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This work depicts the synthesis of controllable Pd nanoparticles decorated TiO, nanowire arrays by
electrospray technique. By varying the substrate temperature and volume of precursor solution, Pd/TiO;
hybrid structure with different sizes and deposition yield was precisely controlled. The highest photo-
current density of the Pd/TiO, photoanode was 1.4 mA cm~2 at 1.23 V vs. RHE, which was approximately
5 times higher than the pristine TiO, The onset potential with a significant cathodic shift of 80 mV
compared to the pristine TiO, was also observed. To the best of our knowledge, the obtained photo-
current showed the optimal photocurrent density and high stability compared with previous reports. It is
also found that the photoelectrochemical performance is closely related to the size and deposition
quantity of Pd nanoparticles. According to the results, the enhanced PEC performance can be attributed
to the Schottky junction, charge transfer and the enhancement about the separation efficiency of the
photogenerated electrons and holes betweenTiO, and Pd NPs. This result demonstrated that this method
may design a new and green strategy for synthesizing the well-defined morphologies, compositions, and
sizes of the hybrid nanomaterial for photocatalytic hydrogen generation, photocatalytic CO, reduction

and photosynthesis of organic molecules.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Photoelectrochemical (PEC) water splitting has been regarded as
one of the most promising strategy to convert solar energy to
hydrogen [1-5]. TiO, was applied as the photoanode since it was
firstly discovered in 1972 by Fujishima and Honda [6]. Nowadays,
TiO; has attracted soaring interest as an efficient photoanode due to
its abundance, low cost and chemical stability [7—10]. Among
numerous types of TiO, nanostructures, the one-dimensional (1D)
TiO, semiconductor nanostructures such as nanowires and nano-
rods have aroused extensive attention owing to their advantages in
high specific surface areas and efficient optical absorption. 1D
nanostructures can shorten the migration distance of photo-
generated holes from bulk to the surface of materials and provide
direct electron transmission channels for electrons migration
[11—13]. However, the high recombination rates of the photo-
generated electrons and holes hinder the utilization of quantum
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efficiency in photocatalysis [14]. Various strategies have been
concentrating on the TiO;-based semiconductor to enhance the
efficiency of photocatalytic conversion, such as element doping
[15,16], structural modifications [17] or constructing hetero-
structures [18,19]. Recently, it is reported that the modification of
TiO, by coupling with noble metal nanoparticles is a promising
method to improve the photocatalytic of TiO, [20,21]. The noble
metal Pd is considered to be one of the most effective candidates for
hydrogen evolution and coupling reactions. The metal particles
contact with the semiconductor metal oxide can cause energy state
difference of work function. When Pd nanoparticles are coupled
with semiconductor, the electrons will flow to the precious metals
with lower Fermi energy level until they have the same Fermi en-
ergy level. In the case of illumination, the excited electrons transfer
to the surface of the noble metal to form the Schottky barriers
between the TiO, and the noble metal, which prevents the
recombination of the photo-generated electron-hole pairs and
promotes efficient charge separation [22]. The semiconductor with
smaller size of the metal particles will reduce metal-semiconductor
barrier height and have a higher Schottky barrier. Therefore, in the
noble metal—semiconductor heterostructures system, controllable
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assembly of composites is the key to obtain high catalytic activities
and understand the interaction between them. Large of methods
have been prepared to synthetize tuneable particles with narrow
size distribution and well-dispersion supported on TiO,, such as
electrochemical deposition [23], deposition—precipitation [24,25],
dip coating [26] and photoreduction (PR) method [27]. Some
methods are simple but represent the low control of the dispersion
and particle size. To avoid the aggregation of nanoparticles, sur-
factants or stabilizers are usually used as capping agents to stabilize
nanoparticle, thus limiting their chemical activity. Furthermore,
most composite material generally needs to control complex syn-
thesis conditions and expensive equipment to produce noble metal
particles with small size on semiconductor surface [28].

Herein, we design an innovative electrode with one-
dimensional TiO, nanowires modified with Pd nanoparticles
(NPs) for PEC water splitting by Electrospray (ES) technique. ES has
been used widely to fabricate charged and dispersive microdroplets
in a high voltage electric field [29—31]. Without using any reducing
agents and surfactants, the controllable Pd nanoparticles of the
size, structures can be obtained by changing the deposition con-
ditions. In this work, small-sized Pd NPs decorated with TiO; NWs
was successfully fabricated by ES technique for the first time and
the sample showed high PEC performance. Moreover, our present
work will offer a new strategy for the preparation of semiconductor
noble metal composite nanostructure and the application for solar
energy to hydrogen.

2. Experimental
2.1. Preparation of TiO, nanowires

Rutile TiO, nanowire arrays (NWs) were grown on Fluorine-
doped tin oxide (FTO) glass substrate by the hydrothermal
method [32]. First, the FTO glass were ultrasonically pre-cleaned in
sequence of acetone, ethanol and de-ionized water each for 20min.
Then, they were dried in N; gas flow. FTO glasses were immersed in
25 mM TiCly4 aqueous solution and then put in the oven at 70 °C for
30 min to form TiO; seed. The seed was annealed in air at 450 °C for
1 h. 5 mL of concentrated hydrochloric acid was diluted with 5 mL
deionized (DI) water and stirred for 15 min. 0.15 mL titanium n-
butoxide was added in the mixture to form precursor solution. The
clean FTO glass substrate was submerged in the solution with an
angle against the wall of the Teflon-lined stainless steel autoclave
(18 mL volume). Then, the precursor solution was transferred to
autoclave. The sealed autoclave was heated in an electric oven at
150°C for 6 hours. The sample was thoroughly washed with
ethanol, distilled water and dried in air slowly. A white TiO,
nanowire film was uniformly coated on the FTO glass substrate.
Finally, the sample was annealed in air at 550 °C for 2 h to improve
the crystallinity of the rutile TiO,

2.2. Synthesis of the of Pd nanoparticles decorated TiO, nanowire
arrays

Pd nanoparticles decorated TiO, nanowire arrays were depos-
ited using a self-made equipment (Fig. S1), including an injection
pump (Kent Scientific Corporation, USA), pressure control module
(Boher High Voltage Power Supplies Co., Ltd, China) and a plate
heater with a three dimensional operating platform. The FTO
conductive glass with TiO, nanowire array was used as the
receiving board to form a closed circuit. The crystal growth tem-
perature can be controlled by the heating controller. 0.001 M
palladium acetate (Pd(Ac);) was dissolved in acetonitrile under
vigorous stirring for 30 min to make solution homogeneous. The
amount of Pd NPs was achieved by controlling the volume of the

precursor solution. In this experiment, the solution flow rate was
set as 5pLmin~! and precursor solution was 100—400 pL. The
atomizer flow rate was 0.5 MPa. The capillary voltage is set as 10 kV
to produce charged micro-droplets. The distance from the substrate
to the needle tip is 50 mm. Finally, the Pd nanoparticles were
deposited on the TiO, nanowire arrays via the electrospray method.

2.3. Characterization

The crystalline phase was characterized by X-ray diffractometer
(XRD) with Cu Ka radiation. Surface morphology, structure and
chemical composition were measured with Helios Nanolab 600i
scanning electron microscopes (SEM), energy dispersive spectros-
copy (EDS), and transmission electron microscopy (TEM and X-ray
photoelectron spectroscopy (XPS). The UV—Vis spectra measure-
ments were carried out using a Shimadzu U-4100
spectrophotometer.

2.3.1. Photoelectrochemical measurements

PEC performances were measured by a three-electrode system
(CH Instruments, CHI 660D). Pristine TiO; and Pd NPs modified TiO;
nanowire arrays were served as the working electrode, Ag/AgCl
electrode as the reference electrode and the platinum wire as the
counter electrode. 1 M NaOH aqueous solution (pH = 13.6) was
used as the electrolyte. A 450-W Xenon lamp was designed as the
light source during the PEC performance measurements. The light
intensity was calibrated to 100 mW cm 2. To convert the measured
potentials Ag/AgCl to the reversible hydrogen electrode (RHE) scale,
Nernst equation was used as follows:

Erne = Eag/agal + 0.059 pH + E°Ag/AgCl

where Eagjagcl stands for the measured potential against the
reference electrode and EOAg/Agc1:O.l976 V at 25°C. The illumi-
nated area of the working electrode was 0.502 cm?. The linear-
sweep voltammogram was measured with a scan rate of
10 mV s~ ! and transient photocurrent density versus time plots was
applied at the potential of 0.23 V vs. Ag/AgCl with an illumination
on/off interval of 210 s. IPCE spectra was measured with a simulated
sunlight and cut filters ranging from 350 nm to 550 nm. Electro-
chemical impedance spectroscopy (EIS) measurements were tested
to scrutinize the interfacial properties between the electrode and
the electrolyte through an Electrochemical Workstation (ZAHNER,
Germany), the electrolyte over the frequency ranging from 0.1 Hz to
100 kHz with an AC voltage of 0.3V under the light illumination.
The Mott—Schottky plots were achieved at a frequency of 1000 Hz
in the dark.

3. Results and discussion

The procedure developed for fabricating rutile TiO, nanowires
on FTO substrate and then decorated with Pd NPs to form hybrid
structure is illustrated in Fig. 1(a—c). Briefly, TiO2 NWs were grown
on the FTO using the hydrothermal method, then Pd nanoparticles
were deposited on the TiO; via the electrospray method. The cross
section of TiO, nanowire array indicated that the length of TiO;
nanowire is about 2 pm. Fig. 1(e) and (f) show the SEM images of
the pristine TiO, and Pd/TiO, hybrid nanomaterial. Pd NPs with an
average size of about 5 nm were uniformly loaded on the surface of
TiO, nanowires.

Fig. 2(a) shows the XRD patterns of the TiO, NWs before and
after deposition of the Pd nanoparticles. For TiO, NWs, except for
the phase of SnO; of FTO substrate (JCPDS 41-1445), the sample
shows the characteristic diffraction peaks of tetragonal rutile phase
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Fig. 1. (a—c) Schematic diagram of the Pd/TiO, fabrication procedure (d) The cross section of TiO, nanowire SEM images of the (e) pristine TiO, NWs (f) Pd NPs modified with TiO,
NWs.

Fig. 2. (a) XRD patterns of TiO, and Pd-TiO, (b) TEM images of the TiO, NWs.(c) Low-magnification and (d) (e)high-resolution TEM images of Pd-TiO, hybrid nanostructure (f) EDS
element mapping images of a single Pd-TiO,, showing the distributions of Ti, O, and Pd.

(JCPDS 21-1276). The peak intensity of (002) was higher than other corresponding to the (111), (200) planes, which indicates the
diffraction peaks, indicating that the TiO, nanowires grow along metallic Pd particles (JCPDS 88-2335) dispersed on the surface of
the crystal plane and have the preferred orientation of [001]. The TiO; NWs. To further investigate the size of Pd nanoparticles and
two peaks were observed at 40.0°, 46.5° in the Pd/TiO, the hybrid nanostructure, TEM is also carried out. Fig. 2(b) shows a
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typical low magnification transmission electron microscopy (TEM)
image of the single TiO, nanowire. The TiO, nanowires have
triangular ends, smooth surfaces and uniform thickness. The mean
diameter and length of the TiO, nanowires is about 100 nm and
2 um. As can be seen from Fig. 2(c), the Pd nanoparticles with an
average size distribution of about 5nm were homogenously
dispersed on the TiO, nanowires. The average lattice spacing of
0.323 nm was correspond to the (110) crystalline plane of rutile
TiO,, while the lattice spacing of 0.225 nm can be rooted in the (111)
plane of the Pd nanocrystal, together confirming the decoration of
Pd nanoparticles on the surfaces of the TiO, nanowires. In addition,
TEM and HRTEM images clearly show that Pd NPs grow closely on
the surface of TiO, nanowires and exhibit a clear interface between
them. The EDS element-mapping further confirmed the structural
feature of Pd nanoparticles distribution on the TiO, surface.

The elemental composition and chemical environment of Pd/
TiO, hybrid structure nanocomposites were analysed by X-ray
photoelectron spectroscopy (XPS). The full survey spectrum of the
Pd/TiO; indicated the presence of Pd, Ti and O elements. In the Ti 2p
region, the binding energies of Ti 2py > and Ti 2p3; were located at
464.3 eV and 458.6 eV, which matched well with the typical values
of TiO,. Notably, as shown in Fig. 3(b), the Ti 2p peak exhibit a
positive shift of 0.3eV from pristine TiO, to Pd/TiO,, which
demonstrated the electron transfer between Pd and TiO; [33]. The
Pd 3d XPS spectrum was fitted to two peaks at 334.8 eV (Pd 3ds3)
and 340.1eV (Pd 3d3p) with a distance of approximately 5.3 eV,
revealing that Pd® mainly exists on the TiO, nanowire surface [34].
Fig. 4(d) displays the O 1s XPS spectra, the binding energy at
529.6 eV could be assigned to typical of metal-oxygen bonds, the O
1s sitting at 531.2 eV could be assigned to the Ti—OH [33].

To investigate Pd nanoparticles decorated TiO, nanowires on the

Full scan
Ols (a)
]
< Ti2p
b 1
% Pd3d .,
E
800 600 400 200 0
Binding Energy (eV)
Pd3d 3348eV  (C)
5 Pd 3d,,
& 340.1eV
z Pd 3d,,
=
o
E

348 345 342 339 336 333 330
Binding Energy (eV)

catalyst activity, the photocurrent density was obtained. Fig. 4(a)
shows that the photocurrent density has been greatly increased
than pristine TiO,. The current density of pure TiO, and Pd-TiO;
photoanodes is close zero in the dark current, indicating all sample
electrodes cannot be excited the separation of electrons and holes
even at the high potential. The photocurrent density of Pd/TiO,
photoanode is significantly enhanced and the onset potential is
declined than that of the pure TiO. It is proved that Pd NPs play an
effective role in photoactivity and facilitate the separation of pho-
togenerated electrons and holes under illumination. The photo-
current intensity of the Pd/TiO, is 1.4 mA cm ~2 (at 1.23 V vs. RHE),
which was more than five times higher than the pristine TiO,
(0.25 mA cm ~2). Fig. S3 shows the UV—Vis spectra for the TiO, and
Pd/TiO, photoanode over a wavelength range from 300 to 800 nm.
The diffuse reflectance spectrum of the pristine TiO, showed a
prominent absorption edge at 400 nm equivalent to an energy
bandgap of 3.0 eV, which are in consistent with previous reports of
the rutile TiO; [35]. When TiO; NWs decorated with Pd NPs, the
resulting photoanode did not show obvious change in light ab-
sorption. It only exhibited a slight red shift about the UV—Visible
absorption and wider band edge absorption. We thus conclude
that the enhanced PEC performance of Pd/TiO, photoanode does
not caused by the light absorbance. In addition, the photocurrent
stability of the electrodes is also an important factor for efficient
PEC hydrogen production system. Fig. 4(c) shows the photocurrent
of the Pd/TiO, electrode at the potential of 1.23V vs RHE under
illumination. The Pd/TiO, photoanode exhibits a very stable photo
response with 2000s, implying the high stability of the electrode.
Incident-photon-to-current-conversion efficiency (IPCE) tests
(Fig. 4(d)) were also performed to confirm the mechanism of
enhanced PEC of the TiO, NWs and Pd/TiO, photoanodes. The IPCE
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Fig. 3. (a) XPS spectra of the Pd/TiO;hybrid structure: (a) Full spectrum, (b) Ti 2p, (c) Pd 3d and (d) O 1s.
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Fig. 4. (a) Linear-sweep voltammograms of pristine TiO, and Pd-TiO, photoanodes (b) Chronoamperometry measurements of the photoanodes at an external potential of 1.23 V vs.
RHE (c) Photocurrent of the Pd/TiO, electrode at the potential of 1.23 V vs RHE under AM1.5 illumination for 2000 s (d) IPCE spectra measured at 1.23 vs. RHE (e) electrochemical

impedance spectra (f) Mott—Schottky plots of pristine TiO, and Pd-TiO, photoanodes.

spectrum of each electrode was scanned from 350 to 550 nm at a
potential of 1.23V. IPCE was calculated applying the following
expression:

IPCE = 1240 | / (APight)

where ] refers to photocurrent density (mA cm~2), Piight is the
irradiance intensity of the illumination power (mW cm~2) and A is
the incident light wavelength (nm). As reveled in Fig. 4(d), the IPCE
at 380 nm increases from 6% to 22% after the Pd nanoparticles
coated TiO, NWs. The enhancement can be interpreted as the Pd
NPs promoted the charge transport at the electrode/electrolyte
interface for water splitting. In Fig. 4(e), the electrochemical
impedance measurements (EIS) under light illumination were
carried out to estimate the overall charge transfer of TiO, NWs and
Pd/TiO,. In Nyquist diagrams, the smaller curve radius is usually
corresponding to the small charge transfer resistance between the
electrode and electrolyte interface. It can be clearly seen that the
Pd/TiO, photoanode in the arc diameters in the Nyquist plot is
smaller than the TiO, NWs, indicating the high carrier transmission

efficiency in the composite photoelectrode. The Mott—Schottky
plot can give us more information about charge carrier trans-
portation properties of semiconductor electrode. A positive slope
was shown in the samples from the Mott-Schottky plots, which
shows the n-type semiconductor. The smaller Mott—Schottky slope
of the Pd/TiO, photoanode also shows the faster rate of charge
transfer. The flat-band potential can be calculated by the following
equation:

1/C = (2/ o NA)[E — Er — kt/e)

wherein e is the electron charge (1.6 x 10°19), ¢ is the relative
permittivity of rutile TiO; (e = 170), &g is the permittivity of vacuum
(£0-8.86 x 10" Fcm™1), Nd is the carrier density, E is the electrode
potential, Egg is the flatband potential, k is Boltzmann's constant
and T is the temperature [35]. In addition, the calculated carrier
densities of the pristine TiO, and Pd/TiO, photoanode were
9.43 x 10" cm®~ and 143 x 10 cm®~ respectively. The higher
donor density improves the charge transport and carrier transfer,
which provides strong evidence for the enhanced PEC performance.
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Fig. 5(a) shows a set of the I-V curves of the pristine TiOyna-
nowire array electrodes and TiO, NWs that were decorated with
different precursor contents of Pd NPs. The density of Pd NPs can be
controlled by adjusting the amount of the precursor solution. With
increasing the deposition volume, the amount of Pd nanoparticles
was increased rapidly. Fig. S2 shows the SEM images of the TiO;
nanowires depositing with different concentration of the Pd NPs. In
order to determine the existence of Pd nanoparticles and the Pd-
TiO; ratio in Pd/TiO; hybrid structure, X-ray spectroscopy (EDS) was
also employed. Significantly, the photocurrent density of TiO;
nanowires that were loaded with Pd NPs (200 uL) showed the op-
timum performance. When the deposition amounts further in-
creases, the photocurrent density gradually decreases. This
phenomenon can be attributed to large amounts of Pd NPs may
prevent the light from entering the TiO; surface and reduce the
photocurrent generation. The high coverage of Pd NPs will also
decrease the specific surface area of TiO; in direct contact with the
electrolyte, thus affecting the oxidation performance of water.
Fig. 5(b) reveals the plot of the obtained photocurrent density as a
function of the Pd-TiO; photoanode with various Pd/Ti atomic ratio.
It is concluded that for getting the best PEC performance, the
atomic ratio was 0.015. The photocurrent density of the Pd/TiO;
photoanodes prepared at different substrate temperatures was also
indicated in Fig. 5(c). Photocurrent density was observed to rise
with increasing the substrate temperatures. The Pd/TiO, photo-
anodes at 450 °C showed optimum performance. At 1.23 V vs. RHE,
the photocurrent of the Pd/TiO, prepared at 450 °C is 1.4 mA cm ™2,
which is 2.5 times than the Pd/TiO, prepared at 350 °C. Addition-
ally, the enhanced photoactivity could be attributed to narrower
size distribution (Fig. 6), which provides a large surface area to
contact with the electrolyte/electron diffusion and facilitate the

charge transport and collection, therefore reducing the
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photogenerated carriers and holes recombination. Moreover, the
small size of the metal nanoparticles will promote the raise of work
function due to the quantum size effect. The Schottky barrier height
will make it more difficult to transfer carriers from semiconductor
to metal. Thus prolong the lifetime of the carrier to enhanced cat-
alytic activity. The mean diameter of Pt NP varied from 8 nm to
3 nm when the substrate changed from 350 °C to 450 °C. With the
increasing of the substrate temperature, the evaporation rate of the
solvent is accelerated, resulting in smaller microdroplets and
smaller nanoparticles. As reveled in Fig. 5(c), the electrochemical
impedance spectroscopy (EIS) analysis of Pd/TiO, photoanodes was
further carried out to prove the interfacial charge transfer resis-
tance. The semi-circular diameter is usually corresponded with the
photoactivities well in the Nyquist plot. Obviously, the diameters of
the semicircle of Pd/TiO, photoanodes prepared at 450 °C is smaller
than the those of obtained at other temperatures, suggesting the
fastest charge transfer Kkinetics at the electrode/electrolyte
interface.

4. Conclusion

In summary, a novel Pd/TiO, hybrid nanomaterial was suc-
cessfully synthesized by a facile low-cost method. The Pd/TiO,
obtained a high photocurrent density of 1.4mAcm ~2at the po-
tential of 1.23V vs. RHE, which was more than five times higher
than the pristine TiO, The IPCE is 22% for Pd/TiO, photoanode and
6% for pristine TiO, photoanode at 380 nm. Decorating Pd nano-
particles with narrow size distribution on the TiO, nanowires form
Schottky junction, thus promotes the separation of the photo-
generated electrons to boost the hydrogen generation efficiency. By
simply varying the deposition amount and substrate temperature,
the size and number of deposited Pd nanoparticles can be
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Fig. 5. (a) Linear-sweep voltammograms of Pd-TiO, photoanodes with different content of Pd nanoparticles (b) Plot of the obtained photocurrent density as a function of the Pd-
TiO, photoanodes photoanode with various Pd/Ti atomic ratio(c) Photocurrent—potential curves and (d) electrochemical impedance spectra of Pd/TiO, photoanodes with different

substrate temperatures.
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Fig. 6. TEM images and the size distribution of the Pd/TiO, prepared at different substrate temperatures (a) 350 °C (b) 400 °C (c) 450 °C.

controlled accurately. The substrate temperature has a significant
effect on the size distribution and PEC properties. The content of
the Pd nanoparticles on the TiO, nanowires surface determines the
charge transfer at the photoanode/electrolyte interface and quality
of the PEC performance. The results show that photoanodes
deposited at 450 °C, the content of the precursor solution of 200 pL
revealed the best PEC water splitting photocurrent. It was possible
to increase the PEC activity by manipulating the nanostructure by
changing the size structure and composition. More importantly, we
provided a promising strategy to fabricate metal-semiconductor
systems photoelectrodes to synergistically enhance the catalytic
activity.
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