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ABSTRACT
Silicon materials are currently being explored for usage in lithium–ion battery anodes due to their high lithium storage capacity,
but their practical application is hindered by severe volume expansion during cycling, leading to mechanical degradation and
capacity fading. This study introduces a novel two-pot method for synthesizing silicon nanoparticles (Si NPs) to address these
challenges. The method decouples precursor decomposition and nanoparticles deposition enabling in situ growth of Si NPs on
nanographite substrates. By replacing hazardous silane precursors with polyvinyl alcohol or hydrogen gas, we eliminate safety
risks while simplifying production. Scanning electron microscopy and electrochemical characterization confirm uniform Si NP
deposition. The fabricated electrodes displayed stable electrochemical performance with a capacity of 503 mAh/g after 100 cycles
in a half-cell configuration. This approach offers a safe route for producing high-performance silicon-based anodes.

1 Introduction

Silicon constitutes an important high-capacity anode material
for lithium-ion batteries and can as such play a vital role in
fulfilling the ever-increasing energy demands of the society [1].
Silicon can store far more lithium than the more conventionally
used graphite, resulting in a theoretical specific capacity of
3579 mAh/g, almost 10 times higher than that of graphite (372
mAh/g). However, its practical adoption is hindered due to
severe volume expansion (>300%) during lithiation/delithiation,
causing mechanical pulverization of the particles, loss of inter-
particle electrical contact, and continuous formation of the

solid-electrolyte interphase (SEI) layer, consequently resulting
in rapid capacity fading and deteriorating battery performance
[2, 3]. Nanostructuring silicon has emerged as a promising
solution. It has been found that silicon nanoparticles (NPs)
below a critical nanosize corresponding to a particle diameter
of 150 nm do not crack upon lithiation and delithiation, and
progress has been made in improving the stability of silicon by
decreasing the size to the critical nano-regime [4, 5]. Despite
advances in nanostructured silicon anodes (e.g., NPs, nanowires),
their industrial implementation remains limited due to complex,
energy-intensive synthesis methods that rely on sophisticated
instrumentation [6].
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The chemical vapor deposition (CVD) method is frequently used
to produce silicon NPs. In typical CVD, a substrate is exposed to
one or more volatile precursors, which react and/or decompose
on the substrate surface to produce the desired deposit [7]. The
Siemens process, a widely adopted CVDmethod, uses trichlorosi-
lane (SiHCl3) as feed gas to produce polysilicon. Similarly, silane
(SiH4)–based CVD processes are effective for depositing SiO2

and are often used in the semiconductor industry [8]. The
involvement of silane or silane derivatives as a precursor poses
high environmental and safety risks due to silane’s flammability
and toxicity and requires special handling care and expensive
instrumentation. Furthermore, this method to produce Si NPs
has a low efficiency and constitutes a noncontinuous production
process with high production costs and high energy consumption
[9–11].

As an alternative to the silane-based approaches, we previously
developed a one-pot method to successfully grow 10-nm silicon
NPs on graphene flakes using a simple thermal treatment of a
mixture of commercially available micron-sized silicon powder
and polyvinyl alcohol (PVA). The resulting composite material
displayed high capacity and promising capacity retention (455
mAh/g after 200 cycles) when used as an anode in Li-ion
batteries [12]. One hypothesis for the growth of silicon NPs is
that PVA acts as a precursor to produce intermediate gas species
which react with silicon micropowder and decompose on the
graphene surface to produce the desired silicon NPs.

In this study, we systematically investigated the gaseous com-
pounds released during the thermal heating to assess their
involvement in the formation of silicon nanoparticles (Si NPs). It
was found that the decomposition of PVA assisted the formation
of the volatile silicon-containing precursor gases that later deposit
as silicon NPs. Building on this knowledge, herein we introduce
a two-pot method that decouples precursor decomposition and
NP deposition, enabling direct in situ electrode formation. By
replacing PVA with hydrogen gas, we further simplify the syn-
thesis, improve control, and eliminate intermediate steps. This
engineered strategy circumvents silane handling, provides a safer
method for Si NP production, and enables simultaneous in situ
electrode fabrication.

2 Experimental Section

2.1 Materials andMethods

Nanographite (NG) was produced by a large-scale tube shear
exfoliation process as described by Blomquist et al. using ther-
mally expanded graphite, EXG 9840, from Graphit Kropfmühl
(Germany) as the initial material. In short, 20 g/L thermally
expanded graphite was mixed with water to a suspension and 0.4
g/L of polyacrylic acid from Sigma-Aldrich (USA) was added as
a dispersant. The pH of the suspension was 2.5. The suspension
was forced by a high-pressure pump through a 1-m long straight
tube with an inner diameter of 2mm. The suspension passed
the shear zone 10 times, subjected to shear forces from turbulent
local wall shear stress in the MPa range, causing the graphite to
exfoliate into thinner and thinner flakes for each pass. The NG
was used as a suspension without any further modification. PVA
(average molecular weight: 9000–10 000) was purchased from

Sigma Aldrich. Si powder with particle size ∼1 µm, was obtained
from VestaSi Europe AB. Copper foil (0.025-mm thickness) and
Li foil (0.2-mm thickness) were obtained from GoodFellow. LP40
electrolyte, that is, 1-M LiPF6 in a mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC) in a 1:1 volume ratio was
purchased from Sigma Aldrich.

Two-pot method: Two pots are placed in a tube furnace with
52-mm inner diameter (ENTECH (ETF)) with a predetermined
distance between the pots of 3 cm. The first pot, Pot A, is a
ceramic boat and the second pot, Pot B, is NG (1 mg/cm2) coated
onto a copper substrate. In the two-pot method with PVA as the
hydrogen source, Pot A contained a slurry mixture of micro-sized
Si and PVA in a weight ratio of 1:8. The two pots were heated to
800◦C in an inert atmosphere (N2 or Ar) and thereafter cooled
down to room temperature. In the two-pot method with H2 as a
hydrogen source, Pot A contained micro-silicon powder only, Pot
B containedNG coated on copper as described above, and the two
pots were heated to 800◦C in a mixture of H2 (3%) and Ar gas and
thereafter cooled down to room temperature.

For TGA–MS analysis, three types of samples were prepared
containing either silicon, NG and PVA mixture (25%) in water
with aweight ratio 1:2:8 Si+NG+PVA, or silicon andNGmixture
(25%) in water with a weight ratio 1:2 Si + NG, or pure PVA
powder.

2.2 Materials Characterization

The growth of the silicon NPs over the NG flakes was investigated
using a field emission scanning electron microscope (SEM) at
2 kV (FESEM; MAIA3, TESCAN). The instrument was equipped
with Oxford Instruments X max 80NT SDD Energy Dispersive
X-ray detector (X-EDS) used for EDS analysis. Simultaneous
thermalgravimetric analysis (TGA) and mass spectroscopy (MS)
was performed on the slurry mixtures of Si+NG+ PVA, Si+NG,
and PVA powder using a Netzsch STA 449 F1 Jupiter at a heating
rate of 10◦C/min under an N2/Ar(g) flow of 70 mL/min up to
800◦C coupledwith aNetzschQMS 403C for emitted gas analysis.
An empty alumina crucible was used as a reference.

2.3 Electrochemical Measurement

To perform electrochemical measurements on the two-pot syn-
thesis electrodes, the pot containing NG (Pot B) was prepared by
coating NG onto copper foil with the coating weight of 1 mg/cm2

using the doctor blade method. The coated copper foil was then
cut into circular discswith a diameter of 13mm. PotsA andBwere
subsequently placed in the tube furnace, following the two-pot
synthesis process outlined in the article. The furnace was heated
to 800◦C under an inert atmosphere. Afterwards, the circular disc
was used as the working electrode without the addition of any
binder.

Half-cells of the pouch-type format were prepared using Li metal
foil as a counter and reference electrode. The electrolyte used
was LP40, that is, 1-M LiPF6 in a mixture of EC and DEC
in a 1:1 volume ratio. Celgard 2325 was used as a separator.
The electrochemical performance of the resulting electrodes
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FIGURE 1 The experimental setup for the one-pot furnace method. A slurry mixture of Si, NG, and PVA is heated to 800◦C, and the resulting
SNGA material forms the basis of an electrode slurry [12].

after the thermal heating process was tested by galvanostatic
charge–discharge (GCD) measurements. These were conducted
at a current density of 100mA/g in a voltage range of 0–1.5 V
using a VersaSTAT 4 Potentiostat in a half-cell configuration.
The capacities and current densities were calculated based on
the weight of the active materials, that is, NG or silicon NPs
and NG. The theoretical capacity of NG is 372 mAh/g. Any
additional capacity above 372 mAh/g was therefore interpreted
as a confirmation of the presence of silicon particles condensed
onto the NG flakes.

3 Results

3.1 Furnace Methods

3.1.1 One-Pot Method

As previously reported [12], we were able to create silicon NPs
on NG flakes using the one-pot method shown in Figure 1. In
the one-pot method, a slurry mixture of PVA, silicon, and NG
was prepared. To prepare the slurry mixture, 2 g of PVA was
dissolved in 100mL of distilledwater. Then, 0.25 g of Si wasmixed
in the PVA solution using Ultra-Turrax under vigorous stirring.
Further, 0.5 g of exfoliated NG was added to the suspension
and stirred using Ultra-Turrax for another 30 min to obtain a
uniform mixture. After this, the suspension underwent stirring
and heating with a magnetic stirrer at 1200 rpm speed and
a heating temperature 90◦C until a thick slurry was formed.
The slurry was then heated in a tube furnace at 800◦C for 2 h
in a nitrogen atmosphere to form the Si-nanographite aerogels
(SNGA) [12].

During heat treatment of the mixture, a Si-nanographite com-
posite (SNGA) is formed, in which silicon is present both as
the remains of originally added microparticles and NPs. After
cooling, the SNGA is taken out from the tube furnace and further
mixed with NG and sodium alginate binder in the weight ratio
of 30:60:10 to prepare the electrode slurry. To prepare the battery
anode, a slurry is coated onto copper foil with the coating weight

of 1 mg/cm2. The coated copper foil is then cut into circular discs
with a diameter of 13 mm. These discs are subsequently used as
electrodes (anodes) in the half-cell assembly.

3.1.2 Two-Pot Method

In order to circumvent the limited cyclability of the battery anode
due to the cracking of silicon microparticles, a new two-pot
method was developed in which silicon microparticles could be
excluded from the silicon-NG composite. The two-pot method is
illustrated in Figure 2. This method was furthermore used to give
insights into how silicon powder, NG, and PVA can form silicon
NPs in the furnace. Two pots are placed in a tube furnace with
a predetermined distance between the pots. The first pot, Pot A,
is a ceramic boat containing a slurry mixture of micro-sized Si
andPVA (precursormaterial)while the secondPot B isNG-coated
onto a copper substrate. The two pots were heated to 800◦C in an
inert atmosphere (N2 or Ar) and thereafter cooled down to room
temperature and the sample (Pot B) was then brought out of the
furnace and into air and analyzed by SEM.

3.2 SEM Analysis

To determine whether Si NP formation during the furnace
process involves gasification and deposition mechanisms, a two-
pot experimental setup (Figure 2) was employed. The physical
separation of the two pots made sure that silicon species could
only be deposited onto the NG via gasification of the silicon in
Pot A and vapor-phase transport to Pot B. The content of Pot
B was investigated via SEM images and the formation of Si NP
was further verified by EDS. The SEM micrograph is depicted in
Figure 3.

The presence of NPs (white) on the NG (black) surface was
observed. To confirm that these NPs are silicon, the first step was
to determine whether the elemental composition of the substrate
and the NPs differs.
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FIGURE 2 Two-pot method that excludes silicon microparticles from the anode. Si micropowder and PVA are placed in the left pot (Pot A), and
NG on Cu foil in the right pot (Pot B). The resulting SNGA-based electrode (Pot B) is thereby formed in situ in the furnace at 800◦C.

FIGURE 3 SEM image of NPs (small white dots in the picture) on
NG flakes after utilizing the two-pot furnace method with a mixture of
silicon micro powder and PVA in Pot A and NG in Pot B. The scale bar is
the line below the micrograph.

The elemental composition of the NG and the NPs was
determined byEDS. Figure 4a presents the in-beambackscattered
electron (BSE) image, and the corresponding secondary
electron (SE) image, of an individual NP. The contrast
between the substrate and the NP suggests a difference in
their elemental composition. Figure 4b shows an EDS line
scan performed on one NP and a diagram of the average
atomic percentages of carbon, oxygen, and silicon, and
Figure 4c depicts the distribution of the elements along the
line.

The line scan confirms that the particles are composed of silicon,
verifying the successful formation of silicon NPs through this
method. The presence of oxygen suggests that the NPs are either
composed of silicon oxide already when formed in the furnace
or have developed an oxide shell around the NP due to air
exposure after the removal of the sample from the furnace. The
SEM and EDS analyses validate the formation of silicon NPs.
These results confirm that the silicon NP formation process
involves a gasification process followed by deposition. To provide
insights that can give better control over the synthesis process,
the gaseous compounds were analyzed using thermogravimetric
analysis coupled with mass spectrometry (TGA–MS).

3.3 Characterizations of Gases

TGA–MS was conducted to identify the gases released
during the thermal heating process. The study was carried
out in N2 atmosphere. The study aimed at identifying
potential silicon-containing volatile intermediates. The
focus was on masses 30–32 and 44 Da, which may
correspond to silane derivatives (SiH4, SiH3

+) and silicon
monoxide (SiO) decomposition products, respectively. These
gases may facilitate the vapor-phase deposition of silicon
NPs.

The thermal degradation and release of gaseous compounds from
the samples were studied with TGA and TGA–MS during heating
from room temperature to 800◦C in an inert atmosphere. Three
samples were studied: Si + NG + PVA, Si + NG, and pure PVA
powder. The corresponding results are shown in Figure 5, and
the probable gaseous compounds released during the thermal
heating process are listed in Table 1.

As can be seen from the TGA curves in Figure 5a, in the
Si + NG + PVA sample and the pure PVA sample, weight loss
takes place between approximately 300◦C and 450◦C. However,
there was very little weight loss in PVA-free samples Si + NG,
confirming PVA’s critical role in precursor formation. Hence, the
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FIGURE 4 (a) In-beam backscattered electron (BSE) and in-beam secondary electron (SE) SEMmicrographs taken during EDSmapping utilizing
the two-pot furnacemethodwith amixture of siliconmicropowder and PVA in Pot A andNG in Pot B. (b) Elementalmapping derived fromEDS analysis,
illustrating the atomic percentage of silicon (Si) and oxygen (O). (c) Elemental mapping derived from EDS line scan analysis of an individual particle.

TABLE 1 The most probable gaseous compounds released during the thermal heating process based on TGA–MS for samples Si +NG + PVA and
PVA.

Mass (Da) Possible compound

18, 28 H2O, N2, CO
30, 31, and 32 SiH2+, SiH3+ (silane derivatives), and SiH4 (silane), O2, C2H6 (ethane), CH3OH (methanol)
44 CO2, CH3CHO, SiO

MS measurements were performed only for the samples Si +
NG + PVA and pure PVA.

The Si + NG + PVA sample exhibits a release of masses 18 and
28 Da at approximately 300◦C; see Figure 5b. These peaks are
most likely associated with the release of water (mass 18 Da) and
carbonmonoxide andN2 (mass 28Da). This is expected since PVA
releases water in this temperature range, and the sample might
contain water residues from the slurry. Furthermore, N2 was used
as an inert gas during the thermal heating process [13].

More interesting results are depicted in Figure 5c, wherein the
Si + NG + PVA sample exhibits the release of masses 30, 31,
32, and 44 Da at approximately 300◦C, with the signal at 31 Da
being relatively small. The masses 30–32 Da are commonly
associated with silane derivatives (SiH3

+, SiH4

+), ethane (C2H6),
or methanol (CH3OH). However, silane has its two highest
peaks at 30 and 31 Da in the NIST reference mass spectrum for
pure silane, indicating the loss of two and one hydrogen atoms,
respectively, and methanol has its highest peak at 31 Da in the

NIST reference mass spectrum for pure methanol. Therefore, the
small peak at 31 Da in the Si + NG + PVA sample in Figure 5c
indicates that if silane or methanol is at all released, the amount
of these two gases is small [14].

Additionally, mass 44 Da was detected at approximately 300◦C
in both the Si + NG + PVA and pure PVA samples (Figure 5c,d).
This mass is primarily attributed to acetaldehyde, amajor decom-
position product of PVA in this temperature range but could
also indicate the presence of silicon monoxide (SiO), which is a
relevant intermediate in Si NP formation. However, SiO gas is
typically produced at much higher temperatures. This suggests
that possibly all the gaseous compounds are formed due to PVA
decomposition.

Both TGA andMS results point towards PVA’s critical role in pre-
cursor formation for silicon NP deposition. Thus, understanding
the role of PVA decomposition products is crucial to refine the
engineering process for in situ electrode formation. By designing
catalytic experiments that control the decomposition of PVA,
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FIGURE 5 (a) TGA for the samples Si + NG + PVA, Si + NG, and pure PVA. (b) Mass spectroscopy of sample Si + NG + PVA for sample masses
18 and 28. (c) Mass spectroscopy of sample Si + NG + PVA for sample masses 30, 31, 32, and 44. (d) Mass spectroscopy of sample pure PVA for sample
masses 30, 31, 32, and 44.

we can evaluate how the product of this decomposition affects
the production of silicon-containing gases and the subsequent
NP deposition. If the decomposition products are critical for NP
formation, PVA could potentially be replaced with alternative
gases. Two of the major decomposition products of PVA at
about 300◦C are acetaldehyde and ethanol, two gases which can
both produce hydrogen at elevated temperatures. It has been
shown that pyrolysis of ethanol at 450◦C to 500◦C results in
the production of mainly hydrogen (H2) and acetaldehyde, and
that acetaldehyde pyrolysis in a temperature interval around
500◦C generates mainly hydrogen, ethane, and acetone [13, 15].
The primary interest here is not to fully elucidate the reaction
mechanism but to determine the role of hydrogen rather to refine
the engineering process for in situ electrode formation. By design-
ing catalytic experiments that control hydrogen generation from
PVA decomposition, we can evaluate whether hydrogen affects
the production of silicon-containing gases and the subsequent
NP deposition. If hydrogen is critical for NP formation, PVA
could instead be replacedwith direct hydrogen introduction. This
advancement would allow for a more efficient furnace process

and support the development of an effective in situ electrode
fabrication method. In the next section, the possible catalyst
dependency on silicon NPs production will be studied to verify
the role of hydrogen in this engineered approach.

3.4 Catalytic Decomposition and Si NP
Production

The role of hydrogen formation in Si NP formation can be best
studied by its catalytic dependency. The schematic in Figure 6
shows the flow chart for the catalytic dependency of PVA
decomposition.

Generally, hydrogen can be produced by the partial dehydrogena-
tion of ethanol into acetaldehyde:

CH3CH2OH → CH3CHO +H2

6 of 11 Nano Select, 2025
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FIGURE 6 Flow chart for the catalytic dependency of PVA decom-
position.

However, by letting ethanol vapor pass over a copper-based
catalyst, this reaction occurs already at 260◦C to 290◦C in an
endothermic process [16]. Since ethanol is formed around 300◦C
during PVA decomposition, partial dehydrogenation of ethanol
into acetaldehyde can be accomplished already at around 300◦C
in the presence of a Cu catalyst. Figure 6 depicts this catalyst
dependency of PVA decomposition. Hydrogen gas could then
react further, allowing silicon NPs to be formed around 300◦C.

To confirm the copper catalyst dependency, two two-pot method
experiments were carried out at 300◦C. In the first experiment,
silicon powder and PVA mixture were kept in the ceramic boat
(Pot A) and NG coated on a silicon wafer used as a substrate
(Pot B). In the second experiment, the synthesis was performed
similarly but the silicon powder and PVA mixture were placed
on a copper foil in the ceramic boat (Pot A). The silicon wafer
with NG was taken out from the furnace after the reaction and
analyzed by SEM. The SEM images of NG-coated silicon wafers
from both experiments are shown in Figure 7a,b. While the
sample without the copper catalyst (Figure 7a) does not show any
silicon NPs, the samples with copper catalyst (Figure 7b) display
silicon NPs. Thus, the SEM analysis emphasizes the catalyst
dependency, and the role of copper in the reaction is verified.

The synthesis was also run according to the above-mentioned
experimental setup but at 500◦C. The SEM images of the samples
without the copper catalyst (Figure 7c) and with the copper
catalyst (Figure 7d) both show the presence of silicon NPs, but
the sample with the copper catalyst exhibited a greater number
of silicon NPs. The experiments indicate that Si NP formation is
enhanced by increasing the amount of hydrogen available in the
reaction system. This catalytic approach demonstrates hydrogen’s
key role in silicon NP formation.

3.5 Hydrogen Gas as a Source for Intermediate
Gas Formation

Building on our previous experiments that demonstrated hydro-
gen’s key role in Si NP formation, we further modified the
two-pot experiment. In this setup, hydrogen gas was used directly
as the precursor rather than relying on PVA-derived hydrogen.
The experiment was conducted in accordance with the two-
pot experiment at 800◦C where Pot A contained only silicon
micropowder and Pot B contained NG on a Cu foil serving as
substrate. Three percent H2 gas was mixed in the Ar flow and was
flushed into the furnace. The sample was thereafter brought into
the air and subsequently analyzed by SEM and EDS. Figure S1 in
the Supporting Information describes the experimental setup.

The SEM and EDS images of samples from the above-mentioned
experimental setup are depicted in Figure 8. The SEM image in
Figure 8a displays the presence of NPs over the NG flakes. To
verify that these NPs are of silicon, an EDS analysis was done
on the SEM image shown in Figure 8b and the corresponding
EDS spectrum is shown in Figure 8c. The EDS analysis shows
the presence of carbon, silicon, and oxygen. The presence of
oxygen in the sample indicates that the particles are either made
of silicon oxide or that an oxide shell is formed around the
NPs due to the exposure to air after the removal of the sample
from the furnace. These experimental findings demonstrate that
hydrogen can facilitate the formation of silicon-containing gases,
ultimately leading to the deposition of Si NPs on theNG substrate.
These findings open up the possibility of fabricating in situ
electrodes by heat treatment of silicon powder and hydrogen
gas.

3.6 Electrochemical Analysis

Electrochemical characterizations were performed to determine
the presence of siliconNPs formed via gasification and deposition
and to benchmark the potential of using the fabricated electrodes
in Li-ion cells. If the silicon NPs are formed over the NG electrode
via deposition, this should be observed using cyclic voltammetry
(CV) and GCD. For CV and GCD tests, the electrodes were
prepared using the two-pot method at 800◦C with either PVA
or H2 gas as a precursor. Photographs of the electrode before
and after thermal treatment with hydrogen gas as a precursor
are shown in Figure S2 (Supporting Information). The color of
the electrodes changes slightly due to the heat treatment, but
the shape of the discs remains intact. The CV curves obtained
in half-cell formats were compared with the respective curves of
half-cells using neat NG as a working electrode and are depicted
in Figure 9 and Figure S3 (Supporting Information).

Figure 9a,b shows the CV curves of half-cells for the first four
cycles utilizing electrodes prepared at 800◦Caccording to the two-
pot method with PVA as a precursor and with H2 as a precursor,
respectively. In the first cycle, a cathodic peak is observed from
0.78 to 0.5 V for both the half-cells. This peak is attributed to
the formation of a SEI layer. From the second cycle onwards,
a reduction peak can be observed between 0 and 0.2 V, which
corresponds to the reaction associated with the lithiation of
Si. There is also an obvious oxidation peak observed at 0.3 V
corresponding to the delithiation of the Li–Si alloy [12]. The CV
curves from the above-mentioned half-cells were compared to the
CV curves of half-cells containing only NG as an active material
(see Figure S3). In the first cycle of the neat NG sample, the
cathodic peaks for the NG electrode are observed between 1.5 and
0 V. The peak around 0.6 V in the first cycle can be attributed
to the formation of an SEI layer [17]. From the second cycle
onwards, cathodic peaks are only observed between 0.1 and 0 V.
These correspond to a lithiation reaction of NG and the formation
of an intercalation compound, while the anodic peak observed
around 0.3 V corresponds to the delithiation reaction of the Li–C
compound [18, 19].

A distinct difference between the CV curves of the NG electrode
and the other two electrodes prepared with the two-pot method
appears during the third and fourth cycles of the cathodic peak.
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FIGURE 7 SEM micrographs indicating the effect of Cu catalysis. (a) Sample without Cu catalyst heated to 300◦C; (b) sample with copper foil
catalyst heated to 300◦C; (c) sample without Cu catalyst heated to 500◦C; (d) sample with copper foil catalyst heated to 500◦C.

FIGURE 8 (a) In-beam secondary electron (SE) SEM micrographs taken during EDS mapping of the fabricated electrode prepared with the two-
pot method and using H2 as a precursor. (b) Elemental mapping derived from EDS analysis, illustrating the atomic percentage of silicon (Si) and oxygen
(O). (c) Elemental mapping derived from EDS line scan analysis of an individual particle.
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FIGURE 9 (a) CV curves of half-cells prepared according to the two-potmethodwith PVA precursor. (b) CV curves of half-cells prepared according
to the two-pot method with H2 precursor.

For the electrodes with PVA or H2 precursor, a slight cathodic
peak appears between 0.3 and 0.2 V during the second cycle.
This peak increases gradually in the following cycles, indicating
that the electrode is gradually activated. However, no such peak
is observed for the NG electrode [19]. This extra peak is likely
associated with the lithiation reaction of silicon. The CV has thus
shown a distinction between the NG electrode and the other two
electrodes synthesized through the two-pot method.

To further investigate the performance of the silicon deposited
electrode, GCD characterization was done for both half-cells
utilizing electrodes prepared with the two-pot method using H2
precursor and using PVA as a precursor. Reversible capacity was
calculated by normalizing the measured discharge capacity to
the mass of the active material. For our experiments, the active
material loading level was approximately 1 mg/cm2.

Figure 10 presents the specific discharge capacities for electrodes
prepared with either precursor at a current density of 100 mA/g.
The half-cells based on the two-pot synthesis using PVA show
a capacity of 527 mAh/g during the first cycle. This capacity is
considerably higher than the NG electrode (325 mAh/g) for the
first cycle [12]. The additional capacity of 202mAh/g thus strongly
indicates the electrochemical activity of the silicon NPs that
were condensed over the NG flakes. The capacity then gradually
decreases during the subsequent cycles (being 457 mAh/g for the
20th cycle) but remains quite stable somewhat later (408 mAh/g
for the 97th cycle). Compared to the capacity of an NG electrode,
it appears that silicon still contributes to the capacity for the
97th cycle. This additional capacity corresponds to about 3% of
the total theoretical silicon capacity (3500 mAh/g), if considering
that all graphite capacity (310 mAh/g) is utilized. For the 100th
cycle, the capacity drops to 301mAh/gwhich is comparable to the
capacity of only the NG electrode. This indicates that only NG is
contributing to the battery capacity after 100 cycles.

In contrast, the half-cells synthesized using the two-pot method
with H2 were extremely stable, even after 100 cycles. The specific
charge capacity was 417 mAh/g at a current density of 600 mA/g

FIGURE 10 Specific discharge capacities of electrodes prepared
according to the two-pot method using PVA or H2 gas, for a current
density of 100 mA/g.

during the first cycle (Figure S4, Supporting Information) and
remained very stable after 100 cycles. The specific discharge
capacity was 512 mAh/g (at a current density of 100 mA/g)
for the first cycle, remaining exceptionally stable at 503 mAh/g
after 100 cycles. The additional capacity contribution in the
battery capacity for the 100th cycle suggests that silicon is
electrochemically active and stable, which further strengthens
the claim about silicon NP formation via a deposition process.
To further investigate the stability of the electrode, the charge
and discharge profiles for half-cells utilizing electrodes prepared
with the two-pot method using H2 precursor were analyzed. The
results are depicted in Figure 11.

The charge and discharge profiles of the electrode exhibit stable
voltage plateaus over multiple cycles, indicating a smooth and
reversible lithium intercalation process. The consistency in the
plateau also suggests minimal electrode degradation throughout
the cycling. Additionally, it indicates the formation of a stable SEI,
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FIGURE 11 (a) Charge profiles of electrodes prepared according to the two-pot method using H2 gas as a precursor at a current density of 600
mA/g for 7th, 28th, and 40th cycles. (b) Discharge profiles of the electrodes at current density of 100 mA/g for the 7th 18th, 28th, and 40th cycles.

which is vital for the long-term endurance of lithium-ion batteries
[20].

The electrochemical analysis thus validates that the proposed
novel two-pot synthesis technique to create silicon NPs from
silicon powder and either PVA orH2 results in functional lithium-
ion battery electrodes. The initial electrochemical measurements
(Figure 9) indicate that the sample made with the two-pot H2
precursor method exhibited a considerably more stable battery
capacity than the sample made with the two-pot PVA precursor
method. This could be due to the formation of unwanted residual
products from the PVA decomposition route that influence the
electrochemical performance.

4 Discussion

In our engineered process, hydrogen plays a pivotal role by
reacting with silicon powder to form these volatile intermedi-
ates. Although the complete reaction mechanism is still under
investigation, our catalytic studies investigation indicates that
the decomposition of PVA that releases hydrogen is crucial to
form volatile intermediates. This insight helps to explain the
stable performancewhen hydrogen is directly introduced into the
process.

Some of the drawbacks of silicon NP production using com-
mon CVD techniques such as the Siemens process include low
efficiency, high production costs, and high energy consumption
[21]. Other chemical processes have been developed, but these
process methods also consume a lot of energy and/or pose
high safety risks and require special handling care. The two-pot
furnace method introduced in this paper has the advantage of
producing silicon NPs already at relatively low temperatures in
a process where the precursor gas is intrinsically formed, thus
reducing safety risks. The ratio of silicon to graphite/graphene
in the as-produced electrode is however limited by the pro-
posed process method in which silicon NPs are grown on
top of the graphite/graphene layer. On the other hand, the
instrumentation requirements are quite simple and inexpensive.
In practice, one could imagine a process step where silicon
evaporation and NP deposition are integrated with the drying of
the graphite/graphene layer coated on top of the copper foil in the

lithium–ion battery anode production line. Thereby, a promising
strategy for engineering Si-containing electrodes, which display a
stable electrochemical performance, can be envisioned.

5 Conclusions

The gaseous compounds identified in TGA–MS analysis and cat-
alytic decomposition highlight the critical role of PVA breakdown
in forming NPs. This process generates reactive byproducts that
degrade at about 500◦C, releasing hydrogen gas, which subse-
quently reacts with silicon micropowder to produce a precursor
gas. Building on this, the two-pot method was introduced, which
decouples precursor decomposition (Pot A) and NP deposition
(Pot B), enabling direct in situ electrode formation. By replac-
ing PVA with hydrogen gas, this strategy simplifies synthesis,
enhances control, and eliminates intermediate steps, while cir-
cumventing hazardous silane handling. Electrodes fabricated via
this approach demonstrated 503 mAh/g capacity retention after
100 cycles in half-cell tests. This engineered method offers a safer
route for silicon-based anode production.
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