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We prepared Ag-Si microflowers as the photocathode for
water splitting through a facile chemical method. The
photocurrent and hydrogen evolution rate of partially Ag
particles decorated-Si microwires, were enhanced through
the synergetic effects of Ag co-catalytic and plasmonic
assistance.

Solar water splitting has been regarded as a potential hydrogen
generation method since Fujishima and Honda first demonstrated in
1972 because of its zero carbon emission.! Among numerous
semiconductor materials, silicon is considered as the most promising
photocathode for solar fuel production because its conduction band
edge (ca. -0.46 V vs. NHE) is more negative than the water
reduction potential. Si nanowire (NW) or microwire (MW) arrays
have given substantial interest because of its enhanced light
absorption, shorter minority carrier diffusion length, and increased
surface area compared to planar structures.” Variety of strategies like
integrating different materials, co-catalyst’, homojunction®® ', or
heterostructure (heterojunction)* have been employed to improve the
photoelectrochemical (PEC) efficiency of Si wires.

Recently, localized surface plasmon resonance (LSPR) has had
an increasingly important function in solar and PEC cells.” Noble
metal nanostructures generate LSPR by an incident irradiation,
which corresponds to the oscillating frequency of collective surface
electrons. Following plasmonic excitation in noble metals, non-
irradiative decay, which involves either intraband transition within
the conduction band or interband transition between the d band and
the conduction band, generates hot electrons.® These hot electrons
with energy levels higher than the Schottky barrier can be injected
into neighbouring semiconductors to enhance the photocatalytic
activity. On the other hand, the formation rates of charge carriers in a
semiconductor are proportional to the local intensity of the electric
field.” The intensity of spatially non-homogeneous fields caused by
plasmonic excitation are strongest at the semiconductor-metal
nanostructure interface and result in the reduced recombination. A
past study has demonstrated that a higher (85%) photocurrent at +0.5
V of an Ag-embedded ZnO nanorod array was achieved through
LSPR assistance and plasmon propagation, resulting in the improved
capture of incident light and collection of electron-hole pairs.8 The
unsuppressed PEC performance of an embedded structure has been
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proposed without surface modification of the ZnO nanorods. By
contrast, the Pt nanoparticles, which are uniformly decorated on a Si
NW array by using atomic layer deposition (ALD) system, suffered
from low ionic and gas diffusion efficiencies for the photocurrent
measurement because of the rough surfaces.* In the present work,
we demonstrated the modification of a Si MW array by using Ag
plasmonic particles as the photocathode for solar water splitting. The
morphologies of the Ag-Si electrodes, which were prepared through
a facile chemical method, were artificial microflowers with less
surface decoration on Si roots. This preparation method was also
advantageous for the prevention of Si roots from the formation of
insulating oxide layer during the particles deposition process. The
photocurrent and hydrogen evolution rate of partially Ag particles
decorated-Si MWs, were enhanced through the synergetic effects of
co-catalytic and LSPR assistance.

In this study, Si roots of microflowers were prepared through
dry etching fabrication (see Fig. S1 and details in ESI). For the PEC
comparison, Si MWs with various lengths were fabricated using
different systems or etching time, but X-ray diffraction (XRD) and
Raman spectra reveal no differences in the crystallography or
surface properties (see Fig. S2, ESI). The scanning electron
microscopy (SEM) images show the pitch size of pristine Si MWs
was ~2 pm, and the diameter of the single wires was ~850 nm (see
Fig. S3, ESI). Besides, the cross-sectional images present that the
lengths of Si MWs were 1, 3 and 12 um. No evident difference was
also observed between the appearances of Si MWs prepared through
different fabrication procedures. The ultraviolet-visible (UV-Vis)
absorption spectra revealed that longer Si MWs had stronger
absorption because the incident illumination penetrates the
microstructure through multiple routes resulting in the re-absorption
of reflected light and the enhancement of light trap capacity (see Fig.
S4, ESI). Stronger absorption led to higher amount of electron-hole
pairs for splitting water, so the longest Si MWs were selected to
modify with Ag particles to further improve the PEC efficiency. The
native oxide of Si MWs was first etched using diluted hydrofluoric
(HF) acid and then immersed in the Ag reagent (5 mM AgNO;
dissolved in 5 M HF acid solution) for specific durations. The
growth mechanism of these Ag particles can be expressed as two
half-reactions (Ag” + ¢ — Ag and Si + 6F— SF¢” + 4¢). For
convenience, we abbreviated Si MWs with different Ag particles
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loading amounts as “Ag-Si-T”, in which T represents Ag deposition
time (sec). The morphology of Ag-Si-30 was microflowers, and
some of larger rod-shaped Ag particles with aspect ratios within 2 to
5 were deposited on the top caps of Si MWs (Fig. la-b). Smaller Ag
nanospheres with diameters of 20 to 100 nm were distributed around
the surface sides of Si MWs. Although portions of Si MWs were
oxidized to SiF¢” ions during the Ag decoration process, there was
no significant variations in the morphologies of Si roots. UV-Vis
spectra revealed that Ag-Si electrodes had three dominant absorption
regions (Fig. 1c). The absorption in the visible light (420-800 nm)
was caused by the inherent absorption of Si MWs, whereas the
absorption peak at ~380 nm was attributed to the LSPR of Ag
nanostructures, which was enhanced with increasing Ag deposition
time. This plasmonic absorption can also be investigated from the
Ag-modified Si, which functions as a photovoltaic material in solar
cells.'’ The strong absorption (below ~340 nm) was resulted from
the intrinsic absorption of Ag particles. We noted that Si MWs had
decreased absorption in visible light after the deposition of Ag
particles. This result demonstrated that Ag nanostructures partially
blocked the incident irradiation and reduced the innate absorption of
underlying Si MWs. However, the absorption edge of Ag-Si
electrodes extended to the UV region, which constitutes ~5% of the
solar spectrum

Fig. 1 (a-b) Top view and cross-sectional SEM images of Ag-Si wire
array for deposition time of 30 s. (c) UV-Vis absorption spectra of
Ag-Si electrodes with varied Ag deposition durations.

The three-electrode PEC cells were carried out in a 0.5 M
Na,SO,4 aqueous solution (tune to pH = 1 by the sulfuric acid) under
solar illumination (100 mW/cm?). The linear-sweep voltammograms
of Si MWs with different lengths (see Fig. S5, ESI) showed that
there nearly no photoresponse was observed for 1 pm long Si MWs,
but Si electrode with 12 pum length had increased photoresponse and
the photocurrent reached -0.13 mA/cm’® at -1.0 V. The higher
photocurrent of longer Si MWs was caused by stronger light
absorption and increased surface area to react with protons in the
electrolyte. Here, the longest Si MWs was immersed in diluted HF
acid (abbreviated to Si-HF) to remove the native oxide, and its
photocurrent increased dramatically to -5.6 mA/cm® at -1.0 V. This
result indicates that the insulating oxide layer reduced the
photogenerated carriers to migrate to the surface and increased the
recombination. To further improve the PEC performance, plasmonic
Ag particles were deposited on 12 pum long Si MWs. Both
photocurrents and on-set potentials of Ag-decorated Si MWs were
significantly enhanced compared with those of the Si-HF electrode
(Fig. 2a). A ~500 mV positive shift of on-set potential (defined as
the current reaching -1.0 mA/cm?) was observed through the
assistance of Ag co-catalysts, which were functioned as electron
collectors, and decreased the recombination.!! However, the on-set
potentials of the Ag-Si electrodes after deposition time above 40 s
were saturated at ~0.1 V vs RHE (Fig. 2b). This suggests that nearly
all Ag particles are concentrated on the tips of Si MWs, thereby
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there is no further improvement of turn-on potentials for the longer
modifying duration. This on-set potential enhancement is more
substantial compared with the results in precious studies about
ZnO/Si heterojunction structures.* The maximum photocurrent
reached -35 mA/cm® at -1.0 V after Si MWs were deposited with Ag
particles for 30 s (Ag-Si-30). Further increasing the Ag deposition
amount led to the reduced photocurrent. The SEM images of Si
MWs with Ag particles decoration above 40 s revealed that Ag
nanostructures were cross-linked dendrites. This morphology
blocked the incident light and reduced the light absorption of
underlying Si MWs, and also functioned as trapping centers of
photoexcited carriers for the recombination. (see Fig S6, ESI)."
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Fig. 2 (a) Linear-sweep voltammograms of Ag-Si electrodes with
varying Ag deposition times. (b) On-set potential and Ag loading
amounts. (c) Linear-sweep voltammograms of bare Si and Ag-Si
electrode with 30 s deposition under various wavelengths irradiation.
(d) Current enhancement at -1.0 V at different conditions.

The transient current of Si MWs were measured at -1.0 V
under chopped illumination (see Fig. S7, ESI). All Si MW samples
showed transient switch-on characteristics under pulsed illumination.
Furthermore, the gas evolution of photoelectrodes was measured at -
1.0 V under solar irradiation (see Fig. S8, ESI). The hydrogen and
oxygen evolution rates of Si-HF were 0.89 and 0.39 pmol/min, but
Ag-Si-30 photocathodes achieved 8.3 and 4.0 pumol/min. Besides,
the hydrogen and oxygen Faradic efficiency of Si-HF were 50.8%
and 44.6%, but Ag-Si microflowers were improved to 75.7% and
73.3%, respectively. This suggests that photogenerated carriers
conversion to chemical fuels on Si roots were more efficient after
modifying with Ag petals. Additionally, Si MWs uniformly
modified by Ag particles (abbreviated to Ag<Si) were prepared
through a thermal reduction method for the photocatalytic
comparison of different morphologies (see Fig. S9a-c and details in
ESI). The on-set potential of Ag><Si electrodes were even worse as
compared to Si-HF electrode (see Fig. S10a, ESI). The X-ray
photoelectron spectroscopy (XPS) of Si 2p region showed that the
binding energies of 99.5 eV and 103.5 eV were ascribed from the Si
MWs and SiO,, respectively (see Fig. S11, ESI). This result revealed
that the insulating oxide layer generated from the heat treatment of
preparing the Ag > Si electrodes, and leaded to the serious
recombination. Moreover, the particles uniformly modified-Si MWs
reduce the photocurrent because of the poor ion and gas diffusion
rates on a rougher surface.’ Interestingly, the facile chemical
method effectively prevented Si MWs from the oxide layers
formation during the deposition of Ag particles. Additionally, Ag
particles of Ag-Si electrodes were electron collectors functioned as
reducing active sites, and the underlying Si MWs were oxidizing
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reaction sites. However, the Ag particles of Ag XSi electrodes
deposited on the oxidizing sites to increase the recombination of
photoexcited carriers.'> Si MWs partially decorated by Pt particles
(abbreviated to Pt-Si) were also fabricated by the same facile
chemical method to exclude the plasmonic effect (see Fig. S9d-e and
details in ESI). Compared to the Si-HF electrode, the on-set potential
of Pt-Si MWs were enhanced by the co-catalyst assistance (see Fig.
S10b, ESI). It is worth to know that the photocurrent enhancement
level of Pt-Si MWs were not significant without the LSPR assistance,
as compared to the Ag-Si microflowers.

To analyse the effects of Ag petals on photoresponses of Si
roots, linear-sweep voltammograms of Si photoelectrodes were
measured at dark condition and various wavelengths of the incident
illumination (Fig. 2¢). Here, the current enhancement was defined as
the current of Ag-Si-30 divided by Si-HF electrode at -1.0 V (Fig.
2d). The dark current of Ag-Si-30 increased to -61 pA/cm*at -1.0 V
(see Fig. S12, ESI), and this ~5 times enhancement as compared
with Si-HF was dominantly caused by the Ag catalytic effect. Under
visible light (wavelength > 420 nm) irradiation, the enhancement in
photocurrent was ~5 times without the effect from the plasmonic
excitation of Ag petals. Interestingly, the current enhancement
nonlinearly raised to 6.3 times under solar illumination which
resulted from the synergetic effect of the Ag co-catalytic and
plasmonic assistance. To further evaluate the effect of the plasmon-
induced electromagnetic field on the water splitting efficiency, finite
element method (FEM) simulations were established based on the
SEM images. The simulated absorption spectrum, which was
complementary to the experimental data with plasmonic excitation at
~380 nm and innate Ag absorption at the shorter wavelength (see Fig.
S13, ESI). Therefore, two various wavelengths (A =380 and 300 nm)
of the incident irradiation were selected for the simulation. Top view
and cross-sectional electric field intensity maps seperately simulated
Ag nanorods on the top cap of Si wire (Fig. 3a and 3c) and
nonspheres on the surface side (Fig. 3b and 3d). The electric field
intensity of Ag-Si MWs at 380 nm was substantially stronger
compared to that at 300 nm. Consequently, we noted that plasmon-
induced electric fields instead of the inherent absorption of Si MWs
increase the generation probability of charge carriers at the interface
which further enhance the photocurrent. It is worth to know that the
electric field intensity of Ag nanospheres was weaker with respect to
Ag nanorods. This suggests that Ag nanorods partially blocked the
incident illumination on underlying smaller Ag nanoparticles, which
resulted in the weaker electric field intensity. From these results, we
propose that strong spatially non-homogeneous electric fields caused
by the LSPR of Ag nanorods effectively reduce the recombination to
increase the photoreponse. To further analyse the plasmonic effect
on the suppressed recombination, we measured the charge transfer
resistance between the electrode and electrolyte by electrochemical
impedance spectroscopy (EIS) (see Fig. S14, ESI). The impedance
of Ag-Si-30 electrode was conducted at -0.18 V (vs Ag/AgCl),
which was corresponded to the on-set potential, under various
wavelengths of irradiation. Under solar simulation, the smaller
semicircle of Nyquist plots indicated that the faster photoexcited
carriers separation occurred in Ag-Si MWs through the plasmonic
assistance. Additionally, this result also suggested that the LSPR
effect improve the interfacial charge transfer to reduce the
recombination of electron-hole pairs. We also investigated incident
photon-to-electron conversion efficiency (IPCE) at -1.0 V under
various wavelengths (Fig 3e). The IPCE of Si-HF electrode at 300
nm and 380 nm illumination shows slight difference resulted from
the absorbing discrepancy at different wavelength. However, the
IPCE of Ag-Si mircroflowers at 380 nm reached ~9.10% which was
about 3 times higher as compared to 300 nm. Because the low
inherent absorption of Si MWs at 380 nm leaded to low amount of
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photogenerated charge carriers, we suggested the IPCE enhancement
of Ag-Si electrode at 380 nm was dominantly contributed from the
hot electron injection. The maximum IPCE of Si-HF and Ag-Si
electrode were achieved 26.3% and 5.02% at ~650 nm, respectively.
Besides, we also arranged the IPCE enhancement which was defined
as IPCE of Ag-Si electrode was divided by bare Si (see Fig. S15,
ESI). The result revealed that the trend of IPCE enhancement was
corresponded to the UV-Vis absorption spectra, and the maximum
ratio was achieved at ~380 nm which was corresponded to the
wavelength of plasmon excitation.

In summary, we deposited Ag plasmonic particles on the Si
MWs through a facile chemical method which prevents the
formation of insulating oxide layer during the decorating procedure.
The Ag-Si microflowers with less rough surfaces avoided suffering
from the low ionic and gas diffusion rates for the PEC measurement.
The on-set potential of Ag-Si photocathodes positively shifted ~500
mV as compared with the pristine Si MWs because of the co-catalyst
effect. Besides, the photocurrent of Ag-Si electrode was optimized to
-35 mA/cm*at -1.0 V through Ag synergetic assistance.
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Science and Technology of Taiwan (Contract No. MOST 102-2745-
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Fig. 3 Top view and cross-sectional electric field intensity maps (in
logarithmic scale) of Ag-decorated Si MWs at (a-b) A = 380 nm and
(c-d) A =300 nm from FEM simulations. (¢) IPCE of pristine Si and
Ag-Si electrode with 30 s deposition at different wavelength
irradiations (at -1.0 V).
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