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ABSTRACT: Silicon (Si) anode materials show tremendous
potential for high-energy Li-ion batteries (LIBs) due to their
excellent theoretical capacity. However, critical issues like initial
capacity loss, unstable solid electrolyte interface (SEI) formation,
and volume changes during cycling have hindered their practical
application. To address these challenges, we have developed a
resilient Si interface for rapid Li+ ion transport while maintaining Si
structural integrity. Herein, we utilized microsized porous silicon
(m-PSi) coated with an ultrathin phenolic interlayer from low-
temperature thermolysis of poly(4-vinylphenol) (PVP). This PVP-
derived phenolic carbon is covalently linked to the Si surface,
creating a strong Si interface and a pathway for Li+ ion transport.
The grafted m-PSi (m-GPSi) anode shows an impressive initial capacity of 3134 mA h g−1 with a capacity retention of 80.0% after
100 cycles at 0.1 A g−1. Moreover, it demonstrated a superior rate performance of 1270 mA h g−1 at 4 A g−1 with a recovery rate of
96% at 0.1 A g−1. These results surpass state-of-the-art microsized Si anodes, primarily due to the covalently interfaced ultrathin
phenolic interlayer, consequently enhancing Li+ ion conductivity, mechanical strength, and stable SEI formation during the LIB
operation. This research offers a convenient interface engineering strategy to enhance the Si anode performance for next-generation
LIBs.
KEYWORDS: poly(4-vinylphenol), low-temperature thermal grafting, porous silicon microparticles, phenolic interlayer,
nanoscale interface engineering

1. INTRODUCTION
Silicon has emerged as a promising contender for next-
generation anode materials owing to its high theoretical
capacity of 4200 mA h g−1 (Li3.75Si), moderate working
potential, and high natural abundance.1,2 However, there are
several prominent challenges that impede its widespread
commercial adoption, including significant volume expansion
(∼400%), limited electrical conductivity, formation of an
unstable solid electrolyte interface (SEI) layer, and a sluggish
Li+ ion diffusion rate.3 To overcome these obstacles, porous
silicon (PSi) has been identified as an alternative solution that
exhibits exceptional ability to accommodate volume changes
and enhance Li+ ion diffusion, leading to improved cyclic
performance.4 However, the stability of the PSi interface
remains paramount for mitigating side reactions and unlocking
the full capacity. This understanding has led to advancements
in the nanoscale interface design aimed at reinforcing the
enhanced mechanical structural integrity, enhancing lithium-
ion storage, and ensuring efficient charge transport during an
extended cyclic process.5−7 Various hybrid nanomaterials6

(such as two- or three-dimensional nanostructures,8 core−shell
structures,9 double core−shell structures,10 and alloys11) are
frequently paired with carbon-based materials (such as carbon
nanotubes,12 carbon nanosheets,13 graphite,14 and conductive
polymers15). Despite these combinations, issues such as
inadequate cyclic stability and poor rate capability persist.12,16

Si/C composites harness nanosized Si to alleviate
pronounced volume changes and boost conductivity.17,18

Nonetheless, their large surface areas are at a high risk of
oxidation in corrosive electrochemical environments, leading
to rapid capacity degradation after limited cycles.19−21 Further
complicating matters, intricate, and high-temperature techni-
ques (e.g., thermal pyrolysis, magnesiothermic reduction,
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mechanical milling, and chemical vapor deposition) have
traditionally been used to improve the electrochemical
performance of Si anodes.7,22,23 Furthermore, most Si/C
composites contain a dominant carbonaceous layer (often
exceeding a 60 wt % C content).20 This layer typically
manifests weak adhesion to the active Si materials due to
limited intermolecular interactions, such as van der Waals
forces, π−π stacking, and electrostatic forces.21,24 Conse-
quently, Si/C composites often exhibit compromised cycling
stability and poor rate capability.25 To fortify the phys-
icochemical integrity of Si-based anodes, it is essential to
introduce durable covalent bonds between the C matrices and
the Si interface. Among the various C matrices explored,
phenolic carbon stands out because of its ability to store
significant Li+ ions per unit mass, resulting in high specific
capacities and commendable rate capabilities.30−32

In this study, we developed a novel microsized PSi (m-PSi)-
based anode material covalently attached to a phenolic-rich
ultrathin interlayer via facile one-pot thermolysis of a poly(4-
vinylphenol) (PVP) polymer at a low temperature. Specifically,
PVP-loaded m-PSi underwent thermal depolymerization at 360
°C, leading to the generation of phenolic carbon fragments
that were grafted onto the porous channels. Consequently,
phenolic carbon-grafted m-PSi (m-GPSi) showed a remarkable
initial capacity of 3496 mA h g−1 and maintained an
exceptional rate capability of 96% from its initial capacity at
0.1 A g−1. The enhanced performance of m-GPSi is primarily
attributed to the para-substituted hydroxy phenolic carbon.
This phenolic interlayer not only offered a robust protective
barrier against corrosive electrolytes but also established
efficient pathways for the rapid transport of Li+ ions in the
anode.

2. EXPERIMENTAL SECTION
2.1. Chemical Materials. Si powder (99% purity, ∼325 mesh),

PVP (Mw ∼ 25 kDa) powder, and hydrofluoric acid solution (48%,
7664-39-3) were obtained from Sigma-Aldrich, Korea. Silver nitrate
powder was purchased from Duksan Pure Chemicals (South Korea).
Nitric acid solution (70 wt %, 7697-37-2) and anhydrous ethanol
(99.9% purity) were obtained from Daejung Chemicals and Metals
Co., Ltd., South Korea. All the chemicals were used directly without
additional purification.

2.2. Synthesis of Microsized Porous Silicon Particles (m-
PSi). A metal-assisted chemical etching (MACE) process was used to
synthesize m-PSi.33 To prepare the etchant, a solution was formed by
mixing 0.06 mol L−1 AgNO3 with a 5 M HF solution in a 1:3 v/v
ratio. Initially, 2 g of microsized silicon powder (∼325 mesh) was
dispersed in 50 mL of deionized (DI) water and stirred at a rate of
250 rpm. Subsequently, 200 mL of the etchant solution was gently
introduced into the Si dispersion, and the mixture was stirred for 1 h.
The resulting Ag-deposited Si powder was then placed in the bottom
of a plastic conical tube. The sediment was collected and repeatedly
rinsed with DI water to eliminate the residual etchant solution. To
remove Ag residues from m-PSi, the Ag-deposited Si powder was
immersed in 200 mL of 70 wt % HNO3 and stirred for 2 h.
Subsequently, the solution was filtered through filter paper attached to
a vacuum aspirator. The final product, i.e., silver-removed PSi powder,
was thoroughly rinsed with DI water/ethanol, and the resultant
powder was dried overnight in a vacuum oven set at 60 °C.

2.3. Synthesis of PVP-Grafted Porous Silicon Microparticles
(m-GPSi). The as-synthesized m-PSi powders were treated with a
0.8% HF solution (containing 10 vol % ethanol) to remove native
silicon oxides of m-PSi, which were adventitiously formed under
ambient conditions. Subsequently, HF-treated m-PSi was rinsed with
ethanol three times and subsequently dried overnight under vacuum
at 60 °C. The dried samples were finely ground using a mortar and

pestle to obtain fine powdered samples. Further, 0.5 g of this m-PSi
powder was then heated to 70 °C on a hot plate for 5 min, followed
by the addition of 10% (w/v) PVP in 1 mL of ethanol. The PVP-
loaded m-PSi was then heated for another 5 min at 70 °C to
evaporate the ethanol. Subsequently, the temperature was raised to
110 °C and maintained there for 10 min to ensure that PVP
effectively penetrated the porous channels of m-PSi. Finally, this
mixture was transferred to a tube furnace, maintained under a N2
atmosphere for 30 min, and heated to 360 °C at a ramping rate of 5
°C/min and maintained there for 1 h. The resulting PVP-grafted m-
PSi (m-GPSi) was cooled to an ambient temperature under a steady
N2 flow. Any unreacted polymer residue was eliminated by soaking m-
GPSi in ethanol for 2 h. Finally, it was washed thrice with ethanol and
dried overnight in a vacuum oven set at 60 °C. Similarly, 5 and 15%
(w/v) PVP-grafted samples are synthesized following the same
procedures. Specifically, the m-GPSi obtained from grafting with 10%
(w/v) PVP, with a PVP to m-PSi weight ratio of 1:5, is denoted as m-
GPSi-10. The other m-GPSi samples grafted with 5 and 15% (w/v)
PVP are referred to as m-GPSi-5 and m-GPSi-15, respectively. In
reference, m-GPSi-10 is simply referred to as m-GPSi throughout the
main text.

2.4. Electrochemical Measurements. The anode materials were
prepared by mixing 60 wt % active materials, 20 wt % Super-P C as
the conductive agent, and 20 wt % poly(acrylic acid) (Aldrich) as the
binder and dispersed in ethanol. This slurry was thoroughly mixed
and spread onto a copper foil via a doctor blade. The resulting
electrodes were air-dried and subsequently placed in a vacuum oven at
60 °C for 12 h. The electrodes had a mass loading of the active
materials between 0.90 and 1.00 mg cm−2 and a thickness of ∼10 ±
0.5 μm. They were then tailored to a diameter of 1.2 cm. The
electrochemical performance of the anode material was assessed by
using a half-coin cell (CR2032) constructed in an Ar-filled glovebox.
Further, Li metal (Welcos Co.) was used as the counter electrode, a
Celgard 2400 polypropylene membrane was used as the separator,
and an electrolyte consisting of 1.0 M LiPF6 in the mixture of ethylene
carbonate:diethyl carbonate (5:5 v/v) was enhanced with 5.0 wt %
fluoroethylene carbonate. The cyclic performance was evaluated using
a WonATech battery tester (WBCS3000L Model) in a voltage range
of 0.01−1.5 V (relative to Li/Li+). The initial two cycles ran at a C-
rate of 0.01C, with subsequent cycles at C/44 (1C equivalent to 4400
mA g−1), later translating to 0.1 A g−1. The cyclic performance of the
m-PSi and m-GPSi specimens was also examined at a higher current
density of C/8 (i.e., 0.5 A g−1). Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were performed using
a ZIVE SP1 single-channel potentiostat. The CV data were obtained
in the voltage window of 0.0−1.5 V at a scan rate of 0.2 mV s−1, while
EIS analysis was performed in the frequency range of 105 to 10−3 Hz
with an amplitude perturbation signal of 5 mV using the Smart
Manager software. The Nyquist plots for equivalent circuit modeling
were fitted by using Z-view software (Scribner Associates). Rate tests
were conducted at varying current densities: 0.1, 0.2, 1, 2, and 4 A g−1,
with each density maintained for 5 cycles. The capacities of all the
coin cells were computed based on the mass of PSi present in the
active materials.

2.5. Postmortem SEI Layer Analysis by ATR-FTIR. Post-
mortem SEI layer characterization of the cycled electrodes was
performed by ex situ attenuated total reflection (ATR) FTIR
spectroscopy. The PerkinElmer Spectrum Two FTIR Spectrometer
(using a LiTaO3 detector) equipped with a single reflection PIKE
Technologies MIracle Universal ATR sampling accessary is utilized to
record the ATR-FTIR spectra as described elsewhere.26 The cycled
coin cells are disassembled to separate electrodes in the Ar-filled
glovebox (M. O. Tec., MOGV2SSP, H2O, O2 < 0.1 ppm) and washed
with the dimethyl carbonate (Daejung Chemicals and Metals Co.,
LTD, South Korea) for 30 s to remove the remaining electrolyte,
followed by drying it at room temperature inside the glovebox to
avoid direct exposure in the ambient condition. The dried electrodes
are mounted on the ATR unit to record FTIR spectra in the glovebox
to protect the SEI from atmospheric adulteration.27
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3. RESULTS AND DISCUSSION
Based on the synthesis procedures shown in Figure 1, MACE28

was used to fabricate highly fibrous PSi particles. These were
subsequently impregnated with a 10% (w/v) PVP solution for
the thermolytic grafting process.29 The choice of PVP is
advantageous because of its excellent solubility in the nontoxic
ethanol solvent, which enhances the environmental compati-
bility of the grafting process. Specifically, m-PSi underwent a
low-temperature thermolysis after PVP loading. Subsequently,
phenolic-rich C moieties were uniformly grafted onto m-PSi
through the defragmentation of PVP via chain scission and
intermolecular transfer mechanisms at 360 °C.30 These carbon
moieties were securely bonded to the Si interface via dual
linkages of the Si−O−C/Si−C grafts. The m-PSi grafted with
PVP is hereafter referred to as m-GPSi. The prepared samples
were then characterized and tested as anode materials of Li-ion
batteries (LIBs).

3.1. Characterization of As-Synthesized Samples. The
FE-SEM images of the unaltered m-Si as shown in Figure 2a
clearly show the smooth morphological characteristics of the Si
surface. Post the Ag-assisted chemical etching of m-Si, Figure
2b presents the fibrous-looking porous structure of m-PSi.
After the thermolytic grafting process, the fibrous morphology
of m-PSi was mostly preserved, although some rounded edges
of the fibers were still apparent in PVP-grafted m-PSi (m-
GPSi), as indicated in the magnified inset of Figure 2c. The
transmission electron microscopy (TEM) images in Figure
2d−g clearly depict the dimple-scale-like fibrous nature of m-
PSi. Similarly, Figure 2h,i shows the well-retained porous
morphology of m-GPSi with some smooth edges. Importantly,
the high-resolution (HR)-TEM images in Figure 3a,b show the
delicate boundary of crystalline Si, which is enveloped by an
ultrathin phenolic interlayer of ∼2 nm thick, delineated by red

arrows. Additionally, the EDS mapping of Figure 3d-3,4
confirms the presence of high C and O contents in m-GPSi,
which is attributed to the interfacial phenolic carbon coating.
Notably, the EDS mapping in Figure 3d-1 shows faint traces of
Ag residue in m-PSi, which were not completely removed by
the HNO3 rinsing process. The high-angle annular dark-field
(HAADF) image in Figure 3d indicates that the process of
PVP grafting onto m-PSi successfully preserved the holocrys-
talline phase of PSi in m-GPSi.

Figure S1a shows the X-ray diffraction (XRD) analysis of the
m-Si, m-PSi, and m-GPSi samples. In the XRD patterns for all
three samples, distinct peaks emerge at specific 2θ angles: 28.4,
47.29, 56.11, 69.12, 76.36, and 88.02°. These angles
correspond to the (111), (220), (311), (400), (331), and
(422) crystallographic planes of cubic-phase Si, respectively
(JCPSD card no. 27-1402).31 This finding indicates that the
crystalline phase of the pure Si remains intact after the
thermolytic grafting process at 360 °C. Notably, m-GPSi did
not display discernible C peaks, likely owing to the amorphous
nature of the grafted C species. Also, there were no apparent
peaks of residual Ag in the XRD patterns of the m-PSi and m-
GPSi samples.32

Figure S1b shows the Fourier transform infrared (FTIR)
spectra of the prepared samples, confirming the successful
grafting of amorphous carbonaceous materials containing
phenolic moieties onto m-PSi. The FTIR spectrum of m-PSi
features a Si−O−Si stretching band at 1050 cm−1, suggesting
the incidental formation of adventitious silicon oxide in m-PSi
during its storage in an atmospheric environment.33 By
contrast, the lack of a Si−O−Si band in m-GPSi suggests
that Si−O bonds were transformed, yielding a new peak at
1180 cm−1, associated with Si−O−C grafts.34,35 However, a
pronounced band around 3700 cm−1 in m-GPSi indicates

Figure 1. Schematic depicts the synthesis of porous micro silicon (m-PSi) and polymer-grafted PSi (m-GPSi).
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phenolic carbon grafts.36 The FTIR spectra of m-PSi show
three minor peaks near 2141, 2115, and 2090 cm−1, which are
attributed to Si−Hx (where x = 3, 2, and 1, respectively).40

This band is absent in m-GPSi, suggesting that Si−H bonds
have transitioned into Si−C linkage, to give a subsequent peak
at 815 cm−1, which was further corroborated by subsequent X-
ray photoelectron spectroscopy (XPS) analyses. Moreover,
both m-PSi and m-GPSi exhibited a strong Si−Si stretching
peak at ∼650 cm−1, signifying a consistent crystalline Si
structure throughout the interface engineering process.

The nature of the PSi composites was investigated using
Raman spectroscopy (Figure S1c). The m-PSi and m-GPSi
samples exhibited three distinct characteristic peaks. The
primary intense peak at 519 cm−1 was assigned to crystalline Si
because of its transverse optical vibrational mode.37 Among the
two minor peaks, the first peak at 295 cm−1 corresponds to Si
oxide, and the second broad peak at 950 cm−1 corresponds to
the Si−Si stretching mode. No distinguishable D or G bands
appeared in the Raman spectra of m-GPSi, probably because of
the amorphous nature of the ultrathin carbonaceous layer.
Figure 4a−f shows the core-level deconvoluted XPS spectra for
C 1s, O 1s, and Si 2p of the as-prepared samples (m-PSi and

m-GPSi). The primary C 1s spectrum at 284.39 eV (as seen in
Figure 4a) splits into the sp2 and sp3 hybridization states of the
C−C bond in m-GPSi at 284.40 and 285.81 eV, respectively.38

Conversely, the C 1s spectrum of m-PSi in Figure 4d
predominantly features C−C in the sp2 hybrid state.
Furthermore, the m-GPSi C 1s spectrum contains peaks
representing Si−O−C (283.80 eV) and Si−C (284.50 eV),
verifying the presence of phenolic carbon moieties grafted on
the m-PSi.39,40 The O 1s spectrum in Figure 4b highlights the
dominant Si−O−Si peak at 532.78 eV and the Si−O−C peak
at 531.52 eV. Conversely, the O 1s spectra of m-PSi (Figure
4e) primarily indicated the presence of silicon oxide and
chemisorbed water at 532.79 and 531.51 eV, respectively.35,41

In Figure 4c, the Si 2p spectrum of m-GPSi is divided into
primary peaks, Si 2p3/2 at 99.5 eV and Si 2p1/2 at 99.12 eV,
indicating the oxidation states of the Si material. Crucially, two
noticeable peaks at 102.11 and 103.01 eV denote Si−C and
Si−O−C species on the Si interface, likely formed during the
thermolytic grafting.42−44 A negligible Si−O−Si peak at 103.12
eV in m-GPSi’s Si 2p suggests that nonatmospheric grafting
reduced the formation of silicon oxide on the PSi.2,40,43 In
contrast, the Si 2p spectrum of m-PSi in Figure 4f features a

Figure 2. FE-SEM images of (a) m-Si, (b) m-PSi, and (c) m-GPSi with magnified inset views. TEM images of (d−g) m-Psi and (h,i) m-GPSi with
magnified view (red dotted).
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pronounced Si−O−Si peak at 103.45 eV, indicating an
oxidized Si surface before polymer grafting.45 Finally, the
survey scan of m-GPSi in Figure 4g−h highlights above-
discussed intense peaks for C 1s, O 1s, and Si 2p at bonding
energies of 284.39, 532.38, and 99.15 eV, respectively.46 A
minor F 1s peak at 686.69 eV arises from negligible HF
residuals in the m-PSi. As shown in Figure 4i, the m-GPSi
surface primarily comprises Si−O−C (85%) and Si−C (15%)
fractions with a minor fraction of ∼2% Si−O−Si. By contrast,
the surface of m-PSi mainly contained Si−O−Si species.
Surface composition fractions were determined by evaluating
the areas within the deconvoluted XPS spectra. These
observations indicate that nanointerface engineering via PVP
thermolysis facilitates the formation of dual Si−O−C/Si−C
covalent linkages.44

A plausible mechanism for the PVP thermolysis is proposed
in Figure S2, forming a phenolic-carbon-grafted Si surface. The
para-substituted hydroxyl groups in PVP promote the
formation of phenolic carbon radicals during thermal
depolymerization.47 This phenomenon can be explained by
the increased stability of carbocation moieties at the benzylic
sites and bolstered by the resonance effects of the lone electron
pairs of the oxygen atom at the para position.48 Consequently,

the phenolic radicals formed during the thermal depolymeriza-
tion of PVP were readily converted into covalent linkages of
Si−O−C/Si−C species. This conversion is supported by
previous XPS analyses of the grafted PSi. In conclusion,
phenolic carbon moieties facilitate the efficient conversion of
Si−O/Si−H groups into Si−O−C/Si−C bonds by stabilizing
the benzylic carbocations during the thermolytic grafting
process.31

Thermogravimetric analysis (TGA) was used to assess the
carbon content of m-GPSi, which is also represented by m-PSi
TGA (Figure 5a). The initial weight loss of 0.048% (up to 250
°C) can be attributed to water evaporation from m-GPSi,
whereas the subsequent weight loss between 250 and 620 °C is
primarily due to the degradation of the ultrathin phenolic
interlayer at high temperatures. Surprisingly, the C content of
m-GPSi was estimated as 0.98 wt %, just below 1.0 wt %. The
increase in weight by 4.94 wt % beyond 620 °C is primarily
attributed to bulk Si-oxidation (indicated by the shaded area),
which is caused by residual/adventitious presence of oxygen,
despite N2 purging.49 In contrast, m-PSi exhibits a 4.26 wt %
weight gain around 450 °C, probably due to the early oxidation
of bulk Si.

Figure 3. (a) TEM, (b) HR-TEM of m-GPSi showing an ∼2 nm ultrathin phenolic carbon interface. (c) SAED image, (d) HAADF image of m-
GPSi. TEM-EDS of m-GPSi (1−4).
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Brunauer−Emmett−Teller (BET) analysis was performed to
investigate the impact of grafting on the porosity and surface
area of the m-Si, m-PSi, and m-GPSi samples. The N2
adsorption/desorption isotherms in Figure 5b reveal that PSi
attained almost six times larger surface area (Langmuir = 20.80
m2 g−1, BET = 14.78 m2 g−1) than that of m-Si (Langmuir =
3.72 m2 g−1, BET = 2.60 m2 g−1). The m-GPSi experienced a
further improvement in the surface area (Langmuir = 26.86 m2

g−1, BET = 17.61 m2 g−1), probably due to the formation of
amorphous phenolic interlayer that can provide the additional
voids.56 According to the pore-size distribution in Figure 5c,
m-PSi and m-GPSi have two different pore size range of
mesopores (∼3.5 nm and 45−75 nm). By contrast, m-Si has
no actual porosity as it is evident from the nearly horizontal
line in the pore size distribution curve. In summary, Figure 5d
shows the comparison of surface area and pore size of the
samples obtained from the BET and Barrett−Joyner−Helenda
(BJH) analysis methods. m-GPSi showed a significant increase
in surface area compared with the m-PSi and m-Si samples,
and the pore size of m-GPSi was reduced after grafting,
indicating the successful integration of the phenolic interlayer
onto the porous channels of m-PSi. The recorded BET data are

utilized to calculate the porosity of all materials (Table S1)
using the following formula.50

Porosity
BET pore volume

BET pore volume volume of sample
=

+

The calculated porosity values for m-Si, m-PSi, and m-GPSi
are 5.81, 68.98, and 61.45%, respectively, indicating a
significant improvement in porosity for both m-PSi and m-
GPSi as compared to that for m-Si. However, m-GPSi exhibits
a slight decrease in porosity relative to m-PSi, possibly due to
the decrease in pore diameter after polymer grafting onto the
porous walls of m-PSi, as noticed by the BET data.

3.2. Electrochemical Evaluation of the Active Materi-
als. The redox mechanism of the synthesized samples was
investigated using CV in the voltage window 0.0−1.5 V at the
scan rate of 0.2 mV s−1. Figure S3a−c shows the voltammo-
grams of m-Si, m-PSi, and m-GPSi, respectively. All the
samples demonstrated a distinct peak at 0.19 V in their
cathodic curves, representing the insertion of Li+ ions into
crystalline Si to form an amorphous LixSi phase.51 This
lithiation peak was more pronounced in the voltammograms of
m-PSi and m-GPSi than in that of m-Si, suggesting enhanced

Figure 4. Deconvoluted XPS core spectra (a) C 1s, (b) O 1s, and (c) Si 2p of m-GPSi. XPS (d) C 1s, (e) O 1s, and (f) Si 2p of m-PSi. XPS survey
scan of (g) m-GPSi and (h) m-PSi. (i) Surface composition comparison of the samples obtained by deconvoluted XPS Si 2p core spectra.
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lithiation in the PSi samples. The anodic curves of the samples
exhibit two peaks at ∼0.40 and 0.50 V corresponding to the
delithiation of amorphous LixSi to α-Si.52 In contrast, m-Si is
unable to produce the characteristic two delithiation peaks,
which can be attributed to the formation of a thick and
unstable SEI layer, leading to increased resistance at the
working electrode.53,54 As the scan number increases, there is a
gradual intensification in the voltammogram peak, making the
oxidation and reduction peaks more discernible, which
confirms the electrochemical reversibility of Si anodes.55 The
peak currents of m-PSi and m-GPSi were substantially higher
than that of bulk m-Si, probably because of the improved
surface activation of the PSi materials.54 The m-GPSi
voltammogram showed no additional peaks, indicating the
absence of side reactions between the Li+ ions and the grafted
phenolic interlayer during the charge/discharge process. This
suggests that the ultrathin phenolic interlayer passivates the Si
interface and provides a better diffusion path for Li+ ions.
Additionally, there was no significant difference in the CV
curves of m-PSi and m-GPSi, indicating that the grafted
phenolic interlayer did not restrict the lithiation/delithiation
reactions in the cyclic process.56

Further electrochemical investigations were performed to
understand the Li+ ion storage mechanism. In this study, CV
curves of the samples (m-Si, m-PSi, m-GPSi) are taken at
different scan rates ranging from 0.02 to 0.2 mV s−1, as shown
in Figure S4a−c. In these voltammograms, both the anodic and
cathodic peak intensities show a notable increase in proportion
to the scan rate, indicating the activation of the native silicon
surface.57 With the increasing scan rate, the anodic and
cathodic peaks moved to higher and lower potentials,
respectively, reflecting the increased polarization of the active
Si materials.58 The kinetics of the anodic and cathodic
processes were examined (Figure S4(d−i)) using eqs S1 and
S2, which are explained in the calculation Section S1.2 of the

Supporting Information. Subsequently, the fractional capacitive
contributions of the samples (m-Si, m-PSi, and m-GPSi) were
determined by evaluating the peak current (i) at various scan
rates (v) and inserting these values into eqs S5 and S6. Figure
6a−c illustrates the specific capacitive contributions for each
sample at their respective scan rates. In m-GPSi, the Li+ ion
storage mechanism is prominently capacitive controlled,
especially evident as the scan rate increases from 0.02 to 0.2
mV s−1 (Figure 6c). Remarkably, the capacitive contribution of
Li storage reached ∼60% at the highest scan rate of 0.2 mV s−1.
The pronounced capacitive contribution of m-GPSi was
primarily attributed to the abundance of active sites within
the amorphous phenolic interlayer for Li+ ion storage and the
absorption reactions of Li+ ions with phenyl rings.59

Conversely, a diffusion-controlled process dominated the m-
PSi anode with capacitive contributions restricted to ∼20% at
all scan rates (Figure 6b). For bulk m-Si, diffusion-controlled
processes were even more accentuated. Even at the modest
scan rate of 0.02 mV s−1, the diffusion storage contribution is
∼95%, and it rises to 98% at the elevated scan rate of 0.2 mV
s−1. This unequivocally indicates that Li+ storage in m-Si is
predominantly governed by diffusion processes (Figure 6a).
Meanwhile, the substantial adsorption and desorption of Li+

ions at the electrode−electrolyte interface of the m-GPSi
anode amplified the capacitive contribution.58 This predom-
inant capacitive charge storage (i.e., double-layer capacitance)
mechanism in m-GPSi is responsible for the superior rate
capability; data are shown in Figure 6g.60

Furthermore, the diffusion coefficients of Li+ ions were
measured using the Randles−Sevcik equation61
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Figure 5. (a) Overlapped TGA curve for m-GPSi with m-PSi. (b) N2 adsorption/desorption isotherms of m-Si, m-PSi, and m-GPSi samples. (c)
BJH pore-size distribution obtained from adsorption isotherm. (d) Surface area and pore size comparison of samples obtained from the Brunauer−
Emmett−Teller (BET) method.
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Here, Ip represents the peak current value, A is the effective
area of the electrode (1.13 cm2), F is the Faraday constant
(96,485 s A mol−1), R represents the gas constant (8.314 J K−1

mol−1), T denotes the absolute temperature in Kelvin, C is the
concentration of Li+ ions (1.0 mol cm−3), DLi+ is the diffusion
coefficient of Li+ ions (cm2 s−1), and ν is the scan rate (mV
s−1). Figure 6d compares the diffusion coefficients of the Li+

ions in the m-Si, m-PSi, and m-GPSi anode samples, which
were calculated using eq 1. Among them, m-GPSi demon-
strated the highest Li+ ion diffusion coefficient of 7.52 × 10−10

and 7.17 × 10−10 cm−2 s−1 in the cathodic and anodic regions,
respectively, highlighting the remarkable enhancement in Li+

ion transport in the grafted Si anode materials. Meanwhile, m-
Si shows a lower diffusion coefficient of 2.13 × 10−10 and 4.05
× 10−10 cm−2 s−1 for anodic and cathodic regions, respectively.
Owing to its porous structure, m-PSi displayed a notable
increase in the Li+ ion diffusion coefficient in both anodic
(3.80 × 10−10 cm−2 s−1) and cathodic (6.38 × 10−10 cm−2 s−1)
regions.

3.3. Cyclic Performance of As-Prepared Si-Based
Anodes. Figure 6e presents the cyclic performances of the
prepared samples, with initial capacities of 2840, 2942, and

3134 mA h g−1 for m-Si, m-PSi, and m-GPSi, respectively, at a
current density of 0.04 mA h g−1. The initial Coulombic
efficiencies of m-Si, m-PSi, and m-GPSi were calculated to be
88, 92, and 90%, respectively. Impressively, all samples reached
a high Coulombic efficiency (CE) of 99% after 10−15 cycles.
For the capacity retention calculation, the fifth cycle capacity
was used as a reference, given the stable formation of SEI in Si-
based anodes.62 Among the samples, 10% (w/v) grafted m-
GPSi exhibits the highest initial capacity, retaining 80% of its
initial capacity after 100 cycles. By contrast, m-PSi and m-Si
exhibit retentions of 31.97% and 11.85%, respectively, at a
current density of 0.1 A g−1. At the higher current density of
0.5 A g−1, m-GPSi had a reversible capacity of 1400.5 mA h g−1

(54.0% retention), while m-PSi showed a much lower capacity
of 757.4 mA h g−1 (28% retention) after 80 cycles (Figure 6f).

Among the as-prepared samples (m-GPSi-5, m-GPSi-10, and
m-GPSi-15), the 5% (w/v) PVP-grafted m-GPSi-5 exhibits a
retention of 36.2% after 80 cycles at 0.5 A g−1, which is not
satisfactory (Figure S5a). Furthermore, m-GPSi-15 with the
highest PVP concentration performs even worse than m-PSi,
retaining only 21.7% with a capacity of 555.3 mA h g−1. These
optimization data clearly indicate that 10% (w/v) PVP grafting

Figure 6. Diffusion contribution at different scan rates for (a) m-Si, (b) m-PSi, and (c) m-GPSi. (d) Comparison of the diffusion coefficients
obtained from CV curves at different scan rates for all three samples. Cyclic performance of m-Si, m-PSi, and m-GPSi at (e) 0.1 A g−1 and (f) 0.5 A
g−1. (g) Rate capability of m-Si, m-PSi, and m-GPSi. (h) Voltage profile of the initial charge−discharge cycle of active materials. (i) Nyquist plot of
m-Si, m-PSi, and m-GPSi.
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is beneficial and sufficient to significantly improve the cyclic
performance of m-GPSi-10, as shown in Figure S5b.

Rate capabilities of the m-Si, m-Psi, and m-GPSi samples
were evaluated across a current density ranging from 0.1 to 4.0
A g−1, with measurements taken every 5 cycles for each sample
(Figure 6g). Notably, m-GPSi exhibited the specific discharge
capacities of 3012.09, 2588.56, 2134.69, 1617.43, and 1250.70
mA h g−1 at the equivalent current densities of 0.1, 0.2, 1.0, 2.0,
and 4.0 A g−1, respectively. It also displayed an impressive
95.97% recovery rate, with a capacity of 2891.90 mA h g−1 at
0.1 A g−1 after 25 cycles. On the contrary, m-Si and m-PSi
achieved capacities of 752 and 973.40 mA h g−1 at 4 A g−1 and
showed inferior recovery rates of 83 and 69% at 0.1 A g−1 after
25 cycles, respectively.

Figure 6h illustrates the initial charge−discharge voltage
profiles of the m-Si, m-PSi, and m-GPSi samples. m-GPSi had
an initial discharge capacity of 3134 mA h g−1 and a charge
capacity of 3482 mA h g−1, leading to a CE of 90% at 0.04 A
g−1. The 10% irreversible efficiency loss is primarily attributed
to the cumulative effects of SEI layer formation and the
irreversible insertion of Li+ ions into the Si active material
during the charge−discharge process. Similarly, m-PSi and m-
Si exhibited initial discharge capacities of 2942 and 2840 mA h
g−1, with respective charge capacities of 3268.87 and 3227.28
mA h g−1, respectively. The average CEs for m-Si, m-PSi, and

m-GPSi were determined to be 97.8, 99.2, and 98.2%,
respectively. The relatively lower CE of m-GPSi than that of
m-PSi may be attributed to increased electrolyte consumption
and irreversible reactions during SEI formation owing to its
enlarged specific surface area of m-GPSi compared to that of
m-PSi.63

Prior to cycling, the electrochemical processes of the
fabricated Si anode materials were investigated via impedance
measurements by using EIS. Figure 6i shows the impedance
spectra for the m-Si, m-PSi, and m-GPSi samples, covering a
frequency range of 105 to 10−3 Hz with an amplitude signal of
5 mV. In the Nyquist plot, the initial resistance, denoted as Re,
represents the electrolyte solution in the coin cell, which is
typically termed electrolyte resistance. The semicircle in the
high-frequency domain, marked as RSEI, suggests impedance
from SEI layer formation. Rct characterizes the resistance from
the charge-transfer reactions at the electrolyte−active material
interface.64

Figure S6a depicts the fitted equivalent circuit and the
resulting resistance values for all three materials. Notably, the
m-GPSi anode presented the lowest Re value of 2.22 Ω,
validating the efficient redox kinetics of the grafted materials.
m-GPSi also showed the smallest Rct value of 79.30 Ω,
underlining the proficient charge-transfer reaction of Li+ ions
between the active materials and the electrolyte.65 Hence, this

Figure 7. Plausible Li+ ion storage mechanism for Si-based anode materials. (a) m-PSi: pulverization of PSi due to massive volume expansion. (b)
Robust Si−C/Si−O−C interface of the microsized m-GPSi providing rapid transport of Li+ ions and formation of the stable SEI layer during the
charge−discharge cycle. (c) Feasible pathways for Li+ ion transport.
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effect can be attributed to the ion migration mechanism
boosted by the attached phenolic interlayer, which is enriched
with highly electronegative O atoms.66 In the initial plot, m-
GPSi exhibited a smaller semicircle compared to the bare m-
PSi and m-Si samples, highlighting the influence of the
ultrathin phenolic interlayer in establishing a stable SEI
interface with reduced resistance.67 Furthermore, the RSEI
values for m-PSi and m-GPSi were estimated as 175.16 and
128.19 Ω, respectively. The lower RSEI value for m-GPSi
signifies that its ultrathin phenolic interlayer promotes the
formation of a robust SEI layer with minimal resistance.
Ultimately, m-GPSi showed reduced impedance and superior
conductivity, contributing to improved Li+ ion charge-transfer
kinetics throughout the cycling. Table S2 summarizes the
retention capacities of the samples at both the 5th and 100th
cycles, and Figure S6b shows a comparison of the samples. The
data clearly indicate the superior retention capacity of m-GPSi
(80.01%) compared with those of m-PSi (31.97%) and m-Si
(11.85%). In addition, m-GPSi exhibited excellent rate
capability and cyclic performance.

3.4. Enhanced Performance of Si-Based Anodes by
Thermolytic Grafting. Figure 7 shows the Li+ ion storage
mechanism in the m-PSi and m-GPSi anode samples,
highlighting the pivotal role of the covalently grafted phenolic
interlayer at the Si interface. Specifically, m-PSi with its Si−O−
Si interface experiences severe volume stress stemming from
the enormous volume change of active Si materials during
cycling. The repeated volume expansion and contraction led to
the fracturing of the m-PSi core structure (Figure 7a), inducing
the creation of an unstable SEI layer and significant capacity
loss over repeated cycles.68 By contrast, m-GPSi possesses a
Si−O−C/Si−C covalent interface, which introduces a dual
storage mechanism (Figure 7b). Within this diffusion-
controlled mechanism, the Si−C linkage serves as a protective
shield for the internal structure of m-GPSi, imparting enhanced
mechanical and chemical stabilities to the active material.
Additionally, in the capacitive storage process, the polarized
Si−O−C linkage increases the adsorption of Li+ ions on the
grafted layer, elevating the Li+ ion storage capacity of m-
GPSi.45 Furthermore, the para-substituted hydroxy phenolic
interlayer offers expedited pathways for the transport of Li+

ions. Specifically, the para-substituted oxygen atom functions
as a transfer hub for the swift movement of Li+ ions, providing
an excellent rate capability (Figure 7c).69

To emphasize the effect of para-substituted OH groups on
the enhanced transport of Li ions, m-PSi was grafted with
poly(4-styrenesulfonic acid) (m-PSi@PSSA), and its rate
capability was compared with that of m-GPSi (similarly
referred to as m-PSi@PVP) (Figure S7). The sulfonic
functional group (SO3H) in the PSSA can react with the Li+

ions through neutralization reactions, leading to the irreversible
loss of Li ions during the cyclic process. Moreover, the
resultant SO3

−−Li+ ionic moieties can hinder the pathways for
the easy movement of Li ions in the grafted interlayers.70 As
projected, m-PSi@PSSA exhibited a poor rate capability of 605
mA h g−1 with the lower recovery rate of 68% of the initial
capacity at 0.1 A g−1. In contrast, the oxygen atom in the
phenolic carbon in m-GPSi serves as a hopping site for Li+ ions
to swiftly transport the Li ions, thereby demonstrating high-
rate capability compared to other materials.

To be summarized, the ultrathin phenolic interlayer
provided additional capacitive storage, streamlined rapid Li+

ion transport, and reinforced the structural integrity of the
material. The phenolic carbon components within the grafted
layer can accommodate up to six Li+ ions per phenyl ring,
allowing efficient insertion and extraction from the structure.71

Table 1 compares the electrochemical performance of recently
documented microsized Si/C composites. Interestingly, our m-
GPSi demonstrated superior specific capacity and rate
capability, highlighting a significant Si content of 99.02%,
which differs from other recent studies, in which the Si content
was below 30−40%. Furthermore, our low-temperature
interface engineering with an ultrathin phenolic interlayer
offers a simple and one-pot process for creating a resilient Si
interface under mild conditions, distinguishing it from most
studies that employ harsh reaction conditions like high
temperatures, high pressures, and/or vacuum environments.

3.5. Postmortem Analysis of the Cycled Anodes. A
thorough postmortem analysis of the cycled coin cells was
performed to better understand the advantages of PVP grafting
on PSi in terms of its performance enhancement. Figure 8a−d
shows the cross-sectional SEM images obtained before and

Table 1. Cyclic Performance of the m-GPSi in Comparison to that of State-of-the-Art Micro-Si/C Composites

anode materials synthesis method
carbonization

temp. (°C)/time (h) Si wt % ICEa
rate

capabilityb cyclabilityc refs

m-GPSi thermolytic grafting 360°C/1 99.02 90.0 1250.7/4 1905@100 this work
N−Si/C thermal annealing 1000°C/2 65.38 91 877/1 1238@100 75
MFG/PNSi@C

composite
pyrolysis 900°C/3 29.41 82.8 450/1.6 1141@200 76

Si/C−HF calcination 800°C/4 30.0 63.3 69/1.0 710@300 77
Si@C-G ball milling and pyrolysis 1000°C/4 10.0 83.8 1117.1/2.0 80@250 17
Si@C/CNTs@GS calcination 700°C/2 75 87.6 1016.2/1.6 1524@130 78
Si-CNT chemical dealloying 600°C/3 47.3 60.2 510/5 1275@100 79
P2−1050-Si@V@C pyrolysis 850−1150°C/2 23.0 79 743/2 755@200 18
Si@CMR pyrolysis 700°C/2 5.26 ∼71 1628.7/2 1279@500 34
p-Si@C freeze-drying-annealing 600°C/3 45 58 946/4 1990@100 80
Si@3DC calcination 800°C/1 70.7 68.8 658/20 1588@1000 81
pitch-Si-0.5/C electro spraying and

calcination
800°C/2 60 83.3 406/2 929@200 82

C@pSi-I pyrolysis 800°C/3 50 82.5 1226.9/2 1116.7@200 22
MSN@C@void@N−C calcination 800°C/3 66.6 70 816/4 1372@150 83
aICE is initial coulombic efficiency, %. bRate capability obtained as the specific capacity at the highest current density, mA h g−1/A g−1. cCyclability
obtained as a final specific capacity versus the cycle number, mA h g−1@Cycle.
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after 100 cycles for both the pristine and grafted PSi anodes.
The ultrathin phenolic interlayer distinctly minimized the
linear expansion of the grafted sample, restricting the
expansion to ∼200%. This is in stark contrast to the untreated
counterpart, which displayed an expansion rate of ∼400%, as
shown in Figure 8c. Furthermore, the ungrafted sample
displayed considerable deformation, and multiple voids were
evident in its structure, which eventually caused its detachment
from the current collector. By contrast, the grafted sample
effectively maintained its morphology and electrical con-
nections, as shown in Figure 8d. Further insights were
provided by the top-view FE-SEM images of the cycled
anode materials featured in Figure 8e−h. The ungrafted sample
underwent extreme cracking and displayed the formation of
large holes, as shown in Figure 8e,f. These drastic
morphological alterations inevitably led to capacity fading in
several cycles. By contrast, the surface morphology of the
grafted sample remains largely unchanged, with minimal small
holes and the absence of cracks, as depicted in Figure 8g,h.72

SEI layer composition was investigated by performing ATR-
FTIR analysis (Figure 9) for the cycled anodes to evaluate the
significance of the grafted phenolic interface in SEI layer
formation. As summarized in Table S3, the SEI layer of the m-
GPSi anode mainly consists of highly Li+ ion conducting
carboxylic acid salts, RCOOLi, to give a broad intense peak in

the range of 1542−1500 cm−1.45,73,74 Moreover, m-GPSi
shows the clear presence of Si−O−C/Si−O entities in the
spectral range of 1100−1050 cm−1, whereas these entities are
notably absent in both m-PSi and m-Si, probably due to the
formation of a thick SEI layer. To be conclusive, ultrathin
phenolic interlayer in m-GPSi promoted the formation of the
stable and high ionic conductive SEI layer to give high-rate
capability and stable cyclic performance. The superior
electrochemical performance of both m-PSi and m-GPSi in
comparison to that of m-Si is attributed to their pronounced
mesoporosity and substantial surface area, which is confirmed
by the BET analysis.50 The combination of the porous
structure and the ultrathin phenolic carbon coating plays a
crucial role in shortening Li-ion diffusion pathways and
mitigating mechanical stress within m-GPSi. This synergy
effect not only preserves the structural integrity but also
reduces charge-transfer resistance, consequently delivering
high-rate capability and strong cyclic stability.

In this work, efforts have been made to improve Li+ ion
storage in microsized PSi via nanointerface engineering. The
highly porous nature and covalently bonded phenolic interface
(through Si−O−C/Si−C linkages) of m-GPSi effectively
streamlined the access and storage of Li+ by shortening the
diffusion pathway. Moreover, the covalent linkages at the Si
interface significantly restricted the linear expansion of the
anodes throughout charge−discharge cycling. Although micro-
sized Si has inherent challenges, such as low intrinsic capacity
and restricted rate capability owing to its larger size, the
presence of an ultrathin phenolic interlayer significantly
improves the initial capacity of m-GPSi (3012 mA h g−1)
and maintains an impressive rate capability of 96% following a
current density recovery from 4 to 0.1 A g−1. Notably, those
outcomes are achieved by utilizing a high Si content of 99%
and sidestepping complex and costly procedures, such as
multiphase CVD and high-temperature pyrolysis exceeding
700 °C. Ultimately, this research underscores the potential of
nanointerface engineering via low-temperature thermolysis to
enhance Li+ ion storage in microsized Si.

4. CONCLUSIONS
A nanoscale engineered interface was developed through a
simple thermolytic grafting process using a unique para-
hydroxyl-substituted styrene polymer executed at low temper-
ature (≤360 °C). A pivotal achievement was the covalent
attachment of an ultrathin phenolic interlayer to the surface of
m-PSi, which enhanced the performance of the Si-based anode
materials. The para-substituted-hydroxy-phenyl interlayer
ensured an efficient Li+ ion transfer and optimized ion

Figure 8. Cross-sectional SEM images of (a) m-PSi, (b) m-GPSi
before cycling, (c) m-PSi, and (d) m-GPSi after cycling. Postmortem
FE-SEM surface analysis after 100 cycles for (e,f) m-PSi and (g,h) m-
GPSi.

Figure 9. ATR-FTIR spectra of the cycled anodes.
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migration, consequently producing a notable Li+ ion diffusion
coefficient in m-GPSi. Specifically, the dual covalent linkages
via Si−O−C/Si−C grafts not only increased the capacitive
storage of Li+ ions but also served as a deterrent to the marked
volume expansion during the charge/discharge process. This
design enabled the m-GPSi anode to achieve an impressive
capacity retention of 80.01% at 0.1 A g−1. Moreover, it
exhibited a remarkable rate capability of 1250.70 mA h g−1 at 4
A g−1 and demonstrated an admirable 96% recovery of its
initial capacity, setting the stage for the fabrication of advanced
LIB anodes.
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