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Designing a Silicon-Dominant Anode with Graphitic
Carbon Coating from Biomass for High-Capacity Li-Ion
Batteries
Siri Gani,* Axel Schönecker, Esmaeil Adabifiroozjaei, Leopoldo Molina-Luna, Elias Vollert,
Vittorio Marangon, Dominic Bresser, Anke Weidenkaff, Magdalena Graczyk-Zajac,
and Ralf Riedel

Silicon-carbon (Si/C) composites are extensively studied as anode
materials for lithium-ion batteries (LIBs), with carbon typically
sourced from biomass precursors or petroleum byproducts to
produce amorphous and graphitic carbon, respectively.
However, the use of iron salt as an “activator” to induce graphiti-
zation in combination with silicon remains unexplored. In this
study, biomass-derived carbon is graphitized using an Fe salt
activator to evaluate its effectiveness as a silicon coating for
high-capacity anodes. Structural analysis via X-ray diffraction,

Raman spectroscopy, and transmission electron microscopy
reveals the formation of graphite, predominantly in the form
of carbon nanotubes. Electrochemical performance is assessed
in both half-cell and full-cell configurations, demonstrating the
presence of “activated” graphite enhances reversible capacity,
electronic conductivity, and cycle life. These findings highlight
low-temperature Fe-assisted graphitization of biomass-derived-
carbon as a promising approach for developing high-perfor-
mance LIB anodes.

1. Introduction

The rapid advancements in portable electronic devices, such as
smartphones and laptops, alongside the burgeoning growth of
electric vehicles (EVs) as a pivotal strategy against climate change,
have resulted in a surge in demand for lithium-ion batteries
(LIBs).[1] While graphite has long been the anode material of

choice for LIBs, its intrinsic capacity of 372 mAh g limits its poten-
tial for applications that demand higher energy storage perfor-
mance.[2] Consequently, there is a concerted global effort to
identify and develop alternative anode materials with superior
energy densities. Among the candidates, silicon stands out as
a promising anode material due to its extraordinary theoretical
electrochemical specific capacity of 3579mAh g—over 10 times
that of graphite.[3–9] Beyond its impressive capacity, silicon is
abundant, being the second most prevalent element in the
Earth’s crust, and has a relatively low-cost, making it a favorable
choice from both economic and supply chain perspectives.[10]

Despite these advantages, less than 10 wt% silicon is used in
commercial LIB anodes, although this figure is anticipated to
rise to 10%–20% by 2025.[11] The commercialization of silicon-
dominant (>50%) anodes remains challenging due to significant
drawbacks such as silicon’s inherently low electronic conductivity
(�10�3 S cm)[12,13] and its extensive volume expansion (>300%)
during lithium alloying.[14] The low conductivity of silicon
hampers lithium-ion diffusion, while the substantial volume
changes lead to particle pulverization and instability in the solid-
electrolyte interphase (SEI).[15,16] To address these challenges, sev-
eral strategies have been developed. One approach involves
nanosizing silicon particles to below the critical threshold of
150 nm, thereby mitigating volumetric fluctuations and enhanc-
ing lithium diffusion rates.[17,18] Another strategy focuses on the
development of silicon-carbon composites, incorporating mate-
rials like carbon nanotubes, graphene, and graphite to stabilize
the structure and improve the electronic conductivity of
silicon.[19–23] While nanosized silicon effectively manages volume
expansion, its production is costly and energy-intensive.
Conversely, micrometer-sized silicon (μSi) is more affordable, with
costs comparable to that of graphite.[3,24–26] Thus, further research
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is essential to optimize the use of μSi with a protective carbon
layer, aiming to achieve high capacity at a competitive cost level.
Currently, there has been a plethora of research on Si/C compo-
sites, and with the need for sustainability, biomass as a carbon
precursor has come into spotlight, as it is widely available, cheap,
and environmentally friendly.[27–30] This study focuses on the
behavior of the Si/C composite with biomass as a carbon precur-
sor and in the presence of a catalyst.

Carbon coating materials used in LIBs can be broadly catego-
rized into two types: soft carbons (graphitizing) and hard carbons
(non-graphitizing). Soft carbons, derived from precursors like
pitch and petroleum coke, can be graphitized at temperatures
exceeding 2000 °C.[31] Due to their ability to form crystalline
graphite, soft carbon precursors are predominantly used as
anode materials in LIBs. However, the high temperatures required
for graphitization are energy-intensive and contribute to environ-
mental degradation and greenhouse gas emission.[32] In contrast,
carbons obtained from biomass precursors are typically amor-
phous, classified as hard carbons, and remain nongraphitizable
even when subjected to extreme temperatures as high as
3000 °C.[33] A pathway for graphitizing hard carbons is the addi-
tion of transition metal salts (Fe, Ni, and Co salts) as “graphitiza-
tion activators.”[34–39] By this method, amorphous carbon can be
transformed to crystalline graphite at temperatures above
700 °C.[40] Therefore, there is a growing need to develop graphite
from a sustainable source such as biomass due to their worldwide
abundance, ease of processing and low cost.[41,42] Across the
literature, activated graphitization using a variety of transition
metal salts, operated at a range of temperature, is reported.[43,44]

Frankenstein et al. investigated the impact of different iron salts
on the activation of carbon and reported that pure Fe metal is
best suitable for inducing graphitization as Fe is in its reduced
form and mobile to move through amorphous carbon.[44] He also
studied the effect of concentration of Fe salt in “activating”
carbon.[34] His studies concluded that the degree of graphitization
increases with an increase in temperature and the concentration
of Fe salt. Most of the research conducted on inducing

graphitization in carbon obtained from biomass focuses on car-
bon anode.[45–47] However, the influence of Si as the active mate-
rial with this type of “activated” graphite as the protective layer is
less explored. Building on the well-established capacity enhance-
ments achieved through silicon integration, this study further
investigates the impact of “activated” graphite carbon-coated sil-
icon as an anode material. Understanding this effect is crucial for
advancing the development of more sustainable Si/C anodes
with higher capacities for lithium-ion batteries.

In this study, we demonstrate the performance of silicon
dominant anode with “activated” graphite as a protective layer
in LIBs. Microporous silicon was employed as the active electrode
material, while cellulose, a biomass precursor, served as the car-
bon source. The cellulose underwent change in carbon structure
from amorphous to graphitic carbon through the addition of iron
nitrate nonahydrate as an “activator.” The resulting graphitic car-
bon coating enhances the material’s reversible discharge capac-
ity, thereby improving both the efficiency and cycle life of the
anode. Additionally, this approach contributes to higher rate per-
formance, further boosting the overall performance of the silicon-
based anode.

2. Results and Discussion

2.1. Structure of the Si/C Composites

The crystalline phases of the synthesized composites were inves-
tigated through X-ray diffraction (XRD) measurements, as illus-
trated in Figure 2, S1, and S2, Supporting Information. Figure 1a
displays the XRD patterns for the various samples (Si, p_Si/C,
p_(G)Si/CþFe, p_(G)Si/C), all exhibiting sharp reflexes at 13°,
21°, 25°, 30°, 33°, 37°, and 39°. These reflexes correspond crystal-
line silicon, indicating that the silicon’s crystallinity was preserved
during pyrolysis. The intensity of the Si reflections is significantly
higher than that of carbon because of the high amount of Si pres-
ent in the composite (silicon-dominant anode material). The inset

Figure 1. X-ray powder diffraction patterns of Si, p_Si/C, p_(G)Si/CþFe, and p_(G)Si/C. a) Carbon peaks identified with star. b) Fe peaks identified with
circle.
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of Figure 2b focuses on the carbon peaks of the samples.
The peak at 10° arises only in the presence of the “activator”
which suggests the formation of rotationally arranged graphite.
The absence of peak at 12.1° in p_Si/C confirms that it remains
amorphous, while the presence of the peak in p_(G)Si/CþFe
and p_(G)Si/C indicates that iron acts as an activator for graphiti-
zation. Notably, the graphitic peak of p_(G)Si/CþFe and p_(G)Si/C
shifts to a lower angle (11.9°) compared to commercial graphite
(12.1°). The interplanar distance, calculated using Bragg’s equa-
tion (nλ=2d sinθ) is found to be 0.342 nm. This value suggests
graphitization and formation of turbostratic carbon, characterized
by rolled out graphene layers, hinting toward formation of carbon
nanotubes (CNTs).[34,38,48] The CNTs are further discussed in TEM
section. The degree of graphitization, calculated by the equation,
g= 0.344-d(002)/0.086, was determined to be 21% and the remain-
ing 79% is amorphous carbon.[33] The additional reflections
present in Figure 2b for the graphitized carbon-coated silicon
anode are arising from Fe. After the leaching step, the intensity
of the Fe-related peaks diminishes, indicating a partial removal
of Fe. However, since some Fe reflections are still present in
p_(G)Si/C, further research is required to achieve complete
removal of the metal.

Figure S1, Supporting Information, presents the XRD patterns
for different concentrations of Fe salt in combination with the
Si/C composite. At 10 wt% Fe salt, no distinct peaks were found,
indicating that the carbon remains amorphous at this concentra-
tion. However, a broad peak corresponding to carbon at 11.9°
(002 plane) becomes evident in the presence of a 20 wt% Fe salt
concentration, indicating the successful conversion of amor-
phous carbon into graphitic carbon. Hence, a 20 wt% Fe salt
concentration was selected for further analysis, and all subse-
quent results pertain to this concentration. Figure S2,
Supporting Information, shows minimal structural changes in
the p_(G)Si/CþFe samples with further increases in temperature
up to 1000 °C. Thus, 800 °C was selected as the optimal tempera-
ture for the pyrolysis of the samples.

Raman spectroscopy was conducted to assess the graphitic
structure of the carbon materials. The Raman spectra in
Figure 2a, spanning the range of 1000–3000 cm�1, focuses on

the characteristic carbon bands. The three prominent peaks
located at 1350 cm�1 (D band, indicative of disordered carbon),
1620 cm�1 (G band, associated with ordered carbon), and
2700 cm�1 (2D band, related to the stacking order of graphene
layers) confirm the presence of carbon.[49] The relative intensities
of the D and G bands, represented by the ratio ID /IG serve as a
metric for the degree of graphitization. These intensities are
obtained after fitting the Raman data in Figure S3, Supporting
Information. Specifically, an ID /IG >1 signifies a high degree of
disorder within the carbon structure, while an ID /IG <1 indicates
a more ordered carbon framework.[50] For the p_Si/C material, the
D band is notably broad and exhibits higher intensity than the
G band, highlighting the amorphous nature of the carbon.
Conversely, in the presence of an “activator,” the G band intensity
increases relative to the D band, accompanied by narrowing of
the G band’s width. This shift suggests the formation of graphitic
carbon within the material.

The degree of graphitization (DoG) and the crystallite size (La)
were calculated using Equation (1) and (2).[51] The DoG increased
by 22% (from 33% for p_Si/C to 55% for p_(G)Si/C), and it remains
unaffected by the leaching process. These findings are consistent
with those obtained from the XRD analysis. The narrowing of G
band aligns with an increase in La from 6.12 for p_Si/C to 8.34 nm
for p_(G)Si/CþFe which validates the conversion of carbon.
Similar values were observed by Amel et al. for growing graphene
from biochar.[52] Furthermore, the I2D /IG ratio offers critical
insights into the nature of the graphitic material, particularly con-
cerning the number of graphene layers and the stacking order.
For both p_(G)Si/CþFe and p_(G)Si/C, the I2D /IG ratio is less than 1,
implying the presence of multilayer graphene structure.

DoG ¼ IG
ID1 þ IG

(1)

La ¼ 2.4.10�10:λ4
IG
ID1

� �
(2)

Nitrogen physisorption data of all anodes shown in Figure 3b
belong to a hybrid of type II and type IV isotherms with hysteresis

Figure 2. a) Raman spectra of p_Si/C, p_(G)Si/CþFe, and p_(G)Si/C from 1000-3000 cm�1 highlighting only carbon peaks. b) Nitrogen adsorption isotherms
of Si, p_Si/C, and p_(G)Si/C.
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loop.[53] The hysteresis loop for p_(G)Si/C is a hybrid of H2 and H3,
attributing to narrow pore heads and large cavitation holes.[54]

The increase in N2 consumption at higher pressures is an
indication of macrospores in all of the anodes. Along with this,
mesopores are also formed which is seen by the capillary conden-
sation. The specific surface area (SSA) of bare Si amounts to
4.4 m2 g. With the addition of carbon, the SSA increases to
43m2 g in p_Si/C due to the formation of pores during decom-
position of cellulose to form porous carbon. The SSA of p_(G)Si/C
after the leaching step increases to 51.2 m2 g. This increase is
related to the generation of new pores due to removal of Fe
particles.[46]

The weight percentages of carbon and iron (Fe) were deter-
mined through elemental analysis, while the silicon (Si) content
was calculated as the remaining fraction. Initially, Fe was intro-
duced at 6 wt%, of which 2 wt% remained after the leaching pro-
cess. Elemental analysis of the silicon–carbon composites (p_Si/C
and p_(G)Si/CþFe) measured an initial 18 wt% carbon composi-
tion, confirming the silicon-dominant nature of the material
(76 wt% Si). After leaching, the carbon content increased to
20 wt%, while the Si content adjusted to 78 wt%, further validat-
ing the material’s composition and removal of Fe. All relevant
parameters are summarized in Table 1.

The scanning electron microscopy (SEM) image of bare/
uncoated porous silicon is seen in Figure 3a. The morphology
of carbon coated silicon with (p_(G)Si/CþFe, p_(G)Si/C) and with-
out (p_Si/C) the “activator” is similar, and the images showcase
that carbon is well dispersed on the silicon surface, through
Figure 3b–d. The EDAX results in Figure S4, Supporting
Information, support the uniform distribution of carbon on silicon
and the amount of iron (Fe) retrieved after leaching (2.81%) listed
in Figure S5, Supporting Information, matches the analysis from
elemental analysis. The high-resolution transmission electron
microscopy (HRTEM) images in Figure 4a,b clearly show the sili-
con particles embedded in carbon matrix. The curved pattern
seen in Figure S6, Supporting Information, features the “activator”
enclosed in carbon shells.[55] The formation of rounded carbon is
proof of turbostratic carbon with multiple layers of graphene.
Under heat treatment, the “activator” travels through amorphous
carbon and precipitates as graphitic carbon and in the process
forms multiwalled CNTs (MWCNTs).[56]

2.2. Electrochemical Performance

The electrochemical performance of bare silicon (Si) and carbon-
coated silicon composites (p_Si/C and p_(G)Si/C) is presented in

Figure 3. SEM images of a) bare Si, b) p_Si/C (before graphitization), c) p_(G) Si/CþFe (after graphitization), and d) p_(G)Si/C (after leaching).

Table 1. Physical and structural properties of bare Si and carbon coated Si.

Sample ID /IG DoG La [nm] I2D /IG BET [m2/g] C [%] Fe [%] Si [%]

Si – – – – 4.4 – – 100

p_Si/C 1.14 33% 6.12 – 43.7 18 – 82

p_(G)Si/CþFe 0.84 55% 8.34 0.87 – 18 6 76

p_(G)Si/C 0.87 55% 7.93 0.65 51.2 20 2 78
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Figure 5a). Due to the significant volumetric changes of silicon
during lithiation and delithiation, reaching up to 300%, the capac-
ity is limited to 1000 mAh g to reduce the stress on silicon.[26] This
capacity remains higher than that of graphite (372mAh g).[57] As
shown in Figure 6a, all anodes exhibit a stable gravimetric capac-
ity of 1000 mAh g. However, the bare Si anode requires multiple
cycles to reach the maximum capacity, whereas p_Si/C and p_(G)
Si/C achieve their full capacity more rapidly. This behavior is
attributed to the expansion of silicon, which progressively
exposes more active material to the electrolyte, leading to addi-
tional solid electrolyte interphase (SEI) formation and a subse-
quent drop in efficiency.[13] This trend is further reflected in
Figure 5b, The initial coulombic efficiency (ICE) values are
80.97% for Si, 62.41% for p_Si/C, and 61.24% for p_(G)Si/C.
These ICE values correlate with the specific surface area (SSA)
of the materials, as detailed in Table 1. Bare Si, with an SSA of
4.4 m2 g, exhibits the highest ICE, while p_Si/C (43.7 m2 g) and
p_(G)Si/C (51.2 m2 g) display lower ICE due to their higher SSA.
A larger SSA provides more active sites for lithium-ion trapping
during SEI formation, leading to increased lithium consumption
and reduced ICE.[58] Notably, p_(G)Si/C demonstrates the highest
long-term stability and efficiency, with a final coulombic effi-
ciency of 99.5%, indicating a more robust SEI and improved
lithium-ion accessibility compared to the other anodes.[23] The
graphitized carbon enhances elasticity, while the amorphous car-
bon provides mechanical strength, effectively maintaining the
structural integrity of the composite throughout cycling.

Figure 5c shows the voltage profiles of the first cycle for all
anodes (Si, p_Si/C, p_(G)Si/C). For the Si anode, lithiation begins at
around 1.0 V, leading to phase transformations and the formation
of Li-rich phases, with crystalline Si converting to amorphous Si at
lower voltages.[13] The Si anode exhibits a sharp voltage drop as
lithium is rapidly inserted, whereas p_Si/C and p_(G)Si/C show
more gradual curves due to the distributed lithiation across both
silicon and carbon components. The initial specific discharge
capacities of p_Si/C and p_(G)Si/C are lower than that of bare
Si, as the SSA is larger for carbon coated composites compared
to that of Si. During the discharge process, the curvature at 0.3 V
and 0.5 V stems from the de-alloying mechanism of lithium from
LixSi phase.

Figure 5d highlights the rate performance of Si, p_Si/C, and
p_(G)Si/C. The C-rate is indicated for each step to provide a clear
understanding of the performance at varying discharge rates
while fixing a constant C-rate for charging. The carbon-coated
p_Si/C and p_(G)Si/C anodes exhibit superior performance com-
pared to bare Si at higher C-rates of 2C, 3C, and 4C. This perfor-
mance decline at higher C-rates is attributed to the kinetic
limitations of lithium-ion diffusion, as reduced charge/discharge
times limit the interaction between lithium ions and the active
material. Despite this, all anodes demonstrate strong structural
integrity. Importantly, p_(G)Si/C achieves the highest specific dis-
charge capacity at 4C, reaching 300mAh g, which corresponds to
30% of its initial capacity (1000mAh g). This superior perfor-
mance is credited to the extensive interconnected silicon–carbon

Figure 4. HRTEM images of a,b) p_Si/C (before graphitization) and c,d) p_(G) Si/CþFe (after graphitization, without leaching).
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network that enhances electronic and ionic conductivity, facilitat-
ing efficient electron transport from each silicon particle.[59]

Additionally, the porous carbon structure improves lithium-ion
diffusion by facilitating better electrolyte infiltration, further opti-
mizing performance.

The cycle life performance of the anodes is illustrated in
Figure 5e. It is evident that the capacity of the bare Si anode dete-
riorates beyond 200 cycles, whereas the anodes incorporating
carbon maintain a stable capacity. Figure 5f presents the voltage
at different cycles. After 200 cycles, the bare Si anode reaches a
low voltage of 0.01 V, while the p_Si/C and p_(G)Si/C anodes
maintain voltages above 0.06 V. This indicates that in the bare

Si anode, all the silicon is fully utilized, preventing further cycling.
In contrast, the presence of carbon in the p_Si/C and p_(G)Si/C
anodes ensures the availability of silicon, allowing for extended
cycling stability.

Based on half-cell evaluations, the anodes follow the order of
p_(G)Si/C > p_Si/C > Si in terms of cycle life and conductivity,
highlighting the advantages of graphitized carbon in stabilizing
silicon-based anodes for high-performance lithium-ion batteries.

To further assess the electrochemical performance of the ano-
des, full cells were assembled using the anodes paired with NMC
cathodes, with a voltage window set between 3.0 and 4.0 V.
The n/p ratio was chosen to be less than 1 (close to 0.99) to

Figure 5. Half-cell cycling performance of Si, p_Si/C, and p_(G)Si/C. a) Specific gravimetric capacity. b) Efficiency after formation cycles. c) Galvanostatic
charge/discharge profiles of first cycle at 0.2 C-rate. d) Rate performance at various C-rates displaying specific discharge capacity curves. e) Long cycle life.
f ) Voltage at the end of cycling for all anodes.
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account for the irreversible capacity losses associated with the SEI
formation during the first cycle. The specific capacity is calculated
based on the mass loading of the cathode. The discharge capaci-
ties of the cathodes paired up with Si, p_Si/C, and p_(G)Si/C
are presented in Figure 6a. During initial testing at C/10, the
Si, p_Si/C, and p_(G)Si/C cells exhibited first-cycle specific charge
capacities of 168mAh g, 167mAh g, and 167mAh g, respectively,
with corresponding discharge capacities of 122mAh g,
106mAhg, and 105mAh g. The observed initial capacity losses
are attributed to irreversible Li-ion insertion during the formation
of the SEI layer, resulting in capacity loss. The capacity of Si anode
fades rapidly as Si is continuously exposed after each cycle. The
slight improvement in the capacity of p_(G)Si/C is due to the for-
mation of ordered graphite, which enhances ion transport between
the two electrodes. As depicted in Figure 6b, the efficiency of the
full cells closely mirrors that of the half cells, indicating minimal side
reactions in the full cell configuration. The ICE for Si, p_Si/C, and
p_(G)Si/C are 72%, 63%, and 62%, respectively. The ICE of Si in a
full-cell setup is lower than that of half-cell, which exhibits that there
are unwanted side reactions when bare Si is used as an anode.

The cycle life, evaluated in terms of capacity retention (CR)
after the formation cycles (starting from the 5th cycle), is

illustrated in Figure 6c. The 80% capacity retention milestone
was reached at 102 cycles for Si, 143 cycles for p_Si/C, and
160 cycles for p_(G)Si/C, demonstrating that the p_(G)Si/C anode
provides significantly improved cycle life compared to both
p_Si/C and Si. This enhanced durability is attributed to the inter-
connected silicon-carbon network, which helps mitigate capacity
fading by maintaining effective electrical contact between silicon
particles, thereby improving structural stability during cycling.

The rate capability tests were conducted first by increasing
the discharge rate for the first 35 cycles, followed by returning
to the initial discharge rate to assess the structural integrity
and recovery capacity, as shown in Figure 6d. The Si anode
was discharged up to 2C, while the carbon coated anodes were
discharged up to 4C. The capacity of all anodes was recovered
when the discharge rate was returned to C/3, indicating that
the structure remains intact even after exposure to high dis-
charge rates. Initially, the specific capacity of Si was the highest,
and as the C-rate increased, the specific capacity of Si fell below
Si/C composites. This fade in capacity is because of the lack of
conductive network from carbon. The discharge specific capacity
of Si at 2C is comparable to p_(G)Si/C at 3C (55% of initial capac-
ity), demonstrating the enhanced rate capability of p_(G)Si/C.

Figure 6. Full-cell cycling performance of Si, p_Si/C, p_Si/C (þ5%), and p_(G)Si/C. a) Specific gravimetric capacity. b) Efficiency after formation cycles.
c) Cycle life until capacity retention of 80%. d) Rate performance at various C-rates displaying specific discharge capacity curves.
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These findings confirm that the presence of graphite in Si/C com-
posite improves conductivity.

The stability of the electrode|electrolyte interface resistance
(Ri) related to the Si, p_Si/C and p_(G)Si/C electrodes in lithium
cell was evaluated by electrochemical impedance spectroscopy
(EIS) performed upon cycling. Figure 7 depicts the Nyquist plots
recorded at the 1st, 4th, 5th, 10th, 20th, and 50th cycles for the Si
(Figure 7a), p_Si/C (Figure 7b), and p_(G)Si/C (Figure 7c) electro-
des, as well as the trend in function of the cycle number of Ri
(Figure 7d) comprising contributes from the passivation layer
and charge transfers as determined by nonlinear least squared
(NLLS) fitting of the Nyquist plots (see actual values in Table
S8, Supporting Information). The Si electrode shows in general
the highest Ri values, exhibiting an increase from 101 to 134Ω
during the four activation cycles likely due to progressive lithia-
tion of the Si particles with volume expansion and disruption of
the native SEI layer, followed by a drop to 60Ω after the first cycle
at 0.5 A g�1 and by a slight growth to 77Ω throughout the test in
line with the reformation of a lowly resistive, yet growing, passiv-
ation layer. The p_Si/C and p_(G)Si/C present instead a different
behavior characterized by the decrease of Ri during the 4 activa-
tion cycles from 36 to 25Ω and from 90 to 57Ω, respectively,
showing subsequently rather constant values respectively around
20 and 35Ω. The significant drop in Ri in p_(G)Si/C can be related
to the presence of graphite and Fe. The relevant improvement in
Ri exhibited by the p_Si/C and p_(G)Si/C electrodes with respect
to the bare Si can be attributed to the optimization of the carbon
matrix, which allows for the accommodation of the volume
expansion upon lithiation of the Si particles and, consequently,
for the formation of a stable and lowly resistive SEI. The enhanced
carbon matrix of p_Si/C and p_(G)Si/C also justifies the lower

initial Ri, in line with an improved ionic and electronic conductiv-
ity of the electrodes.

3. Conclusions

In this work, we investigated the structural and electrochemical
properties of silicon–carbon (Si/C) composites with and without
iron as an “activator” for graphitization. The motivation behind
this work was to improve the structural integrity of a silicon-
dominant anode material by incorporating graphitic carbon
derived from biomass (cellulose). The resulting process involved
key steps such as impregnating cellulose with Fe salt, heating the
mixture at 800 °C, and then leaching to remove the formed iron
nanoparticles. The X-ray diffraction (XRD) and Raman spectros-
copy analyses revealed that the addition of iron significantly
influenced the graphitization process, leading to the formation
of graphite. The interplanar distance of carbon was reduced to
0.342 nm which implies formation of turbostratic carbon.
Raman spectroscopy confirmed the presence of multiple gra-
phene layers which suggests that the graphite formed is in
the form of multi-walled CNT. The SSA increases in the presence
of carbon, because of which the ICE of Si/C composites is lower
than that of bare Si. “Activated” graphitization contributed to
improved reversibility and electronic conductivity of the anode.
The cycle life of anodes with carbon is significantly enhanced as
carbon serves as a protective layer and preserves Si from fully
being utilized. The interfacial resistance Ri is the lowest for Si,
and the drop in Ri during the formation cycle of p_(G)Si/C is sig-
nificant due to the presence of graphite. Future work is recom-
mended to improve the ICE in a full cell by pre-lithiating the

Figure 7. Nyquist plots recorded by EIS upon galvanostatic cycling on lithium cells. a) Si, b) p_Si/C or c) p_(G)Si/C electrode, and d) interface resistance of
all electrodes.
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anode to mitigate lithium loss during SEI formation. Moreover,
the cycle life can be extended by introducing additional heating
step after leaching and increasing the packing density.

4. Experimental Section

Synthesis of Si/C Composites

Micron sized macroporous Si (E-magy, Netherlands) and cellulose
(microcrystalline cellulose powder, Sigma–Aldrich) were combined
in an initial weight ratio of 2:3 (Si:cellulose) in absolute ethanol
and deionized water with a ratio of 2:1 by volume, wherein the cel-
lulose dissolves. This mixture was heated to 80 °C and stirred for
90 min to achieve a homogeneous dispersion. Subsequently, the
temperature was increased to 90 °C and maintained until the solvent
evaporated, resulting in the formation of a gel-like structure. The
obtained composite was dried at 80 °C for 24 h. The dried Si/C com-
posite was impregnated with 10, 15, and 20 wt% iron nitrate nona-
hydrate (Fe(NO3)29H2O) in deionized water. The impregnation
process was conducted at 80 °C for 4 h, followed by drying at
80 °C for an additional 24 h. This composite is referred to as Si/
CþFe. The Si/CþFe composite underwent pyrolysis in argon atmo-
sphere at temperatures ranging between 800 °C and 1000 °C with
a heating rate of 100 °C/min and a holding time of 3 h at the peak
temperature. The resultant composite, after pyrolysis, was designated
as p_(G)Si/CþFe. The pyrolyzed p_(G)Si/CþFe composite was leached
using a 1M HCl solution (solid:liquid = 1 g:20 mL) at 80 °C for 2 h to
remove the iron particles. The leached solution was then filtered
using Buchner filtration and washed with deionized water to ensure
complete removal of residual acid (referred as p_(G)Si/C). For com-
parison, a Si/C composite was prepared without the addition of Fe
salt as the reference sample. This composite underwent the same
pyrolysis process (800 °C) to form p_Si/C, but did not undergo the
leaching step. All obtained samples (p_(G)Si/C and p_Si/C) were
dry sieved to achieve a particle size below 45 μm. These materials
were then used for the electrode preparation.

Microstructure Characterization

The morphology of the samples was examined using SEM with a JEOL
JSM-7600 F microscope. XRD analysis was conducted on a Bruker D8
diffractometer using Mo Kα radiation (λ = 0.154 nm) to investigate
the phase structure and estimate the interplanar distance of the
graphitized carbon, covering the 2θ range of 5–40 degrees. Raman
spectroscopy was performed using a Horiba HR800 spectrometer
with a 532 nm excitation wavelength, spanning the range of 1000-
3500 cm�1. The specific surface area and pore size distribution were
determined through N2 adsorption measurements at 77 K using an
Autosorb 3B analyzer. Samples were degassed at 250 °C for 24 h prior
to the measurements. The carbon content was measured by burning
the sample using a carbon analyzer from Leco.

Electrochemical Tests

The active materials (Si, p_Si/C, p_(G)Si/C) after sieving <45 μm were
mixed with graphite (TIMCAL Graphite & Carbon), carbon black
(Super P) as the conductive additives, and polyacrylic acid (PAA with
buffer solution, Sigma–Aldrich) as the binder in a weight ratio of
75:5:10:10 to form a homogeneous slurry (IKA T25). This slurry was
coated onto copper foil, which served as the current collector, using
a doctor blade. The coated foils were dried at 80 °C for one h. The
thickness of the electrode was adjusted to achieve an anode loading
of 2-3 mg cm2. Circular electrodes of 10 mm diameter were then

punched out and dried under vacuum at 80 °C for 24 h in a Büchi
B-585 glass oven.

Both half and full cells were assembled in an argon-filled glove box to
prevent moisture and oxygen contamination. The cells were assem-
bled and measured in Swagelok cells at 25 °C. In the half-cell config-
uration, the prepared anodes (Si, p_Si/C, p_(G)Si/C) were paired with
lithium foil discs of 7.5 mm (Guangdong Canrd New Energy
Technology Co., Ltd) as the counter electrode. The electrolyte com-
prised of 45 μL of 1 M x6 in EC:EMC (30:70, by wt.) þ 10 wt% FEC.
A porous Whatman glass fiber membrane with a 14mm diameter
served as the separator. Electrochemical properties were tested using
Neware battery testing systems. The cycling protocol included an
initial rate of C/10 for the first four cycles, followed by C/2 for
the subsequent cycles, with a voltage window of 0.01–1.0 V
(1C= 1000mAh g). Gravimetric capacity values correspond to the
amount of silicon, measured in grams, present in the anode compo-
sition. In a limited capacity approach, each lithiation step is con-
strained to 1000mAh g during subsequent cycles. Testing in a
half-cell configuration continues for up to 100 cycles.

For the full cells, the cathode used was NMC622 with a 10 mm diam-
eter. The theoretical capacity and areal loading of the cathode were
140mAh g and 2mAh cm2, respectively. To emphasize the effect of
the anode, the ratio of the negative to positive electrode (n/p) was
chosen to be smaller than 1. The full cells were cycled between 3.0 V
and 4.0 V. The full cells followed the cycling protocol of C-rate of C/10
for the first two cycles, followed by C/5 for the next two cycles, and C/2
for the remaining cycles. Full cell testing is presented until the capac-
ity reaches at least 80% of the initial capacity (relative capacity mea-
sured after formation).

The rate capability was tested by maintaining a constant C-rate while
charging and increasing the C-rate for discharge in the sequence of
C/5 (formation cycle), C/3, C/2, 1C, 2C, 3C, 4C, and returning to C/3.
Cyclic voltammetry (CV) measurements were performed using a VMP
multipotentiostat (BioLogic Science Instrument), scanning at
0.05 mV/s between 0.01 V and 1.0 V for five cycles.

The capacity from silicon and carbon is calculated as follows

Capacity total ¼ðWSi:CSiÞþ ðWC:CCÞ (3)

WSi ¼ 0:82 ð82wt%Þ; WC¼ 0:18 ð18wt%Þ (4)

Capacity from carbon (WC.CC) = 0.18� 372mAh g = 74.4 mAh g

Since the capacity is limited to 1000mAh g, the equation is as follows

1000mAh=g ¼ð0:82 � CSiÞþ ð74:4mAh=gÞ (5)

Capacity fromSi ¼ 1000 – 74:4 ¼ 925:6mAh=g (6)

EIS Tests

Three-electrode Swagelok cells were assembled by stacking the
working electrode (12 mm diameter, Si, p_Si/C, p_(G)Si/C), a lithium
foil as counter electrode (12 mm diameter) and an additional lithium
foil as reference (10mm diameter). The working and counter electro-
des were separated by a 13-mm diameter Whatman GF/D glass fiber
separator soaked with 200 μL of electrolyte. EIS was measured after
the 1st, 4th, 10th, 20th, and 50th cycles in a frequency range between
500 kHz and 10 mHz using an alternate voltage amplitude of 10 mV.
The Nyquist plots recorded by EIS were fitted through the nonlinear
least squared (NLLS) method using the Boukamp software. The fitting
allowed the representation of the cells through equivalent circuits
composed of resistive (R) and capacitive (Q ) elements arranged in
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series and/or in parallel. In particular, the Re(R1Q1)(R2Q2)Qw and
Re(R1Q1)(R2Q2)Qg circuits were used, where Re is the electrolyte resis-
tance identified by the high-frequency intercept of the plot with the
x-axis, the Rn elements arranged in parallel with the Qn elements
(n= 1 or 2) identify the amplitude of the high-middle-frequency
semicircles of which the sum define the electrode|electrolyte inter-
face resistance (Ri), while Qw and Qg, indicated either by a tilted or
a vertical line, represent the infinite Warburg-type Liþ diffusion
and the geometric capacitance of the cell, respectively. Only fitting
with a χ2 value lower than 10�3 were considered suitable.
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