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Abstract

Here, the synthesis of TiO, rutile nanorod arrays (TiO, NRs) decorated with bimetallic gold—palladium cocatalyst nano-
particles (AuPd NPs) is described. The modified photoelectrode was characterized by field-emission scanning electron
microscopy, high-resolution transmission electron microscopy, energy-dispersive spectroscopy, X-ray diffraction analysis,
X-ray photoelectron spectroscopy, UV—vis spectroscopy, and electrochemical impedance spectroscopy (EIS). AuPd-TiO,
NRs (AuPd-TiO,) demonstrate high photocatalytic activity for photoelectrochemical (PEC) water splitting. The tailored
structure of AuPd-TiO, depicts a boosted photocurrent of 3.36 mA cm~2 under AM 1.5 illumination (100 mW cm~2) and
efficiency of 2.31% at a low-voltage bias of 0.28 V vs. Ag—AgCl. EIS and Mott—Schottky plots reveal that AuPd-TiO, has
the lowest charge transfer resistance and highest carrier density which suggest a faster carrier transfer. These results indicate
that AuPd NPs inherit both properties of light sensitizer from Au and faster electrocatalytic activity of Pd, thus not only
generating hot electrons due to the surface plasmonic effect but also facilitating transfer of these electrons to the TiO, NRs
because of high electrocatalytic activity. Moreover, AuPd NPs contribute to the overall enhancement of PEC performance
by producing a Schottky barrier, hindering electron-hole recombination and passivating surface defects/traps of TiO, NRs
which eventually enhances the photocurrent significantly.
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1 Introduction

The estate of acquiring sustainable energy sources has
been extensively growing in the past decade due to an
increasing population, diminution of fossil fuels, increas-
ing awareness of climate change, and global rising living
standards [1-3]. Hydrogen is a very noteworthy candidate
as a clean fuel because of its high energy density and envi-
ronmentally friendly chemical byproduct, and can be pro-
duced from water and sunlight. Since the breakthrough by
Honda and Fujishima [4], extensive efforts have been dedi-
cated to improve photoelectrochemical cell (PEC) water
splitting based on titanium dioxide (TiO,) as a photoanode
due to its advantageous band-edge positions, robust optical
absorption, non-toxicity, superior photochemical/thermal
resistance, and low production cost [5, 6].

The overall TiO,-based PEC water splitting reaction
includes three major steps: (i) light absorption by TiO,
to produce electron-hole pairs, (ii) charge separation
and transfer to the surface, and (iii) surface reactions for
water oxidation or reduction [7]. However, TiO, suffers
from low quantum efficiencies and corresponding rapid
electron—hole recombination kinetics as its wide bandgap
only allows harvesting the UV spectrum of solar energy.
Therefore, extensive efforts have been employed to
enhance the light harvesting (step i) and charge separation
and migration (step ii). A series of strategies have been
applied including elemental doping [8], coupling with
dye molecules [9] or using of small-band-gap quantum
dots sensitizers [10], surface plasmon effect (SPR) [11,
12], and core—shell nanocomposites [13]. Furthermore,
the third step is boosted by the use of a H,-evolution or
O,-evolution cocatalysts [14, 15]. In photocatalytic water
splitting, cocatalysts play three different crucial roles of
enhancing the activity and reliability of the semiconductor
photocatalyst: (i) decrease the activation energy or over-
potential for H,- or O,-evolution reactions on the surface
of semiconductor, (ii) facilitate electron—hole separation
at the cocatalyst/semiconductor interface, and (iii) prevent
photocorrosion and elevate the stability of semiconductor
photocatalysts.

Currently, most of the developed photocatalyst sys-
tems employ noble metal cocatalysts such as Au [15], Ag
[16], Pt [17], and Pd [18, 19] to attain high photocata-
lytic activity. Au is a noble metal which has many ben-
efits including: no corrosion during the photoreaction, and
strong interaction with incident light in both visible and
infrared regions because of the localized surface plasmon
resonance (LSPR) effect [20]. TiO, NRs can be sensitized
to light with energy below the bandgap by plasmonic Au
NPs, which leads to the production of additional charge
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carriers for water oxidation [21]. Many Au-TiO, com-
posite systems have been reported for efficient solar water
splitting [22, 23]. Zhang et al. [24] fabricated plasmonic
Au nanocrystal-coupled TiO, nanotube which exhibited
superb PEC water splitting performance with photocon-
version efficiency of 1.1%. Moreover, in another research,
TiO,-branched nanorod arrays with plasmonic Au nano-
particles showed the photoconversion efficiency of 1.1%
[20]. On the other hand, Pd has a great potential for its
unique electronic structure, photocatalytic activity, and
thermal properties [25]. In addition, Pd could also effec-
tively hinder the electron—hole recombination at the TiO,
surface [18]. On the other hand, alloy nanoparticles dem-
onstrate excellent characteristics [26—30]. Consequently,
based on this history of applicability of using both Au
and Pd NPs in PEC water splitting, we were encouraged
to examine AuPd bimetallic alloy nanoparticles. To the
best of our knowledge, there is no report of Au—Pd nanoal-
loy decorated one-dimensional TiO, NRs for PEC water
splitting.

In the present work, we report the facile and direct sur-
face decoration of TiO, nanorods by bimetallic AuPd NPs
without using any surfactant or polymer. We found that
AuPd bimetallic NP-decorated TiO, NR photoelectrodes
shows the highest photoconversion efficiency (2.31%)
under AM 1.5 irradiation among other decorated TiO, 1D
nanostructures. The mechanism of such an improvement
was also deeply discussed. Our results will pave the way
for researchers to examine other bimetallic NPs decora-
tion for photoelectrochemical water splitting applications.

2 Experimental
2.1 Growth of TiO, NRs on FTO substrate

Twelve milliliters of hydrochloric acid 37% and 12 mL of
deionized water were mixed and stirred at ambient con-
ditions for 10 min before the addition in a Teflon-lined
stainless-steel autoclave (100 mL total volume, Parr
Instrument Co.) at the room temperature. After stirring
for another 10 min, one sample of fluorine doped tin oxide
(FTO) substrates (F:SnO,, Tec 15, 15 Q/sq), ultrasonically
cleaned for 60 min in a mixed solution of detergent, deion-
ized water, acetone, and 2-propanol with volume ratios of
1:1:1:1, which were placed at 45° against the wall of the
Teflon-liner with the conducting side facing down. The
hydrothermal synthesis was conducted at 150 °C for 2-4 h
in an oven. After synthesis, the autoclave was cooled to
room temperature in air for 30 min. The FTO substrate was
taken out, rinsed with deionized water, and dried with N,,.
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2.2 Photoanode preparation

Cyclic voltammetry (CV) technique was utilized to decorate
TiO, NRs with Au, Pd, and Au—-Pd cocatalyst NPs at a scan
rate of 20 mV s™! for one cycle at the room temperature. All
CVs were performed using Autolab 302N potentiostat/gal-
vanostat equipped with FRA32M and controlled by the Nova
1.10 software in a setup of three-electrode cell. FTO/TiO,
electrode was used as a working electrode. The saturated
calomel electrode (Ag—AgCl) served as the reference elec-
trode, and a platinum wire as a counter electrode. The con-
ducting area of each electrode was restricted to 1x 1 cm? by
wrapping them with Teflon tape. 0.75 mM HAuCl, (Sigma-
Aldrich) and 0.25 mM H,PdCl, (Sigma-Aldrich) were used
in 0.1 M KCI (Sigma-Aldrich) solutions for electrodeposi-
tion of AuPd NPs in addition to pure Au (1 mM HAuCl,)
and Pd (1 mM H,PdCl,). All aqueous solutions were pre-
pared with Millipore water (Milli-Q).

2.3 Morphological and structural characterizations

Field-emission scanning electron microscopy analysis was
performed using an FESEM JEOL JSM7600F to investigate
the surface morphology as well as elemental composition.
High-resolution TEM (HRTEM) images and energy-disper-
sive spectroscopy (EDS) were obtained with a JEOL 2100
HRTEM at an accelerating voltage of 200 kV. The identifi-
cation and purity of the phase was evaluated by an X’Pert
Pro MPD (PANalytical) unit. X-ray photoelectron spectros-
copy (XPS) experiments were performed using ESCA Lab
250i-XL. Furthermore, no internal standard was used for
the calibration of the instrument and to further discuss the
attribution of XPS signals.

2.4 Photoelectrochemical characterization

Three-electrode based photoelectrochemical measurements
were performed using Autolab potentiostat/galvanostat
302N. AuPd NPs’ decorated TiO, NRs films were used as
working electrode (photoanode), Pt wire as counter, and
Ag—AgCl as reference electrode in 0.1 M Na,SO, electro-
lyte solution. The photoanodes were illuminated by Xenon
lamp using a solar simulator under 1.5 AM (100 mW cm™>)
irradiation at 1 cm? area for photoelectrical measurements.
Photocurrent measurements were performed at +400 mV
fixed bias with respect to Ag—AgCl reference electrode.
Linear sweep voltammetry measurements were performed
in the potential range of —0.4 to 1.2 V vs. Ag—AgCl at a
scan rate of 50 mV s~!. Three different electrodes named
as Au-TiO, (TiO, NRs decorated with Au NPs), Pd-TiO,
(TiO, NRs decorated with Pd NPs), and AuPd-TiO, (TiO,
NRs decorated with AuPd NPs) were tested for PEC meas-
urements. Electrochemical impedance spectroscopy (EIS)

was performed in a 0.1 M Na,SO, aqueous solution at open
circuit potential and 10 mV amplitude over the frequency
range of 10°-0.001 Hz.

3 Results and discussion
3.1 Morphological and structural properties

Figure 1 presents the typical top-view SEM micrograph of
bare and bimetallic Au—Pd NPs decorated TiO, NRs.

The SEM images in Fig. 1 a, b show highly ordered, com-
pact, one-dimensional architecture of the TiO, NRs. The
NRs possess average diameter and length of 150-200 nm
and 2.8 um, respectively. Figure 1 c, d depicts the SEM
images of AuPd-TiO, NRs. No obvious changes in mor-
phology can be observed in comparison with pristine TiO,.
The AuPd NPs are directly deposited on the TiO, NR sur-
face without any intermediate surface ligands/binders which
makes it more favorable for photocatalytic activity.

To attain more detailed structural information, the rutile
TiO, NRs and AuPd NP-decorated TiO, NRs were further
investigated by HRTEM, as shown in Fig. 2a, b, respec-
tively. The crystallinity of TiO, NRs was clearly evidenced
by clearly visible lattice fringes in higher resolution TEM
imaging (inset of Fig. 2a). D-spacing value for lattice planes
of TiO, nanostructures was 3.2 and 2.9 A for (110) and
(001), respectively which are in good agreement with the
rutile phase TiO, [31]. HRTEM image (Fig. 2b) showed the
AuPd NPs supported on TiO, NRs. Furthermore, inset of
Fig. 2b demonstrates the EDS results recorded on an indi-
vidual AuPd NPs decorated TiO, NRs, which confirmed the
presence of AuPd NPs.

The absence of any other elemental peaks confirmed that
the AuPd NP decoration of TiO, NRs via electrodeposition
with no reducing or stabilizing agents is a clean process,
which result in no contamination issues from hydrocarbons
which is typically a big concern during sol-gel processing.
The EDS mapping of an NR confirms the uniform distribu-
tion of AuPd NPs, as well as their alloy nature (Fig. 2c—g).

Figure 3a shows the X-ray diffractogram of the bare
TiO, and surface modified TiO, NR films. All the diffrac-
tion peaks agree well with the tetragonal rutile phase [32]
of TiO,. The peaks at 44.5°, 40.2°, and 46.7° are attrib-
uted to the Au(200), Pd(111), and Pd(200) (Fig. 3b). Two
additional peaks can be seen at 38.7° and 44.8° of 26 in
the AuPd-TiO,, which might be due to the presence of the
bimetallic AuPd NPs. The broad peak at 38.7° is located
between the Au(111) [33] and Pd(111) [34], whilst the dif-
fraction peak at 44.9° is between the Au(200) and Pd(200).
Vegard’s law was used to determine the bulk composition of
AuPd-TiO, photoelectrode, which was 0.74:0.26 of Au:Pd.
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Fig. 1 Top-view SEM micro-
graph of bare TiO, NRs: a
lower magnification (the inset is
cross-sectional view), b higher
magnification (the inset is single
TiO, NR), AuPd-TiO,, ¢ lower
magnification (the inset is cross-
sectional view), and d higher
magnification (the inset is single
AuPd-TiO, NR)

XPS was employed to analyze the specific surface com-
position of the samples (Fig. 4). From Fig. 4a, two peaks at
458.94 and 464.82 eV correlate to Ti2p,;, and Ti2p,,,, and
correspond to the spin—orbit components of Ti*" state of
oxidation and represent the oxide phase of titanium [20].
However, a small shift of 0.19 eV is observed from TiO,
(458.94 eV) to TiO,/AuPd (459.13 eV), which indicates
the electron transfer between the NPs and TiO, [35]. In O,
spectra (Fig. 4b), a sharp peak at 530.18 eV and a broad one
at 531.79 eV are observed, which corresponds to 0% in the
TiO, lattice and Ti—OH, respectively [36]. Consequently,
from these results, it could be determined that the chemical
states of Ti and O in the TiO, matrix were not affected by
introducing AuPd NPs.

As shown in Fig. 4c, two peaks at 83.47 and 87.15 eV
correspond to Audf;, and Au4fs, which reveal the Au® oxi-
dation state [37]. Similarly, in Fig. 4d, two peaks at 334.99
and 340.25 eV correspond to Pd3ds,, and Pd3d;,, which cor-
relate to Pd® oxidation state [38], serving as proof of the
metallic states of Au and Pd. Noteworthy, both Au4f,,, and
Pd3ds,;, show relative negative shift of 0.30 and 0.15 eV in
comparison to Au-TiO, (4f;, at 83.77 eV) and Pd/TiO,
(3ds, at 335.13 eV), respectively. This lower binding energy
might be caused by the electron transfer from oxygen vacan-
cies of TiO, to the bimetallic AuPd NPs [39].

In addition, both Au (Fig. 4e) and Pd (Fig. 4f) monome-
tallic NPs also show negative shifts of 0.23 and 0.27 eV
compared with metallic Au (4f,, at 84 eV) and Pd (3ds, at
335.4 eV), respectively. The negative shift which occurs
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for both bimetallic and monometallic NPs suggests strong
interaction between these nanoparticles and the TiO, NRs
[40]. Moreover, since Au and Pd have lower Fermi level
than TiO,, once they are electrically connected, an upward
energy band bending is expected and a Schottky contact will
be formed at the interface region, and therefore, electrons
will readily migrate from the semiconductor to the bime-
tallic nanoparticles (Scheme 1). As a result, the surface of
the AuPd clusters supported on TiO, NRs attains an excess
of negative charges [40]. From XPS, the ratio of Au:Pd
obtained 2.92:1 indicates that the Au—Pd NPs composition
is similar to the electrolyte composition.

Figure 5 shows the UV-visible spectrum of bare TiO,
NRs as well as TiO, NRs modified with Pd NPs, Au NPs,
and AuPd NPs, respectively. The Au-TiO, NRs show strong
absorption of visible light at about 540 nm, mainly because
of the LSPR effect of the Au nanoparticles. However, the
AuPd-TiO, exhibits the highest absorption with a broad
plasmon band with the maximum at around 540 nm. A broad
plasmon band was also observed in bimetallic AuAg alloy
NPs [41, 42], which can confirm formation of alloy NPs,
as well.

3.2 Photoelectrochemical measurement

Figure 6a shows the time-dependent photocurrent measure-
ments of bare TiO, and TiO, decorated with AuNPs, Pd
NPs, and AuPd NPs’ anodes, respectively, and current den-
sities achieved under ON/OFF conditions at a fixed 0.4 V
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Fig.2 TEM images of a TiO, (the inset is HRTEM image of TiO,) and b AuPd-TiO, (the inset is EDS result); EDS elemental mapping of
AuPd-TiO,: ¢ TEM image; d—g corresponding elemental mapping of Ti, O, Au, and Pd, respectively

vs. Ag—AgCl external bias. AuPd-TiO, shows a drastically
higher value of photocurrent in comparison with other pho-
toanodes. The increment in photocurrent correlates to the
presence of metallic and bimetallic NPs over the surface of
TiO, nanorods, which enhances the charge separation pro-
cess, and leads to the increases in the photocurrent density.
Furthermore, bimetallic NPs as a novel brand of semicon-
ductor—metal system can extensively improve photoelec-
tron generation efficiency due to combination of their par-
ties properties and synergic effect of counterparts [26, 43].
Moreover, high surface energy and the different electronic
structures of bimetallic NPs from their pure state [44] lead

to their excellent electrocatalytic properties. The synergy of
bimetallic noble metals and semiconductor photocatalysts
brings in noteworthy changes to many aspects of photo-
catalysis. Figure 6b illustrates the stability of AuPd-TiO,
NRs photoresponse over a long period of time. As it can be
observed, photocurrent is almost steady with minimum vari-
ation/fluctuation for 3 h continuous measurement.

Figure 6c illustrates the photoelectrochemical properties
of TiO, NR-based photoanodes. The photocurrent measured
under illumination is a direct reflection of the water split-
ting rate and reveals the number of charge carriers generated
from the incident light which, subsequently, will contribute

@ Springer
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Fig.3 a XRD analysis of FTO,
TiO,, Pd-TiO,, Au-TiO,, and
AuPd-TiO,; b short range XRD
pattern of decorated TiO, NRs
as indicated

Fig.4 a Ti2p and b Ols XPS
spectra of TiO, and AuPd—
TiO,; ¢ Au4f and d Pd3d XPS
spectra of AuPd-TiO,; e Au4f
and f Pd3d XPS spectra of Au—
TiO, and Pd-TiO,, respectively
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Fig.5 UV-vis absorption spectra of TiO,, Pd-TiO,, Au-TiO,, and
AuPd-TiO,

in the water oxidation reaction on the photoanode and hydro-
gen ion reduction on the counter electrode. The bare TiO,
photoanode has the lowest value (0.26 mA cm™> at 1 V vs.
Ag—AgCl) mainly due to high recombination. Among deco-
rated samples, the AuPd-TiO, photoanode shows the highest
value of photocurrent density, indicating its highest photo-
electrocatalytic activity. Furthermore, Au NP- and Pd NP-
decorated TiO, photoanodes have lower photocurrent values.

As it can be observed, the obtained current density from
Fig. 6a is much lower than that in Fig. 6¢ at an applied
potential of +0.4 V. To clarify the reason behind this phe-
nomenon, it should be noted that, in chronoamperometry
(Fig. 6a), potential is kept at a constant value and current
is measured as a function of time, whilst, in CV (Fig. 6¢),
the potential is swept from —0.4 to 1.2 V vs. Ag/AgCl.
Therefore, the current density obtained from Fig. 6a is the

steady-state value and that represents the catalytic interface
property on overpotential at a defined current density merely
derived from faradaic reaction. Nevertheless, the current
density obtained from Fig. 6c¢ is a potentiodynamic method
in which the current arises from both faradaic and nonfaradic
processes on polarized interface at an unequilibrated state.

A similar relationship between the loading amount of
cocatalyst and the photocalytic activity was observed irre-
gardless of whether a mono or bimetallic NP cocatalyst was
employed (Fig. 7a). Their associate microstructures are also
shown in Fig. 7b. As it can be observed, loading of bimetal-
lic NP is increased by ascending the cycle from 0.5 to 8. At
the initial stage, increasing loading of cocatalyst steadily
enhances the TiO, NR water splitting activity by facilitating
charge collection and the surface plasmonic effect (0.5 and 1
cycles). At the optimal loading value of coctalyst (1 cycle),
the highest photocatalytic activity is achieved. Ultimately,
further loading of the cocatalyst (2, 4 and 8 cycles) will
drastically decrease the photocatalytic activity due to several
reasons: (i) screening of the surface-active sites of the TiO,
NRs from contact with water molecules, (ii) obstruction of
incident light, and hence inhibiting the light absorption and
photogeneration electrons and holes inside the TiO, NRs,
(iii) acting as charge recombination centers, leading to the
decrease of the photocatalytic activity.

The efficiency calculation is a thermodynamically related
measure of the efficiency of the instantaneous conversion of
free energy by the device. The inherent assumption involved
in this method is that the energy stored in the photoelectroly-
sis products can be recovered in a hypothetical ideal fuel
cell. The efficiencies of solar-driven hydrogen generation
of all four photoanodes are calculated using Formula 1 and
listed in Table 1 [45]:

n(%) = M x 100, (1

light

where Jp (mA cm™?) corresponds to current density, V (volt)
is applied voltage, and Ly, (mW cm™) represents the inci-
dent light power.

The lowest efficiency is related to as-prepared TiO,, and
relatively, Pd-, Au-, and AuPd-decorated TiO, photoan-
odes have higher efficiency (Fig. 6d). Moreover, the aver-
age yield of photoconversion (obtained from five devices)
of TiO,, Pd-TiO,, Au-TiO,, and AuPd-TiO, is 0.11, 0.98,
1.49, and 2.28%, respectively. A significant increment in
efficiency is seen for the AuPd-decorated TiO, photoan-
ode. This photoanode can absorb visible light in a wide
wavelength range (broad LSPR peak) which leads to the
utilization of a large amount of incident photons and, thus,
cause less saturated photogenerated electrons, fast electron
transfer, and hindered recombination process [46]. The
photogenerated electrons from separated electron—hole
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pairs migrate along the nanorods to form OH™ and H*
radicals in solution, which leads to generation of H, on
Pt electrode. Furthermore, Pd serves as a promoter to
offer reactive oxygen in oxidation reactions in addition to
facilitate electron—hole separation and promotes interfacial
electrons transfer.

Comparing photoconversion efficiency with other noble
metal decorated photoelectrode system, our bimetallic
AuPd-TiO, NRs photoelectrode exhibits significantly higher
value (2.31%) than that of Au-TiO, nanotube (1.1%) [24]
and Au-TiO,-branched NR arrays’ (1.27%) [20] photoelec-
trodes under similar conditions.

To clarify the origin of the photocurrent improvement
of decorated TiO, photoanode, IV curves in dark have been
studied (Fig. 7c). As can be observed, bare TiO, NRs show
the lowest photocurrent, confirming its low photoelectro-
catalytic activity [47]. Interestingly, Pd-TiO, NRs shows
higher injection currents compared with Au-TiO, NRs.
This demonstrates that Pd NPs have higher ability on the
charge transfer between TiO, and the aqueous solution than
Au NPs, which is in agreement with the EIS results under
dark condition (Fig. 8a, where Pd—TiO, shows lower charge
transfer resistance). Under the same illumination condition,
TiO, NRs decorated with bimetallic cocatalysts exhibits a
higher current in regard to monometallic ones [48]. Moreo-
ver, a characteristic oxidation peak at —0.15 V vs. Ag—AgCl
is detected for all decorated samples. Since no such a peak
is observed for bare TiO, NRs in the available oxidation
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window, this peak could be related to the electrochemical
generation of holes on noble nanoparticles [49].

Further studies have been performed by placing 495 nm
cut-off filter between the light source and the sample with
the purpose of excluding the TiO, contribution to the pho-
toresponse (Fig. 7d). The results indicate that no photo-
current is generated when using bare TiO, NRs, while, in
contrast, the presence of noble nanoparticles introduces vis-
ible light photoactivity. Interestingly, comparing Au and Pd
monometallic decorated TiO, NRs shows that Au-TiO, NRs
have higher photocurrents attributed to its surface plasmon
resonance effect [15]. AuPd-TiO, has higher photocurrent in
comparison with monometallic decorated TiO, NRs. Herein,
electron—hole pairs are generated near the TiO, NRs surface
due to the interaction of localized electric field of AuPd NPs
with TiO, surface [46]. AuPd has less unfilled d states as a
result of electron transfer from Pd to 5d Au orbits [50] lead-
ing to electron-rich Au sites. These electrons of AuPd are in
higher energetic state [51] and, thus, could be easily trans-
ferred to the TiO, conduction band generating an improved
photocurrent. Likewise under dark condition, characteris-
tic oxidation peak at around —0.15 V vs. Ag—AgCl is also
detected for all decorated samples.

3.3 EIS characterization

The EIS is a powerful tool for studying the interfacial prop-
erties at the electrodes and solutions. Figure 8a, b shows the
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Table 1 Summary of photoelectrochemical properties of TiO,, Pd-TiO,, Au-TiO,, and AuPd-TiO,

Sample Jat1Vvs. Ag— Efficiency (%) J @ max R -dark (MQ) R-photo (kQ) Np (X 10'%) Ugg (V vs. kapp (cms™h
AgCl (mA cm™2) efficiency Ag-AgCl)
(mA cm™?)
TiO, 0.26 0.12 0.17 2.1 70.6 1.88 —0.758 3.72%x1078
Pd-TiO, 1.49 1.01 1.04 1.3 39.6 7.28 —0.661 6.63x1078
Au-TiO, 2.21 1.51 1.53 1.9 304 12.60 —0.755 8.64x 1078
AuPd-TiO, 3.36 2.31 2.44 1.2 19.3 79.00 —0.500 1.36x1077

Nyquist plots at open circuit potential for bare TiO,NRs and
Pd NP-, Au NP-, and AuPd NP-decorated TiO, NR photoan-
odes in 0.1 M Na,SO,, in the dark and under illumination,
respectively. Figure 8c shows the equivalent circuit used to
fit experimental data of the Nyquist plots. In this model,
the resistance between the space charge layer and open
Helmholtz layer was deliberated reliant on the double layer
capacitance (Cy) and charge transfer resistance (R [52].
The impedance spectra composed of a semi-circle
segment which correlates to the electron-transfer pro-
cess. Thus, classical Randles circuit can be employed to

describe the interface [53]. R, represents the resistance of
electrolyte solution, Cy; indicates the interface capacitance
of electrode and electrolyte, and in the interim, R, depicts
charge transfer resistance. Their corresponding values are
summarized in Table 1. As can be observed, bimetallic
AuPd NPs drastically decrease the charge transfer resist-
ance. This lower charge transfer leads to higher photoelec-
trocatalytic activity [6]. In addition, comparing Fig. 8a,
b clearly reveals that, for all samples, R under illumi-
nation is much smaller than that in the dark, indicating
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that photoinduced electrons are involved in the electron
transfer across the photoelectrode/solution interface [54].

The Mott—Schottky (MS) plot (Fig. 8d) was conducted
from the electrochemical impedance measurement at
0.5 kHz to determine the flat band potential (Ugg) and car-
rier density (Np) following the Formula 2 [18]:

1 2 kT
E=m[(Us_UFB)_? > 2)
where C is the space charge capacitance in the semiconduc-
tor; Np is the electron carrier density; e is the elemental
charge value; ¢ is the permittivity of the vacuum; ¢ is the
relative permittivity of the semiconductor; U, is the applied
potential; T is temperature; k is the Boltzmann constant.
As depicted in Fig. 8d, all the four samples have a posi-
tive slope, indicating n-type semiconductors. The flat band
potential (Ugg) value can be estimated by extrapolating the
MS plots to the potential axis (i.e., 1/C*=0) to get the inter-
cept. From Fig. 8d, the carrier density N, can also be calcu-
lated, from Formula 3 [18]:

No = _<e£2(,e><dc(if7;)2) ) ¥

For rutile TiO, (¢ =170) [55], the Urg and Ny, values are
calculated and summarized in Table 1. The positive shift of
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Ugg for AuPd-TiO, relative to the other samples indicates a
decrease in bending band edge which leads to assist the elec-
tron transfer [56]. Moreover, the higher N, of AuPd-TiO,
also suggested a faster carrier transfer than the other sam-
ples, and thus lead to an improvement in PEC performance
[20].

Formula 4 was applied to calculate the apparent electron-
transfer rate constant (k, ) and the results are summarized
in Table 1:

P RT
app — FchtAC’ 4

app

where R is the universal gas constant, T is the tempera-
ture (298 K), F is the Faraday constant, R is the resist-
ance to charge transfer under illumination, A is the surface
area of the electrode, and C is the concentration of Na,SO,
(100 mM). The k,,, also confirms that the photoelec-
tron transfer is fastest on AuPd-TiO, than the rest of the
photoelectrodes.

As a result, based on these studies, the mechanism of
AuPd-TiO, PEC enhancement under sun simulator irradia-
tion can be discussed as follows and a schematic diagram
is presented in Scheme 1. Under visible region of incident
light, AuPd NPs can dramatically increase the light absorp-
tion and inject hot electrons due to LSPR excitation in a
wide-frequency range, and these electrons could be trans-
ferred rapidly to the semiconductor. Under UV region of
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incident light, AuPd NPs can act as a reservoir for photogen-
erated electrons [57], which are rapidly transferred from the
conduction band of TiO, NRs to the AuPd NPs (forming
Schottky barrier). The storage of electrons in AuPd NPs
reduces charge recombination and leads to improvement of
the photoelectrocatalytic activity. All in all, although LSPR
still plays an important role, the catalytic effects of bime-
tallic AuPd BNPs of reducing electron—hole recombination
and facilitating charge transfer rate play a more dominant
role. This is consistent with Haro et al.’s [58] findings which
ascertain that the improvement of the photocurrent due to
the presence of plasmonic nanoparticles is mainly related to
a catalytic effect, rather than the LSPR effect.

4 Conclusion

In conclusion, vertically aligned TiO, rutile NR arrays deco-
rated with AuPd bimetallic NPs cocatalyst were success-
fully fabricated. The proposed AuPd-TiO, photoelectrode
demonstrates photocurrent and water splitting efficiency of
nearly 13 and 19 times higher than that of the pristine TiO,
NRs, respectively. The enhanced photoelectrochemical per-
formance could be accredited to photoanode improvements
using ‘multifunctional’ cocatalyst bimetallic nanoparticles.
AuPd NPs boost the visible light absorption and produce hot
electrons near TiO, NRs surface by LSPR excitation which
can be transferred quickly thanks to low charge resistance.
Our proposed photoelectrocatalyst is highly efficient, eco-
friendly, and reusable without producing toxic by-products.
Thus, our research opens up a new class of cocatalyst nano-
structure that can be used successfully to photoelectrochemi-
cal water splitting.
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