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ABSTRACT

Plasmonic Ni nanoparticles were incorporated into LaFeO3; photocathode (LFO-Ni) to excite
the surface plasmon resonances (SPR) for enhanced light harvesting for enhancing the
photoelectrochemical (PEC) hydrogen evolution reaction. The nanostructured LFO photo-
cathode was prepared by spray pyrolysis method and Ni nanoparticles were incorporated
on to the photocathode by spin coating technique. The LFO-Ni photocathode demonstrated
strong optical absorption and higher current density where the untreated LFO film
exhibited a maximum photocurrent of 0.036 mA/cm? at 0.6 V vs RHE, and when incorpo-
rating 2.84 mmol Ni nanoparticles the photocurrent density reached a maximum of
0.066 mA/cm? at 0.6 V vs RHE due to the SPR effect. This subsequently led to enhanced
hydrogen production, where more than double (2.64 times) the amount of hydrogen was
generated compared to the untreated LFO photocathode. Ni nanoparticles were modelled
using Finite Difference Time Domain (FDTD) analysis and the results showed optimal
particle size in the range of 70—100 nm for Surface Plasmon Resonance (SPR) enhancement.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

renewable energy sources, solar energy and wind energy, are
highly intermittent and hence there is a dire need for the
development of sustainable energy storage systems. The

With climate change and global warming ever becoming the
focus of concern for millions of people globally, there is a
critical need to develop scalable and sustainable energy
source assets. One of the possible way this can be accom-
plished is by harnessing the solar energy reaching the earth's
surface, which supplies enough energy every hour to meet
humanities need for a year [1]. However, the predominant
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conversion of incoming photons from the sun light into stor-
able chemical fuel (hydrogen), also known as solar fuel, is a
highly attractive clean and sustainable energy storage solu-
tion. The stored hydrogen can be converted to electricity as
per the demand using fuel cells.

Currently, the major processes being explored for
hydrogen generation are steam reforming [2,3], coal

E-mail addresses: A.Tahir@exeter.ac.uk, asifali_tahir@hotmail.com (A.A. Tahir).

https://doi.org/10.1016/j.ijhydene.2018.10.240

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Please cite this article as: Pawar GS et al., Plasmonic nickel nanoparticles decorated on to LaFeO3 photocathode for enhanced solar
hydrogen generation, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2018.10.240



mailto:A.Tahir@exeter.ac.uk
mailto:asifali_tahir@hotmail.com
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.10.240
https://doi.org/10.1016/j.ijhydene.2018.10.240

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

gasification [4], biomass derivatives [5], thermochemical [6]
and biological processes [7]. However, most of these pro-
cesses are energy intensive and generates a large carbon
footprint. Photoelectrochemical (PEC) water splitting is a po-
tential pathway in realising environmental friendly hydrogen
production as it only requires semiconductor electrodes,
water and sunlight [8]. The semiconductor materials require
favourable band alignments for water reduction/oxidation,
optimal bandgaps and high stability under reaction conditions
[9]. Cu,0 [10,11], WSe, [12], CdTe [13], CuGaSe; [8], Si [14], GaP
[15] and InP [16] are photocathode materials which already
have applications in solar assisted water splitting for
hydrogen generation. However, due to availability, cost, sta-
bility and synthesis procedures there are limitations to their
use. LaFeOs; (LFO), a non-toxic p-type semiconductor material
with a direct bandgap of 2.4 eV, high stability and ability to
generate hydrogen spontaneously without the need of an
external bias [17], is a promising photocathode material for
solar to hydrogen conversion. However, due to its low ab-
sorption coefficient, the current density is low, thus yielding
lower amounts of hydrogen. Therefore, improving the mate-
rial's light extracting ability is crucial for improving the
hydrogen yield capability of LFO.

Metallic nanoparticles based on gold (Au) and silver (Ag),
have the ability for enhancing optical extinction (scattering
and absorption) by excitation of Surface Plasmon Resonance
(SPR). In metallic nanoparticles, light driven oscillations of
conduction electrons cause oscillating dipoles which in turn
excite strong SPR at the right wavelengths [18]. Optimized
nanoparticles results in higher surface electro-magnetic fields
leading to higher extinction cross-section, much larger than
geometric cross-section [19]. The enhanced electromagnetic
field is dependent upon the wavelength of incident light,
shape, size and aggregation state of the nanoparticles [20].
There are three methods of plasmonic light-trapping geome-
tries: 1) Far-Field scattering, 2) Near-Field scattering and 3)
Surface plasmon polaritons at the metal/semiconductor
interface [21]. Zhang et al. [22] showed that upon incorpo-
rating Au nanocrystals on to TiO, nanotubes, the photocur-
rent density almost doubles compared to the untreated TiO,
nanotubes, due to SPR effect. This subsequently led to high
hydrogen yield, 27.9 pmol/h. Lian et al. [23] showed improved
current density of three times with vast improvement of
hydrogen yield compared to untreated TiO, nanotubes, more
than 20 times, again due to SPR effect. Pawar et al. [24] showed
improved current densities of more than two times when Ag
nanoparticles were incorporated onto LFO films leading to
over twice the amount of hydrogen generated compared to its
untreated counterpart. Therefore, SPRis a potential method of
improving a semiconductors light harvesting ability to
improve its hydrogen production yield. However, both Au and
Ag are costly and would drive up the cost of fabricating a
photoelectrode, especially on an industrial scale.

Nickel (Ni), one of the earth's most abundant elements, has
been receiving a lot of attention due to its lower cost, elec-
trochemical stability and availability. It has shown the ability
to enhance hydrogen evolution when deposited on to gra-
phene sheets [25,26], crystalline silicon electrodes [27] and
metal oxides [9]. Nickel nanoparticles have managed to
improve the current density and hydrogen yield of these

materials. Compared to strong SPR effect in Au and Ag
nanoparticles, relatively weak SPR effect in Ni nanoparticles is
less explored [28,29]. Amekura et al. [30] conducted an
experiment where they embedded Ni nanoparticles into silica
glass and identified the absorption peaks due to SPR effect
from the Ni nanoparticles. This shows that Ni nanoparticles
have the potential to improve a semiconductor's light har-
vesting ability by SPR, thus improving the current density and
hydrogen generation performance. Therefore, Ni nanoparticle
based LFO photocathode is prepared and performance evalu-
ation is carried out to determine the enhancement in its
photocurrent and hydrogen yield.

Herein, we report the design and fabrication of LFO-Ni
photocathode and its performance. Finite Difference Time
Domain (FDTD) simulations are employed to simulate the SPR
resonances of Ni nanoparticles. The FDTD simulations show
that the Ni nanoparticles with diameters in the range of
70—100 nm demonstrate good SPR effect suitable for incor-
poration with LFO photocathodes. Experimentally, these
nanoparticles show enhanced light harvesting capabilities
leading to higher photocurrent densities and greater hydrogen
yield. To the best of our knowledge, this is the first time LFO-Ni
photocathode has been synthesised leading to increased
hydrogen production, due to SPR, when compared to its un-
treated counterpart.

Method
FDTD simulations

The spectral response of Ni nanoparticle is studied using
Finite Difference Time Domain (FDTD) simulation tool from
Lumerical. Palik refractive index database is used for Ni in the
simulations. The simulation background is set as water with
refractive index to mimic dilute NaOH (0.1 M NaOH in water).
A total field scattering field source is used for simulations with
a wavelength range of 300—700 nm. The simulations employs
a perfectly matched layer boundary conditions with sym-
metric in x direction and anti-symmetric in z direction. Mesh
size is set to 0.5 nm and the diameter of the nanoparticle is
varied from 70 nm to 150 nm in steps of 10 nm to simulate the
surface plasmon resonances and to quantify the enhance-
ment in optical extinction coefficients.

Preparation of LFO-Ni photocathode

The LaFeO; photocathode was fabricated using spray pyroly-
sis method, where full details of the experimental procedure
can be found in our previous work [17]. The Nickel nano-
particles (from Sigma Aldrich, where average particle size
is < 100 nm) were incorporated into the LFO films by spin
coating method. The Ni nanopowder (2.84 mmol) is placed
into a vial containing acetone. Subsequently, it was ultra-
sonicated for 2 h to break down any large particles and for
obtaining a homogeneous suspension of Ni nanoparticles in
acetone. The concentrated Ni nanoparticle suspension was
serially diluted to obtain a concentration of 1.42 mmol for
electrode performance evaluation. In addition to this, a higher
concentration of 5.68 mmol solution was also prepared. A
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strip of Kapton tape was pasted on to FTO glass for electrical
contact. Three different electrodes were prepared with these
Ni nanoparticle solutions of various concentrations by spin
coating at 500 rpm for 30 s. These electrodes were then
annealed at a low temperature of 50 °C for 15 min. This en-
sures the evaporation of acetone and enhances the binding of
Ni nanoparticles to the film without their oxidation.

space of 100 ml was purged with argon for 2 h with gentle
heating and stirring to remove atmospheric air from the
system. The sealed vessel contained the working LaFeOs
electrode connected to a Pt mesh by a single outer wire and
was subjected to light illumination for the water splitting
reaction. GC measurements were carried at an interval of
1h.

Instrument details
Material characterization

The material phase composition was determined using a
Bruker D8 Advance X-Ray Diffractometer (XRD) (Cu Ka irra-
diation, 40 kV/40 mA, 0.02° 20 step and a scan time of 3 s per
step) in the range of 20—70° 26. The morphology and compo-
sition of the thin film was characterized using a high resolu-
tion Scanning Electron Microscope (SEM, HITACHI S3200N)
coupled with an Energy Dispersive Spectroscopy (EDS, Oxford
instrument elemental analysis). Diffuse reflectance spectra
was acquired using a spectrophotometer (PerkinElmer lambda
1050 with 150 mm integrated InGaAs sphere and PbS detector).

Electrochemical characterization

All electrochemical experiments were carried out in a stan-
dard 3 electrode system, composed of a working electrode, Pt
wire as counter electrode and a reference electrode of Ag/AgCl
in saturated KCI. The data collection was carried out using
potentiostat (Metrohm Autolab PGSTAT302N). The working
electrode potential versus the Ag/AgCl reference electrode
used in all experiments was converted into the Reversible
Hydrogen Electrode (RHE) using equation: Vgug
agal + 0.197 V + 0.059 V*pH.

The photoelectrochemical (PEC) performance of LaFeO;
and LaFeOs-Ni photoelectrodes were measured in 0.1 M NaOH
aqueous solution (pH 13) under light illumination using a
300 W ozone free Xenon lamp equipped with an AM 1.5 filter
(Newport 66902). A one sun illumination (100 mW/cm?) is
used. A Linear Sweep Voltammetry (LSV) scan in the positive
to negative direction between the ranges of +0.35Vto —0.7 Vis
done.

Chronoamperometric (CA) measurements of LaFeO; and
LaFeO;-Ni photocathodes were conducted over a period of
20 h under a continuous 1 sun illumination. This was carried
outin 0.1 M NaOH (pH 13) aqueous solution with no sacrificial
agents, in a standard 3 electrode system in ambient atmo-
sphere and temperature. A constant voltage of 0 V was
maintained over the measurement period.

:VAg/

Hydrogen evolution measurements

Gas Chromatography (GC) measurements were carried out
using a manual injection GC system (PerkinElmer Clarus 580)
using a molecular sieve (PerkinElmer) and a Pulsed
Discharge Detector (PDD) with an argon flow of 28 ml min~*.
A custom-made glass reactor vessel with an attached fused

silica viewport containing 0.1 M NaOH (pH 13) with a dead

Results and discussion
FDTD simulations: extinction, absorption and scattering

Extinction, absorption and scattering cross-sections of Ni
nanoparticle of varying diameter is shown in Fig. 1 (a) to 1 (i)
The results show broad peaks in extinction and scattering,
which red shift with the increase in size of the nanoparticle.
For particle diameters greater than 110 nm, the scattering
cross-section dominate over the absorption cross-section. The
extinction cross-section is more than 3.5 times than the
geometrical cross-section for Ni nanoparticle of diameter
greater than 90 nm. It should be noted that the polarizability of
Ni is weak compared to conventional noble metals such as Au
and Ag, hence this results in weaker surface plasmon reso-
nances [31,32]. Polarizability depends on the number of free
electrons, nickel has less electrons compared to gold [33].

In general, the extinction cross-section increases with in-
crease in particle diameter (Fig. 1(g)). However, the normalized
absorption cross-section (Fig. 1(h)) decreases with increasing
size of the nanoparticle while the normalized scattering cross-
section increases (Fig. 1(i)) with increasing size of the nano-
particle. However, larger particle sizes (>100 nm) tend to
agglomerate which results in decreased SPR performance [34]
and hence it is recommendable to use
nanoparticles.

lower size

Electric field profile for Ni nanoparticle: on and OFF
resonance

Ni nanoparticles exhibit localized Surface Plasmon Reso-
nances (LSPR) in the visible frequency range. The electronic
configuration of Ni is [Ar] 3d® 4s%. The plasmonic resonance
happens due to the oscillations of the electron cloud caused by
the incident electromagnetic radiation. The electron oscilla-
tions are maximum at the SPR resonance frequency (ON
resonance) and are weak away from the SPR (OFF resonance).

Maximum extinction occurs at a wavelength region of
390—540 nm for a Ni nanoparticle with size varying in the
range of 70—120 nm (Fig. 1(i)). To understand electric field
enhancements at SPR, simulations are carried out for a 100 nm
size Ni nanoparticle. Fig. 2(a) shows the high electric field at
the ON resonance wavelength of 462.7 nm. The electric field
profile at OFF resonance wavelength of 300 nm show low
enhancement in electric filed (Fig. 2(b)). The electric field
enhancement at ON resonance (Fig. 2(a)) is ~3 times compared
to the OFF resonance. The SPR enhancement will enable the
photocathode to harness more light through increased optical
absorption and scattering and is expected to result in higher
hydrogen evolution.
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Fig. 1 — Extinction, Absorption and Scattering cross sections of Ni nanoparticles of diameters (a) 70 nm (b) 80 nm (c) 90 nm (d)
100 nm (e) 110 nm (f) 120 nm (g) normalized extinction cross-section (h) normalized absorption cross-section (i) normalized

scattering cross-section.

Performance and characterization of LFO-Ni photocathode

LFO films were prepared by spray pyrolysis of the precursor
solution at 150 °C and then post-annealing at 550 °C in air, to
obtain a single-phase crystalline material. The optimized size
of Ni nanoparticle from theoretical modelling is close to
100 nm (as larger nanoparticles will tend to agglomerate) and
hence similar nanoparticle range is used in the fabrication of
LFO-Ni. Ni nanoparticles at varying concentrations (LFO-Ni
5.68 mmol, LFO-Ni 2.84 mmol and LFO-Ni 1.42 mmol) were
prepared by spin coating the Ni nanoparticle solutions on to
the pre-prepared LFO films to determine the optimum con-
centration of Ni nanoparticles required to give the best per-
formance. The PEC performance of the LFO-Ni films were
performed in 0.1 M aqueous NaOH (pH 13) solution by illu-
minating the photocathode from the electrolyte side to eval-
uate the current density, compared to plain LFO
photocathode. The photocurrent density (J) is plotted against
bias potential (V) as shown in Fig. 3. The untreated LFO film
exhibited a maximum photocurrent of 0.036 mA/cm? at 0.6 V
vs RHE. Upon incorporating 2.84 mmol Ni nanoparticles, there

is a distinct improvement of the photocurrent density where it
reaches a maximum of 0.066 mA/cm? at 0.6 V vs RHE due to
the SPR effect. When increasing the concentration of Ni
nanoparticles, a decrease in current density is observed in
between the range of 0.7—1V vs RHE by 10%. This decrease can
be due to the higher content of Ni nanoparticles on the film
surface reducing the electrode/electrolyte interface inhibiting
effective charge separation, thus decreasing the amount of
current density. As the Ni nanoparticle concentration is
reduced to 1.42 mmol, there is also a decrease in photocurrent
between the ranges of 0.7—1 V vs RHE by 7%. This can be due to
lower amount Ni nanoparticle on the film available for SPR
enhancement. Although the maximum current density for
1.42 mmol is higher than for the 2.84 mmol film, it is lower
overall through the range. Therefore, from the entire three
measured concentrations 2.84 mmol Ni nanoparticle could
result in the maximum overall yield.

Chronoamperometric (CA) measurements of both LFO and
best performing LFO-Ni (2.84 mmol) photocathodes were
conducted in a 0.1 M NaOH aqueous electrolyte solution over a
period of 20 h with continuous illumination. A constant
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peaks marked with asterisk represent FTO. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)

potential of 0 V was maintained during the course of the
experiment. Fig. 4 shows the stability performances of both
photocathodes. As observed, both the photocathodes are very
stable for the duration of the experiment, showing very little
signs of current degradation. Most importantly, the current
density of LFO-Ni (2.84 mmol) is over six times than that of
plain LFO. This shows that with the incorporation of Ni
nanoparticles on to the film, it greatly improves the current
generated without losing stability. Therefore, we would
expect an increase in hydrogen yield compared to that of plain
LFO.

LFO-Ni (2.84 mmol), the best performing photocathode, is
taken to identify its crystal phase compared to its untreated
counterpart. The XRD pattern for both photocathodes are
shown in Fig. 5. The XRD patterns exhibits crystalline single
phase peaks for plain LFO film with the LFO particles
orientated in the (121) plane, which is in good agreement
with previous works [17]. All the peaks correspond to
correspond to LFO are indexed to orthorhombic system
(JCPDS 00-037-1439). No Ni diffraction peaks were detected in
the LFO-Ni film, which can be due to small particle size,
dispersity or low Ni nanoparticle loading content. We would
expect there to be three characteristic Ni peaks at 44.5, 51.8
and 76.4 considering bulk material [35,36]. Peaks marked
with an asterisk correspond to the FTO peaks, distinguishing
it from the LFO peaks.

Fig. 6 shows the top view SEM of the plain LFO and LFO-Ni
(2.84 mmol) films. The plain LFO nanostructured film (Fig. 6(a))
shows well connected crystal grain structure, post annealing
at 550 °C. Its EDS (Fig. 6(c)) confirms that there is no Ni nano-
particle present on the film. Fig. 6(b) shows bright spherical
nanoparticles distributed across the film which can be
attributed to the Ni nanoparticles confirmed by its EDS
(Fig. 6(d)). Comparing images 6(a) and (b), it can been seen that
Ninanoparticle have been incorporated into the LFO film after
spin coating, which is further confirmed by their respective
EDS analysis.

To understand the effect of Ni nanoparticles on light ab-
sorption, its optical properties were measured using UV-Vis
spectroscopy. Fig. 7 shows the absorption spectra of both
plain LFO and LFO-Ni (2.84 mmol) at wavelengths from 360 to
800 nm. There was a higher absorption of light in the short
wavelength (400—600 nm) and a slight increase in the long
wavelength region (600—800 nm), which can be attributed to
increased light extinction from the Ni nanoparticle in this

Fig. 6 — (a) Top view SEM of plain LFO film, (b) top view SEM of LFO-Ni (2.84 mmol), (c) EDS for plain LFO film and (d) EDS for

LFO-Ni (2.84 mmol).
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Fig. 7 — Absorbance spectra of plain LFO and LFO-Ni
(2.84 mmol).

frequency range due to SPR effect. The SPR effect results in
higher effective absorption of light in the semiconductor due
to light concentration which increases the electron-hole
generation in the semiconductor [37], PIRET (Plasmon
induced Resonance Energy Transfer) through dipole-dipole
interaction and light scattering which results in increased
effective optical path length. In addition, NPs at the
semiconductor-electrolyte can also increase the catalytic ef-
fects. The relative contribution of each of these effects in our
Ni incorporated LFO films requires further detailed study.

By incorporating Ni nanoparticles on to the LFO film, we
observe an enhancement of light harvesting capability
compared to plain LFO. This is seconded by the increase in
current density in case of PEC performance (Fig. 3). Therefore,
a higher volume of hydrogen is expected to be obtained from
the solar water splitting experiment. As the photocathode
absorbs more light, it generates more current for water split-
ting, thus yielding a greater volume of hydrogen.

Hydrogen evolution measurements were conducted in an
aqueous 0.1 M NaOH solution under constant illumination, for
the plain LFO film and for various LFO-Ni films (Fig. 8). The

0.35
0.30 +
. —e— Plain LFO
N —0— LFO-Ni (2.84 mmol)
g 0.25 1 —e— LFO-Ni (5.68 mmol)
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o
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Fig. 8 — Hydrogen evolution test of plain LFO and LFO-Ni
with varying Ni concentrations, in an aqueous 0.1 M NaOH
solution.

water splitting test was conducted in a custom made glass
reactor vessel with an attached fused silica viewport,
described in our previous work [17]. The working electrode
and Pt counter electrode were connected by a single looped
wire, without any external bias being applied. After 3 h, the
plain LFO photocathode begins spontaneously producing
hydrogen via solar water splitting. After 6 h of reaction time, it
has generated 0.11 pmol/cm? of hydrogen. On the other hand,
all of the LFO-Ni photocathodes begun spontaneously gener-
ating hydrogen after 2 h of reaction time. This is a marked
improvement compared to the untreated LFO. This improve-
ment can be ascribed due to the SPR effect of Ni nanoparticles
resulting in enhanced light harvesting capability of the pho-
toelectrode, where it produces more electrons available for
conversion to hydrogen. This is in good agreement with the J-
V curves seen in Fig. 3. As 2.84 mmol of Ni nanoparticle is
incorporated into the film, there is an increase in current,
which subsequently leads to an increase in hydrogen yield;
after 6 h 0.29 ymol/cm? is produced. This is an improvement of
more than two times. As the Ni concentration is reduced to
1.42 mmol, there is a decrease in current leading to a drop in
hydrogen yield where at 6 h it generates 0.22 ymol/cm [2]. Due
to lower Ni content there is less light being trapped due to
plasmonic effect so less electrons are generated thus leading
to the drop in hydrogen yield compare to LFO-Ni (2.84 mmol)
respectively. When the concentration of Ni is increased to
5.68 mmol as expected there is a decrease in hydrogen yield,
after 6 h it has only generated 0.14 umol/cm [2]. This will be
due to the higher content of Ni nanoparticles on the film
surface reducing the electrode/electrolyte interface inhibiting
effective charge separation, or the Ni nanoparticles agglom-
erating lowering its effective surface area. Therefore, the
optimal concentration of Ni nanoparticle for improved current
and hydrogen yield is 2.84 mmol.

Conclusion

In summary, we have incorporated optimized Ni nano-
particles (of diameters ranging from 70 to 100 nm) on to the
nanostructured LFO photocathode. The photocathode shows
an increase of light absorption upon incorporating Ni nano-
particles compared to its untreated counterpart. This agrees
well with FDTD studies, which shows good light harvesting
ability of Ni nanoparticles of small sizes ranging from 70 to
100 nm, where there will be lower chances of aggregation.
Incorporation of Ni nanoparticle has increased the current
density, where the best performing LFO-Ni (2.84 mmol)
photocathode generated more than twice the current density
compared to plain LFO, due to the SPR effect from Ni nano-
particles. This subsequently led to the LFO-Ni (2.84 mmol)
photocathode producing more than double (2.64 times) the
amount of hydrogen compared to the plain LFO. The opti-
mized photocathode generated 0.29 pmol/cm? hydrogen after
6 h of operation whereas the plain LFO only generated
0.11 pmol/cm [2]. Furthermore, the LFO-Ni photocathodes
were able to produce hydrogen after 2 h of illumination
compared to the untreated LFO photocathode, which began
forming hydrogen only after 3 h of illumination. This finding
shows that Ni nanoparticles are able to enhance the
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performance of LFO photocathodes plasmonically in a much
more cost effective manner compared to Ag and Au.
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