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ARTICLE INFO ABSTRACT

Keywords: In the world of advanced energy conversion and storage, silicon nanostructures have garnered immense interest
SiNW’s of scientists and innovators alike with their unique structural, electrical, optical and electrochemical properties,
MacEtch

setting the stage for a brighter, more sustainable future. Amidst the array of top-down methods, one method
stands out as an approach-change: Metal-assisted chemical etching (MacEtch). It is highlighted for its cost-
effectiveness, simplicity, versatility and scalability, making it a crucial point in the world of micro/nano Si
structure fabrication. Recent breakthroughs have propelled MacEtch into the limelight, making it the go-to
technique for crafting micro/nano structures with exceptional electrochemical attributes. These structures are
tailor-made for energy storage applications, from lithium-ion batteries (LIBs) to supercapacitors. Join us in this
captivating feature article as we unveil the mechanism underlying the MacEtch’s silicon transformation. Explore
the latest and old strides achieved in the field of Silicon nanowires (SiNWs) generated through MacEtch,

Li-ion battery
Crack formation
Transfer of SINWs

particularly in the context of their electrochemical properties for energy storage applications.

1. Introduction

The utilization of non-renewable fossil fuels has long been associated
with severe environmental, climate, and health problems. Despite
currently accounting for 80 % of global energy consumption, the envi-
ronmental repercussions render them unsustainable. The combustion of
fossil fuels for transportation, in particular, has led to pervasive atmo-
spheric pollution, necessitating a fundamental shift in our energy
sources. To put this into perspective, a single gasoline-powered car emits
approximately 4.5 tons of CO5 annually, (Zamfir et al., 2013) and if we
extrapolate this figure globally, roughly 650 million cars collectively
release nearly 3 gigatons of CO; into the atmosphere each year. This
staggering statistic accounts for almost 10 % of the total worldwide CO4
emissions. It is in this context that electric vehicles emerge as the
optimal replacement for their gasoline-powered counterparts, offering a
compelling solution to mitigate global warming and maintain a cleaner
atmosphere.

Furthermore, the adoption of renewable energy sources, such as
solar and wind power, promises a more sustainable economy (Porter and

Van der Linde, 1995; Hoffert et al., 2002; Caldeira et al., 2003; Midilli
et al., 2006; Armand and Tarascon, 2008; Etacheri et al., 2011; Good-
enough, 2012; Thackeray et al., 2012; Habib et al., 2018; Hussain et al.,
2018; Ali et al., 2019; Piracha et al., 2021; Huma et al., 2022; Shafique
et al., 2022; Bertran-Serra et al., 2023; Iftikhar et al., 2023). In this
context, the development of durable, environmentally friendly, cost-
effective, and highly efficient energy storage devices becomes para-
mount. These devices play a critical role in harnessing solar and wind
energy and powering electric vehicles. To fulfill this growing need,
electrochemical supercapacitors and Li-ion batteries (LIBs) have become
the primary and predominant energy storage solutions (Abdelmaoula
etal., 2022; Huang, 2022; Sun et al., 2022). They are extensively used in
mobile phones, laptops, and various portable gadgets and are increas-
ingly gaining attention for electric vehicle applications (Megahed and
Ebner, 1995; Jansen et al., 1999; Yoshino, 2012; Lu et al., 2013; Kerr
et al., 2016; Nayl et al., 2017; Farid et al., 2018; Xie et al., 2021; Ege-
monye et al., 2022).

A Li-ion battery comprises essential components, including a cathode
with a positive charge, an anode with a negative charge, a separator,
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electrolyte, and positive and negative current collectors. During the
discharge process, lithium ions move from the anode to the cathode
through the electrolyte, generating an electric current. Conversely,
during the charging process, lithium ions are released from the cathode
and return to the anode. The fundamental operational concept of a LIB is
depicted in Fig. 1.

However, despite the notable energy density and extended cycle life
of LIBs, they face several challenges, including the need to enhance
energy and power densities, improve safety profiles, and, crucially,
reduce production costs (Armand and Tarascon, 2008; Huggins, 2008;
Patil et al., 2008; Xu et al., 2010; Tarascon and Armand, 2011; Choi
et al.,, 2012; Thackeray et al., 2012; Farid et al., 2021). Currently
available commercial LIBs feature graphite-based anodes and cathodes
composed of lithium metal oxide or lithium iron phosphate, with theo-
retical capacities of 372 mAh-g~! and less than 200 mAh-g~*, respec-
tively (Zhang, 2011). Over the last decade, intensive research efforts
have been devoted to elevating the energy and power density of LIBs. In
this pursuit, silicon, with a theoretical capacity of 4200 mAh-g~*, has
emerged as a highly promising candidate for anode material (Park et al.,
2010; Chan et al., 2011; Wu and Cui, 2012). Notably, silicon boasts a
discharge potential of 0.2 V relative to Li/Li*, a distinguishing feature
when compared to other alloy-type and metal oxide anodes. Addition-
ally, silicon ranks as the second most abundant material on Earth, (Cullis
and Canham, 1991; Canham et al., 1992; Hirschman et al., 1996; Lin
et al., 1997; Pavesi et al., 2000; Ding et al., 2002; Habib et al., 2018; Ali
et al., 2019; Piracha et al., 2021), possesses high stability, and is non-
toxic (Ogﬁt et al., 1997; Beard et al., 2007; Park et al., 2009; Park
et al., 2010). It is characterized by remarkable carrier mobility (Park
et al., 2001; Puzder et al., 2002; Warner et al., 2005) and well-
established fabrication techniques (FARID et al.,; Ma et al., 2003; Jie
et al., 2008; He et al., 2009; Kang et al., 2009; Peng et al., 2010; Mateen
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Fig. 1. Illustrates the general sketch of fundamental operational principle of a
Li-ion battery, showcasing the movement of lithium ions between the positively
charged cathode and negatively charged anode through the electrolyte.
Reproduced with permission from (Goodenough, 2018), Copyright 2018, Na-
ture publishing group.
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etal., 2022). These attributes collectively establish silicon as the premier
material for energy storage devices.

Despite these advantages, significant challenges remain for the in-
dustrial application of silicon-based energy storage devices. Over the
past few decades, various methods have been developed for fabricating
micro/nano structures suitable for energy storage. These methods
include reactive ion etching (Gittleman et al., 1979; Chow et al., 1987;
Dussart et al., 2005; Huang et al., 2007; Chen and Hong, 2016; Huo
et al., 2020), electrochemical/electroless etching (Canham, 1990;
Striemer and Fauchet, 2002; Ma et al., 2006), femtoseconds laser micro
structuring (Wu et al., 2001; Halbwax et al., 2008; Nayak et al., 2011;
Al-Rugeishi et al., 2017), and metal-assisted chemical etching (Peng
et al., 2005a,b; Koynov et al., 2006; Peng et al., 2010; Huo et al., 2020;
Huma et al., 2022). A recent study provides insights into designing high-
performance anodes with large volume expansion. They used, me-
chanically interlocking structures inspired by biological systems, as
demonstrated in the holey graphene@SiO, anode, enhance lithium-ion
storage by transmitting strain and exhibiting a mechano-
electrochemical coupling effect (Wang et al.,, 2022). Among these
fabrication techniques, metal-assisted chemical etching stands out as the
most suitable, offering low cost, rapidity, minimal equipment re-
quirements and high scalability for industrial settings.

Recent advancements in the production of Si micro/nano structures
through metal-assisted chemical etching have propelled its practical
application in Si-based energy storage devices. The continuous progress
of this technique suggests its potential as the premier method for
industrial-scale energy storage device production. This article system-
atically summarizes the origins and mechanisms of Metal-assisted
chemical etching (MacEtch) and highlights recent achievements in the
preparation of silicon micro/nano structures through this method. In
recent years, the demand for high-performance materials in the devel-
opment of lithium-ion batteries has grown significantly. The anode, as a
crucial component, plays a pivotal role in determining the overall per-
formance and efficiency of these batteries. This necessitates a careful
consideration of the material properties required for an effective anode.
Silicon nanowires have emerged as promising candidates for anode
materials due to their unique features and advantages. Their high con-
ductivity, large surface area, and compatibility with the lithium-ion
battery architecture make them particularly well-suited for enhancing
the performance of the anode. In this context, this paper aims to delve
into the specific attributes of silicon nanowires that make them ideal for
application in the anode of lithium-ion batteries.

2. Brief summary of history and mechanism of metal-assisted
chemical etching (MacEtch) of silicon

In the early 1990, endeavors were initiated to explore and investi-
gate metal-assisted etching of Silicon (Ohmi et al., 1992; Ohmi et al.,
1993; Zhang et al., 1993; Morinaga et al., 1994; Morinaga et al., 1995;
Jeon et al., 1996; Teerlinck et al., 1996; Gorostiza et al., 1997; Kim et al.,
1997; Norga et al., 1997; Ashruf et al., 1999; Reinhardt and Kern, 2018).
In 1993, Zhang et al. made the initial demonstration of luminescent
porous silicon etching (Zhang et al., 1993). They utilized a polished n-
type silicon surface to generate a porous silicon layer in which noble
gold metal was illuminated within an HF solution containing oxygen,
without the application of an external potential. Similarly, in 1997,
Dimova-Malinovska et al. coated a silicon substrate with aluminum
metal and then etched it using an HF-HNOj3 aqueous solution to produce
porous silicon (Dimova-Malinovska et al., 1997). Likewise, in 1999,
Ashruf and Kelly at el. employed a p-type silicon surface to produce
luminescent porous silicon in a manner akin to Zhang et al.’s approach,
but without illumination (Ashruf et al., 1999). Subsequently, in 2000, Li
and Bohn introduced metal nanoparticles (Au, Pt or Au/Pd) onto the
surface of Si wafer that was already immersed in HF-H204 aqueous so-
lution, achieving rapid preparation of light-emitting porous silicon (Li
and Bohn, 2000). They uncovered that the introduction of a metal
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coating on the silicon surface enhanced the etching process, presenting a
simple and effective way to produce porous silicon within seconds
(Chattopadhyay et al., 2002; Chattopadhyay and Bohn, 2004). Although
they initially named this technique “HyO9-metal-HF (HOME-HF)
etching” in the main text, they ultimately termed it “metal-assisted
chemical etching (MacEtch)” in the title.

In 2001, Peng et al. pioneered the preparation of silicon nanowire
arrays on a silicon wafer’s surface through single-step silver-catalyzed
etching in an HF-AgNOj3 aqueous solution, initially referring to it as a
process of self-assembling Nano electrochemistry (Peng et al., 2002;
Peng and Zhu, 2003; Peng et al., 2006). They hypothesized that
numerous minuscule metallic galvanic cells formed on the silicon sur-
face during etching in the HF-AgNOg3 solution. However, their initial
method for silicon nanowire (SiNW) formation was later corrected in
2002 based on compelling experimental results (Peng et al., 2002; Peng
et al., 2003; Peng and Zhu, 2004).

Metal-assisted chemical etching (MacEtch) is a top-down approach
used for micro/nano structure fabrication (Morinaga et al., 1994; Peng
et al., 2005a,b; Koynov et al., 2006; El-Bassuony and Abdelsalam, 2020;
Sayed et al., 2020; Gamal et al., 2021; El-Bassuony et al., 2022a-c;
Gamal et al., 2022; El-Bassuony and Abdelsalam, 2023; El-Bassuony
et al.,, 2023; Gamal et al.,, 2023). Regarding the mechanism of
MacEtch, extensive research has been conducted to elucidate its basic
mechanism (Li and Bohn, 2000; Peng et al., 2002; Fang et al., 2006; Peng
et al., 2006; Tsujino et al., 2006; Huang et al., 2007; Peng et al., 2007;
Chen et al., 2008; Choi et al., 2008; Garnett and Yang, 2008; Hochbaum
et al., 2008; Huang et al., 2008; Peng et al., 2008a—c; Chang et al., 2009;
Geyer et al., 2009; Hildreth et al., 2009; Hochbaum et al., 2009; Huang
et al., 2009; Peng et al., 2009a,b; Sivakov et al., 2009; Chen et al., 2010;
Peng and Lee, 2011; Weisse et al., 2011; Hildreth et al., 2012; Li, 2012;
Liu et al., 2012; Vlad et al., 2012; Liu et al., 2013; Peng et al., 2013;
Chang and Sakdinawat, 2014; Chen et al., 2017). Generally, MacEtch
involves a wet chemical etching process where various noble metals
such as silver, gold, platinum, palladium, copper, etc., are deposited
onto the surface of a silicon wafer to enhance etching at open—circuit
potential (OCP) in the presence of a hydro-fluoric acid (HF) aqueous
solution. Subsequently, for etching, strong oxidants like noble metal
ions, nitrates, nitric acid, hydrogen peroxide, dissolved O, etc., are
employed alongside the HF aqueous solution. The etching process in-
volves two mechanisms: electrochemical and chemical, which can be
distinguished by the involvement of holes during etching at OCP. Given
the presence of free holes at OCP and the influence of redox potential,
this type of etching is termed electroless etching. The MacEtch of silicon
at OCP in oxidizing HF aqueous solutions is essentially a noble metal
catalyst-mediated electrochemical charge transfer process, wherein free
holes participate, and spontaneous galvanic currents flow between local
silicon anode and local metal cathode sites (Morinaga et al., 1994; Li and
Bohn, 2000; Peng et al., 2002; Peng et al., 2006; Peng et al., 2008a-c;
Wang et al., 2018). Hence, MacEtch of silicon is considered an electro-
chemical reaction. Other terms, such as metal-assisted etching, metal-
catalyzed chemical etching (Li and Bohn, 2000) or metal catalyzed
electrodeless etching, (Peng et al., 2005a,b) have been used in the
literature instead of MacEtch (Hu et al., 2014a,b; Liu et al., 2014; Farid
et al., 2019; Shafique et al., 2022; Bertran-Serra et al., 2023).

The concept proposed by Turner regarding the galvanic etching of
silicon in an HF aqueous solution was validated (Turner, 1960). In this
etching process, metal particles move into the bulk silicon in the same
direction, facilitated by the opening of particles inducing rapid silicon
dissolution. Electrically coupled metal-silicon interfaces form tiny short-
circuit galvanic cells spontaneously, with the metal acting as the cathode
and the silicon beneath the metal serving as the anode, leading to silicon
dissolution in the HF solution, (Peng et al., 2008a-c) as depicted in
Fig. 2. This process results in the movement of metal particles within the
bulk silicon, accompanied by oxidation and silicon dissolution, culmi-
nating in the formation of SiNWs and Nano holes, as illustrated in Fig. 2
(b, d).
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Fig. 2. (a) Cross-sectional SEM image of aligned SiNW array prepared on p-
type 7-14 Qcm Si (1 0 0) wafer by silver-assisted etching in HF-H,0, aqueous
solution for 30 min. (b) Cross-sectional SEM view of an etched Si (1 0 0) wafer,
showing straight nanoholes normal to the silicon surface and Ag particles at the
bottom of the nanoholes. (c,d) Schematics of metal-assisted etching of silicon in
HF-H,0, aqueous solution. Reproduced with permission from (Peng et al.,
2008a-c). Copyright 2008, Wiley-VCH.

To enhance comprehension, we will focus on the widely employed
Ag-Si-HF-H5045 MacEtch system. The following 4 equations elucidate the
reactions occurring at the cathode and anode. Based on empirical find-
ings, a process of divalent and trivalent silicon dissolution has been
proposed during MacEtch in HF solution, along with the proposition of
two half-cell reactions. Clearly, the overall electrochemical reactions in
silicon’s MacEtch closely resemble those observed in electrochemical
etching or stain etching of silicon in HF aqueous solutions containing
strong oxidants. However, MacEtch distinguishes itself through the
highly localized dissolution of silicon at the interface between the metal
and silicon (Zhang et al., 1989; Morinaga et al., 1995; Sailor, 2012). The
highly localized dissolution is pivotal because it enables precise control
over the creation of nanostructures, particularly silicon nanowires
(SiNWs). In MacEtch, this phenomenon contributes to the anisotropic
nature of the etching process, allowing for preferential dissolution along
specific crystallographic planes. This selectivity ensures the preservation
of certain orientations while dissolving others, leading to well-defined
nanostructures (Peng et al., 2005a,b; Peng et al., 2006). The signifi-
cance lies in the ability to achieve controlled anisotropy, offering
tailored nanostructures with specific characteristics. This level of pre-
cision is invaluable for applications in electronics, photonics, and sen-
sors, where desired structural features or orientations are critical.

Cathodic reduction of oxidant at metal surface:

H202 + 2H+ + 2¢e — 2H20

In the cathodic reduction step of the etching process, metal particles
play a crucial role at the silicon surface. As illustrated in Fig. 2(c, d), this
stage involves the reduction of oxidants facilitated by the metal surface.
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Metal particles, acting as catalysts, provide active sites for the reduction
reaction to occur. The metal surface serves as the cathode in a galvanic
cell, as shown in Fig. 2(c), with the oxidants undergoing reduction. The
reduction of oxidants initiates a cascade of reactions, leading to the
dissolution of silicon in the HF solution. The movement of metal parti-
cles within the bulk silicon, depicted in Fig. 2(b, d), is a result of this
reduction process. This mechanism showcases the intricate interplay
between metal catalysts and silicon dissolution, a fundamental aspect of
the metal-assisted chemical etching process.
Anodic oxidation of silicon in contact to metal:

Si+2H,0 +4h* - SiO, +4H"
SiO, + 6HF —H,SiFs + 2H,0

Si+6F +2H" +2h* - SiF;~ +H,

Overall:
; n . 4 —n
Si-+ 6HF +3H,0, — HySiFy + nH,0 + (T) H,

In the metal-assisted chemical etching (MacEtch) process, the for-
mation of HjSiFg is a result of the oxidation of silicon during the
movement of metal particles within the bulk silicon. H,SiFg is a hexa-
fluorosilicic acid, and its presence during MacEtch serves multiple
purposes. Firstly, HoSiFe acts as an etchant, contributing to the disso-
lution of silicon and facilitating the creation of silicon nanowires
(SiNWs) and nano holes, as illustrated in Fig. 2(b, d). Secondly, the
etching reaction involving HSiFg is crucial for the anisotropic nature of
MacEtch, leading to the preferential etching along specific crystallo-
graphic planes (Peng et al., 2008a-c). The impact on SiNWs perfor-
mance is two-fold. On one hand, the etching process driven by H,SiFg
contributes to the formation and refinement of SiNWs, enhancing their
structural characteristics. On the other hand, careful control of the
etching conditions is necessary to prevent over-etching, which could
potentially impact SiNWs’ performance (Peng et al., 2006). Achieving
the right balance is essential to harness the benefits of H-SiFs in creating
well-defined nanostructures without compromising the overall perfor-
mance of SINWs.

Recently, Romano et al. (Romano et al., 2020) proposed a new
method to prepare Si micro/nano structures via MacEtch of silicon in the
gas phase. They demonstrate a novel method for fabricating structures
with ultra-high aspect ratios in the nanoscale regime through platinum-
assisted chemical etching of silicon in the gas phase. Employing a vapor
of water-diluted hydrofluoric acid and continuous air flow, this tech-
nique achieves controlled etching with platinum as a catalyst, producing
straight nanowires and X-ray optical elements with feature sizes as small
as 10 nm. Similarly, Lukas et el, (Janavicius et al., 2023) introduces a
fully programmable vapor-phase MacEtch process that generates highly
uniform and unique Si nanostructures. Notable features include the
versatility to produce Si micro/nano structures, various nanowire arrays
with different orientations, and shapes without porosity or agglomera-
tion. The study systematically presents different modes of precursor
injection, including continuous and pulsed modes, with deterministi-
cally controlled pulse duration and period. Furthermore, the integration
of a light source enables VUV-enhanced MacEtch, resulting in smoothly
curved microwell structures, a feat not previously achieved. These ad-
vancements underscore the evolving landscape of MacEtch techniques,
highlighting their cost-effectiveness and flexibility compared to bottom-
up growth methods for Si nanostructures.

3. SiNWs prepared by metal-assisted chemical etching
(MacEtch) for energy storage applications

To meet the increasing global energy requirements and the rapidly
expanding market for portable electronic devices, the current focus of
research is on creating economic technologies for energy storage
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devices. Unlike bulk silicon, silicon nanowires exhibit exceptional
structural, electrical, optical, and thermal characteristics. These attri-
butes present numerous promising avenues for applications in energy
storages devices. As a result, there is a substantial global endeavor un-
derway to advance these technologies by developing lithium-ion
recharge able batteries (Chan et al., 2008; Peng et al., 2008a—c, Huang
et al., 2009; Farid et al., 2024) and supercapacitors (Chang et al., 2010).
In this section, SiINWs based energy storages will be reviewed.

In 2007, Chan et al. (Chan et al., 2008), employed SiNWs as anode
material in Li-ion batteries. SINWs were prepared by vapor-liquid-solid
(VLS) method on stainless steel current collectors to ensure strong
contact. The utilization of SiNWs offers several advantages, including
their capacity to accommodate expansion, stablish strong electrical
contact, and eliminate the need for binders. Notably, SINW-based elec-
trodes can withstand volume expansion during cycling while avoiding
the pulverization that conventional Si electrodes face. SINWs possess
intrinsic strain relaxation properties, allowing for expansion in wire
diameter without fissures or fractures. Moreover, to ensure robust
electrical contact, SINWs were grown on current collectors, enabling
uninterrupted and efficient electron transport throughout each wire.
Consequently, SiNWs collectively contribute to capacity retention as
neighboring silicon nanowires maintain contact, even though expan-
sion. This is evident in the comparison between film and particle-based
silicon electrode applications, where the latter using SiNWs demon-
strates an absence of material breakdown, as depicted in Fig. 3(a, b).
SiNWs exhibit high discharge capacities and maintain stable cycling
over tens of cycles, with reversible capacities reaching around
3400mAh/g, as illustrated in Fig. 3(c). This sustained high-capacity
performance stems from the inherent ability of nanowires to endure
cycling without undergoing pulverization. Unlike conventional Si par-
ticles, which suffer from continuous capacity loss due to the formation of
a solid electrolyte interface (SEI) layer on new surfaces, SINWs exhibit
promise in circumventing pulverization.

The SiNWs morphology was investigated using SEM before and after
electrochemical reactions to confirm their nanoscale effects and excep-
tional mechanical properties. Pristine SiNWs exhibited a crystalline
structure with smooth sidewalls prior to lithiation, as depicted in Fig. 3
(e). The average diameter of pristine SINWs was 89 nm. After lithiation,
SiNWs developed rough-textured sidewalls, with an increased average
diameter of 141 nm, as shown in Fig. 3(f). Despite undergoing signifi-
cant volumetric changes, SiINWs remained structurally intact and did not
fragment into smaller particles. Moreover, they maintained contact with
the current collector, indicating minimal capacity fading due to elec-
trical disconnection during cycling. However, while the vapor-liquid-
solid (VLS) method is effective, it poses challenges for large-scale pro-
duction due to its complexity and high manufacturing costs. As a result,
further research is needed to enhance fabrication method.

In 2008 Peng et al. (Peng et al., 2008a-c), firstly evaluate the char-
acteristics of Lithium ion battery which is prepared by MacEtch SiNWs.
The formation mechanism of as-prepared SiNWs anode is based on metal
induced electrochemical reactions as shown in Fig. 4(a). The fabrication
method has various advantages such as simplicity, large area, wafer
scale and low cost. Moreover, as prepared SiNWs have good conduc-
tivity, highly rough and porous surface which allow much better ac-
commodation of large volume changes then the VLS-CVD SiNWs, and
the SiNWs have direct pathways via Si substrate allowing for efficient
charge transport. Peng and co-authors show the cross-sectional view of
electroless-etched SiNWs by Scanning electron microscope (SEM) in
Fig. 4(b), which reveals that SINWs are an integral part of the wafer
additionally transmission electron microscopy (TEM) observation con-
firms the surfaces of the SiNWs are rougher than the smooth surfaces of
SiNWs prepared by VLS-CVD and OAG-CVD methods. Fig. 4(c) shows
the bright-field TEM image of a segment of an individual SINW revealing
clearly its rough surface. The selected-area electron diffraction pattern
shows that the electroless-etched SiNW is highly single crystalline with a
[1 0 0] axial orientation. Fig. 4(d) clearly displays the rough surface
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Fig. 3. (a) Schematic of morphological changes that occur in Si during electrochemical cycling. The volume of Si anodes changes by about 400% during cycling. As a
result, Si films and particles tend to pulverize during cycling. (b) SINWs grown directly on the current collector do not pulverize or break into smaller particles after
cycling. Rather, facile strain relaxation in the NWs allows them to increase in diameter without breaking. (c) The voltage profiles for the SINWs cycled at different
currents. (d) Capacity versus cycle number for the SiNWs at the C/20 rate. (e and f) SEM image of pristine SINWs before (e) and after (f) electrochemical cycling.
Reproduced with permission from (Chan et al., 2008) Copyright 2008, Nature publishing group.

situated between the core and amorphous sheath of the SiNWs. This
surface roughness is attributed to the lattice faceting of Si during silver-
induced step-by-step HF etching. In terms of cyclic performance, the
electroless-etched SiNWs demonstrate current-potential characteristics
slightly different from those obtained with micro-structured Si anodes
and the VLS-CVD SiNWs. The current peak is notably observed at a
higher voltage, as shown in Fig. 4(e), surpassing previously reported
values. Galvanostatic charge/discharge results in Fig. 4(f) reveal both
the high capacity of SiINWs and voltage profiles similar to those of VLS-
CVD SiNWs on stainless steel substrates. This similarity could be
attributed to the formation of a solid electrolyte interface. Impressively,
the cycling stability of electroless-etched SiNWs is considerably better
than previous results. These SiNWs offer controllable conductivity and
nanometer-scale rough surfaces, features that facilitate charge transport
and the insertion/extraction of Li-ions.

In comparison to conventionally planar-polished Si wafers, anodes
made of electroless-etched SiNWs show larger capacity and longer
cycling stability, revealing their potential as anode materials for high-
performance rechargeable lithium-ion batteries. However, the integra-
tion of SiNWs electrodes into Li-ion batteries faces several significant
hurdles, as stated in various reports. These challenges include: SINWs
prepared by MacEtch retain a bulk Si wafer beneath, limited inherent
electronic/ionic conductivity, substantial volume fluctuation (~420 %),
and the progressive formation of a thick SEI film during cycling. These

issues ultimately contribute to poor cycling lifespan (Liu et al., 2015; Li
et al., 2017). To overcome these challenges, considerable efforts have
been dedicated to coating the SINWs with metal oxides and transferring
the SiNWs from bulk Si wafers to other substrates.

To overcome the aforementioned challenges, Mingyuan et al. (Ge
etal., 2012) pioneered the fabrication of porous doped silicon nanowires
by Metal-assisted chemical etching (MacEtch) method for Li-ion batte-
ries in 2012. They demonstrated the direct etching of boron-doped sil-
icon wafers to produce these porous silicon nanowires. In addition, they
used commercially available alginic acid sodium salt as a binder, which
exhibits a viscosity of 2000 cP at 2 wt%. These nanowires demonstrated
exceptional electrochemical performance and extended cycle life when
employed as anode material in lithium-ion batteries, with alginate
serving as the binder. Even after 250 cycles, the capacity remains stable
above 2000, 1600, and 1100 mAh/g at current rates of 2, 4 and 8 A/g,
respectively. This demonstrates the high structural stability due to the
high porosity and electron conductivity of the porous silicon nanowires.
Despite this success, alginic acid sodium salt has not yet been fully
explored for battery studies.

Moreover, G. Sandu et al. (Sandu et al., 2018) demonstrated a novel
electrode configuration for Li-ion batteries, employing three-
dimensional interweaving kinked silicon nanowires (k-SiNWs) inte-
grated with a Ni current collector. The scalable production of k-SiNWs
was achieved through a continuous metal-assisted chemical etching



G. Farid et al.

Arabian Journal of Chemistry 17 (2024) 105631

1.5+ —CV(l)
— O
| —CVQ3)
1.0 V)
-~ ——CV(5)
E 0.5 ——CV(6)
s
£ 004
=
<
-0.5
-1.0

0.0 0.5 1.0 1.5 20
Potential versus LVLi* (V)

2.5+ —D(1) (f)

Potential (V)
B

00 01 02 03 04_ 05 06
Capacity (mAh/em?)

Fig. 4. (a) Schematic formation of SINWs via silver-induced etching. (b) Typical cross-sectional SEM image of SiNWs arrays. (¢) TEM image of a segment of a single
SiNW produced from Si 100 wafer. (d) HRTEM image of a SINW, revealing the rough surface. (e) Typical cyclic voltammograms (CV) of an electroless-etched SiNWs
array anode from 0 to 2 V versus Li/Li* at a sweep rate of 1 mV s~ . (f) Voltage profiles of galvanostatic charge/discharge on an electroless-etched SiNWs array anode
in the voltage range of 0.1-2.0 V versus Li/Li* with a current density of 200 yA ecm~2 (Peng et al., 2008). Copyright 2008, American Institute of Physics.

process of silicon, complemented by a chemical peeling step enabling
the silicon substrate’s reuse. The kinks in the nanowires were generated
through a simple and repetitive etch-quench cycle in an etchant
composed of HF and Hy0; as shown in Fig. 5.

The high anisotropic nature of the Metal-assisted Chemical Etching
(MacEtch) process, which distinguishes it significantly from conven-
tional wet-etch methods, can be attributed to the preferential etching
along specific crystallographic axes of the silicon substrate (Peng and
Zhu, 2004; Peng et al., 2005a,b; Peng et al., 2006; Peng et al., 2007;
Peng et al., 2008a—c). In MacEtch, the anisotropy arises from the com-
plex interplay between the metal catalyst, typically noble metals like
gold or silver, and the silicon substrate. The metal catalyzes the etching
reaction, leading to the formation of metal-silicon complexes. The
selectivity of MacEtch for specific crystallographic planes, such as the (1
0 0) plane, is influenced by the surface energy and reactivity of these
planes (Peng et al., 2005a,b; Peng et al., 2008a-c). The high anisotropy
in MacEtch is a result of the differential reactivity of the crystallographic
planes. The metal catalyst preferentially binds to certain planes, pro-
moting faster etching along those planes compared to others. This
preference is due to the orientation-dependent surface energy and
chemical reactivity of the silicon crystal lattice. Conversely, conven-
tional wet-etch methods typically lack the specificity seen in MacEtch. In
conventional wet etching, the etchant reacts uniformly with the entire
exposed surface, leading to isotropic etching without a pronounced
preference for specific crystallographic orientations. In summary,
MacEtch achieves high anisotropy through the selective interaction
between the metal catalyst and specific crystallographic planes of the
silicon substrate. This unique characteristic makes MacEtch a powerful
and precise technique for creating well-defined nanostructures, such as
the kink-nanowires shown in Fig. 5.

Their findings indicate that the interconnected structure formed by
k-SiNWs and multi-walled carbon nanotubes possesses advantageous
mechanical properties, displaying a foam-like behavior that enhances
deformation during Li-insertion. Furthermore, the integration of ionic

liquid electrolyte systems with the Ni current collector helps mitigate
the adverse effects associated with Si-Li alloying reaction, leading to
remarkable cycling stability with 80 % capacity retention (1695mAh/
gSi) following 100 cycles. Notably, an areal capacity of 2.42 mAh/cm?
can be achieved at the maximum assessed thickness corresponding to
1.3 mg Si/cm?.

In 2023 A.D Refino et al. (Refino et al., 2023) synthesized a dense
monocrystalline vertical SINWs using metal-assisted chemical etching
(MacEtch) directly from a silicon wafer. Subsequently, Li metal depo-
sition was performed through thermal evaporation. Initial reactions
between Li and Si were observed in planar Si anodes, resulting in the
production of a lithiated Li,Siy phase situated between bulk Si and the
thin film of Li metal. However, the pre-lithiation process with higher Li
concentration exclusively occurred on the upper region of vertically
aligned SiNWs. This indicates that during the deposition of Li metal, the
sidewalls of the dense SiNWs were not fully covered. Notably, their
electrochemical cycling investigations have illuminated the significant
influence of Li metal exposure on the electrochemical performance of Si
anodes. In the case of planar Si, the presence of Li metal exposure led to
the generation of more electrochemically active sites that facilitate Li-Si
phase formation reaction during the de-lithiation process. Furthermore,
the accumulated Li metal acted as a reservoir to counteract severe active
lithium loss. In SiNWs, the incomplete coverage of the SiNWs forest
surfaces with Li metal during deposition resulted in a distinct lithiation
behavior compared to planar Si. This non-uniform alloying prompted
the formation of non-uniform electroactive regions, underscoring its
contributions to this distinct behavior. A subsequent post-mortem
analysis unveiled a layer-like structure at the top of the pre-lithiated
SiNWs, a feature absents in pristine SINWs. Moving forward, future in-
vestigations should be directed towards developing a technique for the
conformal coating of the SiNWs with Li. Such a method would offer
deeper insights into the essence of three dimensional pre-lithiation and
its implications on the performance of Li-ion batteries.

A.Vlad et al. (Vlad et al., 2012) present a novel method for the
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Fig. 5. Kinked SiNWs synthesis and processing. Continuous synthesis of k-SiNWs sustained by chemical peeling (a). The first step is the nanopatterning of the metal
catalyst mask, conveniently achieved by colloidal lithography with polystyrene spheres. Their diameter can be customized by reactive ion etching (1). The holey Au
mask can be obtained after the coating of the patterned Si substrate with a thin film (2) and the subsequent removal of the polystyrene spheres (3). The main
fabrication step involves etching in a solution containing HF and H,0,. The etching parameters are favorable for non—(1 0 0) etching directions. Interrupting the
etching at certain points induces changes in the etching direction and triggers the formation of kinks between adjacent segments (4). When the desired length is
achieved, the etching conditions are again modified to favor the presence of a porous segment at the base of the k-SINW’s (5). This porous segment facilitates the
separation of k-SiNWs from their Si substrate with a short ultrasonic treatment, leaving the metallic mask intact and ready for a new etching sequence (6). Dispersion
of SiNWs vs. k-SiNWs in methanol (b). Optical image of the flocculated sedimentation of k-SiNWs (c).(Sandu et al., 2018) Copyright 2018, Nature publishing group.

fabrication of roll-out Li-ion battery components derived from silicon
chips. Their process involves a continuous and repeatable cycle of
etching, infiltrating and peeling. Initially, vertically aligned SiNWs are
etched by metal-assisted chemical etching method, from recycled silicon
wafers, as shown in Fig. 6(a). These SiNWs are then embedded in a
polymer matrix that serves as both a Li-ion gel electrolyte and an elec-
trode separator as shown in Fig. 6(b). Subsequently, the entire structure

1t layer peeled “
200 pm

is peeled off, allowing for the fabrication of multiple battery devices
from the single silicon wafer. Even after undergoing multiple fabrication
steps, including silicon MacEtch, polymer infusion, and lithium-polymer
silicon nanowire (LIPOSIL) composite peeling, the mask remains intact
and continues to produce high-quality nanowires arrays as show in the
Fig. 6(c-e). The primary constraint in the current fabrication process is
the initial thickness of the Si chip. For instance, the MacEtch mask can

Fig. 6. Polymer infiltration and multi-peeling protocol. (a) Partial infiltration showing the conformal coating of single and bunches of nanowires. (b) Fully infiltrated
Si nanowires. (c) Exemplification of the multi-loop etch-infiltrate-peel protocol. Three consecutive etch-infiltrate-peeling processing loops have been performed on
the same Si chip and using the same MACE mask. (Inset) Back-side of the peeled membranes, showing the exposed nanowires for current collector contact. (d,e) Even
after several etch-infiltrate-peel steps, the MACE mask maintains its integrity and continues to provide high-quality Si nanowires arrays, (Vlad et al., 2012) Copyright
2012, proceedings of the national academy of sciences of the United states of America.
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still be utilized after delaminating four composite membranes (Fig. 6¢)
from 330 um thick Si chip. They attain an initial discharge capacity of ~
3500 mAh/g at C/20 cycling rate, where C-rate is defined as 1C equiv-
alent to a 1-hour discharge.

The capacity loss in the first cycle is ~ 1000 mAh/g, which is
attributed to the structural imperfections, unintended disruption of
electrical contact between the high aspect ratio SINWs and the thin film
current collector, and the formation of the SEI film. It’s worth noting
that the electrochemical performance is significantly impacted by the
mechanical peeling process. The process entails using a laboratory
stainless-steel blade, which is manually manipulated to crack the base of
the nanowires and remove the LIPOSIL composite. This procedure re-
sults in partial damage to the SiINWs, particularly at the peeled base, as
indicated by the presence of dusty residuals on the blade, substrate and
LIPOSIL membrane.

To enhance electrical conductivity and protect the surface of the
SiNWs against direct exposure to the electrolyte, a thin Cu layer has been
introduced on the SiNWs’ surface, as shown in Fig. 7(a), via physical
vapor deposition. This metal layer exhibits uniformity and conforms to
the entire length of the SINW (Fig. 7(b)). By precisely controlling the
growth time, it can be tailored into a porous structure consisting of
interconnected Cu grains that decorate the SINW surface. This structure
results from the electroless reduction of Cu®* ions at the surface. During
the initial stages of deposition, the SiNWs are adorned with a
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discontinuous layer of Cu nanoparticles, which then evolve into a
continuous porous network as the deposition process continues.
Extended deposition ultimately leads a thick and continuous Cu matrix
that encapsulates the SiNWs. The porous and interconnected configu-
ration of the Cu shell can be envisioned as a metallic grid enwrapping
the nanowires and electrically connected to the current collector, as
show in Fig. 7(c). This arrangement is anticipated to enhance the elec-
trochemical stability and cycling rate performance of the LIPOSIL
composite. The metallic properties of the Cu shell enhance the electrical
conductivity of the SiNWs, thereby improving charge collection effi-
ciency (Chen et al., 2011; Zhang et al., 2011; Zhang and Braun, 2012;
Farid et al., 2023). Simultaneously, the porous structure of the shell
facilitates rapid diffusion of Li" ions towards the surface of the SINWs.
This porosity also aids in preserving the structural integrity of the
SiNWs, thanks to the ductile nature of copper. Comparing this design to
the reverse configuration, where Cu forms the core and Si the shell (Cu.
core@ Si_ghel), the Sicore@ Cu.ghen design is expected to offer similar
performance with regard to charge collection efficiency. As anticipated,
the LIPOSIL composite featuring Si.core@ Cu.shel Nanowires shows
improved performance compared to the LIPOSIL composite with pristine
SiNWs, as shown in Fig. 7(d). The first discharge capacity of 3900 mAh/
g is higher than for pristine SiNWs, and the composite with Cu.gpep
nanowires is able to sustain a capacity of ~ 2000 mAh/g over extended
cycling with little capacity fading. This equates to ~ 4 mAh/cm? or ~
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Fig. 7. Improving the electrochemical performance of composite anodes through conformal copper coating. (a) Conformal Cu coating of high aspect ratio Si
nanowires with coaxial morphology through an electroless deposition protocol. (b) Snapshots at different height positions evidencing the uniform Cu coating along
the Si nanowires. (¢) Schematic representation of the Cu-wrapped Si nanowires. The Cu shell has a porous, electrically interconnected structure to allow for a faster
Li* insertion, volume expansion accommodation and efficient current collection. (d) Discharge/ charge profiles for the Si.core @ Clgne composite anodes cycled
between 1.5 and 0.02 V. (e) Capacity retention at a cycling rate of C/20 of the Si and Si_core @ Cu_shenn polymer electrolyte composite anodes. (f) Rate capability of the
Si and Si.core @ CuLghen polymer electrolyte composite anodes. The theoretical capacity of graphite is highlighted for comparison, (Vlad et al., 2012) Copyright 2012,

proceedings of the national academy of sciences of the United states of America.



G. Farid et al.

1600 mAh/cm?, placing it in competition with commercial anode for-
mulations with capacities falling within the range of approximately 3-5
mAh/cm? (Liang et al., 2019). While the initial capacity loss in the first
cycle is likely attributed to the structural imperfection and contact issues
with the thin film current collector, the composite with pristine SINWs
exhibits more noticeable degradation during cycling. The notable
improvement is clearly attributed to the enhanced conductivity
conferred by the Cu-coated SiNWs. Fig. 7(e), provides a detailed view of
the high-rate cycling results for the Si.core@ Cu.ghey) LIPOSIL and the bare
LIPOSIL composite films. A stable nominal capacity is achieved at a C-
rate of C/20. Subsequent cycling is carried out at higher current rates, as
depicted in Fig. 7(f). Remarkably, the Si.core@ Cu.shenl Nanowires in the
LIPOSIL composite outperform the uncoated nanowires by delivering
significantly higher capacity as the cycling rate increases. For instance,
at a 1C rate, the Si_core@ Cu_ghe-LIPOSIL composite exhibits a reversible
capacity of ~ 1000mAh/g, whereas the uncoated nanowires provide
around 350 mAh/g. Furthermore, the Si @ Cu.ghe composite, as
LIPOSIL, maintains its rated capacity even during operation at reduced
current rates.(Iftikhar et al., 2023) High-rate electrochemical in-
vestigations demonstrate that the Sicore@ Cu.ghe-LIPOSIL electro-
de-electrolyte composite exhibits potential as a valuable material for
high-rate electrode application. This study offers a resolution for the
management of electronic waste by offering a secondary utilization for
the silicon through the utilization of LIPOSIL anodes recovered from
discharged silicon chips at the end of their lifecycle. As shown, this idea
has proven practical in a laboratory setting and has the potential to be
economically feasible when implemented on a large scale.

It is desirable to transfer of SINWs arrays from bulk Si wafer substrate
to alternative substrates, particularly flexible ones for use in flexible
devices. Weisse and Zheng et al. (Weisse et al., 2011), have introduced
an exciting and simple method for this purpose. They achieved the
vertical transfer of SiNWs arrays with consistent lengths onto diverse
substrates by inducing horizontal crack on SiNWs. This crack formation
process involves immersing an Ag-MacEtch SiNWs sample in water and
subsequently subjecting it to Ag-assisted etching processes. The authors
proposed that the formation of these cracks is linked to the delamination
and reattachment of an Ag film during the soaking process in water.
However, it’s worth noting that this simple water-soaking crack method
is ineffective for the delaminating and reattaching the gold film. Also, it
is a very time-consuming and lengthy process. Furthermore, the expla-
nation was not clear regarding how Ag delaminated and reattached. The
cracked method simplifies the process of embedding SiNWs within
polymers and integrating them into channels. This, in turn, enables the
creation of SiNWs that possess both mechanical flexibility and scal-
ability to larger dimensions.

G. Farid et al. (Farid et al., 2022) presented for the first time, an
explanation that the oxidative dissolution of silver in hot water, facili-
tated by dissolved oxygen, crucially initiates crack formation in Ag-
MacEtch SiNWs arrays. They have developed a comprehensive
approach to rapidly induce horizontal cracks in membranes of MacEtch
SiNWs arrays using metal etchants. This method enables swift metal
dissolution, followed by spontaneous metal reformation, allowing for
the fabrication of MacEtch SiNWs. In case of Ag-assisted etched SiNWs
soaked in hot deionized (DI) water, the dissolved oxygen in the water
gradually dissolves Ag, transforming it into Ag-ions. These Ag-ions do
not persist in this state; instead, they spontaneously reform on the root
sidewall of SiNWs as Ag particles. The newly formed Ag-particles on the
root side walls of SiNWs act as catalysts for silicon etching along the
horizontal direction, resulting in the cutting of SiINWs. Simultaneously,
the undissolved Ag particles located at the base of SINWs continue to
catalyze Si etching, causing the elongation of SiNWs. This complex
process ultimately leads to the formation of cracks that run parallel to
the wafer surface across large area aligned SiNWs. It is important to note
that the dissolution rate of Ag in hot DI water (H20) is relatively slow
due to the limited presence of dissolved oxygen and the sluggish kinetics
of the oxygen reduction reaction. Consequently, crack formation in Ag-
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etched SiNWs using hot water requires a long soaking time. The oxygen
dissolved in water serves as a relatively mild green oxidant, while
hydrogen peroxide (H02) represents a potent and environmentally
friendly oxidant alternative. Indeed, H2O2 proves to be considerably
more potent oxidant compared to dissolved molecular oxygen. It ex-
hibits rapid reactivity with Ag, leading to the swift release of Ag-ions
within a matter of seconds.

The rate of oxidative dissolution of Ag by H202-H20 at room tem-
perature is approximately 100 times faster than that observed with hot
DI water during the initial stage of soaking. Inspired by the remarkable
ability of HyOo-containing DI water to dissolve Ag effectively at room
temperature, incorporating HoOo-containing DI water soaking into the
process between Ag-assisted etched steps will facilitate rapid crack
formation throughout SiNWs arrays. This approach offers the advantage
of avoiding the need for time-consuming and high-temperature soaking,
as shown in Fig. 8(a). Fig. 8(b) shows a typical SEM image of a vertically
aligned SiNW arrays on a p-Si (1 0 0) wafer. This array was obtained
through Ag-assisted etched in an aqueous HF- HyO3 solution for 30 min.
Following a 1-minute soaking in HyOg-contained DI water at room
temperature and subsequent etching in an aqueous HF- HyO» solution
for another 30 min, a uniform horizontal crack emerged between the
original upper SiNW array and the newly formed lower SiNW arrays, as
shown in Fig. 8(c). This demonstrate that the use of HyO»-contained DI
water reduces the soaking time from 3 h to just 1 min or less, effectively
initiating the formation of cracks in Ag-assisted etched SiNWs.

It’s worth noting that this uniform crack formation can be achieved
in Ag-assisted Etched SiNWs formation on Si wafer with varying doping
types and concentrations, as shown in Fig. 8(d, e). These uniform hori-
zontal cracks significantly weaken the connection between the upper
and lower SiNW array layers by partially etching the silicon that bridges
them at the location of the crack. Unlike silver, gold (Au) is highly stable
and shows minimal oxidative dissolution when exposed to both natural
and Hy0;-containing DI water during soaking. This inherent stability of
gold is the reason why cracks cannot form in Au-assisted etched SINW
when subjected to hot DI water or HyoOs-containing DI water. Wet
etching of Au plays a crucial role in microfabrication processes, and over
the past few decades, numerous Au etchants have been developed.
Aqueous Au etchants typically consists of two key components: a potent
oxidizing agent and a complexing ligand.

One of the most practical alternatives to aqua regia for Au etching is
the utilization of Hy0, in combination with an aqueous hydrochloric
acid (HCL) solution, known as HCL/H205/H20. This particular solution
is widely employed in the wet cleaning of silicon surfaces, where it
effectively removes various trace metals. The oxidative dissolution
behavior of gold in HCL/H302/H50 is analogous to that of Ag in HyO2/
H0. In this process, the dissolved gold ions do not persist in their ionic
form; instead, they reassemble as metallic gold on the silicon surface in
the form of particles. This transformation occurs as the gold ions extract
electrons from the silicon. The oxidative dissolution of Au by HoO3 in the
presence of HCl-containing DI water, followed by the reformation of Au
particles, suggests that HCL/H,045/H50 soaking between successive Au-
catalyzed etching steps of silicon leads to the desired rapid formation of
cracks in Au-assisted etched SiINW. Consequently, this process facilitates
the uniform transfer of the upper SiNW array layer onto a foreign sub-
strate, as show in Fig. 9.

The fast metal dissolution achieved through wet metal etchants
significantly shortens the soaking process, reducing it from 3 h to just 1
min or even less at room temperature. This research provides valuable
insights for fabricating cracked SiNWs arrays, focusing on simplicity and
scalability. This paves the way for the mass production of SINWs-based
fexible devices such as batteries, making them more accessible and
practical for various applications.

H. Kim et al. (Kim et al., 2013) introduced an innovative vertical
transfer technique for SiNWs grown on a silicon substrate, allowing
direct attachment to current-collecting electrode without the need for a
polymer adhesive. This advancement is specifically tailored for use as a
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Fig. 8. (a) Schematic illustration of rapidly generating horizontal crack in silver-assisted etched SiNWs by introducing silver etching in aqueous H,O solution
between two consecutive silver-assisted etching of silicon in HF—H,0, aqueous solutions. (b) Typical SEM image of SINW array on 1-10 Q-cm p-Si (1 0 0) wafer
produced by silver-assisted etching of silicon in HF—H,0, aqueous solution. (c), (d) and (e), typical SEM images of cracked SiNW array on 1-10 Q-cm p-Si (1 0 0)
wafer, 0.005 Q-cm p-Si (1 0 0) wafer and 0.008 Q-cm n-Si (1 0 0) wafer, respectively, generated by soaking silver-assisted etched SINW array in H,O, aqueous
solution for 1 min and then etching in HF—H,0, aqueous solution. All the experiments were performed at room temperature (25 °C). (Farid et al., 2022) Copyright

2022, American Chemical Society.
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Fig. 9. (a) Schematic illustration of adhesive substrate-assisted peeling off cracked metal-assisted etched SiNW array from its bulk silicon matrix. (b) and (c), SEM
images of the vertical SINW array transferred to an adhesive tape.(Farid et al., 2022) Copyright 2022, American Chemical Society.

binder-free anode in lithium-ion batteries. The vertical aligned SiNWs,
fabricated through a cost-effective, large-scale metal-assisted chemical
etching process, have been effectively transposed onto a copper elec-
trode coated with a thin layer of Silver (Ag) using a straightforward hot-

10

pressing method (Shen et al., 2023). The SiNWs arrays, oriented verti-
cally, of exhibit consistent lengths following the initial MacEtch process.
These SiNWs arrays are subsequently separated into two layers with
uniform lengths of ~ 60 um, after the first etching and 1.5 pm after the
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second etching, facilitated by the formation of horizontal cracks, as
shown in Fig. 10(a). (Weisse et al., 2012).

A closer examination, as depicted in the inset of Fig. 10(a), reveals
partial etching of the silicon material at the crack locations, resulting in
a weakened connection between the upper and lower SINW array layers.
To facilitate the transfer of the SINW arrays from the crack location, a
thin silver (Ag) buffer film was utilized as an adhesion layer due to its
ability to promote solid-state bonding (Wang and Lee, 2009; Kroupa
et al., 2012) and its fluidic mobility at elevated temperatures (Oh and
Jeong, 2012). Fig. 10(b, c) show the SiNWs after their transfer onto
copper foil coated with an Ag layer, clearly illustrating a vertically ori-
ented SiNW layer.

Notably, the upper segments of the transferred SiNWs do not
aggregate into bundles, differing from the behavior of the as-etched
SiNWs. This observation suggests that the original as-etched SiNWs on
the Si wafer primarily cluster at their uppermost sections. Consequently,
the lower part of the originally as-etched SiNWs becomes the upper
section of the transferred SINWs. The central regions of the transferred
SiNWs exhibit an upright orientation, as shown in Fig. 10(b), whereas
SiNWs at the outer edges exhibit bending at their bases (Fig. 10(c)).
Furthermore, the transfer process reveals that the SiNWs are partially
embedded within the Ag thin film layer.

In Fig. 10(d), a series of photographs illustrate different stages of the
process, including as-etched SiNWs, vertically transferred SiINWs on a
copper electrode coated with Ag, SINWs anodes prepared, and coin-type
half-cell. The SiNWs arrays produced by MacEtch process can be
seamlessly transferred in a vertical orientation onto the copper elec-
trode, achieved by utilizing a thin layer of Ag without the need for
polymer adhesives. This achievement was made possible through the
dry transfer-printing method, a crucial step in realizing Li-ion batteries.

Upon assessment as a Li-ion battery anode, without the reliance on
traditional polymeric binders or conducting additives, the vertically
aligned SiNWs that had been successfully transferred displayed
remarkable performance attributes. Specifically, they exhibited a sub-
stantial specific capacity of ~2150 mAh/g and exceptional rate

After|15t etch

\/Crack t

o'y \ AN

After'2"9 etch

Arabian Journal of Chemistry 17 (2024) 105631

performance. This success can be attributed to the simplicity and effi-
ciency of the anode manufacturing process. This streamlined approach
not only enables cost-effective, large-scale production but also holds
broad applicability, paving the way for innovative advancements in the
rational design of silicon-based electrode materials, enhancing power
density and conductivity.

In the realm of advanced energy conversion and storage, the allure of
silicon nanostructures is undeniable, presenting a pathway to a sus-
tainable future with their exceptional structural, electrical, optical, and
electrochemical properties. Amidst the various top-down approaches,
Metal-assisted Chemical Etching emerges as a transformative method,
distinguished by its cost-effectiveness, simplicity, versatility, and scal-
ability. Recent breakthroughs have elevated MacEtch to a position of
prominence, establishing it as the preferred technique for crafting
micro/nano structures endowed with remarkable electrochemical at-
tributes. These structures, meticulously tailored through MacEtch, are
poised to revolutionize energy storage applications, spanning from LIBs
to supercapacitors. We unravel the intricacies of MacEtch’s silicon
transformation and delve into the latest advancements in SiNWs,
particularly their electrochemical prowess for energy storage
applications.

4. Future prospects for SINW electrodes

The future prospects for SINW electrodes are promising, particularly
within the realm of Li-ion batteries, for several compelling reasons:

1) Rapid lithiation and delithiation: SiNWs electrodes exhibit a
remarkable ability to undergo rapid lithiation and delithiation pro-
cesses with reduce kinetic barriers, contributing to faster charging
and discharging rates in Li-ion batteries.

2) Volume expansion management: SiNWs possess the unique capa-
bility to accommodate the volume expansion that occurs during the
lithiation process. This expansion is effectively managed with the

Transferred

As-etched SiNws SINWs

(4inch Wafer)

Fig. 10. (a) Cross-sectional FE-SEM image of the as-prepared SiNW arrays with horizontal crack on Si substrate. Inset: Zoom-in image of the horizontal crack. (b)
Cross-sectional FE-SEM image of the central surface of 10 mm long SiNWs transferred onto the Ag-coated Cu electrode. (c) Tilted-surface FE-SEM image of the outer
edges of the transferred 10 mm long SiNWs. (d) Photographs of as-prepared SiNWs on Si substrate, vertically transferred SiNWs on Cu electrode, as-prepared SiNW
anodes, and coin-type half-cell (Kim et al., 2013). Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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lateral porous spaces between the nanowires, ensuring structural
integrity over repeated charge-discharge cycles.

Versatile synthesis method: The wide range of SiNW synthesis
methods available offers hope for the development of commercially
viable SiNW electrodes. These methods allow for tailoring the
properties of SINWs to meet specific Li-storage capacity and cycling
stability requirements.

Integration into existing processes: SINWs fabricated using MacEtch
process can be seamlessly integrated into existing electrode fabri-
cation processes. The SiNWs prepared by etching Si wafer substrates
can be directly cut from the etched wafer without the need for
conductive additives and binders. This approach allows for
straightforward integration, including in electronic components such
as on-chip batteries.

3

-

4

-

To fully realize the potential of SiNWs electrodes, future efforts
should prioritize the following areas of optimization:

1) Streamlining fabrication processes: Streamlining the fabrication
processes for SiNWs can help reduce complexity and cost, making
them more accessible for large-scale production.

Improving the long-term cycling stability: Improving the long-term
cycling stability of SINW electrodes is critical for their practical use
in Li-ion batteries. Strategies to mitigate capacity fading over
numerous charge-discharge cycles are essential.

Reducing manufacturing costs: Lowering the overall manufacturing
cost of SiINW electrodes will be pivotal in their widespread adoption
and commercial viability.

2

~

3

—

As our understanding of the lithiation and delithiation behaviors of
SiNWs continues to improve, it is highly likely that high-capacity SINW
electrodes will play a significant role in advancing the development of
next-generation Li-ion batteries. Their unique properties make them a
promising candidate for improving energy storage technology.

5. Concluding remarks and future perspectives

In summary, this comprehensive review thoroughly examines the
origin, mechanism, and progression of the MacEtch process applied to
silicon in an oxidizing hydrofluoric acid (HF) solution. A particular focus
is given to its application in fabricating Li-ion batteries using SiNWs.
Despite MacEtch’s extensive research history, it remains a subject of
ongoing debate within the scientific community. The electrochemical
galvanic etching process involves anodic and cathodic reactions at the
silicon surface, mediated by noble metals. However, this broad elec-
trochemical framework lacks a comprehensive understanding of the
specific mechanisms driving the etching process, necessitating further
in-depth investigations. SiNWs, produced through the MacEtch process,
show significant potential for emerging energy storage applications,
especially in Li-ion batteries. These SiNWs offer advantages such as
exceptional lithium storage capacity, stress accommodation for revers-
ible lithiation/delithiation, and rapid charge/discharge rates. This
promise is enhanced by the ability to finely control morphological fea-
tures and electrical properties. Moreover, the simplicity of the MacEtch
process makes it suitable for scalable production in various energy-
related applications.

However, the Vapor-Liquid-Solid growth method for SiNWs, despite
its progress in the context of LIBs, may face cost-related challenges due
to its high-temperature process. Additionally, SINWs’ ultrahigh surface
area can lead to substantial solid electrolyte interface formation,
necessitating controlled management. To fully unlock the potential of
SiNW anodes, simultaneous advancements in LIBs cathode technology
are crucial. A holistic approach addressing challenges in both anode and
cathode materials will be pivotal in advancing Li-ion battery technology.
The ongoing exploration and understanding of the MacEtch process,
coupled with advancements in SiNW synthesis and integration
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techniques, hold the promise of yielding even more efficient and high-
performing energy storage solutions in the future. The journey toward
superior energy storage continues, guided by a deeper understanding of
nanoscale materials and their intricate electrochemical behaviors.
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