 7. Chronoamperometric measurements for (a) non-modified and (b) Au-
modified TNT arrays (0.1V, 1M KOH).

(wet impregnation and photo-reduction) do not give any improve-
ments and photocurrent values even diminished with respect to
the non-modified sample. There is a good correlation between ac-
tivity in H, generation (Fig. 3) and photocurrent generated (Fig. 7),
confirming the close link between the two effects.

The best Au-modified TNT film (obtained by electrodeposition)
was then tested in the PECa reactor in H, production by both wa-
ter splitting and ethanol photo-dehydrogenation. The non-modified
TNT arrays were used as reference in these tests. The results are
reported in Fig. 8.

This behaviour can be explained by analysing the mechanism of
H, formation occurring in a PECa cell, as schematized in Fig. 9.

In the PECa approach, differently from the previous case (gas-
phase GPR reactor), the electrons and protons generated on the
photo-anode should be transported on the other side (dark) of the
PECa cell, to be used by the electrocatalyst (in this case to gener-
ate H, in a separated compartment from that where O, formation
occurs by water oxidation). The presence of vertically aligned TNT
arrays is necessary, in addition to the plasmonic-photonic syner-
getic effects discussed before, to improve the transport of elec-
trons and protons (produce from water photo-oxidation) from the
top of the tubes to the bottom part to be collected from the Ti
porous layer (to be transferred through the external circuit to the
cathode side) or to be transferred to the cathode side via the H*-
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Fig. 8. Hydrogen evolution as a function of time from the cathode of a PECa cell in
water splitting (WS) and ethanol dehydrogenation (ED).

conductive membrane (Nafion-type). As electrocathode, Pt NPs on
carbon support were used.

When non-modified TNT arrays are used in the PECa cell,
~195umol of hydrogen were measured in the cathode side after
five-hour time of irradiation, while no H, was detected in the an-
ode part. This is an excellent result if compared to the ~92 umol of
hydrogen obtained in the GPR reactor for ethanol dehydrogenation.
If ethanol is added to the photo-anode, H, productivity increased
even to ~355pumol, evidencing the importance of having a PECa
design with a separation of oxidation and reduction reactions. This
indicates that even if further resistance related to charge trans-
port are introduced in the PECa reactor scheme, with respect to
the short-circuit type scheme present in the GPR reactor approach,
the back reactions between the products of oxidation and reduc-
tion (O, and H,) play a relevant role in determining the overall
performances.

In presence of Au NPs on TNT surface, instead, the quantity of
H, at the cathode decreased to ~93 pmol, but hydrogen was also
formed at the photo-anode. This phenomenon is because part of
the photo-generated current was short-circuited towards the Au
NPs, which act as cathodic centres for the reduction reaction, as
they behave during the tests in GPR reactor.

Fig. 10 shows data of H, evolution when the filter AM 1.5 G was
used to simulate the solar spectrum.

While the order of productivity is the same with respect to
the tests at open spectrum reported in Fig. 8, some considera-
tions should be done about the ratio of AM1.5 G/open spectrum
values for the different photo-catalysts. This ratio is ~16% for the
non-modified TNT arrays by water photo-electrolysis and increases
to ~18% in presence of Au NPs, as gold improves light absorp-
tion in the visible region. The percentages increase in presence of
ethanol, becoming ~21% and ~ 25% for the non-and Au-modified
TNT arrays, respectively. From a thermodynamic point of view, wa-
ter splitting is less favourable than ethanol dehydrogenation, thus
H, formation is energetically more difficult when visible light is
used.

3.4. PECa efficiency
In the case of PECa cells involving semiconductors, the three

major processes leading to water splitting and influencing the
overall photoconversion efficiency are: (i) the absorption of



292

CATHODE

2H*

H,

H, evolution catalyst

(Pt on E-TEK®) N

Nafion® membrane f

C. Ampelli et al./Journal of Energy Chemistry 26 (2017) 284-294

collector layer

===
,/, é CB
e
h* h v v
r\ TNT VB
CH;CH,0OH  CH;CHO +2H*
or ANODE
H,0 % 0, + 2H*

Fig. 9. Schematic mechanism of water photo-electrolysis and/or ethanol photo-dehydrogenation over Au-modified TNT arrays as photo-anode in a PECa cell with separation

of oxidation and reduction zones.

—O— (3) non-modified TNT arrays in WS
—— (1) non-modified TNT arrays in ED
—@— (4) Au-modified TNT arrays in WS
—— (2) Au-modified TNT arrays in ED

80

AM15G @
60 + WS: Water splitting

ED: Ethanol dehydrogenation @
40 + empty: non-modified

filled: Au-modified

H, evolution (umol)

20 +

Time (min)

Fig. 10. Hydrogen evolution as a function of time from the cathode of a PECa cell
in water splitting (WS) and ethanol dehydrogenation (ED). AM 1.5 G filter was used
to filter the incident light.

photons having sufficient energy to equal or exceed the band gap
of the semiconductor, (ii) the conversion of absorbed photons into
separated charges and (iii) the utilization of these charges for wa-
ter splitting and/or ethanol photo-reforming. Although the knowl-
edge of the efficiency of each individual process would be required
to evaluate the different aspects of PECa performance, the eval-
uation of the global photoconversion efficiency (called solar-to-
hydrogen efficiency, if solar energy is used) is of great importance,
especially for practical application. There are several approaches to
calculate the overall photoconversion efficiency. In general, it is de-

fined as the ratio between the maximum energy output that can
be obtained from the final products (hydrogen or oxygen) and the
energy supplied (in the form of light energy) [57]. For the exper-
imental tests performed in PECa cell over non- and Au-modified
TNT arrays, the solar-to-hydrogen (STH) efficiency was calculated
by the formula:

RHZ X AGO

STH =
Pt x Area

(1)
where Ry, is the rate of hydrogen production (mol/s), AG? is the
standard Gibbs energy at standard conditions (2.372 x 10° J/mol),
Piot is the irradiance from the illumination. Table 1 summarizes
the STH values for the Au-modified TNT arrays prepared by elec-
trodeposition in comparison with the non-modified TNT sample for
both the processes of water photoelectrolysis and ethanol photo-
dehydrogenation.

The maximum value of STH efficiency in absence of sacrifi-
cial reagents (water photo-electrolysis) was obtained for the non-
modified TNT sample (0.83%). It is difficult to make comparison
with other results reported in literature, as PECa systems are very
different in terms of materials, configuration, and operating con-
ditions, as well as different expressions are generally used for
efficiency calculation. For instance, Xu et al. [27] recently pub-
lished a paper on performance of 3D porous RGO-TiO, as photoan-
ode for solar water splitting. They reported a STH conversion ef-
ficiency of 0.5% without the need of any sacrificial reagents un-
der full-spectrum light irradiation, but they operated at low bias
of 0.6V (vs. Ag/AgCl), which was the potential showing the max-
imum of STH efficiency. Our results, instead, were obtained in a
two-electrode configuration PECa cell without applying any bias
between the electrodes (V= 0). Kargar et al. [58] reported an eval-
uation of PECa tandem cell performance using TiO,/TiO, core/shell
nanotube array as photoanode for overall solar water splitting.
They calculated a STH of 0.18% using AM 1.5 G filter, against 0.23%
obtained with our PECa cell.

Contrary to the experiments performed in gas phase (GPR)
in which H; production was higher in presence of Au NPs,
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Table 1. Solar-to-hydrogen (STH) efficiency for non- and Au-modified TNT arrays in PECa cell.

Process Sample STH (%) Filter

Water photoelectrolysis Non-modified TNT arrays 0.83 Open spectrum
Non-modified TNT arrays 0.23 AM 15 G
Au-modified TNT arrays 0.39 Open spectrum
Au-modified TNT arrays 0.11 AM 15 G

Ethanol photo-dehydrogenation Non-modified TNT arrays 143 Open spectrum
Non- modified TNT arrays 0.24 AM 15 G
Au- modified TNT arrays 0.93 Open spectrum
Au- modified TNT arrays 0.20 AM 15 G

Table 2. Faradaic efficiency (1) for non- and Au-modified TNT arrays in PECa cell by
water photo-electrolysis.

Sample n (%) Filter
Non-modified TNT arrays 61 Open spectrum
Non-modified TNT arrays 50 AM 15 G
Au-modified TNT arrays 91 Open spectrum
Au-modified TNT arrays 56 AM 15 G

the results obtained in the PECa system (with separation of
oxidation/reduction zones) showed higher performance for the
non-modified TNT sample, in terms of both H, production and STH
efficiency. This phenomenon can be explained by the fact that the
photo-generated current was partially short-circuited towards the
Au NPs, which are deposited on the TNT electrode surface in the
anodic side. Thus, part of the electric current was not collected and
transferred to the cathodic side, but it was lost in the anode. This
hypothesis is confirmed by the evolution of hydrogen also in the
photo-anode, which we were able to detect only if Au NPs were
deposited on the TNT surface. In this case, the mechanism is sim-
ilar to that described in Fig. 6 for the gas-phase, with the Au NPs
acting as cathodic centres for the reduction reaction. It is to notice
that STH efficiency values referring to Au-modified TNT samples
were calculated by taking into account only H, production rate
from the cathode side, but performance increases if STH efficiency
calculation also includes H, formation at the anode side.

Moreover, Faradaic efficiency was evaluated for testing experi-
ments in water photo-electrolysis. The Faradaic efficiency (1) can
be defined as the ratio between the effective and theoretical H,
production rates:

meas
IJZ

theor
H. 2

n = 2)

where H,™Mea js the measured H, production rate and H,theer is
the theoretical H, production rate estimated as:

I x t
—F 3)

Where I is the generated photo-current during the PECa test, t the
irradiation time, n the number of electrons involved in water split-
ting and F the Faradaic constant. Table 2 shows the 7 values for the
Au-modified TNT arrays prepared by electrodeposition in compar-
ison with the non-modified TNT sample for the process of water
photo-electrolysis. All these values closed within 5% of error deter-
mination.

Notwithstanding STH efficiency is higher for the non-modified
TNT arrays, due to less H, production rate for Au-modified TNT
samples at the cathode side, Faradaic efficiency is higher when
gold is present, especially for tests performed at open spectrum.
This is to ascribe to the reduced charge recombination phenom-
ena (in TNT lattice) when Au NPs are present on the top surface
of the tubes. This effect is more evident at open spectrum, as the
charge recombination between electrons and holes mainly refers
to the conduction and valence bands of titania, working better if
irradiated in the ultraviolet region.

theor __
H;™" =

4. Conclusions

In this work, different aspects about the behaviour of photo-
electrocatalytic (PECa) devices for sustainable H, production were
analysed. Discussion has mainly been centred on the evaluation
of the factors that can control PECa performance and efficiency,
through the analysis of results obtained over Au-modified TNT ar-
rays.

The samples were prepared by controlled anodic oxidation of Ti
foils and then doped with gold by using three different deposition
techniques: wet impregnation, photo-reduction and electrodeposi-
tion. Particularly, electrodeposition consisted of multiple cycles of
voltage ramps in presence of an aqueous solution containing the
gold precursor salt, followed by a selective washing treatment.

Characterization data of Au-modified TNT arrays prepared by
electrodeposition evidenced: (i) small Au NPs (3-5nm) well dis-
persed on the top of highly ordered TNT arrays; (ii) a broad peak
in the visible region due to both structural and surface plasmon
resonance (SPR) effects; (iii) a slight shift of band gap towards the
visible region with respect to non-modified TNT arrays; (iv) the
presence of interference fringes in UV-visible spectrum. The syn-
ergy effect between nanotubular structures of TiO, and uniformly
dispersed Au NPs, as well as the synergy between plasmonic-
photonic effects (which depend on the method of gold deposition)
allow to obtain good performance in terms of photo-generated cur-
rent and H, production. Among the techniques investigated to de-
posit gold in TNTs, electrodeposition method allowed enhancing
the photocurrent response, being 1.6 times higher than the pho-
tocurrent obtained from the non-modified TNT arrays. In gas-phase
tests of ethanol photo-reforming, hydrogen production rate was
also the highest for Au-modified TNT arrays with Au deposited by
electrodeposition.

When a PECa approach was adopted, by separating the oxi-
dation and reduction reactions, the results were analysed as hy-
drogen production rate, solar-to-hydrogen efficiency (STH) and
Faradaic efficiency (n) that, from a practical point of view, are the
most important factors for future industrial application. A STH effi-
ciency of 0.83% was reached without adding any sacrificial reagent
with non-modified TNT arrays, while the maximum #n efficiency
of 91% was obtained for the Au-modified TNT arrays. However,
the effect of Au doping is unfavourable in terms of STH effi-
ciency both in water photo-electrolysis and ethanol dehydrogena-
tion, as the electric current (generated from the light absorption)
is partially short-circuited at the photo-anode without the possi-
bility to be converted into chemical energy (H,) at the cathode
side.

These results well evidenced how PECa performance and effi-
ciency depend not only on the properties of the photo-active ma-
terials, but also on the design of the PECa device in which the cat-
alysts are tested. We have not discussed here the characteristics of
the electrocatalysts located in the cathodic (dark) side of the PECa
cell, but also in this case an optimal design (for example, based on
the use of carbon materials having a well-defined and controlled
nano-scale dimension and functional properties) have to be uti-
lized to maximize the production of solar fuels [59].
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