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Abstract The hydrovoltaic device (HD) based on silicon nanowires (SiINWSs) is a promising green energy technology;
however, efficient carrier collection remains a key challenge that limits the output performance of SiNW-based HDs. In this
study, we propose using conductive microspheres as the top electrode to enhance carrier collection and improve the power
output of SINW HDs. Stacked nickel-coated polystyrene microspheres conformally contact the top surface of the SINW array,
facilitating efficient carrier collection from individual SINWs and enabling effective parallel connection of multiple SINW
hydrovoltaic microunits. Optimal microsphere parameters, specifically a 10 pm diameter and 2.8 mg cm > deposition density,
are identified, balancing the positive effects of charge collection with the negative impact of water microflow induced by
microsphere deposition. After optimization, the open-circuit voltage of SINW HDs increases by 21%, and the maximum output
power density rises by 49%, from 0.67 V and 8.2 pW cm 2 in HDs without the microsphere electrode to 0.81 V and
12.2 uW cm? in HDs with the microsphere electrode. This work provides a simple yet effective solution to the carrier
collection problem in SINW HDs, offering a significant step forward in the development and application of high-performance

SiNW HDs.
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1 Introduction

Water, as a green and renewable energy source, has been
harnessed for centuries. Covering 71% of the Earth’s surface,
it serves as the planet’s largest energy carrier [1]. Natural
water bodies absorb approximately 35% of the solar energy
incident on Earth, amounting to a staggering 60 petawatts
(10" W) annually [2]. If just 0.03% of this energy could be
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captured, it would be sufficient to meet global energy de-
mands [3]. However, traditional hydroelectric technologies
are only capable of harnessing a fraction of the available
hydraulic energy, leaving the majority as micromechanical
energy distributed throughout the water [4,5].

In 1861, Quincke [6] first reported that water flowing
through a narrow channel under a pressure gradient generates
a voltage due to interactions between the water and solid
surfaces, a phenomenon known as streaming potential. Re-
cently, with advancements in nanotechnology, studies have
revealed that the directed motion of water within na-
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nochannels induces the movement of charge carriers in the
channel walls, generating an electric potential known as the
hydrovoltaic effect [7—11]. This effect has been observed in a
variety of materials, including carbon-based nanomaterials,
semiconductor nanostructures, organic nanomaterials, and
composites [10—14]. Among these, silicon nanowire (SINW)
arrays have demonstrated exceptional potential due to their
highly ordered nanochannels [15—-17]. In SINW hydrovoltaic
devices (HDs), each SiNW serves as a hydrovoltaic
microunit, paralleled through common upper and bottom
electrodes. This ordered parallel configuration significantly
enhances the power output [18]. Moreover, SINW arrays can
be massively produced through metal-assisted chemical
etching (MACE) and are compatible with silicon solar cells
[19-22], making SiNW arrays highly promising for HDs. In
recent years, considerable efforts have been made to improve
the output performance of SINW HDs, including optimizing
SiNW structural parameters [23], surface modification [22],
and interface passivation [24]. Despite these advancements,
efficient carrier collection remains a significant challenge for
SiNW HDs [18,25,26]. Given that water microflow drives
the hydrovoltaic effect, the surface of the SINW array must
be open to allow water flow through the microchannels
(Figure 1(a)). This requirement means that the electrode
cannot fully cover the array, making it difficult to connect
every individual nanowire tip. In other words, the potential
benefit of the microunit parallelism in SINW HDs has not
been fully realized, thus limiting the overall power output.
Conductive microspheres, which offer excellent con-
ductivity, stability, and cost-effectiveness, have found
widespread use as electrodes in fields such as catalysis,
biomedicine, and lithium-ion batteries [1,4,25]. Stacked
microspheres can conform to uneven surfaces, and the pores
between microspheres provide space for water microflow.
These attributes make conductive microspheres a promising
material for improving carrier collection in SiNW HDs
(Figure 1(b)). In this study, nickel-coated polystyrene mi-
crospheres (Ni-coated PSMSs) were employed as the top
electrode for SINW HDs. The conductive microspheres
formed conformal contact with the top surface of the SINW
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array, facilitating efficient carrier collection from individual
SiNWs. This effective parallel connection of numerous
SiNW hydrovoltaic microunits significantly boosted the
power output of the SINW HDs. Moreover, optimized
parameters, including the diameter and deposition density of
the Ni-coated PSMSs, were investigated. These parameters
strike a balance between enhancing charge collection and
mitigating the impact of water microflow disruption caused
by the microsphere deposition. With optimal microsphere
parameters of 10 um in diameter and 2.8 mg cm™ deposition
density, the open-circuit voltage of the SINW HDs increased
by 21%, and the maximum output power density rose by
49%. Specifically, the open-circuit voltage increased from
0.67V and the maximum output power density from
8.2 uW cm™? (without the microsphere electrode) to 0.81 V
and 12.2 pW ecm ™2 (with the microsphere electrode). This
work presents a simple and effective strategy for enhancing
the power output of SINW HDs.

2  Experimental procedure

2.1 Fabrication and characterization of SINWs

The fabrication of SiNWs commenced with n-type (100)-
oriented silicon wafers, characterized by a thickness of
500 pm, single-side polishing, and resistivity ranging from
0.01 to 0.05 Q cm. These wafers were precisely sectioned
into 2 cm X 2 cm specimens using a 350 nm, 20 W laser
system (Hanhonglaser, TH-UVLMSS). Prior to nanowire
formation, the silicon substrates underwent a rigorous
cleaning protocol involving sequential ultrasonication in
acetone, ethanol, and deionized water (each solvent 20 min),
followed by nitrogen-assisted drying.

The nanowire fabrication employed the MACE technique
[19-22], which involved two distinct etching stages. Initially,
the substrates were treated with a seeding solution com-
prising 2.5 mmol L™" AgNO; and 4.8 mol L' HF at 35°C
for 60 s. Subsequently, the primary etching process was
conducted using a solution containing 0.4 mol L™' H,0, and
4.8 mol L™' HF at 35°C for 40 min. To ensure purity, the

Ni-coated
PSMSs

(Color online) Schematic diagram of the SINW HD (a) without and (b) with the Ni-coated microsphere electrode.
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resulting SINWs were subjected to a 10-minute immersion in
HNO; to remove any residual silver, followed by a 5-minute
deionized water rinse and nitrogen drying. Structural char-
acterization of the synthesized SINWs was performed using
a SU5000 scanning electron microscope to analyze surface
morphology.

2.2 Fabrication of Ni-coated PS microspheres

Ni-coated PS microspheres were prepared by electroless
nickel plating of PS microspheres (PMSMs) purchased from
Jiangsu Zhichuan Technology Co., Ltd. (China). The mi-
crospheres were first sensitized by immersing them for 2 h in
a solution containing 0.2 mol L' SnCl, and 1.2 mol L™
HCI. This was followed by a 20-minute activation process at
50°C using a solution containing 2.8 mmol L™' PdCl,. The
final step involved electroless nickel plating at 55°C for
25 min using a plating bath composed of 0.4 mol L™
NiSO,-6H,0, 0.9molL™" NaH,PO,, and 0.2molL™'
Na3CsHs07-2H,0. During the plating process, the stirring

speed was maintained at 100 r min™".

2.3 Fabrication and characterization of SINW HDs

To construct the basic SINW HDs, the backside of the
SiNWs was coated with an indium-gallium (In-Ga) alloy to
establish contact with a copper substrate. On the front side,
intersecting carbon electrodes were applied as the top elec-
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trodes and connected to a copper wire. For SINW HDs with a
microsphere electrode, Ni-PS microsphere suspensions at
varying concentrations were dropped onto the surface of the
SiNWs in the basic HDs. The deposited Ni-PS microspheres
acted as the conjoint top electrode, which was connected to
the existing carbon electrodes. The electrical characteristics
of the SINW HDs were measured using an electrochemical
analyzer (CHI630E).

3 Results and discussion

3.1 Fabrication and characterization of Ni-coated
PSMSs

Nickel-coated polystyrene microspheres were selected as the
top electrode for SINW HDs due to their excellent size
controllability, low cost, strong corrosion resistance, and
commercial availability. The PSMSs were prepared by
electroless nickel plating on commercially available PSMSs.
PSMSs with diameters of 1, 5, and 10 pm were used. These
samples exhibited good monodispersity in particle size
(Figure S1 (Supporting Information)) and were characterized
using scanning electron microscopy (SEM) (Figure 2(a)-
(c)). Each sample displayed a uniform spherical morphology,
which facilitates the formation of water circulation channels
between the microspheres when accumulated. After the
nickel coating, the color of the PSMSs changed from white to
black (Figure 2(d) and (e) insets). Under optical microscopy,
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Figure 2 (Color online) Morphology and electrical properties of PSMSs before and after nickel coating. (a)—-(c) SEM images of PSMSs with diameters of
1 um (a), 5 pum (b), and 10 um (c), showing uniform spherical morphology; (d) optical microscope image and photograph (inset) of uncoated PSMSs,
exhibiting a matte white appearance; (e) optical microscope image and photograph (inset) of Ni-coated PSMSs, displaying a metallic luster and black
coloration; (f) current-voltage (I-V) curves of PSMSs before and after nickel coating, demonstrating enhanced electrical conductivity after coating. The inset

shows the setup for electrical measurement.
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the Ni-coated PSMSs exhibited a metallic luster with strong
reflection (Figure 2(e)), whereas the original PSMSs re-
flected light relatively weakly (Figure 2(d)), indicating suc-
cessful deposition of the nickel layer on the surface of the
microspheres.

The electrical conductivity of the samples was character-
ized to assess the suitability of the Ni-coated PSMSs as
electrodes (Figure 2(f)). Both the uncoated and Ni-coated
PSMSs were deposited between two carbon paste electrodes.
The horizontal current-voltage curve of the PSMS sample
indicates the non-conductivity of original PSMSs. In con-
trast, the Ni-coated PSMS sample shows good conductivity
with a resistance of 25.3 kQ. This suggests that Ni-coated
PSMSs can be used as conductive electrodes with the cap-
ability of conformal contact with microscale rough surfaces.
Furthermore, the contact between Ni-coated PSMSs and the
used silicon wafer (n-type, heavily doped, 0.01—0.05 Q cm)
was tested (Figure S2). No typical Schottky barrier was
observed; instead, the contact exhibited Ohmic behavior,
confirming that the Ni-coated PSMSs are suitable for use as
the conjoint top electrode to efficiently collect carriers from
the SINWs.

3.2  Optimization of Ni-coated PSMS electrodes in
SiNW HDs

To fabricate SINW HDs, aligned SiNW arrays were first
prepared using the MACE method (Figure 3(a)). Indium-
gallium (In-Ga) alloy was used to connect the SINW arrays to
copper substrates, serving as the bottom electrode. For SINW
HDs without the microsphere electrode, multiple carbon
paint grids were employed as the top electrode (Figure 1(a)).
In contrast, for SINW HDs with the microsphere electrode,
Ni-coated PSMSs were deposited as the conjoint top elec-
trode in addition to the grid top electrode (Figure 1(b)). As
shown in Figure 3(b), the Ni-coated PSMSs conformally
contact the surface of the SINW array, forming effective
conductive paths. The inclusion of the microsphere conjoint
electrode leads to a noticeable improvement in device per-
formance. For instance, the open-circuit voltage increased
from 0.67 to 0.81 V when 10 um Ni-coated PSMSs were
deposited on the device surface at a density of 2.8 mg cm™>
(Figure 3(c)).

To identify the optimal conditions for fabricating the mi-
crosphere electrode, the effects of the deposition density and
diameter of the Ni-coated PSMSs on the open-circuit voltage
of SINW HDs were systematically investigated. The same
base device was used for consistency, and the Ni-coated
PSMSs with different parameters served as the variables,
ensuring that any observed effects were due to the micro-
sphere modifications rather than device variability. First,
10 um Ni-coated PSMSs with varying deposition densities
were applied as the conjoint top electrode. As the deposition
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density increased from 0 to 2.8 mg cm ™2, the open-circuit
voltage of the SINW HDs gradually increased (Figure 3(d)).
When the density further increased from 2.8 to 3.5 mg cm ™2,
the open-circuit voltage reached saturation. When 1 and
5 um Ni-coated PSMSs were used as the conjoint top elec-
trodes, the open-circuit voltage of the SINW HDs first in-
creased and then decreased as the deposition density
increased (Figure 3(e)). The optimum deposition density for
both 1 and 5 um Ni-coated PSMSs was found to be
2.8 mg cm™%. Moreover, it was observed that the open-circuit
voltage of the SINW HDs increased with the microsphere
diameter when the deposition density was held constant. At
the optimal deposition density of 2.8 mg cm™, the open-
circuit voltages were 0.72, 0.74, and 0.78 V for HDs with 1,
5, and 10 pm microsphere electrodes, respectively (Figure
3(e)). These results indicate that the performance improve-
ment of SINW HDs is closely related to both the deposition
density and diameter of the Ni-coated PSMSs. A suitable
deposition density and larger microsphere diameter both
contribute to enhanced device performance.

3.3 Mechanisms of performance optimization in SINW
HDs with microsphere electrodes

The hydrovoltaic mechanism of SINW HDs can be explained
as follows. At the solid-liquid interface, an electron double
layer forms due to the electrostatic attraction between op-
posite charges in the solid and liquid phases. The surface of
n-type silicon is negatively charged, creating a diffusion
layer rich in cations on the solution side, within a length
known as the Debye length. In HDs based on SiNW arrays,
numerous nanopores exist between the SiNWs, with pore
sizes on the order of hundreds of nanometers, which are
smaller than the Debye length (~1 um) at the solid-liquid
interface [15]. This results in overlapping diffusion layers
from the solid/liquid interfaces of different sidewalls within
the nanopores. Consequently, the nanopores become en-
riched with cations and exhibit high selectivity for cations.
As water evaporates, cyclic water flow forms within the
system. The ions in the water move along with the flow,
filling the nanopores (Figure 4(a)). Due to the cation se-
lectivity of the nanopores, cations such as H;O" accumulate
at the bottom of the pores, creating a concentration gradient
of H;0", which in turn generates a potential difference along
the vertical direction (Figure 4(b)). This results in an electron
concentration gradient and a potential difference in the ver-
tical direction within the SINWSs, due to Coulomb interac-
tions between electrons in the SINWs and H;O™ in the water.
This potential difference generates electrical power, which
can be extracted through electrodes positioned at the top and
bottom of the SINW array.

Based on this understanding, it is essential to establishing
proper contact with the top of each SINW through a suitable



GuCY,etal

Sci China Tech Sci

June 2025, Vol. 68, Iss. 6, 1620203:5

(b)

0.8
0.8
S0.6F —— With microspheres S0
N’ . N’
° —— W/O microspheres Py
o — o0 —— 0 mg/cm?
- 0.4} - 2
= = 0.7 mg/cm
> = > 0.6 ——1.4 mg/em?
W/O With N
0.2} . 5 ——2.1 mg/cm
microspheres microspheres 3
e ——2.8 mg/cm
— ———3.5 mg/cm’
0.0 : ) n N " n 05 . . )
0 100 200 300 400 500 600 700 0 100 200 300 400
Time (s) Time (s)
(©) .50
< - 1 pm
Z 5 pm
£0.75F [ 10 pm
£
<
>
X 0.70
=
131
=]
- p—
g
= 0.65 |
)
=
=)
0.60
2.1 2.8 3.5

Deposntlon density (mg/cm?)

Figure 3 (Color online) Characterization of SINW HDs. (a) Cross-section SEM image of a SINW array; (b) 45° oblique-view SEM image of 10 um
Ni-coated PSMSs depositing on the surface of the SINW array; (c) open-circuit voltages of SINW HDs with/without the Ni-coated PSMS electrode. Insets are
photographs of SINW HDs with/without the Ni-coated PSMS electrode; (d) open-circuit voltages of SINW HDs with different deposition densities of 10 um
Ni-coated PSMSs; (e) relationship between open-circuit voltages of SINW HDs and deposition densities of Ni-coated PSMSs with diameters of 1, 5, and

10 pm, respectively.

electrode, such as Ni-coated PSMSs. SEM characterization
reveals that the Ni-coated PSMSs conform well to the un-
even surface of the SINW array, effectively contacting the
SiNW tips below (Figure 4(c)). The adjacent microspheres
form electrically conductive paths that span the boundary
between the carbon paint and SiNWs, connecting to the
carbon paint grids (Figure 4(d)). In this configuration, charge
carriers accumulated at the SINW tips are collected by the
Ni-coated PSMSs and transported to the carbon grids (Figure
4(e)). As a result, more SINW hydrovoltaic microunits are

effectively paralleled for power output by depositing mi-
crosphere electrodes, compared to SINW HDs without mi-
crosphere electrodes. Consequently, SiNW HDs with
microsphere conjoint electrodes exhibit superior hydro-
voltaic performance.

The impact of the deposition density and diameter of the
Ni-coated PSMSs on HD performance can be understood by
considering both carrier collection and water microflow.
When the deposition density is low, carrier collection and
conduction become the limiting factors. As the deposition
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Figure 4 (Color online) Mechanism of performance enhancement in SINW HDs with Ni-coated PSMS electrodes. (a) Schematic diagram of the internal
circulation during the evaporation of droplets on the surface of SINWs; (b) schematic diagram of the SINWs HDs’ power generation mechanism; (c) cross-
section SEM image of 10 um Ni-coated PSMSs depositing on the SINW array; (d) 45° oblique-view SEM image of the distribution of 10 um Ni-coated
PSMSs at the interface between SiNWs and carbon paint; (¢) schematic diagram of charge carrier collection and transport in SINW HDs with the Ni-coated
PSMS electrode; cross-sectional SEM images comparing the contact morphology of 10 um (f) and 1 pm (g) Ni-coated PSMSs with SINW tips, revealing the

effect of microsphere size on water microflow pathways.

density increases, conductive paths are improved, and more
SiNWs are interconnected, resulting in enhanced HD per-
formance. However, once the deposition density reaches a
certain threshold, water microflow becomes the limiting
factor. Water microflow is the energy source for the hydro-
voltaic effect [4,27,28]. Excessive deposition of Ni-coated
PSMSs obstructs the movement of water microflow towards
the SINW array, leading to a decline in performance.
Therefore, optimal HD performance depends on a moderate
deposition density of Ni-coated PSMSs, which ensures ef-
fective conductive paths while minimally affecting water
microflow. Additionally, SEM images of the SiNW-micro-
sphere interfaces at the same magnification reveal that
smaller Ni-coated PSMSs are packed more densely at the
same deposition density (Figure 4(f) and (g)). This densely
packed structure inhibits water microflow. This observation
explains the experimental result that SINW HDs with larger
Ni-coated PSMSs for the conjoint top electrode exhibit
higher open-circuit voltage at the same deposition density.

3.4 Comparative output performance of SINW HDs
with and without microsphere electrodes

Finally, the output performance of SINW HDs with and
without the microsphere electrode was comparatively eval-
uated. For the device with the microsphere electrode, 10 um
Ni-coated PSMSs with a deposition density of 2.8 mg cm™>
were used as the conjoint top electrode. The devices were
tested under different external load resistances. In both cases,

the output voltage increased with the increase in load re-
sistance (Figure 5(a)), while the output current density de-
creased as the load resistance increased (Figure 5(b)). The
output power density exhibited a characteristic behavior,
initially increasing and then decreasing with the increase in
load resistance (Figure 5(c)). These results follow the typical
behavior expected when a power source is connected to a
load, consistent with Kirchhoff’s laws and load characteristic
theory [29]. Notably, the output voltage, current density, and
power density of the HD with microsphere electrodes were
consistently higher than those of the HD without micro-
sphere electrodes for a given load resistance. At the optimal
load resistance of 10 kQ, the output power density increased
by 49%, from 8.2 uW cm™2 in the HD without the micro-
sphere electrode to 12.2 pW cm™ in the HD with the mi-
crosphere electrode. These results demonstrate that the
output performance of SINW HDs can be significantly en-
hanced by incorporating Ni-coated PSMSs as the conjoint
top electrode.

For practical applications, multiple SINW HDs can be
connected in series to provide a sufficient output voltage to
match external loads. As shown in Figure 5(d), the output
voltage is directly proportional to the number of devices
connected in series, and the advantage of SINW HDs with
microsphere electrodes becomes even more pronounced in a
series configuration. The output voltage of four HDs without
microsphere electrodes is 2 V, while the output voltage of
four HDs with microsphere electrodes reaches 2.6 V. To
demonstrate the application potential of these devices, an
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Figure 5 (Color online) Comparative performance evaluation and practical application of SINW HDs. (a) Output voltages, (b) output current densities, and
(c) output power densities of SINW HDs with/without the Ni-coated PSMS electrode when they were connected to different external loads. Inset in (a) is the
schematic diagram of the test setup; (d) open-circuit voltage as a function of the number of SINW HDs connected in series, showing improved scalability with
Ni-coated PSMS electrodes; (e) photograph of a commercial LED powered by four series-connected SINW HDs, with enhanced brightness observed in

devices utilizing microsphere electrodes.

LED with a threshold voltage of 2 V was used as a load. Four
SiNW HDs, both with and without microsphere electrodes,
were connected in series as power sources. As shown in
Figure 5(e), the LED is visibly brighter when connected to
the SINW HDs with microsphere electrodes, further con-
firming the superior performance of the SINW HDs with Ni-
coated PSMS electrodes in practical applications. Lastly, it is
important to note that the microspheres may become un-
stable under extreme conditions, such as strong water flow.
This issue can be addressed by overlaying the microspheres
with a conductive fabric (e.g., graphite/PEDOT:PSS/cellu-

lose fabrics) or using an adhesive (e.g., PVA) to secure the
microspheres in place [25].

4 Conclusion

In summary, this work introduces a strategy to enhance the
power output of SINW HDs by employing Ni-coated PSMSs
as the conjoint top electrodes. The Ni-coated PSMSs were
fabricated through electroless nickel plating on PSMSs and
were designed to conformally contact the top surface of the
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SiNW array, thereby facilitating effective carrier collection
from individual SiNWs. The optimal deposition conditions
for the microspheres were determined by investigating the
effects of both the deposition density and the diameter of the
Ni-coated PSMSs on the open-circuit voltage of the SINW
HDs. The results revealed that the best performance en-
hancement occurred when the Ni-coated PSMSs were de-
posited with a density of 2.8 mgcem™ and a diameter of
10 um. These optimal conditions strike a balance between
the positive effect of improved charge collection and the
negative impact on water microflow caused by the micro-
sphere deposition. Under these conditions, the maximum
output power density increased by 49%, from 8.2 uW cm™>
in the HD without the microsphere electrode to
12.2 uW cm ™ in the HD with the microsphere electrode.
The superior performance of the SINW HDs with micro-
sphere electrodes was further validated by their application
in powering an LED. This approach, utilizing conductive
microspheres as the top electrode, offers a promising method
for improving the power output of SINW HDs, advancing the
development and practical application of high-performance
SINW HDs. However, despite the optimization of device
performance in this study, the long-term robustness of SINW
HDs remains a critical concern, as device performance tends
to degrade over the first 24 hours of operation due to the
formation of a native oxide layer on the surface of the SINWs
[23]. Future work may focus on enhancing the robustness of
the devices through surface passivation techniques.
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