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ABSTRACT: Severe charge recombination in solar water-
splitting devices significantly limits their performance. To address
this issue, we design a frustum of a cone nanograting
configuration by taking the hematite and Au-based thin-film
photoanode as a model system, which greatly improves the
photoelectrochemical water oxidation activity, affording an
approximately 10-fold increase in the photocurrent density at
1.23 V versus the reversible hydrogen electrode compared to the
planar counterpart. The surface plasmon polariton-induced
electric field in hematite plays a dominant role in efliciency
enhancement by facilitating charge separation, thus dramatically
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increasing the incident photon-to-current efficiency (IPCE) by more than 2 orders of magnitude in the near band gap of
hematite. And the relatively weak electric field caused by light scattering in the nanograting structure is responsible for the
approximate maximum 20-fold increase in IPCE within a broadband wavelength range. Our scalable strategy can be generalized

to other solar energy conversion systems.
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olar water splitting over semiconductors is a promising

way to convert sunlight into renewable hydrogen
energy. ~® However, mainly because of the severe recombina-
tion of photogenerated charge carriers,”'’ current practical
efficiencies are far from the ideal theoretical values.'
Introducing built-in electric fields by various junctions, owing
to the difference in the individual Fermi levels, has been a
commonly adopted strategy for charge separation.'””'* The
electric field, which enables the separation of electrons and
holes immediately after their generation, is a good candidate
for charge separation tuning."® Nevertheless, the electric field is
distributed only in the small region at the junction interface.
Otherwise, junctions suffer from interface issues, such as
abrupt composition changes and large lattice mismatches,
which are detrimental to charger transfer across interfaces.
Recently, polarization electric fields with the ability to promote
charge separation both in the bulk and on the surface of
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semiconductors have shown great potential in photocatalysis.'®
For example, the sawtoothlike potential distribution in the
zincblende/wurtzite superlattice, which has the same compo-
sition, good lattice match, and type II band alignment,
facilitates charge separation in the bulk material.'” Unfortu-
nately, precise control of the electric field distribution by facile
modulation of the material microstructure is still difficult now.
In addition, more effective external polarization methods need
to be developed. To overcome the problems mentioned above,
a new strategy for controlling the built-in electric field of
materials for charge separation is urgenly needed to improve
the water-splitting performance.

Received: May 24, 2019
Revised:  August 9, 2019
Published: August 20, 2019

DOI: 10.1021/acs.nanolett.9b02122
Nano Lett. 2019, 19, 6133-6139


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.9b02122
http://dx.doi.org/10.1021/acs.nanolett.9b02122

Nano Letters

a b c

plane 3 70 100
< == plane <
© 607 == cone <
core o 1.72x10°  — f¢ 2
: 1.72x10° = =
B 40400, g

S ] Tt
o-Fe;0, FC @® 304 1.45%10'° %
Au o a
ITo & 204 1S
Si0, i 2 ~eell 2
pilar_ 5 ,,los9x10® T Tr== R >«
0 - . 2 o] . . ,
J u u & <€ 500 520 540 560 580 600 300 400 500 600 700

Wavelength (nm)

Wavelength (nm)

Figure 1. Geometry and light absorption of nanogratings. (a) Schematic geometries, FDTD-simulated absorption curves with the labeled total
absorbed photon numbers of (b) a-Fe,O; and (c) Au for the cone, FC, and pillar nanograting and plane structures of SiO,/ITO/Au/a-Fe,0;.

Induced by an electromagnetic wave (light), surface plasmon
resonance (SPR), which is the collective and coherent
oscillation of conduction electrons of a metal at a resonance
frequency relative to the lattice of positive ions, can form an
alternating electric field."® The electric field caused by SPR has
a few advantages for solar water splitting. First, the strong field
associated with the SPR is evanescent into dielectric materials
of up to approximately half the involved wavelength,'” which is
larger than the charge collection distance (charge diffusion
length + width of space charge region) in most semiconductors
(e.g, ~10 nm for hematite, a-Fe,0;),”" possibly leading to
more effective separation of photogenerated charges. Second,
the SPR electric field can be created in the single material to
facilitate the charge separation, bypassing the common
problems of interfacial charge recombination due to great
disparities in the composition and lattice constant or band
misalignment between different materials.”’ Third, the SPR
electric field can be easily modulated by changing irradiation
parameters besides the geometries of materials.””>* SPR can
be classified into two distinct forms: localized surface plasmon
resonance (LSPR) and surface plasmon polaritons (SPP).>*¢
Both have been used to improve the solar water-splitting
performance® ™" when embedding gold (Au) nanoparticles
into a thin a-Fe,0; film,* incorporating a-Fe,O; nanorods
into a plasmonic Au nanohole array pattern,*® or fabricating Au
nanopillars with an a-Fe,O5 coating.”" Au is commonly used as
a plasmonic metal owing to the tunable plasmon resonances at
ultraviolet and visible frequencies, relatively large optical cross
sections, and thermodynamic or kinetic stability under harsh
conditions (pH and potential) for water splitting.”> Except for
the beneficial built-in electric field at the metal/semiconductor
heterojunction mentioned above,”® there are three main
mechanisms for efficiency enhancement, all of which are due
to an increase in light absorption: (1) plasmon resonance
energy transfer (PRET), which might arise when light
absorption of metals and semiconductors overlaps;** (2) hot
electron transfer, occurring at energies well below the
semiconductor band gap;****** and (3) scattering, which
can happen over a broad spectral region.”’ And PRET or hot
electron production usually occurs at small particle sizes (<100
nm), and scattering becomes more probable at large particle
sizes.”> Also, hot electron injection mainly occurs in the near-
infrared (NIR).*>*” Linic et al. have reported”® that the SPR-
induced electric field distributed close to the semiconductor is
conducive to charge separation in the near-surface region of
the semiconductor and can promote photocatalytic perform-
ance. Little work, however, has been carried out to explore the
effect of the SPR-induced electric field on charge separation in
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semiconductors. Compared to the extremely confined LSPR,
the evanescent field induced by SPP has a much longer decay
length in the direction normal to the metal/semiconductor
interface’® ™"’ and also propagates along the metal/dielectric
interface,””*" both of which lead to a larger distribution of the
electric field in the semiconductor for potentially more efficient
charge separation.”**>**~** In addition, in patterned nano-
structures, photonic light scattering also can induce an electric
field. In contrast to the SPR mode, which has the largest field
amplitude at the metal/semiconductor interface, the electric
field of the light scattering is maximized in the middle of the
semiconductor layer over a much broader spectral region.”””’
Although the electric field of light scattering is relatively weak
compared to SPR, this electric field caused by the polarization
of oscillating light will play a role in hindering the charge
recombination.

In this report, we design the a-Fe,0; and Au-based thin-film
photoanode with a frustum of a cone (FC) nanograting
structure, which greatly improves the photoelectrochemical
(PEC) oxygen evolution reaction (OER) with an ~10-fold
increase in the photocurrent density at 1.23 V versus the
reversible hydrogen electrode (Vgyg) compared to the planar
counterpart. @-Fe,O; is chosen as a semiconductor model
because of its stable, nontoxic, low-cost, earth-abundant
properties, and a suitable band structure for water oxidation:
the bottleneck of water splitting.””*"***> Half of the maximum
possible photocurrent density lies in the near band gap of a-
Fe, 05 (500—600 nm),***’ but its poor absorption coeflicient
at the near band gap seriously limits the a-Fe,O; perform-
ance.”® To improve the PEC OER more effectively, we choose
the SPP resonance peak at the near band gap of a-Fe,O;. The
SPP-induced electric field in a-Fe,0; plays a dominant role in
efficiency enhancement by facilitating charge separation, thus
dramatically increasing the incident photon-to-current efhi-
ciency (IPCE) by more than 2 orders of magnitude at the near
band gap of a-Fe,O;, and the relatively weak electric field
caused by light scattering in the nanograting structure is
responsible for the approximate maximum 20-fold increase in
IPCE within a broadband wavelength range. This scalable
strategy provides insightful guidance to various solar energy
conversion systems.

The wavelength-dependent SPP can be obtained by tuning
the geometry and periodicity of the grating and the dielectric
property of materials.”**>*' Using polystyrene (PS) micro-
spheres as a mask for reactive ion etching (RIE) is an effective
and low-cost method of preparing a well-defined nanograting
structure over a large area. Using this method, three kinds of
typical nanograting geometries (i.e., cone, FC, and pillar) can
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Figure 2. Schematic of the fabrication process, structure, and OER activity of the SiO,/ITO/Au/a-Fe,0; anodes. (a) Schematic of the fabrication
process for the FC nanograting of SiO,/ITO/Au/a-Fe,0;. (b) Cross-sectional and (c) tilted SEM images of the SiO,/ITO/Au/a-Fe,0; anode
with the FC nanograting structure (pitch = 600 nm, height = 300 nm, base diameter = 440 nm, and top diameter = 200 nm). (d) Photocurrent and
dark current densities of the SiO,/ITO/Au/a-Fe,O; photoanodes with the FC nanograting and planar geometries.

be constructed.”” Here, we have investigated these three
typical nanograting geometries with the same height and
increasing angles between the side wall and the horizontal
plane as well as the planar geometry, aiming to select the
optimal structure for creating the strongest SPP resonance at
the near band gap of a-Fe,05 (Figure 1a).*”*° It is known that
the collective charge oscillation of SPP at a metal surface
usually gives rise to peaks in the spectrally resolved absorption
of the metal.*>®! Therefore, the SPP resonance peak can be
inferred by the absorption peak of the metal. However, because
of the complex light—matter interaction between the semi-
conductor (a-Fe,0;) and metal (Au) caused by material and
geometric properties in this system, light absorption in a-
Fe,O; and Au cannot be experimentally distinguished. We
have therefore used finite-difference-time-domain (FDTD)
simulations,”** a 3D/2D Maxwell solver for nanophotonic
devices, to elucidate the light absorption of a-Fe,O; and Au in
all of the samples. In addition, the simulation has the advantage
of saving time and cost for trial-and-error experiments.”* As
shown in Figure 1b,c, the FC grating obtains the maximum
light absorptance in the range of 500—600 nm for both a-
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Fe,O; and Au among all geometries, making it a perfect
geometry for studying the SPP effect in a-Fe,O;.

The process for fabricating the FC nanograting of the SiO,/
ITO/Au/a-Fe,O; photoanode is shown in Figure 2a. Briefly, a
SiO, substrate was first covered with a monolayer mask, which
is composed of a six-party close-packed PS microspheres’
(Figure S1). Next, RIE was employed to prepare a SiO, FC
nanograting with long-range order (Figure S2a). After
magnetically sputtering an ITO adhesion layer”> onto the
SiO, FC nanograting (Figure S2b), Au was thermally
evaporated off of the top (Figure S2c). The ITO film has
little effect on light absorption because light cannot penetrate
the uniform, dense 100-nm-thick Au film. After that, a
homogeneous Fe layer was magnetically sputtered as the top
layer. Finally, the SiO,/ITO/Au/a-Fe,0; photoanode with the
FC nanograting structure was obtained after annealing the
assembled structure at high temperature in air (Figure S2d).
The cross-sectional scanning electron microscopy (SEM)
image of this photoanode (Figure 2b) clearly shows a high-
quality conformal coating of a-Fe,O; (~50 nm), Au (~100
nm), and ITO (~150 nm) on the SiO, substrate, indicating
that the well-defined SiO,/ITO/Au/a-Fe,O; FC nanograting
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Figure 3. Mechanistic investigations of improvement in the OER activity. (a) Experimental absorption spectra and (b) spectrally resolved IPCE
curves of the FC nanograting and planar structures of SiO,/ITO/Au/a-Fe,0; in the wavelength range of 300—700 nm at 1.23 Vyy;. (c) Relative
IPCE curve of the SiO,/ITO/Au/a-Fe,0; photoanode with the FC nanograting structure, calculated by dividing its IPCE by that of the planar
sample. (d) FDTD-simulated electric field |E/E,| distribution of FC nanograting structures of SiO,/ITO/Au/a-Fe,O; at a wavelength of 516 nm.
(e) FDTD simulated electric field |IE/E,| distribution of the FC nanograting at a wavelength of 331 nm. (f) Transient photocurrents of the anodes
with the FC nanograting with and without Au shown by light chopping current densities (light on/light off) as a function of time under irradiation

at an applied potential of 1.23 Vyyg.

structure was obtained. Tilted (Figure 2c) and top-view
(Figure S3) SEM images show the high periodicity of the well-
arranged FC nanograting, and X-ray diffraction confirms the
formation of @-Fe,O; and Au in the sample (Figure S4).
Compared to other reported Au nanoarray structures,zg’31 our
design economizes the amount of Au by coating a thin film
with a smaller volume ratio in the electrode structure.

The PEC OER of the prepared photoanodes was evaluated
in 1 M NaOH electrolyte (pH 13.6) without any sacrificial
reagents using a three-electrode electrochemical system under
150 W xenon lamp irradiation with a light intensity of ~450
mW cm™ (details in the Supporting Information). After the
height, thickness, and pitch of the FC nanograting are
optimized (Figures S5—S7), the SiO,/ITO/Au/a-Fe,0,
photoanode affords a photocurrent density of 1.33 mA cm™>
at 1.23 Vyyg, which is ~10 times higher than that of the planar
sample (0.15 mA cm™) under the same experimental
conditions (Figure 2d). The photoanodes exhibit negligible
dark current densities (less than 0.05 mA cm™) within the
tested potential range, implying that the observed current
densities under irradiation are related exclusively to photo-
generated charge carriers.>®

To explore the underlying mechanism for the greatly
improved OER activity of the photoanode with the FC
nanograting structure, the light absorption property was first
investigated with ultraviolet—visible (UV—vis) absorption
spectra. The anode with the FC nanograting structure with
~70—90% light absorptance within the range of 300—700 nm
shows a broadband absorption enhancement when compared
to its planar counterpart with 10—80% light absorptance
(Figure 3a). Similarly, an absorption increase in both
experimental and simulated data is observed for the FC
nanograting without a-Fe,0O; and without Au compared to
their planar counterparts, respectively (Figure S8). Therefore,
the absorption enhancement is associated with the unique FC
geometry. We also found that the absorption is most obviously
enhanced in the long-wavelength range (500—700 nm) (Figure
3a), and the maximum enhancement is up to ~7-fold. For the
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samples without a-Fe,0; (Si0,/ITO/Au), the absorption of
the FC nanograting also has a significant enhancement (the
maximum enhancement is up to ~6-fold) in the long-
wavelength range (500—700 nm) compared to the planar
counterpart (Figure S8a,b), which is consistent with the
absorption of the SiO,/ITO/Au/a-Fe,O; samples (Figure 3a).
However, there is no such significant absorption enhancement
in the samples without Au (SiO,/ITO/a-Fe,0;) (Figure
S8c,d), which indicates that the absorption enhancement is
associated with Au. The above results indicate that the
absorption enhancement in the photoanode is ascribed to the
influence of the unique Au FC geometry.

The IPCE measurement was carried out to further
investigate the anode activity at different wavelengths (Figure
3b). The anode with the FC nanograting geometry shows a
substantially enhanced IPCE in a broadband wavelength range
from 300 to 600 nm, when compared to the planar structure.
The relative IPCE spectrum was obtained by dividing the
IPCE of the anode with FC geometry by that of the planar
sample (Figure 3c). A dramatic ~110-fold IPCE increase at
516 nm is observed, over 2 orders of magnitude, which
correlates well with the distinct SPP absorption peak of Au at
516 nm extracted by FDTD (Figure lc), confirming that the
increase in IPCE at 516 nm is mainly caused by the SPP of Au.
In contrast, the SPP peak of Au in the disordered FC structure
is weak and blue-shifted (Figure S9), indicating that the
ordered grating can achieve a stronger SPP enhancement at the
near band gap of a-Fe,O; compared to the disordered
counterpart. As shown in Table S1, our relative IPCE value
is ~6—55 times higher than those of the representative works
based on the Au plasmon photoanodes.

Because of plasmon resonance, SPP of Au can create an
electric field in a-Fe,0,”° The distribution of the electric field
in the FC nanograting structure at 516 nm was simulated by
FDTD. The red and yellow colored areas display the strong
electric field intensity in a-Fe,O; near the Au/a-Fe,O,
interface of the FC nanograting (yellow area, Figure 3d),
and the electric field shows periodic fluctuation at the platform
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Table 1. Tabular Summary of the Photocurrent Density, Absorbed Photon Number for a-Fe,0;, and Electric Field Intensity of
the FC Nanograting with Different Heights and a-Fe,O; Thicknesses

FC Photocurrent density Photon number® |E/El°at 516 nm  |E/E |° at 331 nm

(nm) (mA cm?)?

300 1.33 4.79x10" 2.08 0.75
=
2 400 1.15 3.87x101% 1.75 0.69
T

500 0.77 4.95x101 1.73 0.66
@ 50 1.33 4.79x10" 2.08 0.75
n
Q
£ 100 1.21 6.13x10% 1.57 0.68
2
= 130 0.50 5.04x10"® 1.31 0.68

and side walls of the FC nanograting structure, which both
propagates at the Au/a-Fe,O; interface and decays along the
direction normal to the interface.”®*" It further confirms the
presence of SPP with a resonance peak at 516 nm and also
indicates that the SPP-induced electric field might contribute
to the activity enhancement.

Furthermore, we investigated the influence of geometry
parameters of the FC nanograting on the photoanode
properties to understand the essence of the OER enhancement
by SPP.”>*’~*? First, the changes in the photocurrent, light
absorption, and FDTD-simulated electric field intensity of the
SiO,/ITO/Au/a-Fe,0; anode with varying FC nanograting
heights (300, 400, and 500 nm) were studied (Figure SS). The
photocurrent density of SiO,/ITO/Au/a-Fe,O; decreases
with increasing height. In contrast, light absorption increases
with increasing height, implying that light absorption is not the
main reason for the photocurrent decrease. The electric field
intensity in a-Fe,O; near the Au/a-Fe,O; interface decreases
with increasing height, which is in accordance with the
experimentally observed changing trend in photocurrent
density, indicating that the SPP-induced electric field intensity
is closely related to the OER activity (Table 1). Next, we
analyzed the influence of the a-Fe,O; layer thickness (50, 100,
and 130 nm) on the photoanode properties because the SPP
effect also depends on the dielectric environment surrounding
the metal’” Similar to the effect of height, both the
photocurrent density and the electric field intensity decrease
with increasing a-Fe,O; thickness, while the changing trend in
absorption is inconsistent with that of the photocurrent density
(Figure S6, Table 1). Again, it corroborates the electric field
intensity-dependent OER activity.

In addition to the SPP effect at the near band gap of a-
Fe,0; mentioned above, our photoelectrode with a nonplanar
Au back contact has photonic light s.cattering,so’58 which can
induce an electric field in the middle of the a-Fe,Oj; layer in a
much broader spectral region.”>’' In contrast to the SPP
mode, which has the largest electric field at the resonant
wavelength of 516 nm at the Au/a-Fe,O; interface, the
photonic mode can be identified by the electric field at the
nonresonant wavelength of 331 nm (far from the SPP
resonance wavelength) in the a-Fe,O; layer calculated by
EDTD simulation,”*” as for the approximate maximum 20-
fold enhancement in IPCE over a broad spectral range (300—
600 nm) (Figure 3b), whereas the evanescent field at the Au/
a-Fe,0; interface is absent (Figure 3e). The electric field
intensity in a-Fe,O; at 331 nm (about one-third of that of
SPP) decreases with increasing height and thickness the same
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as the change in the geometry parameter for the SPP
investigation, which is also in accordance with the observed
changing trend in the photocurrent density. It further indicates
that the electric field intensity caused by the photonic mode is
closely related to the OER activity (Table 1).

We then looked into the charge separation behavior by
measuring the transient photocurrent so as to further
understand the reason for the OER activity enhancement
(Figure 3f).°*°*°" The transient photocurrent of the FC
nanograting without Au shows a spike upon sudden irradiation
due to capacitive charging at the a-Fe,O;—electrolyte interface,
which is due to recombination of the charge carriers. However,
the spike disappears in the transient photocurrent of the FC
nanograting with Au, displaying the beneficial role of Au in
facilitating charge separation. After the introduction of Au, the
energy barrier height at the Au and a-Fe,O; Schottky junction
hinders the transfer of photogenerated electrons from a-Fe,O;
to the substrate, and the formation of trap states at the
interface causes charge recombination and Fermi-level pinning,
which will limit the OER activity (Figure 4).°* However, the
photocurrent increases (Figure S10), which confirms that the
plasmonic effect of Au is dominant in this case because the
light absorption of Au overlaps with that of a-Fe,O; and light
energy transfers from Au to a-Fe,O; by PRET. The light
absorption increase owing to PRET is usually taken as the

Figure 4. Energy-level diagram and SPP-induced electric field
distribution of the SiO,/ITO/Au/a-Fe,0; FC nanograting structure
(Ecp, conduction band; Eyp, valence band; Ep Fermi level; @g,
Schottky barrier).
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reason for the activity enhancement,”® but it is inconsistent
with the relation between light absorption and photocurrent in
our case (Table 1). In addition, the photocurrent spike is not
caused by any modification of the electrode surface because
there is little change in the a-Fe,O; surface structure. Other
possible factors which might affect the OER activity are also
considered. First, the role of Au catalysis in the electrolyte is
considered because it often exists in Au particles to lower the
overpotential of the photoelectrochemical reactions.’>®*
However, the onset potential of the FC photoanode (Figure
2d) seems the same as that of the planar electrode, which
means that the overpotential in the photoelectrochemical
reactions does not change, assuming that the photovoltages of
both electrodes are the same because they are composed of the
same materials with the same Fermi-level difference. Therefore,
the Au film underneath the dense a-Fe,O; layer does not
participate in the surface water oxidation reaction, and the role
of Au catalysis can be excluded. Second, the hot electron
transfer is most probable at energies well below the
semiconductor band gap for small particle sizes (<100
nm),”” which is not our case (Figure 4).* Third, the large
specific surface area of the nanograting structure is also a factor
which might affect the OER activity. The SiO,/ITO/a-Fe,0;
(without Au) FC nanograting structure has the same specific
surface area as the SiO,/ITO/Au/a-Fe,O; FC nanograting
structure. However, the photocurrent densities of the SiO,/
ITO/a-Fe,O; (without Au) FC nanograting structure (0.15
mA cm™? at 1.23 V) are about 10 times lower than that of
the SiO,/ITO/Au/a-Fe,0O; FC nanograting structure (1.33
mA cm ™2 at 1.23 Vi) (Figure $10), which indicates that the
PEC performance improvement does not come from the large
specific surface area in our case. Taken together, the above
analysis indicates that the SPP-induced electric field in a-Fe,O;
not only promotes the charge separation within a-Fe,O; but
also causes the change of the electric field distribution on the
a-Fe,0; surface. It retards the charge recombination and
makes the photocurrent spike disappear, which is in line with
the relation between the electric field intensity and the
photocurrent (Table 1). Therefore, it can be inferred that the
electric field induced by SPP plays a dominant role in the
enhancement of the OER activity at the near band gap of
hematite with the FC nanograting geometry (Figure 4), and
the relatively weak electric field in @-Fe,O; determined by light
scattering is also favorable for hindering charge separation, thus
improving the OER efficiency.

In summary, the well-defined periodic FC nanograting of the
SiO,/ITO/Au/a-Fe,0O; photoanode was successfully fabri-
cated at low cost and afforded a greatly improved PEC OER
activity. The surface plasmon polariton-induced electric field in
hematite plays a dominant role in efficiency enhancement by
facilitating charge separation, thus dramatically increasing the
IPCE by more than 2 orders of magnitude at the near band gap
of hematite, and the weak electric field caused by the photonic
mode in the nanograting structure is responsible for the
approximately maximum 20-fold increase in IPCE within a
broadband wavelength range. Our results prove the charge-
separation effect of the light-induced electric field in the
semiconductor photoabsorber by the judicious design of the
device geometry, and this scaling strategy is promising for
other solar energy conversion systems.
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