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Abstract
Transition metal sulfide-based hydrogen evolution electrocatalysts still lag in catalytic activity due to the zero-deviated free energy of *H adsorption. Plasmonic
metals bridge the gap between light utilization and plasmon-mediated redox reactions for substantially enhanced electrocatalytic activity. In this work, a strategic
broadband light utilization heterostructure, composed of two distinct Ag
nanostructures (discontinuous Ag nanorods and monodispersed nanoparticles), is
achieved through in situ sulfurization and metal leaching. The heterostructure benefits the electrocatalytic hydrogen evolution reactivity thanks to the localized surface
plasmon resonance induced hot electrons injection and inter-gap electric fields revealed by the finite-difference time-domain simulation. Experimentally, the prudent
heterostructured catalyst exhibits a significantly improved overpotential (at
10 mA cm−2) from 151 to 95 mV along with a Tafel slope from 74 to
45 mV dec−1 toward hydrogen evolution. Significantly, this instructional study
sheds light on the design of hybrid photo-assisted electrocatalysts with cooperative
effect of solar energy toward sustainable electrocatalysis.
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1 | INTRODUCTION
Hydrogen (H2) is a clean and renewable energy carrier that has
high energy density and environmentally friendly emissions.1-5
Electrocatalytic water electrolysis has been recognized as an
efficient and promising approach for H2 production, but suffering from sluggish kinetics of hydrogen evolution reaction
(HER) in the absence of noble metal (eg, Pt) catalysts, due to
the zero-deviated free energy of H adsorption.6-8 Alternatively,
the utilization of solar energy provides a new avenue to improve
the catalytic properties by means of localized surface plasmonic
resonance (LSPR) mechanism.9-11 Photo-assisted plasmonic
metal/semiconductor interfaces have been widely adopted

in boosting the photocatalysis and photoelectrochemical
reactions,11-13 but rarely in water electrolysis for hydrogen generation.14 Intrinsically, the plasmonic nanometal (eg, Ag) generates energetic charge carriers, namely hot electrons when the
energy surpasses the level of the thermal excitations under light
irradiation.15 In the case of metal/semiconductor interfaces, the
plasmon-mediated hot electrons can be injected into the conduction band of the semiconductor by overcoming the Schottky
barrier to accelerate the redox reactions.9,16 For instance, an
enhanced onset potential of ~60 mV for HER has been
achieved in a plasmonic Au nanorods loaded MoS2 nanosheet
system compared to that of the bare MoS2.17 However, the
enhancement of the electrocatalytic HER activity can only be
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realized under a specific 808 nm laser irradiation, coinciding
with the narrow LSPR absorption of Au nanorods that appears
at around 810 nm. The enhancement under visible light irradiation is yet negligible, resulting in insufficient utilization of
broadband solar spectrum.
Besides, strong electric fields have been shown in the vicinity of the metal nanocrystals, where both transverse and longitudinal intensities are typically several orders of magnitude higher
than that of the far-field incident light. This has been vividly displayed in the optical simulation calculated using finitedifference time-domain (FDTD) method.18 Moreover, distinct
LSPR extinction peaks can be attained under illumination with
the variation of the intermetal distances. Thus, it is rational to
design discontinuous plasmonic metal with diverse interval
gaps, so as to broaden the LSPR extinction spectra. Though various Ag nanostructures have been independently synthesized
and investigated previously, most of them have not effectively
coupled heterogeneous Ag nanostructures into an integrated
design to harness the synergistic effects.
Herein, we demonstrate a broadband photo-assisted electrocatalytic system consisted of two distinct Ag heterogeneities,
that is, discontinuous Ag nanorods and Ag nanoparticles, with
NiS2/Ag2S nanosheet heterostructures for efficient HER. The
discontinuous Ag nanorods core is readily realized by partially
leaching Ag nanowire (NW) during in situ sulfurization of nickel

FIGURE 1

hydroxides, where the leached Ag ions are simultaneously interdispersed onto the nanosheet shells in the form of monodispersed metal nanoparticles. In this way, synergistic effects are
envisioned by virtue of the hot electrons and the SPR-enhanced
electric fields thanks to the plasmonic Ag nanoparticles and discontinuous Ag nanorods, respectively. Consequently, the judicious composite shows enhanced HER overpotentials from
151 to 95 mV at a current density of 10 mA cm−2, along with
improved Tafel slopes from 74 to 45 mV dec−1 under pragmatic
solar irradiation. This study, upon the cooperative interaction
of monodispersed Ag nanoparticles and discontinuous Ag
nanorods, highlights the promise of Ag LSPR for enhanced
electrocatalysis, which may open new opportunities toward sustainable solar driven electrocatalysis.

2 | R E S U L T S A N D DI S C U S S I O N
The FDTD method is instructionally adopted to explore the
extinction peaks of the discontinuous Ag nanorods with gap
sizes of 20 to 250 nm both in transverse and longitudinal
polarizations (see details in section 3.1). Consequently, the
transverse LSPR extinction peaks shift from ~370 to 520 nm,
while longitudinal mainly locates at ~500 nm and a region
from 650 to 750 nm, with the variation of the gap size
(Figure 1A). Experimentally, the discontinuous Ag nanorods

A, Computational transversal and longitudinal extinction peaks with the gap size varied from 20 to 250 nm, and experimental
extinction peak. B and C, Electric field distribution (|Eloc|2/|Einc|2) with transverse and longitudinal polarization, respectively. D, Plot of enhanced
electric fields at different gap sizes. E, Schematic illustration of plasmonic enhanced electrocatalysis. HER, hydrogen evolution reaction; LSPR,
localized surface plasmon resonance
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of irregular gaps show a broad extinction spectrum from
350 to 650 nm and a peak located at ~730 nm, which is consistent with the computational results. Accordingly, the calculated electric field distribution (|Eloc|2/|Einc|2) with a typical gap
size of 20 nm, is found to be enhanced at the vicinity of the
Ag inter-nanorods gaps, as depicted in both transverse and longitudinal polarizations (Figure 1B,C). The average electric
fields in-between the adjacent nanorods, showing enhancement at varied gap sizes, are summarized in Figure 1D. These
findings manifest the benefit of introducing discontinuous Ag
nanostructures. Meanwhile, Ag nanoparticles leached from the
nanorod core contribute to the LSPR-mediated charge excitation and transfer to the electroactive NiS2/Ag2S catalysts.
Additionally, the strong electric fields generated by the discontinuous Ag nanorods would further facilitate the energetic
charge distribution and separation, leading to efficient redox
reactions, as depicted in Figure 1E. Synthetically, the cooperative LSPR of discontinuous Ag nanorods and Ag nanoparticles
are expected to enhance the intrinsic HER activity of NiS2/
Ag2S catalyst under a broadband light irradiation.
To fabricate the Ag-NiS2/Ag2S hybrid, Ag NWs were first
prepared by a modified polyrol process reported elsewhere,19
followed by a silica coating treatment via a modified Stöber
method, as schematically shown in Figure 2A. Subsequently,
Ni hydroxide species were synthesized using a hydrothermal
method to form nanosheet-like shells (see details in the
section 3). Then, an in situ sulfurization process was adopted at
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room temperature (RT) in sodium sulfide (Na2S) to convert the
hydroxide to sulfide counterpart. Meanwhile, the Ag could be
partially sulfurized to form Ag2S in distinct concentrations of
Na2S. In such way, the NiS2 nanosheets structures are well-preserved, but hybridized with the Ag2S during the sulfurization
process. Notably, intermediate sulfurization leads to partial
leaching of Ag NW core that results in discontinuous nanorods
with simultaneous Ag nanoparticles out-diffusion onto the
NiS2/Ag2S nanosheets. By controlling the concentration of
Na2S to induce mild and extended sulfurization, nonleached
and fully leached Ag NW core hybrid structures were obtained
as reference samples, respectively.
Scanning electron microscopy (SEM) images show the
highly dispersed nature of the Ag NWs before and after silica
coating, as well as structural morphologies after Ni nanosheets
growth (Figure S1). The diameter of the Ag NW is ~150 nm
while the thickness of silica shell is ~40 nm, as shown in the
transmission electron microscope (TEM) image (Figure S2A).
The Ag is determined to be of fcc crystal structure (JCPDS card
no. 87-0720), as shown by X-ray diffraction (XRD, Figure S3).
After Ni species growth, the composite maintains 1D NW structure with interwoven nanosheet shells with a thickness of
~110 nm grown radially on Ag nanorod cores (Figure S2B).
SEM images indicate that the morphologies are well retained
after the sulfurization with varied concentrations of Na2S
(Figure 2B and Figure S4). XRD patterns of these Ag/NiS2
nanosheets samples, treated with different concentrations of

A, Schematic formation process of ANS-1, ANS-2, and ANS-3 samples. B, SEM image of ANS-2. C, XRD patterns of all the
three ANS samples. D, XPS Ni 2p spectra of ANS samples and Ag 3d spectra of ANS-2. SEM, scanning electron microscope; XRD, X-ray
diffraction; XPS, X-ray photoelectron spectroscopy
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Na2S (denoted as ANS-1, ANS-2, and ANS-3, respectively, see
section 3), manifest the successful formation of NiS2
(JCPDS no. 11-0099),20 while Ag2S (JCPDS no. 14-0072)
species are also produced during the sulfurization process
for all three samples (Figure 2C).21 These elements have
also been confirmed by the energy-dispersive X-ray spectroscopy (EDX) as presented in Figure S5. Thus, it is a mixture of Ag, NiS2, and Ag2S after the sulfurization evolution.
To further examine the chemical valence, X-ray photoelectron spectroscopy (XPS) was carried out. Figure 2D displays the spectra of Ni 2p for the three samples, where the
two peaks located at 873.6 eV (2p1/2) and 855.9 eV (2p3/2)
indicate the binding energy of Ni2+.22 Representatively, the
deconvoluted peaks located at 373.8 and 367.8 eV are
attributed to Ag0 3d3/2 and 3d5/2 for the ANS-2 sample.23
Meanwhile, the presence of Ag+ is also identified in ANS-

FIGURE 3

2, with the peaks located at 373.5 and 367.5 eV.24 Notably,
the intensity of Ag+ binding peaks is proportional to the
sulfurization extent, revealing the relocation of Ag during
the sulfurization process (Figure S6).
Transmission electron microscopy (TEM) shows distinct
morphologies with the variation of degree of sulfurization
(Figure 3A-C). Low dosage sulfurization preserves the Ag
NW cores, while moderate sulfurization induces partial dissolution to form discontinuous Ag nanorods with variable
inter-nanorods gaps. Further increment of the sulfurization
concentration leads to complete dissolution of Ag NW cores,
resulting in hollow nanosheets structure that is free from
tubular structure collapse. Consequently, the leached Ag
species are redeposited as monodispersed and uniform Ag
nanoparticles on the NiS2 nanosheets shell, which is revealed by the TEM images (Figure 3D,E).

A, TEM image of ANS-1. B and D, TEM images of ANS-2. C and E, TEM images of ANS-3. F-H, HRTEM images of
nanosheets of ANS-2. HRTEM, high-resolution TEM; TEM, transmission electron microscope
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The lattice fringe of 0.34 nm in the high-resolution TEM
(HRTEM) image (Figure 3F) corresponds to the (111) crystal plane of NiS2,25 while the 0.24 and 0.29 nm match with
the (111) of Ag and (112) of Ag2S, respectively.26 Negligible Ag signal is observed on the NiS2 nanosheets of ANS-1,
indicating the limited leaching of Ag at a lower dosage of
Na2S (Figure S7). All the elemental mapping distributions
of Ni, Ag, and S are consistent with the structural features of
ANS-2 and ANS-3 (Figures S8 and S9). Moreover, it was
found that the out-diffusion of Ag species from Ag NWs
only occurs for a thinner SiO2 coating on Ag NWs
(~40 nm), where no Ag migration is observed for a thicker
(>55 nm) SiO2 coating, even at a higher dosage of Na2S
sulfurization (Figure S10). Thus, the synthetic strategy in
this work is effective for the manipulation of Ag relocating,
which provides a new possibility for the fabrication of
plasmonic Ag-semiconductor hybrid materials.
The electrocatalytic HER performances of the as-prepared
samples were investigated first by the linear scan voltammetry
(LSV) curves (Figure 4). Among the polarization curves,
ANS-2 electrode shows an overpotential of 150 mV at a geometrical current density (GCD) of 10 mA cm−2, while the
overpotentials are slightly higher for the ANS-1 and ANS-3 at
158 and 155 mV, respectively (Figure 4A). The corresponding
Tafel slope for ANS-2 is 74 mV dec−1 (Figure 4B), which
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is marginally lower than that of the other two electrodes
(83 mV dec−1 for ANS-1 and 81 mV dec−1 for ANS-3).
The electrochemical impedance spectra were performed to
investigate the resistance between the interfaces. As shown
in Figure S11, the ANS-2 electrode exhibits a lower series
resistance (Rs, 1.21 Ω) than that of the other two (1.54 and
1.74 Ω for ANS-1 and ANS-3, respectively), indicating a better surface contact with the electrolyte and facilitated charge
transfer between the interfaces.27-29 On the other hand, the
ANS-2 shows a higher electrochemical surface area (ECSA)
than that of the other two electrodes, implying more specific
active sites and thus a better HER activity (Figure S12).27,28
Moreover, the ANS-2 catalyst can produce about 8.4 mL of
H2 gas in a drainage configuration in 30 minutes at a current
density of 40 mA cm−2 (Figure S13), corresponding to a
nearly 100% Faradaic efficiency. The distinct HER catalytic
activates may suggest that the specific site displacement of Ag
species may play an inconsequential role in the conventional
electrocatalysis. It is shown that the η@10 mA cm−2 is greatly
enhanced to 95 mV for the ANS-2 under broadband lightemitting diode (LED) light irradiation (380-780 nm in wavelength), corresponding to a positive shift of 55 mV. As for
ANS-1 and ANS-3, the enhancement induced by light irradiation is recorded only to be 22 and 30 mV, respectively
(Figure S14).

A, LSV curves of ANS-1, ANS-2, ANS-3 without LED, and ANS-2 with LED, as well as ANS-2 after stability test. B,
Corresponding Tafel slopes of the ANS samples. C, Galvanostatic stability test of ANS samples without LED. D, Potentiostatic stability test
of ANS-2 at an overpotential of 100 mV with a chopped mode; inset is an optical image of working LED on the electrode. LSV, linear scan
voltammetry
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In order to show the light effect for the HER enhancement, the LED light was suddenly removed for the sample
ANS-2 during an additional LSV scanning process. As a
result, a sharp decrease of current density was observed upon
the light-off period (Figure 4A, ANS-2 chopped), which indicates that the presence of light energy has significantly promoted the electrocatalytic kinetics.9,14 Accordingly, the Tafel
slope for ANS-2 under light irradiation is drastically
improved to 45 mV dec−1, while ANS-1 and ANS-3 show a
slight reduction of Tafel slopes to 73 and 67 mV dec−1
(Figure S15), respectively. In addition, the control sample of
NiS2/Ag2S nanosheets without metallic Ag was prepared and
showed no response to light (Figure S16). Also, negligible
temperature fluctuations were observed by tracking the temperatures for all the three ANS samples (Figure S17), ruling
out the contribution of light to the pristine NiS2/Ag2S and the
photothermal effect to the HER activity, respectively. Meanwhile, the overpotential difference (η@10 mA cm−2) of
ANS-2 after stability test is slightly decreased by 13 mV
(Figure 4A), while 16 and 15 mV dropped in overpotentials
(Figure S18) are observed for ANS-1 and ANS-3, demonstrating the reliable stabilities for all three samples. Longterm stability tests under galvanostatic mode without LED
irradiation were performed, as shown in Figure 4C. The overpotential for achieving 10 mA cm−2 (GCD) of ANS-2 is
163 mV, which is slightly smaller than those of the other two
electrodes (174 and 176 mV for ANS-1 and ANS-3, respectively) after an electrocatalytic period of 60 hours. TEM
images of the three electrodes after testing reveal that the
morphologies are well retained, indicating reliable structural
stability (Figure S19). HRTEM image indicates that the lattice fringes of Ag and Ag2S of ANS-2 are kept, whereas the
NiS2 counterpart has become amorphous, judging from the
ambiguous lattice fringe (Figure S20). XPS spectra after testing reveal that the chemical valences of the elements do not
change, indicating their good chemical stability (Figure S21).
Furthermore, the stability test for ANS-2 in light chopping
mode is demonstrated in Figure 4D. At η = 100 mV, an obviously increased current is observed under light mode with an
increment of ~138% (from 4.5 to 10.7 mA cm−2), suggesting
the reliable contribution of the light to the electrocatalysis. In
addition, the calculated incident photon-to-electron conversion efficiency (IPCE) for ANS-2 is as high as 23.3%.
In order to better understand the light effect on the HER
performance, LED irradiation of single wavelength with different power output was used instead of a full-spectrum light.
At first, red and blue LED light were used for HER process for
all the three ANS samples to study the dependence of light
wavelength (results are shown in Figure 5A). It can be concluded that a red-light LED with a wavelength of 630 nm has
shown little effect on HER activities for all the three ANS
samples since similar η@10 mA are measured after comparing
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those obtained without any LED irradiation. Interestingly, the
current densities are remarkably promoted for all the three
ANS samples when a blue-light LED (wavelength = 470 nm)
is applied to the electrocatalytic system, demonstrating that
higher energy photon may play a major role in promoting the
HER kinetics in the electrocatalysis. This enhancement may
be induced by the LSPR effect of Ag species in the Ag-NiS2/
Ag2S heterostructures as illustrated in the computational
results (Figure 1). Besides, the intensity dependence of LED
light was also examined for both red and blue light (experiments performed with various powers of LEDs to deliver different light intensities, Figure 5B-D). For each sample, the
LSV curves are almost overlapped, showing that long wavelength light is not able to excite the hot electrons generated by
the LSPR. In contrast, the HER activities are notably enhanced
when the electrode was illuminated with a blue LED light.
Meanwhile, for each ANS sample, the current densities are
increased accordingly when the powers of blue-light LED are
increased, revealing that these ANS heterostructures are sensitive to wavelength as well as the intensity of light which could
be an explanation of our light enhancement HER performance
in this work.
Back to the catalytic performances of all the three ANS
samples under full-spectrum LED, the limited improvement
in the HER activity of ANS-1 with light irradiation would be
attributed to the weak LSPR-enhanced electric fields, which
are only arisen at the confined edges of the Ag NW cores. For
ANS-3, the plasmon-mediated hot electrons injection is plausible since the Ag nanoparticles are in direct contact with the
NiS2 electrocatalyst, but probably with a low efficiency due
to the formation of Schottky barrier between the work function of the metal and semiconductor.13 Thus, the enhancement
of HER activity under light is limited in these two geometries.
However, unlike the two cases, the efficiency of hot electrons
injection by the plasmonic Ag nanoparticles would be
enhanced significantly by the strong LSPR-enhanced electric
fields of the discontinuous Ag nanorods, leading to facilitated
charge separation and transportation. Thus, it is the synergistic
effects of Ag nanoparticles and segmented Ag nanorods that
eventually leads to the substantially enhanced electrocatalytic
performances in HER. This elaborate structure bridges the
gap between light energy and plasmon-mediated heterogeneous catalysis.
In summary, we instructionally adopted FDTD computation
to explore broadband LSPR extinction of discontinuous Ag,
which has been realized experimentally by partial leaching of Ag
NWs. Meanwhile, monodispersed Ag nanoparticles are allowed
to decorate on the electroactive NiS2 nanosheets during in situ
sulfurization, enabling hot electron injection into electroactive
NiS2/Ag2S under light irradiation. The as-obtained elaborate
heterostructure benefits from additional photogenerated electrons
injection originated from the plasmonic Ag nanoparticles and
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FIGURE 5

LSV curves of light A, wavelength (red and blue denote red and blue light, respectively, and the power outputs for both red and
blue light is 0.2 W) and (B-D) intensity effect (delivered by various power output) on HER current densities: B, ANS-1, C, ANS-2, and D, ANS-3.
HER, hydrogen evolution reaction; LSV, linear scan voltammetry

accelerated carrier separation induced by LSPR-enhanced electric
fields in-between the gaps of discontinuous Ag nanorods. The
engagement and manipulation of light enhance electrocatalytic
HER activity toward both overpotentials and Tafel slopes. This
synergistic enhancement upon the collaborative interaction of Ag
nanoparticles and discontinuous Ag nanorods, provides alternative avenues for the design of efficient electrocatalysts with sustainable solar energy utilization.

constructed. The Ag nanorods were wrapped by NiS2 (100 nm
in diameter and 800 nm in length). This system was discredited
by 1 nm in short axes and 5 nm in long axis. To mimic the
influence of the gap distance in the experiment, optical properties with gap distance between two rods from 20 to 250 nm
were calculated in water dielectric environment (1.77). The
dielectric function of Ag was represented by data collected by
Palik and the dielectric constant of NiS2 used was 1.5.

3 | EXPERIMENTAL SECTION

3.2 | Synthesis of Ag NWs@SiO2

3.1 | Computation methods
The optical properties of nanorods were calculated using 3D
FDTD method (Lumerical Solution, Inc.). To simplify, two Ag
rods with 50 nm in diameter and 200 nm in length were

Ag NWs were prepared by a modified polyrol process,
reported in the literature.19 Specifically, 1.2 g of FeCl3 solution (0.5 mM in ethylene glycol—EG), 0.135 g of AgNO3,
and 0.05 g of polyvinylpyrrolidone (PVP) were added to
15 mL of EG and fully mixed. Then the mixture was heated
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at 150 for 2 hours in a Teflon-lined autoclave and cooled
down naturally. The final product was washed with ethanol
and acetone separately to remove excess EG and PVP. The asprepared Ag NWs were dispersed in EG. The subsequent silica
coating was carried out using a modified Stöber method.
Briefly, 3.5 mL of the Ag solution was washed with ethanol by
a redispersion-centrifugation process. The collected Ag NWs
were dispersed into 20 mL of ethanol by ultrasonication for
5 minutes, followed by the addition of 4 mL of deionized (DI)
water and 0.4 mL of ammonia aqueous solution (28 wt%). After
2 minutes, 0.2 mL of tetraethyl orthosilicate (TEOS) was added
dropwise into the solution and the mixture was stirred
(600 rpm) for 30 minutes. The obtained product was washed
with DI water by centrifugation and dried at 60 C for 12 hours.

3.3 | Synthesis of Ag@SiO2@Ni-Si-OH
Thirty milligrams of the as-collected Ag@SiO2 was dispersed into
30 mL of DI water by ultrasonication for 15 minutes, followed by
the addition of 0.6 g urea for the activation of the SiO2 surface.
After sonication for 5 minutes, 0.2 mL Ni(NO3)2 (0.1 M) was
added into the solution and was sealed in a Teflon-lined autoclave
and heated at 100 C for 18 hours. The reaction was allowed to
cool down naturally and the products were collected by the rinsecentrifugation process with DI water and ethanol several times.
The obtained products were dried at 60 C for 12 hours.

3.4 | Synthesis of ANS
To prepare ANS hybrid nanostructures, 30 mg of powder of
the as-prepared Ag@SiO2@Ni-Si-OH was dispersed into
30 mL DI water by ultrasonication for 10 minutes. Then,
Na2S was added into the solution to reach a concentration of
2/4/8 g/L and the mixture was stirred at RT for 1 hour. After
the reaction, the black-colored product was collected by the
rinse-centrifugation with DI water and ethanol several times.
The Ag/NiS2 nanosheets samples sulfurized from 2/4/8 g/L of
Na2S are marked as ANS-1, ANS-2, and ANS-2, respectively.
The NiS2/Ag2S control sample was prepared by mixing
AgNO3, Ni(NO3)2, and Na2S following the ratios for ANS
samples at RT before a sulfurization process described above.

3.4.2 | HER measurements
The as-prepared active materials were fabricated into electrode
materials by mixing the powder (10 mg) with 0.95 mL of ethanol and 0.05 mL of Nafion 117 solution by stirring. The
obtained slurry was pasted onto a piece of Ni foam (1.5 cm2)
and dried at 60 C for 6 hours. The dried samples were pressed
by a presser and used as electrodes for HER (the mass loading
for each electrode is ~1.2 mg). The measurements including
LSV, ECSA, galvanostatic multicurrent steps, and potentiostatic
stability tests were performed on an electrochemical workstation (CHI 660E, CHI Instruments Inc., Shanghai) using a threeelectrode system in 1 M KOH aqueous solution. The reference
electrode and counter electrode were standard calomel electrode
and Pt foil, respectively. For the experiment of light irradiation,
a LED of full spectrum was placed outside the beaker near the
working electrode with a distance of ~2.5 cm. During the measurement, a fixed current of 0.1 A is applied by a power supply
to the LED all throughout the test. In order to show the light
efficiency of the LED for HER, the IPCE was estimated following the equation below instead:
IPCE =

ðI2 −I1Þ × A
I0 × k

where I2 and I1 denote the current densities collected with
and without LED irradiation, respectively, A is the working
area of the electrode (~1.5 cm2), I0 is the applied value
(0.1 A), and k is energy conversion rate of the LED (40%
according to the specifications). To study the effect of wavelength and intensity of light on the HER performances, single wavelength of red and blue light with different light
intensities were used and applied instead of full spectrum in
the electrocatalysis. The wavelengths of red and blue light
are 630 and 470 nm, respectively, and different powers of
0.16 to 0.22 W were used to deliver various light intensities.
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