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1. Introduction

The imperative to tackle environmental change has fueled a
heightened interest in more green technologies.[1] As awareness
of the impacts of climate change continues to expand, individu-
als, businesses, and governments are becoming more inclined to
embrace and allocate resources to renewable energy strategies,
more sustainable transports, and waste reduction practices.[2,3]

Renewable energy sources, such as wind, or solar energy, are
characterized by an intermittent nature making energy storage

crucial to their proper implementation.[4–7]

Interest in electric vehicles has been on
the rise across the world during these last
years. In terms of regulations, the
European Union (EU) had set the 2035
as the deadline on CO2-emitting vehicles.
Indeed, by 2035, every newly registered
car and van in Europe should be zero
emission. As a transitional measure toward
achieving zero emissions, the updated CO2

standards will mandate a 55% reduction in
average emissions for new cars by 2030 and
a 50% reduction for new vans by 2030.[8]

Both these solutions push toward a massive
development of both electrical and hybrid
vehicles tremendously increasing the
investments in battery technology and
supercapacitors.[9–11]

The main focus of research and develop-
ment in the field of lithium battery technol-
ogy concerns the improvement of their
performances, safety, and affordability
pushing scientists to continuously explore

new materials and designs.[12,13] In this context, increasing the
sustainability characteristics of eco-friendly batteries is a strategic
challenge. This includes improving recycling processes to
recover valuable materials from spent batteries,[14] reducing
the environmental impact of manufacturing processes,[15] and
developing new electrode materials sourced from abundant
and nontoxic elements.[16–19]

The research on novel high-performance nanomaterials as
electrodes is not limited to batteries. Despite a high capacity
in energy-storage batteries are typically characterized by a low
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Silicon is the most diffused material in the industry; thus, considering its high
capacity for energy storage, silicon-based materials are well studied as battery
anodes and supercapacitors. Si nanowires (NWs) emerge due to the high surface
to volume ratio, its compatibility with a wafer processing typical of microelec-
tronics, and are studied as anodes for lithium batteries as well as coupled
with other materials for supercapacitor application. In this article, the synthesis
and application are reported as a lithium anode of 2D fractal arrays of ultrathin
Si NWs obtained by a thin-film metal-assisted chemical etching (MACE). These
Si NWs exhibit a density of about 1012 NWs cm�2, maximizing the surface to
volume ratio compared to silver-salts MACE and other NW fabrication
approaches. By using 2.7 μm long NWs, a pseudo-capacitor behavior with a
specific capacitance of about 274.2 μF cm�2 at a scan rate of 50 mV s�1 is
obtained. This specific capacitance is two orders of magnitude higher than the
one obtained in the same condition by using NWs synthesized by silver-salt
MACE. In this result, the route is opened toward the application of these fractal
arrays of ultrathin Si NWs as substrate for supercapacitors with improved
efficiency.
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charge–discharge rate that may be required in specific applica-
tions such as electrical vehicles. A viable solution to achieve high
energy and power density is obtained with supercapacitors that
can be seen as the combination of a battery with a capacitor.
Supercapacitors combine the absorption and desorption at the
interface, characteristic of electrochemical double-layer capaci-
tors, with reversible chemical redox reactions (Faraday reactions),
typical of batteries. Supercapacitors are envisioned as promising
candidates for applications necessitating rapid charge and dis-
charge rates, high power density, broad operating temperature
ranges, and extended lifetime in terms of cycles.[20] In this field,
there is a strong interest in the realization of hybrid metal oxide
and carbon nanostructure electrodes able to combine the capacity
performances of metal oxide with the electric conductivity of
carbon-based nanostructures. For example, Cheng et al. have
demonstrated the fabrication of a Bi–Bi2O3 composite, featuring
a surface enveloped in carbon layers containing embedded car-
bon dots, achieving a specific capacitance of 973 F g�1, an energy
density of 32.5Wh g�1, a power density of 266.9Wk g�1, and a
Coulomb efficiency of about 100% after 5000 cycles.

Among the class of most interesting and diffused materials for
the industry, silicon naturally emerges due to its predominance
in the microelectronics field. However, the interest in silicon is
not only motivated by its market availability but also by its high
theoretical capacity of 4212mA� h g�1 for energy storage,[16,21]

which is significantly greater than that of traditional graphite
anodes of 372mA� h g�1.[22–24] A higher capacity could lead
to batteries with increased energy density, longer-lasting charge,
and generally improved performance. However, silicon anodes
in lithium batteries face challenges in terms of material
degradation during cycling, for example, due to lithiation.[21]

Research is ongoing to develop silicon-based anodes that address
this issue and unlock the full potential of silicon in advancing
battery technology, with the goal of more efficient and longer-
lasting energy-storage solutions and the use of nanostructures
is also emerging in this field. Indeed, the incorporation of silicon-
based anodes featuring nanostructures such as nanoparticles
(NPs),[25] nanotubes,[26] and nanowires (NWs),[16,21] along with
innovative morphological configurations,[27,28] has already shown
the potential to mitigate this degradation. In particular, several
studies have documented electrode performance remaining
stable for hundreds of cycles,[21,23] and interesting works on sili-
con NWs (Si NWs) show the capacity for energy storage in Si NW
anodes lying in the 800–2000mA� h g�1 range[16,21,29] accord-
ing to the literature.

In batteries, electrodes are the main components responsible
for storing and releasing energy. Increasing the specific capacity
of electrodes is crucial to enhance the performance of batteries
and supercapacitors, enabling them to store more energy in a
limited space. This is a crucial goal in the research and develop-
ment of more efficient and powerful batteries.[30–32]

Silicon is one of the most diffused materials in our technology
with a well-established manufactory industry as the microelec-
tronics one. Hence, any result in a stable silicon-based anode
for batteries or supercapacitors, capable of performance compet-
itive with the start of art, may have a tremendous impact on this
field.[33] In this scenario, Si NWs emerge due to their huge sur-
face to volume ratio and compatibility of their fabrication

methods with the flat architecture of Si wafer manufacturing that
is strongly diffused in microelectronics.[34–36]

Among all the possible fabrication routes, metal-assisted
chemical etching (MACE) is increasingly garnering attention
as an innovative method for Si NWs fabrication, known for its
ability to ensure high-quality Si NWs with a substantial density,
all while being highly cost-effective.[37,38] This technique relies on
a wet etching anisotropic process catalyzed by a highly electro-
negative metal. Initially introduced and demonstrated in 2000
by Li and Bonn[39] as a means of achieving porous silicon, this
approach was lately optimized by Peng et al.[40] to produce NWs.
The approach presented by these researchers take advantage of
an AgNO3:hydrofluoric acid (HF) aqueous mixture, popularly
known as the “silver salts approach” to top-down fabricate the
Si NWs. This method is a one-pot synthesis that leverages the
random precipitation of silver NPs on the Si surface to catalyze
the etching process, resulting in NWs with an average diameter
typically lying in the 70–120 nm range.[41,42] The silver-salt
approach is rapid (teens of minutes of etching), requires minimal
sample preparation, and is considerably cost-effective in compar-
ison to more complex masked-based methods such as the lithog-
raphy ones.[38] It offers a straightforward way to achieve a high Si
NW density (about 1010)[43,44] (see Supporting Information) with-
out requiring complex equipment or high-temperature condi-
tions as the vapor–liquid–solid (VLS),[45,46] and so avoiding
any metal contamination.[37] As noted by various research
groups, MACE has emerged as the most cost-effective approach
for Si NW fabrication.[47,48]

Nonetheless, when employing silver salts, Si NWs exhibit
diameters that are not enough small to present quantum confine-
ment effect, typically exceeding 50 nm.[41,42] Additionally, the
process often leads to the formation of silver dendrites on the
samples, which can interfere with the application of these Si
NWs, thus needing another HNO3 treatment to remove the
silver dendrites that may detrimentally affect the fabricated Si
NWs.[49,50]

To overcome the diameter constraints imposed by the silver-
salt MACE method, our research group developed an innovative
approach involving the use of thin metal films (a few nanometers
of Au or Ag) as catalysts in substitution of the silver particles
obtained due to the silver-salt precipitation in the standard
MACE. This approach has successfully produced high-quality
crystalline Si NWs with average diameters in the 4–12 nm range
exhibiting luminescence at room temperature inherent to the
quantum confinement effect. There are no constraints in the
doping type, and both n- and p-type Si NWs can be realized with
resistivity in the <0.005–5Ω� cm range. Moreover, by using a
percolative gold layer, this thin-film MACE approach has
already been demonstrated efficient in producing 2D random
fractal arrays of Si NWs with impressive densities of 1012

NW cm�2.[51,52] In particular, our synthesis approach permits
the design of 2D fractal Si NW arrays geometry by varying the
Si substrate type or the Au precursor thickness.[44,53] These
luminescent Si NWs were used in different applications ranging
from photonics[54,55] to optical sensing.[56–58]

Several works report distinct advantages for fractal structures
in electrochemical energy conversion systems as these structures
minimize energy loss during network transport maximizing the
electrochemically active surface area.[59–61] Within a fractal
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electrode, a significant portion of the space that would typically be
occupied by electrolyte is substituted with active electrode mate-
rial, all the while preserving a substantial surface area. This leads
to an overall enhancement in both the volumetric and gravimet-
ric capacities.[60]

Hence, 2D fractal Si NWs arise as promising anodes for inno-
vative lithium batteries or supercapacitors thanks to the interest
in silicon-based devices[16,35,37] and fractal batteries.[59,60] Indeed,
other than the maximization of the anode exposed surface due to
the already interesting fractal morphology, the thin-film MACE
fabrication confers a huge density of wires (about two orders of
magnitude more than the most common approaches[38]) and
ultrathin diameters compared to the literature, maximizing
the surface to volume ratio of these silicon structures.

In this article, the manufacturing and testing of these ultrathin
Si NWs as anodes in lithium batteries is reported. The electro-
chemical experiments had been performed at different scan rates
from 50 to 500mV s�1, calculating a specific capacitance of about
180 μF� cm�2 (with a maximum at about 274.2 μF cm�2), which
is not affected by the number of oxidation–reduction cycles over
the experiment. The results spotlight that the ultrathin Si NWs
electrode remains electrochemically stable on more than 200
cycles with capacitance retain of 96%.

2. Results and Discussion

In Figure 1a,b, a schematic representation of the MACE
approach used for the ultrathin Si NW synthesis is reported.
At the beginning, a typical cleaning procedure involving a
three-step sonication in acetone, isopropanol, and water for
5m was carried out for a pþþ (resistivity <0.005Ω� cm)
100-oriented Si wafer. After the nitrogen rinsing of the sample,
a 2 nm discontinuous gold layer was deposited by an electron
beam evaporation process in percolation regime (Figure 1a) per-
mitting to obtain a gold fractal morphology. The sample were
then immersed into an aqueous solution of 5M HF/0.45M
H2O2 to carry out the MACE (left side of Figure 1b). The etching
is performed under the gold, catalyzed by the metal that sinks at
the bottom of the NWs. All the etching procedure is carried out
at room temperature and no contamination of gold is
reported.[38,53] By using such a thin gold layer, Si NWs with
an average diameter of 7 nm were obtained. Finally, the samples
were gold etched, and no presence of Au can be attested
(as sketched in the right panel of Figure 1b).

After the synthesis, the samples were cut into several
2� 2 cm2 pieces and tested as working electrodes (anodes) in
an electrochemical cell, using a Pt wire as counter electrode

Figure 1. Schematic of the Si NW fabrication by thin-film MACE and their use as anodes in lithium batteries. a) Depiction of a Si wafer decorated by a
2 nm discontinuous gold layer with SEM plan-view image in the inset. b) Si etching catalyzed by the gold thin film in a watery solution of HF and H2O2 and
on the right a Si NW sample after the gold etching procedure. c) Depiction of a Si NW sample tested in an electrochemical cell as anode in a lithium
electrolyte solution.
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and Ag/AgCl as a reference electrode (as visible in Figure 1c).
These samples are named ultrathin Si NWs along with the
manuscript.

The use of a percolative gold layer manifesting a fractal
morphology[62,63] as a catalyst allows the manufacturing of a
2D random fractal array of ultrathin Si NWs.[51,53] The structural
properties of Si NWs were studied after their synthesis by
MACE with an Au percolative film precursor of 2 nm. Indeed,
Figure 2a–c shows the repetition of a self-similar random pattern
attained at different length scales by scanning electron micros-
copy (SEM) microscopies acquired in the same spot under dif-
ferent magnifications of 10, 100, and 300 kX. While the SEM
cross section reported in Figure 2e shows the dense vertical array
of fractal Si NWs having an average length of about 2.7 μm. The
Si NW filling factor of about 43% is measured for all the analyzed
magnifications, as displayed by the histogram plot in Figure 2d,
thus confirming the scale invariance of the system. Indeed, self-
similarities and scale invariance over an extended length range
are characteristic fractal features, granting clear evidence of the
random fractal arrangement of our Si NW array. A fractal dimen-
sion ofDf= 1.9 was measured by using the sliding box algorithm
(more details in methods). The non-integer Df quantifies how the
repetition of patterns varies across the examined morphology. A
fractal dimension hovering around 1.9, closely approaching the
asymptotic value of 2, is typical of a highly dense 2D fractal.

To precisely characterize the advantages of our ultrathin Si
NWs, standard Si NWs fabricated by silver-salt MACE, not
presenting any fractal morphology, were employed as a
benchmark under the same electrochemical measurements.
There is already literature on the interest of Si NWs fabricated
by silver salt as anode for lithium battery applications[16,21,29]

reporting the attainment of a specific capacitance in the
800–2000mA� h� g�1 range with a lower than 4% variation
over 200 cycles.[21] However, performing equal experiments on
the same electrochemical cell allows a higher level of reliability
than a simple comparison with the literature. Hence, Si NWs
were fabricated by using the same wafers by the silver-salt
MACE as a reference for this work. A mean diameter of
70 nm and a density of about 1010 NWs cm�2 (typical parameters
for this synthesis route[41,42]) with the same length of 2.7 μm
(equal to the ultrathin Si NW sample) were obtained. These sam-
ples are named Si NWs along with the manuscript (Table 1).

The electrochemical characterization of the pþþ ultrathin Si
NW electrodes was performed at room temperature in water
solution, using Autolab multipurpose equipment interfaced with
a PC (Metrohm Autolab PGSTAT12) as potentiostat in a setup
composed by three electrodes: a 2� 2 cm substrate of ultrathin
Si NWs was used directly as working electrode, a Pt wire was
used as the counter electrode, and an Ag/AgCl in KCl 3M
had been used as reference electrode.[64,65] The cyclic

Figure 2. The top panel reports the SEM image of the Si NW array acquired under different magnifications of a) 10, b) 100, and c) 300 kX, respectively.
d) SEM cross section of Si NWs, e) histogram reporting the filling factor per the three different a) low, b) medium, and c) high magnifications of the top
panel.
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voltammetry experiments have been performed in the electro-
chemical window from þ1 to �0.4 V at various scan rates, from
50 to 500mV s�1 as shown in Figure 3a.

No significant electrochemical process is detected in the inves-
tigated window.

Increasing the scan rate, the area of the voltammogram
increases linearly (inset to Figure 3a), indicating that the
double-layer formation is probably the most significant charge-
storage phenomena,[66,67] as typical for non-Faradic processes.
As further confirmation of a non-Faradic process, we performed
the same electrochemical experiments adopting different electro-
lytes in solution, which consisted of sulfates having Na, Li, or K
as counterions, at the same concentration (0.1 M); the results
show that the CP of ultrathin NW is not dependent by the elec-
trolyte in solution (Figure 3c). All the CV curves are reported in

the Supporting Information while in Figure 3c the obtained CP

are reported for each analyzed electrolytes as a function of the
scan rate.

To estimate the capability of the ultrathin Si NW electrodes
to store electric charge, an important parameter is the specific
capacitance,[37] indicated as CP (μA� s)/(cm2� V), and
expressed by Equation (1):

CP ¼ A
2cm2 � R � ΔV

(1)

where A is the area described by combining the reduction and
oxidation curves during the cyclic voltammetry; cm2 indicates the
surface of the working electrode (i.e., Si NW pþþ) in the elec-
trolytic cell; R is the scan rate adopted during the experiment,

Table 1. Sample characteristics.

Sample name Synthesis method Doping and resistivity [Ω� cm] Length [μm] Average diameter [nm] NW density [NW cm�2]

Ultrathin Si NWs pþþ Thin-film—MACE pþþ ρ< 0.005 2.7� 0.2 7� 0.5 1012

Si NWs pþþ Silver-salts—MACE pþþ ρ< 0.005 2.7� 0.3 70� 23 ≤1010

Figure 3. a) Cyclic voltammograms of ultrathin Si NWs anodes at different scan rates using Li2SO4 0.1M as electrolyte; in the inset: graph illustrating the
linear trend of the voltammogram area versus the scan rate; b) comparison of Cp using standard and ultrathin Si NWs in presence of Li2SO4 0.1M as
electrolyte; c) comparison of Cp values of ultrathin Si NW using different electrolytes at the same concentration, 0.1 M; d) Cp values of ultrathin (black) and
standard (grey) Si NW after 1000 electrochemical cycles, at scan rate 200mV s�1, with Li2SO4 0.1M as electrolyte.
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which is expressed as V s�1; and ΔV is the difference between V2

and V1, which are respectively the most positive potential and
the most negative potential in the voltage window of the scans.
In our case, V2 was þ1.0 V and V1 was �0.4 V.

Given that the cm2 and ΔV are fixed parameters in
Equation (1), the specific capacitance changes together with
the scan rate (because A and R depend by the scan rate). The
values of CP are shown in Table 2.

In Figure 3b, the CP of ultrathin Si NWs is reported (in black)
as a function of the scan rate in the 50–500mV s�1 range.
Despite a mild decrease moving from 50 to 150mV S�1, the
CP of the ultrathin Si NW samples remain constant to about
180 μF cm�2 for scan rates faster than 200mV s�1.

The same cyclic voltammetry measurements were repeated
under the same setup and conditions by using Si NWs obtained
by standard silver-salt MACE as working electrode and as a com-
parison to our ultrathin Si NWs. Equation (1) has also been used
for these samples to calculate the substrate specific capacitance
that is reported in grey as a function of the scan rate in Figure 3b.
Hence, in Figure 3b, is possible to observe the comparison
between the CP of our ultrathin Si NWs and CP of silver-salts
MACE Si NWs (all with the same pþþ doping). It is evident that
the proposed ultrathin Si NW electrode has a fourfold specific
capacitance than silver-salt MACE Si NW one (considering the
same doping), highlighting that the ultrathin NW electrode
has a better capability to store electric charge.

Stability during several cycles is a critical issue, especially for
silicon-based lithium batteries. Hence, to demonstrate the stabil-
ity of our ultrathin Si-NW-based anode, we tested it under hun-
dreds of cycles at a fixed scan rate of 200mV s�1. As it is possible
to observe in Figure 3d, the CP is not affected by the number of
oxidation–reduction cycles performed during the experiment,
demonstrating that the electrode remains electrochemically sta-
ble, and a capacitance of 74% was retained after 1000 cycles for
ultrathin Si NW while a 79% is attested for standard Si NW. The
percentage specific capacitance of ultrathin and standard Si NWs
as a function of the electrochemical cycle can be observed in
Figure S4, Supporting Information, showing a similar trend
among the two different Si NW substrates as expected since

the material is the same for both of them. These results show
that without decorating process and the combination of other
materials silicon electrode suffers a decrease in their capabilities
already after a thousand of cycles.

In literature, most of the works on specific capacitance report
the use of Si NWs of an order of magnitude longer (tens of micro-
meters rather than a few micrometers), most often decorated
with other materials (i.e., carbon sheath, SiC, Ru, MnO2, poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS), and so on) capable of significantly increasing the specific
capacity and making them stable over a higher number of
cycles.[37,68–72]

Considering the dependency of such results on the type of
electrolyte and on the used electrochemical cell, a straightforward
comparison with our data is complex. Moreover, the specific
capacitance also depends on the length of Si NWs, which
commonly in the literature for these applications lies in the
25–120 μm range.[37,68–70,72] For this reason, our 2D fractal arrays
of ultrathin NWs obtained through thin-film MACE were com-
pared using the same electrolyte, equipment, and experimental
procedure with NWs synthesized by silver-salt MACE having the
same length of 2.7 μm. From this comparison, the ultrathin NWs
showed a specific capacity up to two orders of magnitude higher,
most probably due to the larger exposed surface area of ultrathin
NWs. Moreover, the obtained specific capacity is on the same
order of magnitude or even higher of what is reported in the
literature for bare Si NWs with length in the 25–50 μm
range,[68,70,71] even considering that the lengths of Si NWs in
our study is just 2.7 μm (about <10 times less than the literature
ones).

The improved performances shown by our ultrathin Si NWs
can be ascribed to the fractal morphology capable of maximizing
the exposed surface area,[59–61] and to the high density of NWs
that can be obtained with the thin-film MACE. Indeed, with our
synthesis approach, a density of about two orders of magnitude
higher than silver-salts-synthesized NWs (see Supporting
Information for more details), and four orders of magnitude
higher than VLS counterparts,[71] can be obtained. These results
certainly pave the way for developing Si-NWs-based anodes with
superior capacity performances. Furthermore, the larger exposed
surface area and the resulting better performance of bare NWs
suggest that the decoration of these ultrathin NWs could lead to
better results than NWs produced by other techniques.

3. Conclusion

In this work, 2D fractal arrays of ultrathin Si NWs have been
tested as a proof-of-concept anodes in an electrochemical cell
with a lithium electrolyte. We obtained a maximum specific
capacitance of 274.2 μF� cm�2 at a scan rate of 50mV s�1, a
constant value of about 180 μF� cm�2 for scan rate higher than
200mV s�1, and a 74% capacitance retain over thousands of test-
ing cycles. The specific capacitance as a function of the scan rate
suggests a pseudo-capacitance behavior highlighting the interest
in a similar substrate for supercapacitor applications.

These ultrathin Si NWs were compared by using the same cell
at the same experimental condition with Si NWs obtained by
standard silver-salts MACE having an identical length of

Table 2. Cp values in (μA� s)/(cm2� V) using standard Si NWs and
ultrathin Si NWs at different scan rates, in the presence of Li2SO4

0.1M as electrolyte.

CP [μA� s� cm�2 V�1= μF cm�2]

Scan rate [mV s�1] Ultrathin Si NWs Pþþ Si NWs Pþþ
50 274.2 38.48

100 219.53 30.41

150 202.67 30.24

200 191.19 31.35

250 184.76 32.59

300 183.28 33.43

350 182.45 34.46

400 178.57 35.32

450 176.21 36.13

500 174.81 37.53
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2.7 μm. An impressive improvement of about two orders of mag-
nitude for the specific capacitance has been recorded for the
ultrathin Si NWs. Indeed, these ultrathin NWs exhibit a high
density of about 1012 NWs cm�2, up to three orders of magnitude
higher than other approaches and at least one order of magnitude
higher than the other Si NWs in the comparison. The fractal
arrangement and the high density allow to maximize the surface
to volume ratio that is a crucial parameter in these applications.

Considering the fundamental role played by Si NWs in
Si-based battery anodes and supercapacitors (i.e., carbon sheet,
SiC, Ru, PEDOT:PSS, and so on), the afore-described 2D fractal
array of ultrathin Si NWs arise as advantageous template for the
realization of highly performant battery anodes and supercapa-
citors based on Si NWs.

4. Experimental Section

Materials: First, 100-oriented commercial Si wafers (resistivity
<0.005Ω� cm, dopant species B) were purchased from Siegert Wafer.
HF, H2O2, HNO3, AgNO3, and gold etchant potassium iodide, (KI)
and the electrolyte solutions were obtained from Sigma Aldrich (Merk). Au
pellets 99.999% from Kurt Lesher were used for the gold film evaporation
process.

Ultrathin Si NW Synthesis: Ultrathin Si NWs were fabricated through the
process of thin-film MACE on a pþþ Si substrate, which was boron-doped
with a resistivity (ρ) of less than 0.005Ω cm. The schematic depicting the
synthesis procedure is illustrated in Figure 1a,b. To start with, the Si native
oxide layer was etched in a two-step approach. First, the wafer surface was
uniformly oxidized in a UV-ozonizing chamber for 2 min. Second, the
oxide was removed using a 5% HF aqueous solution for 5 min, followed
by drying with a nitrogen flux.

As shown by the plan-view SEM image in the inset to Figure 1a, a
discontinuous 2 nm layer of gold was subsequently deposited on the
oxygen-free Si surface through electron beam evaporation. This deposition
process occurred in an ultrahigh vacuum chamber, at room temperature,
under a pressure of 10�7 mbar, with optimized deposition rate to guaran-
tee a percolative growth of the gold film. The obtained discontinuous Au
film had a fractal morphology, leaving small areas of uncovered silicon
each extending only a few nanometers.

When these deposited samples were directly immersed in an aqueous
solution consisting of H2O2 and HF in a molar ratio of 0.44:5M, a selective
silicon oxidation took place at the Au/Si interface due to the difference in
their electronegativities. The HF guaranteed the SiO2 selectively etching
that occurred underneath the metal film. As a result, the Au layer sank
into the bulk, and the uncovered silicon areas remained as a dense (fractal
dimension about 1.9) 2D random fractal of vertically aligned Si NWs, as
shown in Figure 1b. Every step of this process was carried out at room
temperature, preventing the diffusion of the gold catalyst into the
NWs. This gold residue could be easily removed by a selective etching
process in a KI solution (gold etchant from Merk) for 1min, as depicted
in Figure 1b. The NWs sample was then rinsed twice in deionized water,
with each cleaning step lasting 1 min.

Si NWs Synthesis by Standard Silver-Salt One Pot MACE: The other Si
NWs used as a reference for the anode characterization of our ultrathin
Si NWs were manufactured using the one-pot silver-salt MACE. This
method relied on the dissociation of silver salts, resulting in the precipi-
tation of Ag NPs distributed randomly on the silicon surface. Underneath
the regions covered by Ag NPs, silicon oxidation occurs, and it was selec-
tively etched by the HF solution.

The first cleaning and silicon oxide removal steps are the same of the
ultrathin Si NWs. Initially, a cleaning procedure of the silicon wafer surface
was carried out involving the removal of organic contaminants through
ultraviolet (UV)–ozone treatment. Subsequently, to eliminate the silicon
oxide layer, the samples were submerged in a watery solution consisting
of 5% HF. The oxide-free Si substrates were then immersed in an aqueous

solution comprising 0.02M AgNO3 and 5M HF, resulting in the dissolu-
tion of Ag salts and the precipitation of small silver NPs onto the Si sub-
strate. During this process, the Ag NPs served as a catalyst, promoting the
oxidation of the underlying silicon. The HF etched the oxidized silicon,
leading to the formation of Si NWs in the regions that remained unetched.

The network of silver dendrites that developed during growth was
removed through a 10min chemical bath of nitric acid (HNO3).
Notably, every stage of the process was carried out at room temperature,
preventing the diffusion of the metal catalyst into the nanostructures.

Morphology Characterization: SEM images of the Si NW array were
acquired by a ZEISS SUPRA 25 (Carl-Zeiss) at three different magnifica-
tions of 10, 100, and 300 kX. Pixel counting via ImageJ was used to mea-
sure the filling factor as the ratio of the filled versus the empty area. The
SEM cross section of Si NW array was obtained by cutting the sample and
mounting it vertically to measure its average length.

The fractal dimension Df was measured analyzing different SEM
images at a magnification of 100 Kx through the sliding box algorithm
implemented by the FracLac plugin on ImageJ.

Electrochemical Measurements: The ultrathin Si NW pþþ electrodes
were subjected to electrochemical characterization at room temperature
in a water solution. This analysis utilized Autolab multipurpose equipment
connected to a PC, specifically the Metrohm Autolab PGSTAT12, acting as
a potentiostat. The experimental setup included three electrodes: the ultra-
thin Si NW pþþ served as the working electrode, a Pt wire functioned as
the counter electrode, and an Ag/AgCl in KCl 3M was employed as the
reference electrode.
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