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ABSTRACT: Photocatalytic reactions could enhance the share
of chemicals produced through renewable sources. The efficiency
of photocatalysts drastically depends on light absorption, on sur-
face energy of the crystals, and on the properties of nano-building
blocks assembled in devices. Here, we show that photoelectro-
chemical water oxidation on brookite TiO2 nanorods is greatly
enhanced by engineering the location of Au nanoparticles deposi-
tion. Brookite photoanodes show a very low onset potential for
water oxidation to H202 of -0.2 Vrue due to energetics of exposed
crystal facets. By combining electrochemical measurements and
ultrafast optical spectroscopy, we link the water oxidation activity
with electron-hole recombination phenomena. The preferential Au
decoration at the electrode/water interface produces highly en-
hanced photocurrent, while when Au is distributed along the
whole film thickness the activity is depressed with respect to pure
brookite. In the latter case, Au nanoparticles act as recombination
centers with plasmonic carriers recombining on the same time-
scale of their generation (fs). Conversely, Au surface decoration
enables hot electrons lifetime 4 orders of magnitude longer (ns)
due to efficient hopping on brookite lateral facets thus providing
an efficient path for plasmon-enhanced solar water oxidation.

INTRODUCTION

Photoelectrochemical (PEC) water splitting is a promising key
enabling technology to boost future Hz-based economy, combin-
ing the use of a natural and abundant primary energy source (solar
light) and a renewable, abundant, and cheap raw material (H20)
for the production of a sustainable fuel (H2).1? Titanium dioxide
(TiO2) materials have been extensively investigated as pho-
toanodes for water oxidation in PEC cells because of their favora-
ble band-edge positions, superior chemical stability, low material
cost and abundance.3-6 Despite anatase and rutile are the most fre-
quently investigated forms of TiO2, brookite is a promising mate-
rial for increasing the performances of photo(electro)chemical
devices because of its peculiar structural and electronic proper-
ties.”® Thanks to its more positive energy of conduction band,
brookite demonstrated high activity in Hz production by photore-

forming of oxygenated compounds and ammonia oxidation.%1!
Despite some favorable characteristics, the performance of brook-
ite are still far from those required for the application in PEC de-
vices, mainly because of fast recombination of photogenerated
electron-hole pairs and poor response under visible light.

Electron-hole pair lifetime can be increased by engineering the
crystal shape of TiO: particles. Shape-controlled TiO2 nanocrystal
are able to accumulate electrons and holes on different crystal
facets.'?15 The synthesis of nanocrystals with desired shapes and
exposed facets, well established for anatase phase, has been re-
ported only marginally for brookite.1%16-1% Therefore, the control
of its morphology opens new possibilities on the exploitation of
this metastable polymorph.

On the other hand, metal/TiO2 composites absorption can be
extended to visible and near-infrared wavelengths by using plas-
monic nanoparticles (NPs). Localized surface plasmon resonance
(LSPR) refers to the collective oscillation of surface electrons in
metal nanostructures in response to an external alternating electric
field such as solar light. The decay of surface plasmons produces
highly energetic (hot) electrons,?®?? that offer unique reaction
pathways and enhanced solar absorption to increase chemical re-
actions yield. For instance, plasmon-enhanced photocatalysis has
shown great potential in selective oxidations, C-C couplings, pol-
lutants removal, solar cells, and PEC water splitting.?*-%¢ Howev-
er, the lifetime of hot electrons is typically on the timescale of
hundreds of fs,35-38 while chemical reactions proceed much slower
(i.e., ms to s). Hot electron injection into the conduction of TiO2
across the interfacial Schottky barrier allows the stabilization of
plasmonic charges and their use in catalysis. Nevertheless, the use
of shape-controlled nanocrystals and nanostructured films, pro-
duced by their ordered assembly, may induce a further order of
magnitude increase in hot carriers’ lifetime and thus an increased
photocatalytic activity. The spatial distribution of the plasmonic
component with respect to the semiconductor is one of the key
design aspects of more efficient solar-to-fuels (and -electricity)
devices. This geometry-dependent plasmonic enhancement has
been thoroughly investigated only in the case of solar cells.?® In
contrast with photovoltaics, during water oxidation, increased
generation of charge carriers are particularly significant only at
the semiconductor-liquid junction, where the catalytic reactions



occur. Reports on this matter for PEC water splitting have been
quite elusive and works on embedded and surface plasmonic dec-
oration have shown controversial results.30:3240

Herein we show that brookite TiO2 nanorods with well-
developed crystal facets present unprecedented low onset poten-
tial and high photocurrent during selective water oxidation to hy-
drogen peroxide, with concomitant Hz production at the cathode.
Through a precise control of Au NPs deposition on brookite nano-
rods lateral facets, we clearly show that bulk versus surface plas-
monic decoration generates dramatically different PEC activity.
When Au NPs were homogeneously dispersed in the whole film
thickness of brookite nanocrystals, photocurrent was depressed if
compared to bare TiO2. Conversely, if Au was preferentially de-
posited close to the electrode/water interface, we observed strong-
ly enhanced photocurrent and four orders of magnitude slower hot
electrons decay time.

EXPERIMENTAL METHODS

Synthesis of TiO2 brookite nanorods. TiOz brookite nanorods
were synthesized by a hydrothermal method as previous reported
by some of us.® Briefly, 1.5 mL of aqueous solution of titani-
um(lV) bis (ammonioum lactate) dihydroxyde (50 wt%, from
Sigma-Aldrich) was mixed with 13.5 mL of 7.0 M urea aqueous
solution. The obtained solution was treated hydrothermally in a 40
mL Teflon-lined autoclave at 160 °C for 24 h. After recovering of
the solid product and washing with distilled water for several
times, the material was calcined at 400 °C for 3 h in air to remove
all the residual organic contaminants.

Preparation of TiO2-based electrodes. Titania pastes were
prepared following the procedure described by Seigo Ito et al.
Dried TiO2 powder was dispersed in ethanol, treated in an ultra-
sonic bath for 30 min, and then stirred at 50 °C for 1 h. This pro-
cedure was repeated three times in order to obtain a homogeneous
and opalescent colloidal suspension. The latter was mixed with
ethylcellulose previously dissolved in ethanol (10 wt %) and
stirred again at 50 °C overnight. Terpineol was added and the re-
sulting mixture was further stirred for 6 h. Finally, ethanol was
removed using a rotary evaporator to obtain pastes with suitable
viscosity. The TiO2 pastes had the following weight percentage
composition: TiO2: 12%,; ethylcellulose: 6%; terpineol: 82%. The
pastes were spinned on FTO/glass substrate at different rates:
1500 rpm for 15 s, 2500 rpm for 120 s and 3500 rpm for 120 s.
The spinning procedure was repeated 5 times for each electrode.
After each deposition, the electrodes were heated at 150 °C for 15
min followed by the final sintering at 450 °C for 1 h, to remove
the organic material and to promote linking and interaction be-
tween the nanorods.

Assembly of TiO2/Au electrodes. Au NPs were deposited on
TiO2 nanorods’ lateral facets through photodeposition (125 W Hg
lamp) using HAUCI4 (1 wt% Au/TiOz2 ratio) in ethanol solution at
20 °C for 3 h. Au-decorated TiO2 nanorods were then spin-coated
on FTO glass to produce TiO2/Au bulk samples. TiO2/Au-surface
samples were produced through Au photodeposition on TiO2 elec-
trodes already spinned. Photodeposition was performed in a PEC
cell using a three-electrode configuration at open circuit voltage
dipping the electrodes in a HAuCl4 0.3 mM ethanol solution and
irradiating for different times under 1 Sun illumination (100
mWw/cm?).

Material Characterizations. Powder X-Ray Diffraction pat-
terns were acquired in the range 10° < 20 < 100° using a Philips
X'Pert diffractometer using a monochromatized Cu Ko (A = 0.154
nm) X-ray source. Data were analyzed using the PowderCell 2.0
software. Preferential growth of the brookite nanorods was taken
into account in the Rietveld analysis. Mean crystallite sizes were
calculated applying the Scherrer equation to the principal reflec-
tions. Raman spectra were collected using a inVia Renishaw mi-

crospectrometer equipped with a Nd:YAG laser using an excita-
tion wavelength of 532 nm. Preparation of the samples was car-
ried out via drop casting the dispersed particles onto silicon wa-
fers. N2 physisorption measurements at the liquid nitrogen tem-
perature were performed on the powders scratched from the pre-
pared films using a Micrometrics ASAP 2020 automatic analyzer.
The samples were degassed in vacuum at 120 °C for 12 h prior to
analysis. Diffuse reflectance UV-vis spectroscopy was performed
with a Thermo Scientific Evolution 600 spectrophotometer,
equipped with a diffuse reflectance accessory Praying—Mantis
sampling kit (Harrick Scientific Products, USA). Energy-
dispersive X-ray line scan analysis (EDX; EDAX Sirion 200/400)
on cross sections of Au-decorated TiO: electrodes were per-
formed with a XL30 environmental scanning electron microscopy
(ESEM-FEG Philips) under high vacuum condition at 25 keV.
The morphology of the composite materials was investigated by
high resolution TEM (HR-TEM) measurements, performed on a
TEM JEOL 2010-FEG microscope with an acceleration voltage of
200 kV and with 0.19 nm spatial resolution at Scherzer defocus
conditions. In order to obtain accurate particle size distribution of
the Au NPs, High-Angle Annular Dark-Field (HAADF) — Scan-
ning Transmission Electron Microscopy (STEM) technique was
carried out using an electron probe of 0.5 nm and a diffraction
camera length of 120 cm. The size distribution of Au NPs depos-
ited on TiO2 was calculated by measuring the dimension of 400
particles through HAADF-STEM images. High resolution
HAADF-STEM images were performed on a Titan Themis in-
strument using a camera length of 10 cm. Gold loading was
measured with an Inductively Coupled Plasma/Optical Emission
Spectrometer ICP-OES (ThermoScientific iCAP6300Duo) by ex-
ternal calibration. Thin films were digested in a crucible at RT
with 3 mL of aqua regia solution for 3 h and diluted with milliQ
water.

Electrochemical characterizations. The electrodes were elec-
trochemically characterized in a three-electrode system: the refer-
ence electrode was an Ag/AgCl electrode, while a high surface
area Pt mesh was the counter electrode. The potential (E) was re-
ferred to the reversible hydrogen electrode (RHE) scaled through
the Nernst equation:

Egne = Egger + 0.197 V + 0.059 pH 1)

where Eagci is the measured electrode potential vs. the used refer-
ence electrode and 0.197 V is the reference electrode standard
potential vs. the normal hydrogen electrode. Below, all measure-
ments will be reported with respect to RHE. PEC measurements
were carried out in 1 M NaOH aqueous solution (pH 13.6). Linear
sweep voltammetry curves were measured at a scan rate of 10
mV/s.

PEC measurements were made with a PGSTAT204 Autolab
potentiostat. The electrolyte was degassed with inert gas (N2 or
Ar) prior carrying out any PEC measurements. 300 W xenon arc
lamp (calibrated at 100 mW/cm?) was used as light source. Detec-
tion of reaction products were performed during chronoam-
perometric experiments at 1.23 V under irradiation. Gaseous
products were stripped from the PEC cell by an Ar flow (30 mL
mint) and detected by GC analysis using an Agilent 7890
equipped with a RT-Msieve 5A column (30 m x 0.52 mm ID) us-
ing Ar as carrier and connected to a TCD. H202 concentration in
the solution at the end of chronoamperometric PEC experiments
was determined by KMnOs colorimetric test.24% 2.00 mL of solu-
tion from the PEC experiment were mixed with 2.00 mL of
H2S04 4M and 50 pL of KMnO4 0.01 M (previously standardized
using Na2C204). The concentration of residual MnO4 was deter-
mined using an UV-vis spectrophotometer (SHIMADZU, UV-
2450), recording absorbance at 525 nm. H202 concentration has



been calculated from the decrease of MnOgs concentration with
respect to black analysis (using initial NaOH solution) on the ba-
sis of the following reaction:

6H* + 2Mn0O; + 5H,0, — 2Mn?* + 8H,0 + 50, )

Blank experiments without illumination and application of ex-
ternal bias confirm the absence of interfering processes.

Electrochemical Impedance Spectroscopy measurements were
performed using 10 mV amplitude perturbation at frequency be-
tween 0.01 Hz and 1 MHz. The data were fitted by Randles circuit
by means of Z-View® software (Scribner Associated Incorpo-
rated). Mott-Schottky analysis were performed in dark at the fol-
low frequencies: 10 Hz, 1 kHz and 1 MHz. The incident photon to
current efficiency (IPCE) measurements were carried out by ap-
plying a set of band-pass filters (fwhm 40 nm, wavelength range
400—-850 nm, Thorlabs) at the light source. At least three elec-
trodes of each type were fabricated and tested. We fabricated and
tested 3-5 electrodes of each type and the photocurrent values fell
in a £10% range from reported value.

Ultrafast optical pump and probe experiments. Femtosec-
ond pump-probe measurements were carried out by using a laser
system based on a Ti:Sapphire (Libra, Coherent), delivering puls-
es at 1-kHz repetition rate with 780-nm center wavelength, 150-fs
duration. The beam was then split into the pump and the probe.
Two different pump wavelengths were employed: (i) for the pure
brookite, the pump beam was focused on a beta-barium borate
(BBO) crystal for the second harmonic generation (390 nm); (ii)
for the films containing Au NPs, an optical parametric amplifier
(OPA) was used to center the pump wavelength at 520 nm. The
probe was focused on a sapphire plate (1-mm thick) to generate a
white light continuum (WLC) (470-770 nm). Pump and probe
pulses were spatially overlapped on the sample, and a computer-
controlled delay stage was used to control the delay between
them. The evolution of the differential transmission measurements
was recorded over the whole visible spectrum using a fast optical
multichannel analyzer (OMA) as a detection system. All meas-
urements were performed in air, the pump pulse power was 0.3
mW/pulse for Au-containing films and 0.45 mW/pulse for bare
brookite.

Figure 1. HR-TEM images, Digital Diffraction Pattern (DDP),
and simulated diffraction patterns in kinematic conditions along
the <120> (a) and <001> (b) directions of brookite nanorods. (c,d)
Model of the nanorods obtained from the HR-TEM images of dif-
ferent nanorods in different orientation. The cross section of the
nanorod (b) is included to show that the exposed lateral facets cor-
respond to the (210) and equivalent family of planes.

RESULTS AND DISCUSSION

X-ray powder diffraction pattern of the brookite nanorods can
be indexed as pure brookite TiO2 with an orthorhombic structure
(space group Phca). Cell parameters, calculated from the Rietveld
analysis, were in excellent agreement with the theoretical values
(Figure S1 and Table S1).* Notably, the effect of preferential
growth along the ¢ axis must be taken into account to obtain the
best goodness of the fit. The Raman spectrum of the calcined
sample (Figure S2) shows the presence of the bands typical of
brookite including Ay (129, 153, 196, 248, 414, 546, 639 cm™),
Big (214, 287, 331, 451, 612 cm™'), Bzg (258, 368, 394, 463, 585
cm™!) and Bsy (248, 322, 503 cm™'). The good agreement of the
observed Raman bands with the active modes of brookite reported
previously,*® together with the absence of the strong band at 516
cm® (characteristic of anatase) confirmed that the final powder
was pure brookite TiO2.1°

A bandgap of 3.3 eV for brookite nanorods was measured using
diffuse reflectance UV-Vis spectroscopy (Figure S3). This value
is larger than that of rutile and anatase polymorphs, and in agree-
ment with previous reports.”10:11

Nz physisorption analysis showed a Type IV isotherm, typical
of mesoporous materials, with H3 type hysteresis, indicative of
slit-shaped pores (Figure S4a).*6 The surface area of the material,
calculated following the BET method, was 36 m? g. BJH analy-
sis, performed on the desorption branch on the isotherm (Figure
S4b), showed a maximum in the pore size distribution around 32
nm and a cumulative pore volume of 0.386 mL g™*.

Representative TEM micrographs (Figure 1 and S5) showed
that brookite nanocrystals grew as nanorods with length of 60-130
nm and width of 20-40 nm. HR-TEM and HAADF analysis evi-
denced that the nanorods are elongated along the [001] direction,
preferentially exposing facets belonging to the {210} family on
the lateral facets.

Figure 1 shows representative HR-TEM images of the nanorods
along different directions and the corresponding digital diffraction
patterns. From these images, it is possible to recognize the high
degree of crystallinity of the synthesized nanorods and their
rhombohedral section. The pyramid forming the tip of the nano-
rods is not perfectly symmetric exposing several unusual facets
with high indexes such as {211} and {311} beyond the more
common {111} facets (Figures 1 and S5). Additional univocal
interpreted HR-TEM images of brookite nanorods with different
orientations are presented in Figure S5, to confirm the statistical
relevance of the exposed facets.

We took advantage of brookite nanorods building blocks to as-
semble plasmonic photoanodes for water oxidation. Bare brookite
electrode was used as reference material. Five subsequent spin-
coating deposition cycles were necessary to obtain high PEC ac-
tivity and a final film thickness of ~2 um (Figure S6). The tem-
perature used to consolidate the TiOz film after the spin-coating
deposition (450 °C) did not affect the phase composition of TiOz,
as the brookite was thermally stable at least up to 650 °C.4447

Two electrode configurations containing Au NPs in different
location along the film thickness were prepared (Figure 2): a) ho-
mogeneously distributed in the whole film (TiO2/Au-bulk) or se-
lectively deposited at the surface of the film (TiO2/Au-surface).

TiO2/Au-bulk was prepared (Figure 2a) by first photodeposit-
ing Au NPs on brookite nanorods and then preparing a viscous
paste that was finally spin-coated on FTO-coated glass slides and
calcined at 450 °C for 1 h to remove organic binders. Differently,
TiO2/Au-surface configuration was prepared (Figure 2b) by prep-
aration of TiO2 nanorods film, followed by Au photodeposition in
a PEC cell by using a three electrodes configuration at open cir-
cuit voltage. The Au loading has been optimized by measuring the
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Figure 2. Cartoons representing the processes adopted to build
the final electrodes configuration: (a) TiO2/Au-bulk and (b)
TiO2/Au-surface (30 min photodeposition). Representative cross
section SEM images and EDX line scan analysis of (c) TiO2/Au-
bulk and (d) TiO2/Au-surface.

photocurrent after photodeposition of Au for different irradiation
time. Photocurrent shows a progressive increase with Au loading,
reaching a plateau above 30 min of irradiation (Figure S7). It is
reasonable that, at very high loading, Au can completely cover the
TiO2 surface thus changing the nature of the photoanode leading
to a decrease of the photocurrent.3348-52 However, under our ex-
perimental conditions, despite the increase in Au loadings, we did
not observe any decrease in photocurrent up to 60 min of irradia-
tion, suggesting that significantly longer photodeposition treat-
ments are needed to appreciate this phenomenon. Therefore, we
decided to proceed with our investigation using the material pre-
pared by photodeposition of Au for 30 min, that is the sample
showing the highest photocurrent with the lower Au loading.

Cross section SEM images of the prepared films (Figures 2 and
S8) evidenced that a network among the brookite nanorods was
obtained. EDX line scans collected along the section of the films
(Figures 2c-d) showed that Sn was present only inside the FTO
layer, while Ti was only in the TiO2 film. As desired, Au distribu-
tion was completely different for the two configurations analyzed.
Au signal in the TiO2/Au-bulk material is very low, closed to the
noise of the EDX detector. This is in agreement with the low Au
content (3 wt%) and with the homogeneous distribution of Au
NPs along the film thickness. Different is the situation of the
TiO2/Au-surface (30 min). In fact, ICP-OES analysis confirmed
that the Au loading in TiO2/Au-bulk was 5-fold that of the
TiO2/Au-surface sample. Nevertheless, thanks to the deposition
technique employed, Au is concentrated on the outermost layer of
the film. As a result, Au signal is very high and progressively de-
creases with depth of the film.

Au NPs size distributions obtained from HAADF-STEM analy-
sis are shown in Figure 3a (TiO2/Au-bulk) and 3b (TiO2/Au-
surface). Both configurations presented a high number of Au NPs
having diameter below 5 nm, with average Au particle sizes of 2.8
nm and 2.2 nm for TiO2/Au-bulk and TiO2/Au-surface, respec-
tively. However, both samples showed few Au NPs with diameter

exciding 10 nm and being at maximum 25 nm. This feature was
more evident for TiO2/Au-bulk (Figures S9-S10) probably due to
the particles sintering due to the thermal treatment at 450 °C car-
ried out to consolidate the film.

HAADF-STEM images of TiO2/Au-bulk (Figures 3c and S9)
and TiO2/Au-surface (Figure 3d and S9) clearly demonstrated that
small Au NPs (2-5 nm) selectively grew on the lateral facets of
brookite TiO2 nanorods (see arrows). Upon irradiation most of the
photogenerated electrons excited in the brookite nanorods were
collected on the {210} lateral facets, being then consumed in the
reduction reaction of Au®* to AuP. Spatial separation of reduction
and oxidation sites on different facets of brookite nanorods was
already proved by tracking the distribution of photodeposited Pt
and Pb0.17:3
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Figure 3. Au NPs size distribution for TiO2-Au/bulk (a) and
TiO2-Au/surface. Approximately 400 Au NPs were counted. (b).
Representative  HAADF-STEM and HR-STEM micrographs
showing the preferential deposition of Au NPs on the lateral fac-
ets of brookite nanorods both for TiO2-Au/bulk (c and e, see blue
arrows) and TiO2-Au/surface (d and f, see red arrows). TEM im-
ages of brookite nanorods physically attached along their lateral
facets (g: TiO2-Au/bulk; h: TiOz-Au/surface).



Interestingly, in some TiO2 nanorods the {210} lateral facets
were decorated with multiple Au NPs forming rows of plasmonic
NPs perfectly aligned and well attached on the oxide surface
(Figures 3 and S10). It is worth noting also that some nanorods
were physically attached along the lateral facets and presented
twin-like morphology. This might influence the charge migration
inside the TiO2 films and consequently the PEC performance of
brookite-based photoanodes.

Figure 4a shows the photocurrent (J) curves for the investigated
photoanodes. All electrodes were stable and showed constant gen-
eration of photocurrent (see Figure S11). Pure brookite TiO2
reaches a plateau photocurrent of about 0.148 mA cm? at 1.23 V
(all the potential hereafter are referred to RHE). The bulk and sur-
face Au decoration induced opposite effects: TiO2/Au-bulk result-
ed in ~30% reduction of J (0.101 mA cm?), while TiO2/Au-
surface produced a 70% enhancement (0.253 mA c¢m-2).

Both TiO2/Au-bulk and TiO2/Au-surface showed the typical
gold anodic oxidation peak around 1 V (in NaOH 1M) that yield-
ed an Au(lll) hydroxide surface layer, according to the following
reaction:5455

Au-H,0+3 OH > Au(OH)3;+ H,0+3 e 3)
The electrochemical active Au, obtained from the integrated ar-
ea of the peak at 1 V, was significantly affected by the preparation
procedure: the electrochemical active Au in the TiO2/Au-surface
is 3-fold of that of TiO2/Au-bulk, despite the 5-fold higher metal
loading in the latter case observed by ICP-OES. This data is clear-
ly consistent with the Au NPs size distribution obtained from
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TEM investigation (Figure 3) and the fact that the consecutive
annealing steps in the preparation of TiO2/Au-bulk favored the
sintering of Au NPs and their embedding between adjacent brook-
ite nanorods, thus resulting in sites not accessible to the electro-
lyte.

It is interesting to observe that brookite electrodes, with or
without Au NPs, showed a very low onset potential for water oxi-
dation (Eonset ~ -0.2 V). Eonset Of our electrodes is among the best
reported, comparable with values obtained for reduced anatase
nanowires and TiO2/CdSe heterostructure.>65” Density functional
theory calculations revealed that the conduction band of brookite
lies at a more cathodic potential than those of anatase and
rutile,®1° providing a higher thermodynamic driving force for the
Hz evolution processes.”®10 The distinct atomic arrangements
characteristic of the lateral and apical facets of brookite TiO2
crystal result in different surface energy levels of the conduction
and valence bands.'®% This distinctive feature drives the electrons
to the lateral {210} facets and holes to the apical
{111W{2111{311} facets, respectively, leading to efficient
charge separation.'” In addition, reactants adsorption/desorption
ability is strongly facets-dependent.5358

All these brookite nanorods properties act synergistically to
produce the onset potential of -0.2 \V observed for our electrodes.
This is probably ascribable to the good balance between exposed
lateral facets {210} and apical facets {111}/{211}/{311} that
induced a low charge transfer resistance both at the elec-
trode/electrolyte interface and along the film thickness.
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Figure 4. Electrochemical characterizations and absorption spectra of brookite TiO2 (black curves), TiO2/Au-bulk (blue curves), and
TiO2/Au-surface (red curves). (a) Linear sweep voltammetry under 1 Sun illumination scanning from cathodic to anodic potentials. (b)
IPCE measured at 1.23 V vs RHE and absorption spectra of TiO2-based samples (inset). (c) EIS analysis carried out at 1.23 V vs RHE un-
der 1 Sun illumination. (d) Mott-Schottky analysis performed in dark conditions.
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Figure 5. Time profiles of transient absorption at 690 nm for TiO2 (black curve), TiO2/Au-bulk (blue curve) and TiO2/Au-surface (red
curve) films. The wavelength of excitation for the bare TiO2 was 390 nm, while for TiO2/Au films was 550 nm.

To detect the products of the PEC process, on-line GC analysis
has been performed stripping the gaseous products with an Ar
flow from a PEC cell working with TiO2/Au-surface photoanode.
No significant amount of products was observed simply applying
1.23V between the working and the counter electrode. After
switching on the light source, a significant increase in photocur-
rent is observed, reaching a stable value of 0.240 mA/cm? in a few
minutes (Figure S12a). At the same time, Hz evolution is detected
by GC analysis. Its concentration in the gas stream increased dur-
ing the first hour while it progressively decreased, becoming neg-
ligible after 4h of irradiation of the photoanode (Figure S12b).
Notably, the amount of Oz detected in the gas stream was below
the detection limit of the analytic instrument employed during the
overall duration of the test. Analysis of the solution collected after
the 8h experiment presented in Figure S12 with the KMnOx4 color-
imetric test revealed the formation of H202, measuring a final
concentration of 8.21 x 10-5 M, correspondent to the formation of
3.28 pmol of H20z. This value well agrees with the overall H2
amount of 3.38 pmol calculated by integration of the profile ob-
tained by GC analysis (Figure S12b). No other reaction products
were detected. These results clearly indicated that the process tak-
ing place in our PEC cell is:

2H20 =l HZ + Hzoz (4)

H20: is a high value-added and green oxidation reagent, inter-
esting in view of its use in H202 fuel cells, > catalytic selective
oxidations of organic substrates,®* environmental purification and
antibacterial applications.5? To the best of our knowledge, only
few other recent reports have highlighted this possibility, however
without foreseeing high selectivty.63-66

Despite this, the observed amount of H2 and H202 are much
lower than that expected on the basis of the electrical current
measured (36 pmol). The low apparent faradaic efficiency for
both Hz and H20: calculated on the basis of this results (around
9%) and the relatively fast decrease in Hz production observed
(Figure S12b) are ascribable to the design of our PEC cell where
the H202 produced at the photoanode is decomposed by reduction
at the Pt counter electrode, therefore competing with H2 produc-
tion.

Incident photon-to-current efficiency (IPCE) curves (Figure 4b)
show that TiO2/Au-surface had higher efficiencies at all wave-
lengths with respect of both TiO2 and TiO2/Au-bulk, in agreement
with J-E measurements. In particular, TiO2/Au-surface showed a
pronounced IPCE peak around 550 nm, which corresponds to the
LSPR absorption peak (inset Figure 4b), proving that plasmonic

hot electron collection was one of the reasons underling the in-
creased PEC activity.5-%° Hot electrons were injected across the
Schottky barrier and collected into the conduction band of TiOz,
while hot holes could actively participate to oxidation processes at
the electrode/water interface (Figure S13).5770 Interestingly, no
beneficial effect of the presence of Au was observed in the IPCE
profile of TiO2-Au/bulk even if an intense LSPR peak was present
in its absorption spectra (Figure 4b, inset). The Au NPs in
TiO2/Au-surface produced enhanced IPCE also at wavelengths <
500 nm. Two main effects drove this behavior. First, the Au/TiO2
junctions are not-ideal Schottky diodes and electrons from Au
interband transitions (i.e., cold electrons), absorbing around 450-
500 nm, are collected due to nanoscale inhomogeneities, interface
structural effect and edge-induced tunneling effect.”*"® Secondly,
the IPCE curve showed a significant enhancement at 400 nm with
probably even higher increase in the UV region. The photocurrent
signal in this spectral region is directly related to the TiO2 band
gap electron-hole separation efficiency and Au NPs preferentially
deposited at the electrode-electrolyte interface passivated surface
traps thus increasing both open-circuit voltage and
photocurrent.337475

To provide more insights on the structure-activity relationships
of brookite-based photoanodes, electrochemical impedance spec-
troscopy (EIS) measurements under 1 Sun irradiation at 1.23 V
was carried out (Figure 4c). At this potential J-E and EIS curves
were not affected by Au oxidation peak and the arcs could be as-
cribable to the electrical bulk behavior.”7 The presence of Au
along the entire bulk of the TiO2 electrode (TiO2-Au/bulk) in-
duced a higher electron-hole recombination (i.e., a larger imped-
ance arc) and thus a lower photocurrent if compared to bare TiO.
These results suggested that, in TiO2-Au/bulk electrode, Au NPs
acted as recombination centers. Conversely, the highest water ox-
idation activity of TiO2-Au/surface was due to the reduced re-
combination of photogenerated charge carriers across the elec-
trode (i.e., a smaller impedance arc). The selective surface deposi-
tion of Au NPs generates the ideal nanoarchitecture for hot elec-
tron collection that resulted in highly plasmon-enhanced photo-
current.

Mott-Schottky plots (Figure 4d) present a positive slope indi-
cating that the brookite forming our electrodes is a n-type semi-
conductor. Table S2 summarizes the main parameters extrapolat-
ed by Mott-Schottky measurements. The flat band potential (Em)
of bare brookite photoanodes was -0.6 V. Bulk or surface Au-
functionalization produced negligible changes on Egn (+40 mV).
The donor density (No) concentration for the reference brookite
nanorods electrode was 4.27 x 102 ¢cm3, while TiO2-Au/bulk and
TiO2-Au/surface showed a -34% and +6% variation on Np, re-



spectively (Table S2). The higher is the donor density, the higher
is the charge concentration at the TiOz/water interface. This in
principle produces an increased band bending in the semiconduc-
tor driving a better separation of photogenerated charges and thus
a higher water oxidation activity. In our case, the Au-surface dec-
oration did not change significantly Np and the interface proper-
ties. Conversely, the Au-bulk configuration changed both the
overall resistive and capacitive properties of the brookite photoe-
lectrode, resulting in scarce performance.

To further understand the different PEC efficiency observed for
TiO2/Au-bulk and TiO2/Au-surface, hot electron dynamics was
analyzed by using fs ultrafast pump-probe spectroscopy.”” Figure
S14 shows the transient absorption spectra at different probe delay
times for pure brookite TiOz, TiO2/Au-bulk, and TiO2/Au-surface
films. Both Au-containing films revealed a strong photoinduced
absorption signal due to Au LSPR excitation, while the TiO2 elec-
trode did not present significant variations in the investigated
wavelengths range.

After LSPR excitation, Landau damping produces hot electron-
hole pairs on the timescale of few tens of fs.?2 The semiconduc-
tor/metal interface drives the ultrafast injection (about 240 fs) of
hot electrons into the semiconductor conduction band.”® Depend-
ing whether these charges accumulate at the surface or in the bulk
(free electrons) of the nanocrystal, a characteristic transient ab-
sorption is generated mainly in the visible or in the mid-infrared
region, respectively.” We focused on the signal due to the surface
contribution since (i) PEC water oxidation is a surface process
and (ii) surface charge trapping drives efficiency in photocatalytic
reactions.

Bare TiO:z film was excited at a wavelength of 390 nm, just
above the band gap energy of brookite. After pump excitation, a
photoinduced absorption signal due to surface trapped charges
(holes and electrons) was detected at around 690 nm.8° The decay
was very fast occurring in less than 200 fs (Figure 5, black line).

When we excited the plasmonic photoanodes with pump wave-
length resonant to LSPR peak (i.e., Aex = 550 nm), both TiO2/Au-
bulk and TiO2/Au-surface (see Figure 5, blue and red line, respec-
tively) showed a photoinduced absorption signal at 690 nm. At
this wavelength, brookite nanorods do not absorb (i.e., charge
generation form band gap transitions are not activated), with the
new signals deriving from transfer of hot electrons from Au NPs
to brookite nanorods (see also Figure S13).

Hot electron injection occurred in ~150 fs (Figure 5), in agree-
ment with previous reports.”® Most importantly, in TiO2/Au-bulk
all excited carriers recombined in few hundreds of fs, the same
timescale of plasmonic injection.”™

TiO2/Au-bulk has been assembled starting from brookite nano-
rods having Au NPs already deposited before the electrode prepa-
ration. This produced a thin film with homogeneous Au distribu-
tion along the whole thickness (Figure 2c). Microscopically, this
means that some adjacent TiO2 nanorods had Au NPs on parallel
facets. Therefore, after hot electron injection from Au NPs to one
TiO: lateral facets, electrons may encounter another Au NPs on
the same lateral facet or on the lateral facet of an adjacent nano-
rod. Not only TiO2/Au-bulk configuration did not produce plas-
mon-enhanced photocurrent (Figure 4a), but Au NPs at nanorods
boundaries act as recombination centers for electrons traveling
toward the FTO contact thus reducing the overall photocurrent.

Conversely, in the case of TiO2/Au-surface, we detected two
and four orders magnitude longer charge decay times, namely, <
20 ps and > 1 ns. Only some electrons recombined instantaneous-
ly, i.e. in less than 200 fs. TiO2/Au-surface presented a high Au
concentration solely at the electrode/water interface (Figure 2d).
After plasmonic injection into the superficial TiO: layer, the elec-
trons took different time to reach other nanorods depending on the
distance between the donor and acceptor. Then, the injected elec-
trons could be gradually transferred back to the oxidized Au NPs

with the two different decay times (< 200 fs and = 10 ps) or go
more inside in the bulk creating the very slow rising time of = 500
ps.8! This latter recombination evidenced the ability of electrons
to be efficiently transferred across the brookite electrodes through
a hopping mechanism involving the {210} facets of brookite na-
norods (Figure 5). When Au was preferentially deposited close to
the electrode/water interface (TiO2/Au-surface), the plasmonic
sensitization was effective providing extra charges for water oxi-
dation and thus producing greatly enhanced photocurrent.

CONCLUSION

We have shown that brookite TiO2 nanorods are promising
building blocks to obtain highly efficient photoanodes for PEC
water splitting. Brookite nanorods with well-developed crystal
facets provided optimal charge carrier separation and tailored re-
dox potentials that resulted in favorable onset potential (-0.2
VrHe) for the water oxidation, producing H20:> at the photoanode
and H: at the Pt cathode. This finding promotes brookite as inter-
esting materials for production of in situ H202 solutions to be used
in fuel cells, in selective oxidation reactions (in tandem with ade-
quate catalysts) and in other relevant environmental applications.
Furthermore, through selective Au nanoparticles deposition on
particular crystal facets, we demonstrated the importance of plas-
monic geometry on PEC activity. When Au nanoparticles were
distributed along the whole TiO2 film thickness, they acted mainly
as recombination centers for charge carriers and depressed the
overall photocurrent. Otherwise, if the plasmonic decoration was
preferentially at the surface of the film, the photocurrent was
strongly enhanced. This configuration allowed to extend the life-
time of injected hot electrons to the timescale of ps and ns. {210}
lateral facets sustained the hopping of photogenerated hot elec-
trons through the assembled nanorods thus allowing the observa-
tion of these long-lived plasmonic charge carrier decay times.
More generally, we have shown that nanocrystals with controlled
shape and exposed crystal facets are fundamental building blocks
to unravel important issues and for achieving increased perfor-
mances in photoelectrochemical solar energy conversion.
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