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This paper presents the study on the hydrogen evolution reaction (HER) of the silicon nanowire (SINW)-
based surfaces. Large-area SiNWs with different lengths were fabricated on the silicon surfaces by a cost
effective and scalable wet-etching method. The SiNW-based promoted the
photoelectrocatalytical performance of the electrodes due to the increased effective surface area for

surfaces

electrolyte diffusion and the fast release of hydrogen bubbles that formed on the electrodes. In addition,

at different applied potentials, the nanostructured electrodes showed different behaviour that depended
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Accepted 23rd November 2018 on the SINWs' wi ifferent lengths and morphologies. For example, surfaces with longer SiNWs
performed better in the low potential region, while surfaces with shorter SiINWs presented improved

DOI: 10.1039/c8ra07905¢ performance in the high potential region. The findings in this study provide new insights into designing

rsc.li/rsc-advances electrodes with desired nanostructures for improved HER performance.
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Introduction

The formation and release of bubbles from the solid-liquid
interfaces are commonly observed phenomena during the
boiling process or gas evolution on the electrodes in electro-
chemical or photoelectrochemical processes. The formation
and release of the bubbles on the surface are critical to the
performance of the systems. For example, the fast departure of
the vapour bubbles from the heated surface can enhance the
efficiency of the heat transfer process. In the electrochemical
gas evolution reactions, the adhesion of the as-formed gas
bubbles on the electrode surfaces blocks the diffusion of reac-
tants and leads to the decrease in electrolysis or photo-
electrocatalytic efficiency."™ Fast departure of the generated
gas bubbles can also help increase the efficiency of such
processes.

Recently, it has been demonstrated that the microscale and
nanoscale structures formed on the solid surfaces caused
different surface wettability and influenced the adhesion and
release of the bubbles generated on the surface.”*"” Jiang et al.
reported that nanopine-shaped Pt electrodes showed improved
H, evolution performance due to the low bubble adhesion force
and small bubble releasing size enabled by the nanostructure.*®
In addition, they also reported the “superaerophobic” nano-
porous MosS, electrode that enabled rapid departure of the as-
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formed gas bubbles and improved the electrocatalytic perfor-
mance.” The nanostructures present on photocathode also
improved the solar absorbance and significantly increased the
solar hydrogen generation during the photoelectrochemical
water splitting reaction.’*>* Regarding the pool boiling on the
surfaces, Cheng et al. showed that both microstructures and
nanostructures could enhance the heat transfer during the
boiling process.” The microstructures provided ample bubble
nucleation sites and an effective heat transfer area to boost the
heat flux at the low heat flux regime, while the nanostructures
promoted the heat flux mainly through the decrease in bubble
departure diameter and the acceleration of bubble departure
frequency.

These previous efforts demonstrated the advantages of
introducing micro/nanostructures on the bubble generation
surfaces. However, there is still a lack of understanding of the
exact correlation between the morphology of nanostructures
and the efficiency of bubble generation and their release on the
nanostructured surfaces. In this work, we intended to study the
nucleation, growth, and release of H, bubbles that were
generated on Si nanowire (SiNW) surfaces during the photo-
electrocatalytic water splitting process. SINWs of ~200 nm
diameter and different lengths were fabricated on the silicon
surface through wet-etching method®® and used as the elec-
trodes for this study. With direct observation of the H, bubbles
by a high-speed camera, we found that SiNWs promoted the
liberation of H, bubbles from the electrode surfaces in
comparison with that from the flat Si surface. In addition,
detailed analysis revealed the correlation between the perfor-
mance of hydrogen evolution at different applied potentials and
the morphology of the SiNWs with various lengths. This study
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offers new insights into the bubble nucleation, growth, and
release at the SINW surfaces as well as the understanding of the
relationship between photoelectrochemical performance and
the SINWs nanostructures.

Materials and methods
Material

Boron-doped p-type silicon wafers with diameter of 100 mm,
thickness of 500 um, and orientation of (100) were used for this
study. The resistivity of the wafers was between 5 and 15 Q cm.
Silver nitrate (AgNO3, 99.99% metals basis) was obtained from
Aladdin (Shanghai, China). Acetone, ethyl alcohol, sulfuric acid
(HpSO4, 95-98%), hydrogen peroxide (H,O,, =30%), and
hydrofluoric acid (HF, =40%) were obtained from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). All the chemicals
were of analytical grade and used without further purification.
Deionized (DI) water was produced by Millipore Water Purifi-
cation System (NANO pure, Billerica, MA, USA, 18.2 MQ).

Fabrication of SiNWs through electroless chemical etching

Large-area SiNW-based surfaces were prepared through elec-
troless wet chemical etching method. First, the Si wafers were
cleaned ultrasonically for 10 minutes with acetone, ethanol and
DI water, successively. The cleaned silicon wafers were
immersed in the mixed solution of sulfuric acid/hydrogen
peroxide (97% H,S0,/30% H,0,, 4:1 v/v) for about 10
minutes to remove the surface impurities; then, the wafers were
thoroughly rinsed with DI water. Subsequently, the samples
were immersed into the diluted (1 wt%) hydrofluoric (HF) acid
solution for 1 minute and washed thoroughly. The freshly
treated samples were then immersed for 1 minute in the
aqueous solution comprising 10~> mol L~ " silver nitrate and
4.6 mol L' HF solution to deposit Ag nanoparticles on the
surface. Subsequently, the samples were immersed in H,O,
(0.44 M)/HF (4.6 M) solution for further etching process. To
obtain SiNWs with different lengths, the etching time was
varied from 5 to 60 minutes. At last, the samples were immersed
in concentrated nitric acid (HNOj3) for ~1 hour to remove the Ag
particles from the samples. All the samples were rinsed with DI
water thoroughly, followed by drying in air at room tempera-
ture. In addition, a planar silicon wafer was also cleaned and
used as the control.

Morphology characterization

The morphologies of the SiNWs with different etching time
were examined by Field-Emission Scanning Electron Micros-
copy (FESEM, FEI Sirion 200, 5 kV). The relationship between
the lengths of the SiNWs and the corresponding etching time
was obtained based on the statistical analysis.

Photoelectrochemical (PEC) measurement

The schematic of the experimental setup is shown in Fig. 1. All
electrochemical measurements were performed in a three-
electrode configuration using a CHI600E/700E electrochemical
workstation (CH Instruments, Inc., Shanghai, China). The
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Fig. 1 Schematic of the experimental setup. The SINW electrode
(cathode) and Pt electrode (anode) were vertically placed in a quartz
container with 0.5 M sulphuric acid. The SiINW electrode was illumi-
nated by a Xeon lamp. The electrodes were connected to the elec-
trochemical workstation. The process of HER was captured by a high-
speed camera.

planar Si wafer and SiNW samples were used as photocathodes
and tested at room temperature in a custom-built quartz glass
vessel filled with 0.5 M sulfuric acid electrolyte. A saturated
calomel electrode (SCE) was used as the reference electrode and
Pt plate was used as the counter electrode. The whole system
was exposed to a simulated solar light (1000 W m™?) that was
generated by a 300 W Xeon lamp (Shanghai Bilon Instrument
Co., Ltd). Linear sweep voltammetry (LSV) curves were
measured from +0.5 V to —2.0 V vs. SCE at a scan rate of 0.1 V
s~ . Each curve was measured five times and the final sweep was
used for the analysis.

A high-speed camera (S-VIT LS, AOS Technologies AG, Swit-
zerland) was used to record the dynamic behaviours of H,
bubbles generated on the surfaces of different samples. The
videos were recorded as AVI files, with a recording speed of 200
frames per second and the resolution of 500 x 500 pixels.
Statistic calculations of the bubble nucleation densities and
sizes were processed using the recorded videos. The active
nucleation site density of H, bubbles and the departure sizes of
H, bubbles from different samples were calculated using image
processing tool.

Results and discussion
The characterization of the morphologies of SINWs

In this study, we fabricated nanostructured electrodes with
SiNWs of different lengths through controlling the etching
time. Fig. 2 provides both cross-sectional and top-down SEM
images of the obtained NWs with different etching times. When
the etching time changed from 10 minutes to 20 minutes and to
40 minutes, the lengths of the NWs increased from 1.48 4 0.09
um to 4.60 + 0.41 pm and to 7.92 + 0.62 um, respectively
(Fig. 2a, d, g and j). In the following discussion, we named these
SINW samples as 1.5 pm-SiNWs, 4.6 pm-SiNWs and 7.9 pm-
SiNWs. Under the experimental conditions used in this study,
the average etching rate was calculated to be ~0.2 pm min ™,
which is consistent with that obtained in the previous
studies.?”*® Moreover, the diameter of the NWs almost
remained constant for all the samples (~200 nm) even with the

This journal is © The Royal Society of Chemistry 2018
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Fig.2 The SEM characterization of SINW-based electrodes fabricated
by electroless etching method with different etching times. (a—c) Side-
view and top-view SEM images of the SiINWs surfaces with 10 minutes
etching time. The surfaces with (d—f) 20 min and (g—i) 40 min etching
time. (j) The measured lengths and pore sizes of the SiNWs as the
functions of etching time. The size of micro-scale pores was defined
as the width of cavities among the clusters of SINWSs. With etching time
increased, the SINW clusters showed longer lengths (blue bars) and
larger pore sizes (red bars).

increase in the etching time. Interestingly, these NWs were not
individually aligned on the surface. Instead, they assembled
into conical-shaped NW clusters on the surface with micro-
pores among the clusters. The shapes of the micro-pores were
irregular, while their size increased from sub-micrometer to
several micrometers with the increase in the NW lengths. The
average sizes of the micropores were about 0.82 + 0.18 um, 2.36
+ 0.38 pm, and 4.07 + 0.78 um for the samples etched for 10
minutes, 20 minutes, and 40 minutes, respectively. The
formation of such SiNW clusters and micro-pores was mostly
attributed to the effect of capillary force of water during the
drying step.” The hierarchical morphologies of the SINWs on
the surface were relatively stable even when they were placed

This journal is © The Royal Society of Chemistry 2018
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back into the liquid environment (Fig. S17). In fact, such micro-
pores added another level of structural feature and also
impacted on the behaviour of hydrogen bubble generation,
growth, and release® during photoelectrocatalytic water split-
ting reaction.

Electrochemical performances of SiNWs

To study the impact of SINW structural features on the elec-
trochemical properties of the samples, linear sweep voltam-
metry performance of different SiNW electrodes was
investigated and the results are shown in Fig. 3. For this
experiment, all the samples were illuminated with the simu-
lated solar light of 1 kW m™? and bias potential was applied at
the scan rate of 0.1 V s™'. For the production of H, in the
photoelectrocatalytic water splitting reaction using Si-based
cathodes, a bias potential is usually needed to initiate the
reaction. In Fig. 3a, it is shown that the current densities for all
the samples increased with the increase in the applied poten-
tial, indicating the promotion of the water splitting reaction at
the high applied potential. Within the entire potential range for
activating HER (from 0 V to —2.0 V), all the SiINW cathodes

a s TT
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3 20-
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= 1 ——1.5 pm-SiNWs
O .30 11 4.6 ym-SiNWs
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_35 1 I I 1 1 1 1
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Fig.3 The photoelectrocatalytic properties of various SINWs surfaces.
(a) Photocurrent densities versus applied potentials for different SINW-
based electrodes under simulated one solar illumination. (b) The onset
potential measured as a function of the etching time.
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showed larger current densities than the flat Si wafer. However,
samples with longer lengths showed lower onset potentials,
which indicates that the reaction can start at low bias potential.
However, the slopes of the curves of current densities as well as
their limiting current densities exhibited opposite trends. As
the bias voltage linearly increased from 0 V, the sample with the
longest etched length, 7.9 um-SiNWs, first approached to its
limiting current density, viz., ~27 mA cm > at —1.1 V. The
sample 4.6 pm-SiNWs reached its limiting current density, viz.,
~29 mA cm 2 at —1.5 V with a relative fast acceleration. The
sample 1.5 um-SiNWs was the last to start the reaction, but its
current density quickly accelerated and achieved the limiting
value of ~32.5 mA cm™? at —1.4 V. The photoelectrocatalytic
performances of the different SINW electrodes were related to
the nucleation, growth, and release of H, bubbles, which were
greatly affected by the micro/nanostructures formed on the
electrodes.

As shown in Fig. 3b, when SiNW electrodes were used
instead of flat Si electrode, the onset potential decreased, and it
decreased further as the length of the SINW increased. The
polynomial fitting shows an exponential decay of onset poten-
tial with increase in the length of SiNWs. The effective surface
area of SINWs was much larger than that of the flat Si wafer
surface; thus, more surface area could be used for the water
splitting reaction at the solid-liquid interface, resulting in the
decrease in the onset potential values.*® Similar mechanism
could be used to explain the decrease in onset potential as the
length of the SiNWs increased. Such reduction of onset poten-
tial was beneficial for the electrocatalytic reaction.™

In order to exclude the influence of surface chemistry on
HER performances of these silicon-based substrates, the
samples were further analyzed by XPS (Fig. S31). The XPS results
showed the similar surface chemistry between the flat silicon
sample and the SiNWs sample. Therefore, the promotion of
electrochemical performance could be mainly attributed to the
micro/nanostructure of SINWs.

Hydrogen bubble formation on electrode surfaces

The behaviour of the H, bubbles formed on the different
sample surfaces was further studied in detail. A high-speed
visualization system was used to directly observe H, bubble
formation and release during the photo-induced water splitting
process. In general, the bubbles on the planer Si wafer were
mostly attached to the surface. After nucleation, they continued
to grow, merged together, and were eventually released from the
electrode surface. This process of generating hydrogen bubbles
on the planar Si surface slowed down gradually. However, the
bubbles on the SiNW-based surfaces were much smaller when
they left the surface. Fig. 4a—-d provide the CCD images of H,
bubbles generated on the planar silicon electrode and on the
three SINW electrode surfaces at the overpotential of —1.5 V vs.
SCE (saturated calomel electrode) in 0.5 M H,SO,. We also
observed that the H, bubbles generated on the planar Si surface
fully covered the whole electrode surface, while the surfaces of
SiNW electrodes quickly released many H, bubbles of much
smaller sizes.
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The average size of the released H, bubbles from different
SiNWs was plotted in Fig. 4e. It was shown that the bubble
release size for all the samples remained almost unchanged as
the potential increased. The bubble sizes for 4.6 pm-SiNWs were
similar to those for 7.9 um-SiNWs and smaller than those for 1.5
um-SiNWs. The bubble size mainly depends on the force
balance between the adhesive force and the buoyancy force of
the bubbles.'® Larger gas contact angle (indicating smaller water
contact angle) in general leads to lower adhesive forces between
the bubbles and substrate and also results in smaller size of the
released H, bubbles. Fig. S27 shows the contact angle profiles of
various SiNW surfaces: the surface of SiNWs with lengths of 1.5
pum, 4.6 pm, and 7.9 um had contact angles (CAs) of 30 + 3°, 16
+ 0.3° and 9 + 0.1°, respectively, while the flat Si surface had
a CA of 36 £ 2°. The hierarchical structures on the nano-
structured electrode surfaces comprised nanowire bundles and
the micro-pores formed among the nanowire bundles, both of
which greatly impacted the surface wettability of the samples.

With the increase in the length of SINWs, the contact angle
decreased. The decrease in CA led to the decrease in the adhe-
sive force and decrease in the sizes of the released H, bubble.
Thus, larger water contact angle of the 1.5 um-SiNWs could
facilitate the growth of H, bubbles on its surface, which resulted
in larger sizes of the released H, bubbles than those on 4.6 pm-
SiNWs and 7.9 um-SiNWs. Due to the relatively similar contact
angles for the 4.6 um-SiNWs and 7.9 pm-SiNWs, the size of the
released bubbles was also relatively similar.

The active nucleation densities of H, bubbles (Na) and the
frequency of bubble release (fy) from the surface were further
analyzed for each sample based on the recorded pictures during
the photoelectrocatalysis process (Fig. 4f and g). The values for
Na were obtained by counting the number of bubbles generated
on a unit surface area.

Na = . (1)
where A,, is the surface area of microscope visual field (10 x 10
mm?) of the lens used in the high-speed camera and 7 is the
number of bubbles nucleated within the visual field. The value
for f4 was obtained by counting the number of released H,
bubbles from the unit surface area per second. As shown in
Fig. 4, both Na and fy for all the samples increased with the
increase in applied potential. Interestingly, the values of Na and
fa for the shortest SINW sample (1.5 pm-SiNWs) were smaller at
the low applied potential regime than those for the longer SINW
samples. These values increased rapidly as the potential
increased and exceeded the values for longer SINW samples at
high potential range. This analysis correlated well with the
observed photoelectrocatalytic performance for the different
samples.

In the photoelectrocatalytic water splitting reaction, the
photocurrent was greatly affected by both the diffusion of
electrolyte to the electrode surface and the release of the as-
formed H, bubbles from the surface. In general, higher poten-
tial can speed up the photoelectrocatalytical reaction to
generate more H, bubbles and produce current with higher
density. At the low applied potential regime, the reaction was

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Hydrogen bubble generation on the flat Si surface and SINWs. The CCD images of H, bubbles produced on (a) planar silicon electrode, (b)
1.5 pm-SiNWs, (c) 4.6 um-SiNWs, and (d) 7.9 um-SiNWs. (e) The average diameters of H, bubbles departed from nanostructured electrodes at
different applied potential. (f) The active nucleation densities on different electrode surfaces at different applied potential. (g) The departure
frequency of H, bubbles from different samples at different applied potential.

not very fast and significant amount of H, was not generated;
thus, the electrolyte could access the surface easily. In such
a situation, the release of the H, bubbles from the surface was
more critical for the reaction. The stronger adhesion between
the shorter SiNWs and the H, bubbles would result in the low
bubble release frequency. Moreover, the effective surface area
and the corresponding nucleation density of H, bubbles on the
surface for the shorter SINW samples were also smaller than
those for the longer SiNWs. The lower bubble nucleation
density and the lower H, bubble release frequency account for
the smaller current density for shorter SiNW sample, as
observed in Fig. 3a in the low potential region. When the
applied potential increased, the photoelectrocatalytical reaction
became faster and more electrolyte was needed. Thus, the
diffusion of the electrolyte to the electrode surface became
critical for the reaction in the high potential region. Compared
to shorter SiNWs, the longer SiNWs have thicker walls between
micropores; hence, they are not favourable for electrolyte
diffusion. Thus, the reaction slowed down and lead to the
production of less H, bubbles and decrease in the release
frequency for longer SiNW samples at high potential region
than those for the shorter SINW samples. When the H, bubble
release and the electrolyte diffusion reached equilibrium, the
photocurrent densities of all the samples reached their limiting
values.

Conclusions

This study demonstrated that the electrophotocatalytical
performance of the Si-based electrodes was greatly affected by

This journal is © The Royal Society of Chemistry 2018

the surface structures. The nanostructured SiNW electrodes
were more effective than flat Si electrode for the photo-
electrocatalytical water splitting reaction. The nanostructures
on the surface provided more effective surface area for the
nucleation of H, bubbles. The increased water wettability of the
SiNW electrodes also helped the decrease in the adhesion of the
as formed H, bubbles on the surface and facilitated their
release. Moreover, the SiNW electrodes showed structure-
dependent photoelectrocatalytical properties. The longer
SiNW samples presented better performance in the low poten-
tial region, while the shorter SINW samples were more efficient
in the high potential region. Thus, this study provided addi-
tional insights into the impact of the micro/nanostructures on
H, evolution during the photoelectrocatalytic water splitting
process.
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