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ABSTRACT: We report plasmonic enhancement of photocatalysis by
depositing 5 nm Au nanoislands onto tungsten diselenide (WSe2)
monolayer ﬁlms. Under 532 nm wavelength illumination, the bare WSe2
ﬁlm produces a relatively small photocurrent (20 nA). With the addition of
Au nanoparticles, we observe enhancements of up to 7× (0.14 μA) in the
measured photocurrent. Despite these relatively small photocurrents, it is
remarkable that adequate charge separating ﬁelds are generated over just
7.3 Å of material. Here, the improvement in the photocatalytic
performance is caused by the local electric ﬁeld enhancement produced
in the monolayer WSe2 monolayer by the plasmonic Au nanoislands, as
veriﬁed by electromagnetic simulations using the ﬁnite diﬀerent time
domain (FDTD) method. The near-ﬁeld optical enhancement increases
the electron−hole pair generation rate at the surface of WSe2, thus,
increasing the amount of photogenerated charge contributing to
photoelectrochemical reactions. Despite reducing the eﬀective surface area of WSe2 in contact with the electrolytic solution
by 70%, the plasmonic nanoislands couple the incident light very eﬀectively from the far ﬁeld to the near ﬁeld in the plane of the
monolayer WSe2, thereby improving the overall photoconversion eﬃciency from 3.5% to 24.7%.
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and exhibit a wide range of interesting electronic and optical
properties that stand in contrast to most known bulk materials.
These properties include large exciton binding energies, which
are stable at room temperature and directly aﬀect a material’s
ability to function as a photocatalyst. Their high surface-tovolume ratios provide large available surface area for
photocatalytic activities and reduces the distance from
photogenerated carriers to the solid/water interface. This
large surface-to-volume ratio, on the other hand, can increase
nonradiative recombination substantially, which is detrimental
to photocatalytic performance, presenting a trade-oﬀ in the
overall photocatalytic performance that is yet to be fully
explored. The TMDC materials also oﬀer band gaps spanning
a wide range from the near-infrared through the visible and

he production of hydrogen and other fuels from
photocatalysis has attracted considerable attention as a
potential means of generating and storing energy from
sunlight. This approach can provide renewable energy in a
clean and environmentally friendly manner without utilizing
fossil fuels or emitting carbon dioxide.1−5 Over 100 semiconductor materials, including ZnO, GaN, WO3, and BiVO4,
have already been identiﬁed as suitable candidates for solar
energy conversion after the ﬁrst demonstration of photocatalytic splitting of water under ultraviolet radiation on TiO2
electrodes by Fujishima and Honda in 1972.6−12 However,
many challenges remain in the improvement of quantum
eﬃciencies, promotion of charge transfer at interfaces,
increasing activation of catalysts, and suppression of backward
reactions involving shuttle redox mediators.13−16
The transition metal dichalcogenide (TMDC) family of twodimensional (2D) materials have high surface-to-volume ratios
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splitting,21,22 water puriﬁcation,23,24 and CO2 reduction,25 as
well as dye-sensitized solar cells.26,27
Previous studies have shown plasmonic enhancement of
bulk material photocatalysts.28,29 For example, Liu et al.
showed that the addition of the plasmonic Au nanoparticles
can enhance the performance of photocatalytic water splitting
of bulk TiO2 material by 66× times under visible wavelength
illumination.21 Christopher et al. showed that plasmonic
nanostructures of silver can concurrently use low-intensity
visible light and thermal energy to drive catalytic oxidation
reactions at lower temperatures than their conventional
counterparts that use only thermal stimulus.30 Tian et al.
reported photocatalytic oxidation of ethanol and methanol in
nanoporous TiO2 ﬁlms exhibiting enhancement by loading
with plasmonic gold and silver nanoparticles.31 Kowalska et al.
showed that gold-modiﬁed titania powders have enhanced
photocatalytic activity under visible illumination, due to greater
light absorption resulting from transverse and longitudinal
local surface plasmon resonance of rod-like gold particles.32
In the work presented here, monolayer WSe2 was grown on
90 nm of SiO2/Si via CVD with solid precursors in a similar
process to that previously shown for MoSe2 monolayer growth.
Approximately 100 mg of solid Se pellets were put into an
alumina boat and placed into the ﬁrst zone of a two-zone, 2 in.
diameter quartz furnace. Another alumina boat containing 25
mg of WO3 powder was placed 25 cm downstream from the Se
source in the second, higher temperature zone of the furnace.
The SiO2/Si growth substrate was treated with hexamethyldisilazane (HMDS) and perylene-3,4,9,10 tetracarboxylic acid
tetrapotassium salt (PTAS) before being placed face-down
about 5 mm above the WO3 powder. After purging with 1000
sccm of Ar for 5 min, the Se zone was heated to 500 °C and
main growth zone to 900 °C. For the growth phase, a gas ﬂow
of 25 sccm Ar and 5 sccm H2 were maintained for 30 min, after
which the furnace was ramped down under inert Ar ﬂow until
cooled. Monolayer WSe2 was then transferred from the SiO2
growth substrate onto an indium tin oxide (ITO)-coated glass
slide using a drop-casted PMMA support layer and dilute 2%
HF to aid in delamination. We then evaporate a gold ﬁlm with
a nominal thickness of 5 nm on half of the surface of the WSe2
monolayer using a shadow mask. This thin gold ﬁlm is known
to form island-like growth that is strongly plasmonic and serves
as a good substrate for surface enhanced Raman spectroscopy
(SERS) as well as plasmon-enhanced photochemistry.21 An
alternative method of monolayer WSe2 growth have been
added to the Supporting Information.33−35
Figure 2a shows an illustration of the sample geometry,
where an insulated copper wire is attached to the WSe2/ITO
using silver paint and the whole sample, excluding the top
surface, is encased in epoxy to insulate it from the electrolytic
solution. The photoelectrochemical reaction rate obtained with
this WSe2 monolayer electrode both with and without the Au
nanoislands was measured in a pH = 7, 1 M NaI solution using
a three-terminal potentiostat (Gamry, Inc.) with the monolayer
WSe2 monolayer, a Ag/AgCl electrode, and a Pt wire
functioning as the working, reference, and counter electrodes,
respectively. Here, the iodide/iodine redox system is chosen
because most redox systems oxidize the surface of WSe2 and
MoSe2 to an extent that increases gradually with increasing
positive redox potential. The I−/I2 redox couple counteracts
the surface changes, suppressing the potential drop in the
surface, which oﬀer higher solar-to-electrical conversion
eﬃciency and better stability for WSe2 and MoSe2.36−38 An

ultraviolet wavelength ranges to make full use of the entire
solar spectrum.16,17
Utilization of 2D materials as photocatalysts has been shown
to exceed the photocatalytic performance compared to their
bulk material counterparts. Sun et al. reported an all-surfaceatomic SnS sheet-based photoelectrode exhibiting a 67.1%
incident photon-to-current conversion eﬃciency at 490 nm,
which is strikingly higher than that of the bulk counterpart
which is only 1.66%. Under visible wavelength illumination,
the photocurrent density of the all-surface-atomic SnS sheetbased photoelectrode could reach a value up to 5.27 mA·cm−2,
which is 2 orders of magnitude higher than that of the
corresponding bulk material.18 Looking strictly at the electrocatalytic properties of WS2 (rather than the photocatalytic
properties), Voiry et al. has shown that monolayer nanosheets
of chemically exfoliated WS2 are eﬃcient catalysts for hydrogen
evolution under very low overpotentials. Here, the enhanced
electrocatalytic activity of WS2 was attributed to the high
concentration of the strained metallic octahedral phase in the
as-exfoliated nanosheets.19 Liang et al. reported 3 nm thick
free-ﬂoating SnO sheets (∼6 layers thick) synthesized via a
liquid exfoliation strategy showing an incident photon-tocurrent conversion eﬃciency of up to 20.1% at 300 nm,
remarkably higher than 10.7% and 4.2% for the 5.4 nm thick
SnO (∼11 layers thick) sheet-based and bulk SnO-based
photoelectrodes.20
In this work, we demonstrate enhanced photocatalysis using
high-quality monolayer WSe2 grown by chemical vapor
deposition (CVD), as shown in the optical microscope
image of Figure 1a. This monolayer material exhibits strong

Figure 1. (a) Optical microscope image and (b) photoluminescence
spectrum of CVD-grown monolayer WSe2.

photoluminescence (PL) with direct band gap emission
around 1.63 eV, as shown in Figure 1b. In addition, we
integrate plasmon resonant nanostructures with this photocatalytic semiconductor, which is an approach that has gained
considerable attention in the ﬁelds of photocatalytic water
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exhibits only noise in the AC current, as expected. Under
illumination (Figure 3b), however, the bare WSe2 shows
approximately an AC photocurrent of 45 nA, which is
approximately 1000th of the DC current, demonstrating that
our AC lock-in technique provides an extremely sensitive
measure of the photoresponse from the WSe2 photocatalytic
surfaces while ignoring the purely DC electrochemical signal.
Since we are irradiating monolayer WSe2, the photocurrent is
limited by the inherently small optical density of the
monolayer material. As a control experiment, Figure 3c
shows the same AC photocurrent measurements for bare
ITO glass slide without any WSe2. Under the same
illumination conditions, this bare ITO electrode shows no
photocurrent (<1 nA), verifying that the photoresponse we
observed from the monolayer WSe2 electrode is not simply
originating from the underlying ITO substrate.
Figure 4 shows the photocatalytic enhancement due to the
addition of the plasmonic Au nanoislands observed under 532
nm wavelength illumination (0.21 mW/cm2). Figure 4a shows
a direct comparison of the AC photocurrent taken for WSe2
both with and without Au nanoislands. For bare WSe2 without
Au nanoparticles, a small photocurrent around 20 nA is
observed. A signiﬁcant enhancement in the photocurrent (7×)
is evident for the WSe2 with plasmonic Au nanoparticles,
resulting in a photocurrent of 0.14 μA. The AC phase for WSe2
both with and without Au nanoparticles are nearly identical
during the measurement, as shown in Figure 4b, verifying that
our signal is “locked” to the speciﬁc frequency of the
modulated light.
Figure 5 shows the electromagnetic response of the Au
nanoislands/monolayer WSe2 composite ﬁlm calculated using
the ﬁnite diﬀerence time domain (FDTD) method. Figure 5a
shows a TEM image of the gold nanoislands deposited on top
of monolayer WSe2. The dark gray regions correspond to the
gold nanoislands and the light regions represent the space
between. The electric ﬁeld intensity distribution of this ﬁlm
when irradiated on resonance is shown in Figure 5b and is
dominated by localized “hot spots” that occur between nearly
touching Au nanoislands.39−42 Here, the “hot spot” regions can
be seen clearly between nearly touching Au nanoislands. In
these local hot spot regions, the electric ﬁeld intensity at the
monolayer WSe2 surface can be as much as 890× times higher
than the incident electric ﬁeld intensity. This means that the
photon absorption rate and electron−hole pair generation rate
are 3 orders of magnitude higher than that of the incident
electromagnetic radiation in the brightest spots (i.e., without
the Au nanoislands). It is also evident from Figure 5b that a
vast majority of the photocatalytic surface is not signiﬁcantly
enhanced (i.e., away from the “hot spots”). We can estimate
the overall plasmonic enhancement factor from these electromagnetic simulations by evaluating the following integral:

Figure 2. (a) Diagram illustrating the basic sample conﬁguration. (b)
Schematic circuit diagram of the three-terminal photoelectrochemical
setup with the modulated laser and AC lock-in ampliﬁer. (c)
Schematic diagram of the photocatalytic iodine redox process.

AC lock-in technique is used to detect the very small
photocurrents (nA) generated by the WSe2 ﬁlms, as illustrated
in Figure 2b. The incident laser is chopped at 150 Hz by a
chopper wheel (Stanford Research Systems, Model SR540)
connected to the “REF IN” terminal of the lock-in ampliﬁer
(Standard Research Systems, Model SRS830 DSP), as shown
in Figure S1 of the Supporting Information. This enables the
lock-in ampliﬁer to detect responses only at the speciﬁc
frequency of the modulated light, providing a very sensitive
measure of the photoresponse of these photocatalytic surfaces,
while ignoring the DC electrochemical current. The current
output of the Gamry potentiostat is connected to the input
channel of the lock-in ampliﬁer to measure the AC
photoresponse from the sample at the same frequency as the
chopped laser.
The DC current, AC current, and AC phase for the bare
monolayer WSe2 monolayer electrode (i.e., without Au
nanoislands) without and with illumination under visible
light (0.21 mW/cm2, 532 nm) are shown in Figure 3a and b,
respectively. Without illumination (Figure 3a), the WSe2

EF =

∫ |E|2 dxdy
∫ |E0|2 dxdy

where the integral is taken over the area of the simulation
window in x and y (200 μm × 200 μm). Evaluating this
integral, based on the simulation results shown in Figure 5,
yields an enhancement factor of 3.9×, which is consistent with
our experimental observations. Figure S3 shows an average
measured enhancement factor of 5.0 at 532 nm and 7.2 at 633
nm, which indicates that the plasmonic nanoislands couple 633
nm light more eﬃciently in the plane of the WSe2 monolayer
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Figure 3. DC current, AC current, and AC phase measurements for the bare WSe2 monolayer electrode (i.e., without Au nanoislands) (a) without
and (b) with illumination under visible light and (c) bare ITO glass slide without WSe2 under the same illumination conditions in (b).

Figure 5. (a) Transmission electron microscope (TEM) image of 5
nm Au nanoisland ﬁlm. (b) Enhancement factor of the electric ﬁeld
intensity at the Au nanoislands/monolayer WSe2 interface calculated
using the FDTD method.

Figure 4. (a) AC photocurrent and (b) AC phase measurements for
the monolayer WSe2 electrode with and without Au nanoislands
under visible illumination.

understanding of the mechanism of enhancement observed in
our experimental work. In essence, these FDTD simulations
show that the plasmonic nanoislands couple light very
eﬃciently from the far ﬁeld to near-ﬁeld in the plane of the
monolayer WSe2 monolayer, thus improving the photoconversion eﬃciency.

than 532 nm. Figure S4 in the Supporting Information shows a
calculated enhancement factor of 8.26 at 633 nm. Based on
these results, we feel that we have obtained a detailed
790
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In conclusion, we demonstrated plasmonic enhancement of
monolayer WSe2 photocatalysis in the visible wavelength range
by exploiting the surface plasmon resonance of 5 nm gold
nanoislands. The addition of Au nanoparticles leads to a 7×
increase in the photocurrent (from 20 nA to 0.14 μA) at a
wavelength of 532 nm and improves the incident photon-tocurrent conversion eﬃciency from 3.5% to 24.7%. FDTD
simulation of this process suggests that the local electric ﬁelds
produced by the surface plasmons couple light eﬃciently to the
surface of monolayer WSe2, particularly in the local hot spot
regions, thereby increasing the electron−hole pair generation
rate at the surface of the WSe2 through near-ﬁeld optical
enhancement. This increases the amount of photogenerated
charge contributing to these photoelectrochemical reactions
and presents a possible route toward improving direct solar
fuel production. By integrating the electric ﬁeld intensity over
the entire area of our simulation window, we obtain overall
enhancement factor of 3.9×, which agrees well with our
experimental ﬁndings.
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Figure S1. Schematic circuit diagram of the AC lock-in technique, in which the incident light is
modulated by a chopper wheel and chopper controller, which provides a reference signal for the
lock-in amplifier. This enables the lock-in amplifier to detect only voltages at the specific

frequency of the modulated light, providing a very sensitive measure of the photoresponse of these
photocatalytic surfaces.
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Figure S2. (a) DC current, (b) AC current, and (c) AC phase measurements for the ITO
electrode with only 5nm Au nanoislands without WSe2.
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Figure S3. (a) Intensity dependent of photocurrent measurement for 532 nm wavelength (b)
Intensity dependent of photocurrent measurement for 633 nm wavelength.
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Figure S4. Enhancement factor of the electric field intensity at the Au-WSe2 interface for 633
nm wavelength calculated using the FDTD method.

An alternative growth method of monolayer WSe2: WSe2 was grown on gold foil by ambientpressure CVD with solid precursors1, which is similar to that previously shown for WS2
monolayer growth.1-2 A piece of polycrystalline Au foil was first finely polished and annealed,
and then placed in a small quartz boat together with 100 mg WO3 powder upstream, loaded at the
reaction zone of a horizontal CVD furnace equipped with a 1-inch-diameter quartz tube. Another
small quartz boat containing 1000 mg Se pellets was placed upstream at the low temperature
zone of the furnace. After the reaction zone was heated to 900 °C in an argon atmosphere (100
s.c.c.m.), a small flow rate of H2 (0.5 s.c.c.m.) was introduced to initiate WSe2 growth. After
several minutes, we rapidly stopped the growth by quickly moving the two boats to lowtemperature zone. Monolayer WSe2 was then transferred from the gold foil onto an indium tin
oxide (ITO)-coated glass slide by electrochemical bubbling transfer method using a drop-casted
PMMA support layer.1, 3
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