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Hydrogen is in the lime light as a carbon-free alternative energy source due to its high energy conversion efficiency. Solar-

driven water splitting is one of the most promising methods for renewable hydrogen production. However,

www.rsc.org/

commercialization of a photoelectrochemical hydrogen production system remains a great challenge. One of the emerging

concern is the development of inexpensive and transparent catalyst not to obstruct the light pathways to semiconductor

electrode. Here we report a non-noble metal electrocatalyst for hydrogen evolution, Ni-Mo, which is directly patterned on

amorphous Si (a-Si) by light-guided spatially selective electrodeposition without consecutive photolithography process. A

light pattern is illuminated onto the a-Si using a digital micromirror device to commence the photoelectrochemical

deposition. The catalyst patterned by the proposed method not only admits sufficient light to the a-Si but also enables

long distance carrier transport along the inversion layer, as previously observed in crystalline Si (c-Si) photocathodes. This

new electrodeposition method enables mask-free patterning on the a-Si and is expected to expedite a lower cost, more

efficient, and self-biasing integrated photoelectrochemical water-splitting device.

Broader context

Hydrogen production using water splitting has attracted enormous attention as a renewable energy source. However, much
effort is still required for practical commercialization. For utilizing photoelectrochemical (PEC) system, one of the greatest
concern is the catalyst design not to obstruct the light absorption to underlying semiconductor. What we chose in this study
is spatially separated Ni-Mo, a well-known non-noble catalyst for hydrogen evolution. Exploiting the photoconductive nature
of hydrogenated amorphous Si (a-Si), we carried out direct electrodeposition of patterned Ni-Mo by illuminating light using a
digital micromirror device. This process was completed in a single step without any mask. Such patterned Ni-Mo
photocathode have bare surface, through which light can transmit. In addition, long-distance lateral electron transport is
found between the adjacent NiMo patterns on a-Si photocathode. Our approach enables the inherent current density and
photovoltage, which expected to be applied for a-Si based heterojunction photocathode for higher efficiency.

Introduction

Unremitting effort has continued since the pioneering work of
Fujishima and Honda in 1972,' to produce storable chemical
fuels, particularly  hydrogen, more efficiently by
photoelectrochemical (PEC) reactions. Recently, significant
advances in stability and efficiency were achieved by the metal-
insulator-semiconductor (MIS)-based photoelectrode
configuration.?” Photo-generated electrons at the
semiconductor penetrate the insulator and transfer to the metal
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layer, which should serve as an electrocatalyst for hydrogen
evolution. However, MIS-based photoelectrodes, in practice,
are facing difficulties of unsated photoelectrochemical
performance and high cost. To date, considerable efforts for
MIS photoelectrodes system have been made in developing
“transparent catalysts” to permit the light transmission while
maintaining the sufficient amount of catalyst loaded, which can
be classified into four approaches.®'! The first approach
involves the placement of transparent conducting oxide (TCO)
beneath the -catalyst/insulator/semiconductor photoelectrodes
and illumination from the back side through TCO.!? This
permits a wider range of materials to be used, including opaque
catalysts, but the high expense of TCO must be addressed.®
The second approach is to seek new electrocatalytic materials
to replace noble metals. Reportedly, thin layers (monolayers to
a few nanometers) of Pt do not severely interrupt light
transmission and can exhibit sufficient catalytic performance in
acidic condition.'*%6 The third approach is to massively load
non-precious metal catalysts onto a large semiconductor surface
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area, despite the poor saturation current density.1’-1® The fourth
approach is to utilize molecular catalysts. Due to the perfect
transparency and ideal for chemical study of catalyst operation
mechanism, much efforts have been made to design and

synthesize new molecular electrocatalysts for hydrogen
evolution (HER).2-2  Although several molecular HER
catalysts show high turnover frequency, stability issue

especially in aqueous conditions is still challenging.8?* The
final approach employs patterned catalysts that leave bare
surfaces between neighbouring electrodes for optical
transmission. Such a surface is exposed to the solution as well
as light. With an MIS photoelectrode based on crystalline Si (c-
Si), this strategy has proven to be promising by recent works
showing that patterned Pt/Ti catalysts can bring about
substantial enhancement in PEC activity for the HER.%7

Various methods have been proposed to fabricate patterned
electrodes.?>3° Most are template-assisted techniques based on
typical photolithography, posing inherent limitations in terms of
complexity, cost, and scalability. Electrodeposition is a
relatively simple method that enables cost-effective formation
of metal and semiconductor nanostructures with scalability.31-33
Furthermore, the surface characteristics as well as the amount
of electrodeposited materials can be varied through the
nucleation process and growth rate by adjusting the magnitude
and duration of the applied voltage or current pulses.3*3%
However, there is a critical prerequisite for spatial-selective
electrodeposition to be a successful alternative to
photolithography in fabricating patterned MIS system, viz. a
pre-patterned conductive electrode on which the catalytic
electrodes are electrodeposited is required.

Amorphous Si (a-Si) is a photoconductive material with a
short ambipolar diffusion length of about 115 nm.3%% It is a
renowned light absorber with a direct band gap of 1.7 eV,
significantly overlapping with the solar spectrum.*%-42 Owing to
the photoconductive nature of a-Si, electrochemical reduction
could selectively occur where illuminated.*3-%¢ Herein, we
demonstrate light-guided, spatially selective, and direct
electrodeposition of Ni-Mo, non-noble electrocatalyst for
HER,5181%9 on the a-Si substrate. The desired pattern is
constructed as a bitmap image file by computer, and light with
the same pattern is illuminated onto the a-Si to induce a virtual
electrode by local, photogenerated electrons. Electrochemical
reduction by potential pulses generates a correspondingly
patterned MIS junction. Interestingly, the MIS junction based
on a-Si in this work shows abnormally long lateral electron
transport, reminiscent of what was previously observed at the
photocathodes based on c-Si.®” This effectively relieves not
only the interruption of light transmission, but also the
dependence of HER on the distance between neighboring non-
noble catalysts.

2| J. Name., 2012, 00, 1-3

Results and discussion

In this system, a-Si was deposited on highly doped n-type
Si(100) by plasma-enhanced chemical vapour deposition. To
overcome the inherent low photo-induced voltage, we prepared
a-Si with a buried p-i-n junction for high open circuit voltage.®
Protective layer on Si-based photoelectrode, on which
electrodeposition is to occur, is essential because of the
vulnerability of Si surface in aqueous electrochemical
conditions. For this purpose, we formed chemical oxide,
denoted by SiOx herein, by immersing the a-Si photoelectrodes
in mixed solutions of H2SO4 and H20: after complete removal
of the native oxide. The chemical oxide is thin enough to
transfer photogenerated charge carriers by tunneling and also
serves as an insulating layer to prevent direct contact of the
electrolyte solution with the Si-based photoelectrode surface
over a wide range of pHs and potentials.*”#® In addition, the
lower defect density of the chemical oxide than the native oxide,
i.e., fewer recombination sites, contributes to higher PEC
activity*"48
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Fig. 1 Scheme of light-guided spatially selective electrodeposition on a-Si
under 632.8 nm laser illumination. (A) Schematic view of experimental setup
and potential profile for Pt electrodeposition. (B) Top view SEM image of
electrodeposited Pt nanoparticles (red circle: illuminated area with laser)
and cross-sectional HRTEM image of single Pt nanoparticle/SiOy/a-Si
interface. The thickness of SiOx layer was 1 to 2 nm. (C) Schematic
illustration of the mechanism for light-guided electrodeposition.
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Fig. 2 LED-based electro-patterning on large area using DMD dynamic mask system. (A) Schematic view of DMD display system for electro-patterning. (B)
Image of photomask generated by 625 nm LED and DMD display. (C) Cyclic voltammogram recorded during Pt electrodeposition under shaped illumination
(shown in B). (D) Optical image of electrodeposited Pt pattern that corresponds to the photomask loaded onto DMD. Inset shows the photograph of the
pattern formed on a-Si substrate. (E) SEM image of the selected area marked in D. Pt nanoparticles consist of a line, as shown in the inset image. Dotted lines

in red indicate the illuminated area.

In order to demonstrate a proof-of-concept of the light-
guided electrodeposition technique using the photoconductivity
of a-Si, we patterned one of representative electrocatalysts, Pt.
As illustrated in Figure 1A, a typical three electrode
configuration enables the electrochemistry, and a 632.8 nm
He/Ne laser is focused on the substrate through the aqueous
electrolyte solution that contains Pt precursor ions. Under
illumination, an electric potential pulse for Pt electrodeposition
is applied via the highly doped Si wafers underneath the a-Si.
The applied potential leads to Pt nanoparticles that appear at the
illuminated sites (Fig. 1B). The electrochemically generated Pt
nanoparticles are stable and adhesive to the oxide surface, as
confirmed by the negligible loss in the optical images taken
before and after several washing processes (Fig. S1, ESIt). The
HRTEM image in Figure 1B shows the polycrystalline Pt
nanoparticles on a-Si. The chemical oxide film formed by wet
chemical process herein was about 1 to 2 nm thick. This result
indicates that the electrons produced by focused light on the
photoconductive a-Si, are used for faradaic reduction which
takes place nowhere but the illuminated spot (Fig. 1C). This is
not surprising in that ambipolar diffusion length in a-Si is less
than 115 nm. Making use of this phenomenon, we can enable
mask-free light-guided direct electrodeposition on a-Si.

For rapid patterning on larger areas, we replaced the laser
illumination module with a red LED (625 nm) combined with a
digital micromirror device (DMD) to create the optical image
corresponding to that drawn in the computer (Fig. 2A). As
shown in Figure 2B, the resulting light images loaded to the
DMD board were focused on the a-Si surface through a 2x
objective lens. The maximum size of the light images produced
by DMD was 13 mm x 10 mm and the minimum line width

This journal is © The Royal Society of Chemistry 20xx

was around 100 pm. Cyclic voltammetry was conducted under
the focused LED light with the pattern of a bear face (Fig. 2B)
onto the a-Si substrate under the same electrolyte conditions as
Figure 1A. Since the current during the reverse scan was
greater than that during the initial forward scan, we can see that
the a-Si surface is irreversibly modified with conductive
material that can act as an electrode (Fig. 2C). Pt in this case is
electrodeposited during the initial negative potential scan.
Compared with the voltammogram under illumination, almost
negligible current and no electrodeposition of Pt was observed
at the dark conditions (Fig. 2C). At a constant potential of -0.4
V (vs. Ag/AgCl) for 180 s, Pt nanoparticles are deposited in the
same pattern as the light image created by DMD (Fig. 2D).
Current-time curve recorded at -0.4 V (vs. Ag/AgCI) during the
Pt electrodeposition is shown in Figure S2 (ESIT).

To look into the role of light in this system, we recorded the
total charge passed throughout the electrodeposition as a
function of the diameter of the light images (Figs. S3A and S3B,
ESIT). The total charge passed has a linear relationship with the
illuminated areas that coincides with the areas of the actually
deposited Pt dots. In addition, the total charge linearly increases
with the number of dots generated by DMD (Fig. S3C, ESI¥).
These results reveal that the light-guided electrodeposition
reproducibly produces the pattern that exactly corresponds to
the loaded images on DMD, and the deposition reaction takes
place uniformly over the illumination site. The ultimate
resolution of this patterning method is about 100 pm when
using a 2x objective lens, as shown in Figure 2E. As confirmed
by Figure 1B, the spatial resolution of our patterning method is
limited by the size of the illuminated light spot, ~10 um
diameter, made by a laser through a 20x objective lens.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Spatially selective electrodeposition of non-noble HER catalyst, Ni-Mo, at SiOy/a-Si and XRF results. (A) Change in image during the Ni-Mo
electrodeposition under dot-patterned illumination. (B) Optical image of dot-patterned Ni-Mo catalyst electrodeposited from the photomask shown in A,
generated by DMD. (C) Top view, and cross-sectional SEM image of the Ni-Mo film. Cross-sectional image was taken in EsB mode of the SEM device. (D) XRF

spectra of Ni and Mo for quantitative analysis of Ni/Mo ratio.

The proposed patterning method can be applied to
electrodeposition of Ni-Mo, a well-known non-noble catalyst
for the hydrogen evolution reaction (HER) on a-Si substrate.
Reduction potential pulses at -0.9 V (vs. Ag/AgCl) were
applied for 10 s, followed by open circuit potentials (+0.35 V
vs. Ag/AgCI) for 5 s. Precursor ions are replenished during the
period of the resting potential so that the potential pulse
technique can yield a more dense and uniform Ni-Mo film. As
shown in the images taken during the electrodeposition of Ni-
Mo (Fig. 3A), the illuminated sites are blackened by the
deposited Ni-Mo as a result of 80 reduction pulses (see the
video clip). After the programmed potential bias is applied, a
greenish film with a dot shape appears on the a-Si substrate
(Fig. 3B). Consistent with the results of Pt electrodeposition,
Ni-Mo patterning reflects the reliability and expandability of
the proposed method. Figure 3C shows the scanning electron
microscopy (SEM) images of the top and cross section of the
Ni-Mo catalysts on the a-Si. The deposited Ni-Mo is a
roughened conformal film containing cracks and pinholes. This
morphology originates from the hydrogen bubbles that appear
during the deposition process referring to the reported
literature.!® The Ni-Mo films are about 150 nm thick for 80
reduction pulses applied. The Ni/Mo ratio calculated from X-
ray fluorescence (XRF) spectroscopy is about 5.7, which is
similar to previously reported results (Fig. 3D).18:1°

As illustrated in the schematic energy band diagram of
Figure 4A, the p-i-n type of a-Si has a band structure similar to
that of the p-type,* indicating that it can function as a photo-
generated electron supplier for solar-driven electrochemical
reduction of protons. Electrons from excitons created by light
absorption migrate to the semiconductor/electrolyte interface
following an electric field across the MIS junction, and transfer
through SiOx to the Ni-Mo catalysts where faradaic reduction
takes place. In Figure 4B, we see that the current density from

4| J. Name., 2012, 00, 1-3

the linear sweep voltammetry (LSV) remarkably increases in
the presence of Ni-Mo compared with the bare a-Si surface.
The influence of the number of patterned Ni-Mo dots on the
current for hydrogen evolution has an implication in how PEC
HER occurs using photo-induced electro-patterned Ni-Mo. As
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Fig. 4 PEC performance at patterned Ni-Mo/SiO,/a-Si photocathode. (A)
Schematic energy band diagram of Ni-Mo/SiO/a-Si junction for PEC HER. (B)
LSVs for HER at the Ni-Mo pattern/SiO«/a-Si junction photocathode in
deaerated 0.2 M aqueous potassium hydrogen phthalate buffer (pH 4.5)
with 0.2 M K;SO4 as a function of the number of Ni-Mo dots, in which
individual dot areas are constant, 400 um in diameters, and neighboring
dots are equally spaced by 400 um. So more dots means larger net area of
Ni-Mo array that are at the center of the electrode. (C) The correlation
between the Ni-Mo coverage factor and the current density at 0 V vs. RHE.
The colors of circles correspond to those of the curves in (B). Coverage
factor is the ratio of the Ni-Mo array area to the entire area of
photoelectrode, which is 0.28 cm? (D) Schematic illustration of HER
operation mechanism at Ni-Mo pattern/SiOx/a-Si photocathode.
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reported in the previous work performed with Pt/Ti/SiO2/p-
Si(100) photocathode,” current densities for all voltammograms
should be saturated at sufficiently high overpotential to similar
limiting current irrespective of the number of Ni-Mo dots. It is
because HER should take place at bare photoelectrode surface
as well as catalyst illuminated if the spillover-assisted hydrogen
evolution governs the photoelectrode system.” However, the
current density at 0 V vs. reversible hydrogen electrode (RHE)
in the proposed system increases in proportional to the number
of Ni-Mo dots, indicating augment of surface coverage by Ni-
Mo catalyst for constant exposed photoelectrode area.
Negligible current was observed without illumination (Fig. S4,
ESIt). This result corroborates the role of patterned Ni-Mo as a
catalyst, which lets photo-generated electrons drain out
effectively for light-driven electrochemical HER. As shown in
Figure 4C, the current density at 0 V (vs. RHE) is saturated at
the 60% (about 0.12) of the highest coverage tested (about 0.20)
where diameter and spacing are 400 and 400 um, respectively.
Keeping in mind negligible catalytic activity at bare a-Si
surface covered with SiOx for HER, the photogenerated
electrons must travel much longer distances through the a-Si to
reach the catalytic sites than in bulk a-Si. This observation
indirectly supports the long-lateral electron diffusion along a-Si
edge. Based on these results, Figure 4D illustrates the electron
transport through the Ni-Mo pattern/SiOx/a-Si photocathode for
hydrogen generation.

To demonstrate the effects of long-distance lateral electron

Energy-& Envinonmental-Science

transport in a-Si and transfer to the semiconductor/electrolyte
interface, we conducted experiments of ‘remote
electrodeposition’. As shown in Figure 5A, a line of Au was
electrodeposited in the same way where was apart by 1600 um
from the center of the pre-patterned Pt line, which was also
exposed to the electrolyte containing Au precursors. As shown
in Figure 5B and Figure S5 (ESIt), Au nanoparticles grow on
the bare a-Si where it is illuminated, as well as on pre-patterned
Pt nanoparticles where it is dark. The cathodic current for Au
deposition is much higher in the presence of the pre-patterned
Pt. Interestingly, a little hump is found at ~4 s in the i-t curve of
Au electrodeposition with pre-patterned Pt, while it does not
appear on the bare a-Si surface without Pt (Fig. 5C). The
current hump is usually observed due to overlapping diffusion
fields in electrochemical systems in which nanoparticles
grow.3! Au nanoparticle was electrodeposited nowhere else
under dark conditions. Referring to the study at metal/self-
assembled monolayers/metal system,%%-52 we can assume that
once a metal seed is formed on SiOx/a-Si by tunneling, charge
transfer to it would become more facile. Higher density of
states (DOS) due to the presence of the metal seed reportedly
contributes to more probable electron transfer through the thin
insulating layer.5-%2 As illustrated in Figure 5D, faradaic
reduction can occur at the metal structures as well as at the
illuminated region of a-Si, indicating the long-distance
transport through the a-Si. Because of this phenomenon, single-
shot patterning on a large area of a-Si using the LED-DMD
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Fig. 5 Remote electrodeposition to investigate long-distance lateral electron transport in a-Si. (A) Optical images of light-guided Au electro-patterning 1.6
mm from the pre-patterned Pt line feature. (B) SEM images at each area marked on panel A. (C) Current-time (i-t) curves recorded during the Au
electrodeposition in the absence and presence of pre-patterned Pt. Inset shows a little hump (marked by the black dotted circle) at the initial stage. (D)
Schematic illustration of long-distance lateral electron transport along inversion layer in a-Si.
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combination is preferred to continuously writing with a focused
laser beam. The electrochemical growth continues where it was
previously scanned but is currently in the dark so that the
electrodeposited lines are hardly controlled (Fig. S6, ESIT).

To further examine the dependence of PEC HER activity on
lateral electron transport, we measured the local photocurrents
as the focused 530 nm LED light was displaced from the pre-
patterned Ni-Mo (Fig. S7, ESIt). The photocurrent decreases
with increasing the distance from the Ni-Mo catalyst,
presumably attributed to electron-phonon scattering and
electron-hole recombination. However, as previously observed
in the remote electrodeposition experiments, the photocurrent
can flow even when the light source is illuminated at much
longer (1 mm) than the ambipolar diffusion length of a-Si (115
nm) from the metallic collector, Ni-Mo. This long-distance
travel of electron in a-Si may be unfavorable for the operation
mechanism of spatially selective electrodeposition induced by
local illumination. However, the patterning resolution is not
seriously dependent on lateral electron transport because
electron transfer to the electrolyte solutions in dark region
occurs not through the bare a-Si surface, but through the MIS
junction only, as shown in Figs. 4B and 5. Esposito et al. and Ji
et al.5” suggested that diffusion along unexpectedly long
distance in crystalline Si (c-Si) is ascribed to the inversion layer
beneath the oxide layer. The proposed Ni-Mo/SiOx/a-Si
photoelectrode for HER also exhibits the light-induced
transition in the capacitance-voltage curve at +0.35 V (vs.
RHE), which is similar to the behavior observed for c-Si (Fig.

S8, ESIt).” In line with the previous reports on c-Si, we
postulate that protons at a negative bias may play a critical role
in electron transport at silicon/electrolyte interfaces because
protons can diffuse in the thin oxide layer by virtue of intimate
chemical attraction with the Si surface and oxide layer.”:53-5

Despite the lateral transport of photo-generated electrons
through the inversion channel, the long distance does not favor
current density due to electron-phonon scattering and
recombination. On the other hand, too short channel length
between the patterned catalysts suffers from light transmission
to the underlying a-Si, which results in the decrease of current
density (Fig. 6B). Thus, it is important to compromise both
factors and find the proper spacing among the Ni-Mo patterns.
Prior to the systematic investigation of the spacing effect, we
determined the optimal amount of catalyst electrodeposited for
each spacing by comparing the current density at 0 V (vs. RHE).
Narrower spacing requires fewer pulses for Ni-Mo
electrodeposition (Fig. S9 and Fig. S10, ESIt). As the spacing
among the catalysts gets narrower, less amount of Ni-Mo
catalyst for individual dot is needed to reach the maximal
current (Fig. S11, ESIt).

From the linear sweep voltammograms in Figure 6B, the best
spacing for 400 um diameter Ni-Mo dots was determined to be
130 pm for the hydrogen evolution. Spacing wider than 130 pm
leads to lower current density. This can be understood by taking
into account of limited lateral electron transport along inversion
layer, which is deterred by electron-phonon scattering and
recombination. On the other hand, the current density also
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Fig. 6 HER performance of Ni-Mo pattern/SiO,/a-Si photocathodes with patterns of different diameters and spacing under simulated AM 1.5 illumination in
deaerated pH 4.5 buffer. (A) Optical image of Ni-Mo pattern/SiOx/a-Si photocathode. (B) Linear sweep voltammograms for various spacing of Ni-Mo dots of
constant diameter, 400 um. The O um of spacing indicates the photocathode of non-patterned Ni-Mo/SiO«/a-Si. (C) Schematic illustration of electron
transport through Ni-Mo pattern/SiOx/a-Si junction and transfer for proton reduction. (D) Linear sweep voltammograms for a variety of catalyst diameters
with constant spacing of 130 um. (E) IPCE measured using monochromatic light from a Xenon arc lamp and applied bias of 0 V (vs. RHE). (F) Stability test by
chronoamperometry at a constant 0 V (vs. RHE) for 25 h. Both IPCE and stability measurements were conducted at D/S of 130/130 um Ni-Mo
pattern/SiOx/a-Si photocathode. Inset shows the photograph of hydrogen bubbles formed at photoelectrodes during stability measurements.
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drops for spacings shorter than 130 pum, presumably because of
significant optical loss caused by absorption and/or scattering
by the Ni-Mo catalysts. This is confirmed by the total
reflectance (TR) from Ni-Mo pattern/SiOx/a-Si  in the
wavelength ranging from 300 to 800 nm as a function of
spacing among Ni-Mo dots (Fig. S12, ESIt). TR keeps
decreasing as the catalysts get closer until the spacing is as
short as 130 um. For more closely patterned Ni-Mo dots
including fully covered with Ni-Mo, TR spectra depend on the
wavelength. As the spacing is shortened further to be 52 and 0
um, TR increases at shorter wavelength than 600 nm, probably
due to reflection by Ni-Mo, while it continues to decrease in
longer wavelength region. Therefore, TR let us estimate the
coverage of the Ni-Mo catalyst on SiOx/a-Si for maximal light
absorption. In addition, we confirm the same trend of spacing
effects on PEC HER at the Ni-Mo dots of 130 um in diameter
(Fig. S13, ESIt).

Varying the diameter of the uniformly spaced Ni-Mo dots
provides further information on the effect of the catalyst pattern
on the PEC activity. The linear sweep voltammograms in
Figure 6D indicate that the onset potentials (at J = -0.1 mA cm?)
and Vwmpeer (MPP, maximum power point) shift positively as the
dot becomes smaller, resulting in higher applied-bias photon-to-
current efficiency (ABPE, ABPE was calculated assuming an
ideal counter electrode, Fig. S14, ESIt). The current density at
0 V (vs. RHE) continues to increase as the diameter decreases
from 1200 to 800 pm, and reaches a plateau at less than 800 pm.
The best ABPE in the proposed system is 1.06% for a
diameter/spacing (D/S) of 130/130 um (Fig. S15, ESIt). The
principle that underlies this phenomenon is unclear yet. One of
the reason may be that the edge of the catalyst is located near
the bare photoelectrode surface.”-%® Further research to collect
direct evidence is underway. The current density of -6 mA cm-?
(at 0 V vs. RHE) and the Voc of 620 mV are close to the
inherent performance in Pt/planar a-Si photocathodes,*®
indicating that the sufficient non-noble catalyst loading with the
negligible optical losses by the catalysts. The ABPE of this
system, which is lower than that of photocathodes based on c-Si,
results from the low incident photon-to-current conversion
efficiency (IPCE) at short wavelengths and near band edge
region (Fig. 6E). How we calculated IPCE is given in Fig. S16
(ESIt). Such behavior was previously reported in the external
quantum efficiency (EQE) of a-Si solar cells.5” The low IPCE
at wavelengths shorter than 400 nm is attributed to the
recombination at defect sites caused by the B-doped region of
p-type a-Si.5” Figure 6F shows that the proposed system does
not suffer from degradation for approximately one day at 0 V
(vs. RHE) and the faradaic efficiency at 0 V (vs. RHE) was

98.4% after 60 minutes reaction under simulated AM 1.5
illumination.

Conclusions

In this study, we have demonstrated a solar-driven

photocathode for the water-splitting device fabricated by light-
guided Ni-Mo electrodeposition. The computer-aided virtual
photomask by a digital micromirror device (DMD) enables
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direct patterning based on photo-induced electrodeposition on
a-Si for flexibility, scalability, and high throughput with high
yield compared to the typical photolithography. By virtue of
this new method, Ni-Mo, which is a well-known non-precious
electrocatalyst for hydrogen evolution, was directly patterned
onto the a-Si photoelectrode. The direct patterning of non-noble
electrocatalysts for the PEC HER in this work has great
potential for further improvement. The patterned MIS junction
composed of low cost materials can enhance the PEC activity
for HER by integrating additional light trapping structures,
high-quality protective layers that have proper band alignment
with respect to the hydrogen evolution potentials for reduced
electron extinction,%58 optimization of inversion channels to
deploy protons, and finer tuning of pattern design and
microstructures of catalysts. We expect that the current work
will lead to important advances toward efficient, self-biasing,
integrated PEC water splitting for practical commercialization.
In addition, this technique have great potential for wide range
of applications requiring patterned substrates such as biosensors,
electronic devices, and the photoelectrode systems related to
the energy conversion reaction, e.g. CO2 reduction and oxygen
evolution reaction.

Experimental
Preparation of a-Si photocathodes

Amorphous Si photoelectrodes were fabricated using highly
doped n-type Si(100) wafers (0.001-0.003 Q cm). Si wafers
were cleaned using a standard Radio Corporation of American
(RCA) cleaning procedure,> and then transferred to a plasma-
enhanced chemical vapor deposition (PECVD) chamber for a-
Si deposition. Triple layers of p-type a-Si:H (20 nm), intrinsic
a-Si:H (500 nm), and n-type a-Si:H (100 nm) were deposited
sequentially. The a-Si deposited wafers were diced into 1 cm x
1 cm. The native oxides on a-Si were removed by immersion of
the electrodes in 1% HF solutions and then transferred to
piranha solutions (1:3 H202:H2S04) for 60 s to grow the
chemical oxide. The electrodes were rinsed with deionized
water (resistivity of 18.2 MQ cm at 25 °C) and dried with a N2
gun. These electrodes were stored in a vacuum desiccator in the
dark before use.

Light-guided spatially selective electrodeposition

Spatially selective electrodeposition was conducted using two
different light sources. To demonstrate the idea, we used a laser
(632.8 nm He/Ne laser, LASOS Lasertechnik GmbH) as part of
a home-built micro-Raman system (Dongwoo Optron Co., Ltd.).
The laser intensity was 1 mW. For generation of optical pattern
images, a homemade digital micromirror device display module
(Uninanotech) equipped with a 625 nm LED (Mightex, PLS-
0625-030-S) was installed on the BX43 Olympus upright
microscope. Under focused light illumination, potential pulses
were generated by a CHI 440 electrochemical workstation. All
electrochemical experiments were carried out using a standard
three-electrode configuration in a homemade Teflon cell. For
wiring the working electrode to the a-Si photocathode, the Si
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backside was scratched, and oxide was removed using a few
drops of 1% HF solution only on the scratched area of the Si
backside. After rinsing with deionized water, the electrodes
were dried by blowing N2 (99.9%) gas, and wired with Al
conductive tape smeared with a Ga-In eutectic. Pt wire and
Ag/AgCl (3 M NaCl, Bioanalytical System, Inc.) were
employed as counter and reference electrodes, respectively. The
electrodeposition bath was purged with high-purity N2 gas
(99.9%) before applying reduction potentials. Na2PtCls (1 mM)
and NaAuCls (1 mM) containing 0.5 M Naz2SO4 (adjusted to pH
3 with 0.5 M H2S04) as a supporting electrolyte were used for
light-guided spatially selective electrodeposition of Pt and Au,
respectively. The Ni-Mo electrodeposition bath contained 130
mM Ni(SOsNHz), 50 mM HsBOs, and 2 mM NaMoOa (the pH
was adjusted to 4.0). All electrolyte solutions for the
electrochemistry experiments were prepared with deionized
water (resistivity of 18.2 MQ cm at 25 °C).

PEC measurements

A 150 W Xenon arc lamp equipped with a 1.5 G filter was used
as the solar-simulating light source. The light intensity was
calibrated to 100 mW cm? with a radiometer (Solar light,
PMA-2100) and a pyranometer (PMA-2144). For all
electrochemical measurements, the reference electrode and
counter electrode was Ag/AgCl (3 M NacCl, Bioanalytical
System, Inc.) and Pt wire, respectively. The potentials versus
Ag/AgCIl reference electrode (0.209 V vs. NHE) were
converted to reversible hydrogen electrode (RHE) potential
using the E(H*/H2) = -0.47 V vs. Ag/AgQCl, measured by
commercialized RHE electrode (ALS Co., Ltd). Considering
the pH of 4.5, the potentials of -0.47 V was almost consistent
with the value predicted by the Nernst equation. LSVs were
performed using a CHI 440 electrochemical workstation in
deaerated 0.2 M potassium hydrogen phthalate solution with
0.2 M Kz2S04 as supporting electrolyte (adjusted to pH 4.5
using 2 M KOH) at a scan rate of 10 mV s. The electrolyte
was continuously bubbled with N2 gas. The RHE potential was
invariant before and after the LSV measurements, determined
by measuring open circuit potential (OCP) versus Ag/AgCl
electrode. While recording the LSVs, the solution was
circulated at a rate of 5 mL s using a peristaltic pump. Before
the LSV experiments, cyclic voltammetry (CV) was conducted
until the voltammograms were stabilized between +0.4 V and -
0.5 V (vs. Ag/AgCl). The influence of oxygen gas evolved at

the Pt counter electrode in the long-term stability test at 0 V (vs.

RHE) was prevented by immersion of the Pt counter electrode
in a separate chamber connected with glass frits, while the
reference electrode was immersed in the main chamber. In
addition, the oxygen in the electrolyte was purged with the
high-purity Hz gas (99.9%) to maintain a constant RHE
potential. The potential shift was negligible after the 25 hours
photoelectrolysis (x5 mV, OCP measured by RHE vs.
Ag/AgCl). Capacitance-voltage (C-V) measurements were
conducted by a Gamry Reference 600 (Gamry Instruments,
Warminster, PA) with 100 Hz AC frequency under AM 1.5
illumination and dark conditions. Incident-photon-to-current

8 | J. Name., 2012, 00, 1-3

efficiency was performed using a 150 W Xenon arc lamp
combined with a monochromator. The light intensity of the
monochromatic wavelength was measured using a radiometer
and pyranometer. Faradaic efficiency was given by: 2nu2F/Q,
where nnz is the total amount of produced hydrogen (mol)
analyzed by gas chromatography (YL6100GC, Young Lin
Instrument) with our sealed home-built quartz
photoelectrochemical cell under N2 gas environment. F is the
Faraday constant and Q is the total amount of charge (C) passed.
It was obtained by integrating the current that flew at 0 V (vs.
RHE) for 1 hour.
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