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a b s t r a c t 

Carbon coating is one of the most common methods to improve the performance of Li-ion batteries, especially for materials such as silicon and silicon oxides (SiO x ) 
of poor electronic conductivity and large volume changes during cycling. However, its brittle nature and low elasticity make the conventional carbon coatings crack 
easily and hence lose the conductive connection with active materials after a few cycles. In this work, we propose a scalable and low-cost synthesis method to deposit 
a highly-elastic fullerene-like protective carbon layer on silicon nanoparticles by molecular-level controlled association of natural polyaromatic molecules in heavy 
oil. The fullerene-like carbon layer is shown to recover by > 90% after deformation, which ensures the structural stability of the carbon coatings during cycling. 
Fullerene-like carbon coated silicon nanoparticles exhibit a high cycle stability with a reversible capacity of 1230 mAh g -1 and capacity retention of 94.6% after 
600 cycles at 1 C. These results demonstrate the great commercial potential of this synthesis method in producing anode materials of high-performance lithium-ion 
batteries. 
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. Introduction 

A considerable amount of research has been focused on high energy
ensity LIBs to satisfy the desire for lighter and more durable electronics
nd electric vehicles [ 1 , 2 ]. Unfortunately, the high-capacity active ma-
erials, such as alloy-type materials [3] , conversion-type materials [ 4 , 5 ],
nd sulfur cathodes [6] , often suffer from poor electrical conductivity
nd huge volume changes during cycling [ 7 , 8 ]. For example, the com-
ercial use of silicon anodes with a high energy density of 4200 mAh
 

-1 is prohibited by these inherent drawbacks which lead to poor rate
roperties, pulverization of active materials, continuous reconstruction
f the solid-electrolyte interface (SEI) and rapid decay of battery capac-
ty [ 9 , 10 ]. 

Nanostructures, such as nanowires [11] , nanotubes [12] ,
anosheets [13] , hollow/yolk-shell structures [14] , porous Si [ 7 , 15 ]
nd others [ 16 , 17 ] have been proven to be potential solutions to some
egree in mitigating the challenges from volume change by allowing
xtra freedom for the volume change of active silicon materials.
lthough improvements in electrochemical performance over pure
ilicon are often achieved by designing these complex silicon-carbon
omposites, the high cost, tedious manufacturing process and use of
azardous materials such as strong acids in manufacturing process limit
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he production of these materials only at lab-scales, diminishing if not
rohibiting their commercial applications. 

Carbon is commonly used as a protective layer on the outside of ac-
ive materials or acts as an embedding matrix to improve electric con-
uctivity and alleviate deleterious volume change [18–21] . Carboniza-
ion of organic precursors on the surface of silicon particles is the most
traightforward synthesis method to form a carbonaceous outer shell on
ilicon, and therefore was one of the earliest attempts to deposit a pro-
ective carbon layer on silicon [ 22 , 23 ]. However, owing to its brittle
ature, the conventional carbon coatings will easily crack after a few
ycles, leaving silicon exposed to the electrolyte again to promot fast
lectrolyte consumption and excess growth of SEI. Low-elasticity carbon
ayer cannot fully recover after following the expansion of silicon dur-
ng repeated electrochemical cycling, resulting in the loss of electrical
ontact between the silicon particles and the carbon coating [24] . Fur-
hermore, carbon coatings with high Young’s modulus will hinder the
ithiation process by limiting the volume expansion of silicon [25] . It is
ypothesized that an elastic carbon coating can offer a better mechan-
cal stability to accommodate the volume change of the silicon during
ithiation/delithiation cycles. Achieving elasticity in a carbon film re-
uires fine adjustments of the ratio and linkage between tetrahedrally
onded carbons (sp 3 -bonded) and 𝜋 system-based (sp 2 -bonded) carbons
ith fullerene-like structure [26] . For instance, anisotropic compression
f fullerene-like carbons and carbon nanotubes against a substrate at a
igh velocity was a viable approach to offer high elasticity in the de-
osited carbon films [27] . Therefore, fullerene-like carbon is hypoth-
sized to be an ideal protective structure for silicon-based anodes to
 22 November 2021 
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ealize its superior micromechanical properties. However, techniques
o form fullerene-like carbon spheres using for instance cathodic arc
 26 , 28 ], laser ablation [29] , or by heating nanodiamonds at extremely
igh temperatures [ 30 ] are usually costly and difficult for scale up pro-
uction, not to mention the difficulties in controlling the mophology of
arbon coatings. 

In this work, we developed a new approach to prepare high elastic
ullerene-like carbon films on silicon nanoparticles (Si NP) as the pro-
ection layer for high-performance lithium-ion batteries by using natu-
al polyraomatic meolecules (asphaltenes, PAM) in heavy crude oil or
etroleum refinery residues as the carbon source. An optimized aro-
aticity of solvents can promote the formation of desired PAM clus-

ers on silicon nanoparticle surfaces, which can then be easily converted
o an amorphous carbon coating with embedded fullerene-like carbon
anoscaffolds during a mild carbonization process. Silicon nanoparti-
les of fullerene-like carbon coatings synthesized in this study exhib-
ted an excellent cycle stability and rate performance with an initial
olumbic efficiency of 89.7%, and a remaining reversible capacity of
230 mAh g -1 after 600 cycles at 1 C (1 C is 3579 mA g -1 ) with capac-
ty retention of 94.6%. The fullerene-like carbon coating can be further
pplied to improve the electrochemical performance of SiO micropar-
icles. Due to strong adsorption and self-association of PAM on various
urfaces, such a simple and efficient coating strategy is also applica-
le to the modification of other electrode materials. Owing to its high
arbon content and versatile tunability, natural PAM as an abundant
nd low-cost by-product from petroleum industry has been widely used
o prepare carbon-based materials for energy storage applications [31] .
owever, recent studies are mainly focused on the carbonization condi-

ions and origin of the oil on the performance of carbonized products.
mportant findings from this molecular-level research on adsorption and
elf-assembly followed by carbonization of PAM open a new path of uti-
izing a cheap heavy oil or waste by-product of petroleum refineries as
arbon source in production of carbon composite materials for energy
torage applications. 

. Experimental section 

.1. Materials synthesis 

Tol-SiNP and Hept-SiNP. Heavy oil (0.2 g) from Argentina was first
issolved in toluene (15 mL) (AR, Sinopharm) or heptol (a heptane
o toluene volume ratio of 5:5). Then, silicon nanoparticles (0.6 g) of
100 nm in size from Guangdong Canrd New Energy Technology Co.
td were dispersed in the heavy oil in toluene or heptol solutions. The
uspension was stirred at room temperature for 12 h. After evaporation
f the solvent in a rotary evaporator at 50 °C, the heavy oil-coated silicon
anoparticles were carbonized at 480 °C in Ar atmosphere for 1 h. The
anoparticles obtained as such were referred to as Tol-SiNP and Hept-
iNP, respectively, depending on the solvent used. For comparison, the
ame method was used to synthesize fullerene-like carbon coated SiO
icroparticles from heavy oil in heptol solvent. 

Samples for Nanoindentation Measurements. Heavy oil (0.5 g) was dis-
olved in 50 mL toluene or heptol. A drop of the solution was then care-
ully placed on silicon wafers to allow solvent evaporation before being
arbonized at 480 °C in Ar atmosphere for 1 h. 

.2. Materials characterization 

Scanning electron microscopy (SEM, Tescan Vega 3 LMH), trans-
ission electron microscopy (TEM) and high-angle annular dark field

canning transmission electron microscopy (HAADF-STEM) with energy
ispersive X-ray spectrometry (EDS) (FEI Talos F200X) were used to
haracterize the morphology of the samples. TGA was performed us-
ng a Mettler instrument at a heating rate of 10 °C min − 1 between
0 °C and 800 °C in N 2 . Raman spectra were obtained using a Horiba
obinYvon. N adsorption–desorption isotherms were obtained on a
2 
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riStar II 3020 system. The surface morphology and mechanical proper-
ies of the carbon-coated silicon wafers were determined using an AFM
Bruker, Dimension Icon) with a PeakForce QNM module. 

.3. Electrochemical characterizations 

Silicon nanoparticles (or SiO microparticles) were mixed with car-
on nanotubes (CNTs) and polyacrylamide (PAA) at a mass ratio of
:1:1 and then dispersed in N-methylpyrrolidone (NMP) to obtain ho-
ogenous slurries. The slurries were spread on Cu foil substrate and
ried at 100 °C for 12 h. The mass loading of Si in the working elec-
rodes was about 0.7 g cm 

-2 (1 g cm 

-2 for SiO) for cycling performance
nd 0.35 g cm 

-2 for CV, EIS and GITT measurement (detiles in Support-
ng Information). The half-cells were assembled in a glove box using
R2016 coin cells with Li metal foil as the counter electrode. The elec-
rolyte was 1 mol L -1 solution of LiPF 6 in a mixture of ethylene carbon-
te (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) (1:1:1
y vol.) with 5 wt.% fluoroethylene carbonate (FEC). A polypropylene
embrane was used as the separator. In a silicon full cell, the cathode

ontains super P/PVDF/NCM622 at a mass ratio of 10/10/80 on Al foil
t a mass loading of 20 mg cm 

-2 NCM622, and the anode contains super
/PAA/silicon (10/10/80) on Cu foil at a mass loading of 1.6 mg cm 

-2 

ilicon. In a SiO full cell, the cathode contains super P/PVDF/LiFePO 4 
t a mass ratio of 10/10/80 on Al foil at a mass loading of 11.5 mg cm 

-2 

iFePO 4 , and the anode contains super P/PAA/SiO (10/10/80) on Cu
oil at a mass loading of 1.5 mg cm 

-2 SiO. All electrochemical tests were
arried out at room temperature. Galvanostatic charging/discharging
ests were conducted on a Neware instrument (Shenzhen, China) over a
otential range of 0.01–1.5 V (half-cell), 2.7–4.2 V (Si//NCM622 full-
ell) and 2.5–3.5 V (SiO//LiFePO 4 full-cell). The specific capacitie calcu-
ations of the cells were based on the mass of Si/C composite. CV curves
ere collected between 0.01 V and 3.0 V. EIS characterization was con-
ucted using a potentiostat (IVIUMnSTAT) in the frequency range of
 MHz-0.1 Hz under an AC input of 5 mV amplitude. Each EIS spectrum
as collected after 5 h relaxation period at different voltages. 

. Results and discussion 

.1. Formation mechanism of fullerene-like carbons 

The concept of solvent-controlled surface adsorption and self-
ssociation of polyaromatic molecules (PAM) on silicon nanoparticles
n heavy oil is illustrated in Fig. 1 . Being the heaviest components of
eavy oil, asphaltenes are a mixture of PAMs which are soluble in aro-
atic solvent such as toluene and insoluble in aliphatic solvent such as
eptane [32] . The structure of the adsorbed asphaltene layers depends
herefore heavily on aromaticity of the solvent [33] . Asphaltenes of pol-
aromatic nature are anticipated to adsorb and self-assemble on Si NP in
rganic solvents through 𝜋- 𝜋 association of polyaromatic rings, forming
 viscoelastic adsorption layer [34–36] . Asphaltene clusters as build-
ng blocks were formed to scaffold on the surface of silicon nanoparti-
les in a solvent through the control of solvent aromaticity by varying
eptane to toluene volume ratio of solvents. As heptane is added grad-
ally into the heavy oil-in-toluene solution, asphaltene molecules be-
ome increasingly aggregated and eventually form large precipitates in a
eptane-dominated solvent. During this process, asphaltenes adsorb pro-
ressively on silicon nanoparticles covered by a thin oxide layer (Figure
1, Supporting Information) until the formation of desired asphaltene
lusters in a solvent of optimal aromaticity at a heptane to toluene vol-
me ratio of 5:5 (heptol). Different from the dense adsorption in toluene,
sphaltene clusters formed in heptol solvent become cross-linked on sili-
on surfaces to construct a cauliflower-like structure with its pores being
lled and supported by maltenes (the non-asphaltene components of the
eavy oil). Carbonization of this layer of hydrocarbons removes a ma-
ority of the maltenes due to their less carbon-forming nature, leading
o an elastic coating of fullerene-like carbon nanoscaffolds embedded in
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Fig. 1. Concept of the surface adsorption and self-association of PAM in heavy oil tuned at a molecular level by controlling the aromaticity of solvents to form 

fullerene-like structures of carbon coatings. 
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n amorphous carbon matrix. With pre-assembled structures of carbon
recursors, the synthesis process for fullerene-like carbon is evidently
uch milder and easy to control than traditional methods. 

.2. Characterization of the fullerene-like carbon coated silicon 

To demonstrate the controllability of asphaltene assembly by chang-
ng the aromaticity of solvent, heavy oil was first dissolved in toluene,
ollowed by the addition of heptane to shift the solvent property from
romatic to more paraffinic, which triggers the formation of asphaltene
lusters. The volume ratio of toluene to heptane in the final solvent was
aried from 10:0 to 5:5 and 2:8. The morphology of heavy oil from dif-
erent solvents and its carbonized products was examined by transmis-
ion electron microscopy (TEM). Fig. 2 a shows a high dependence of the
orphology of heavy oil precursors on the aromaticity of the solvent.
nly when the aromaticity of the solvent is intermediate at a heptane to

oluene volume ratio of 5:5, do the graphene-like layers of asphaltenes
angle with each other to form cauliflower-like structures. Formation of
uch a structure likely requires both the stacked asphaltene aggregates
o provide “rigid ” building blocks and flexible maltene molecules that
an have a certain association with the stacked asphaltene aggregates
o “fill up ” the internal spaces among the aggregates (Figure S2). When
olvency power is more aromatic (10:0) or highly paraffinic (2:8), such
auliflower-like structures cannot form due to the lack of desirable ag-
regates to stack in aromatic solvent environment or asphaltene-maltene
hase segregation in paraffinic solvent environment (see Figure S3). 

Carbonization of the heavy oil precursor with the cauliflower-like
tructure prepared in heptol produced a large amount of fullerene-
ike carbon spheres embedded in an amorphous carbon matrix. The
ullerene-like carbon observed here was formed at a low carbonization
emperature of 480 °C, indicating a significantly lower temperature of
arbonization to preserve fullerene-like structures pre-assembled from
AMs in heptol. This mild synthesis process can significantly reduce the
414 
ost of synthesizing the fullerene-like carbons and be easily applied to
arbon coatings of silicon nanoparticles. Silicon nanoparticles were dis-
ersed in a heavy oil in heptol solution. After 24 h, the solvent was evap-
rated, forcing the remaining non-adsorbed organics (mostly maltenes)
nto the pores and onto the surface of asphaltene scaffolds assembled
n the silicon nanoparticles. The nanoparticles were subsequently car-
onized at 480 °C (Figure S4) to produce Hept-Carbon-coated silicon
anoparticles (Hept-SiNP). The same process was repeated using toluene
s the solvent to prepare Tol-Carbon-coated silicon nanoparticles (Tol-
iNP) for comparison (Figure S5). The peak of carbon at 1360 cm 

-1 and
580 cm 

-1 in the Raman spectrum proves the successful coatings of car-
on on silicon (Figure S6). 

Compared with the adsorbed layer of surface-active asphaltenes in
oluene, the scaffolded layer formed on silicon nanoparticles in heptol
eatures more homogenous structures and fullerene-like carbon regions
 Fig. 2 b). Such a feature allows more maltenes to be incorporated in the
tructure and leads to a thicker and homogeneous single-layer structure
n the carbon coating of Hept-SiNP. Dual structure, on the other hand,
as observed in the carbon layer on Tol-SiNP ( Fig. 2 e), which is caused
y maltene-asphaltene segregation due to their significant differences in
urface activity of adsorption on silicon surfaces in toluene. In thermo-
ravimetric analysis (TGA), the Hept-SiNP were shown to lose a signifi-
antly more weight than Tol-SiNP during carbonization at 480 °C (Figure
7), which corresponds to a Si content of 92.3 wt.% and 89.2 wt.% for
ept-SiNP and Tol-SiNP, respectively (Figure S8). This finding results

rom a denser adsorbed layer of asphaltenes in the toluene, which is
asier to carbonize in the subsequent thermal carbonization process. 

To closely examine the structure of the carbon layers in Tol-SiNP
nd Hept-SiNP, the silicon substrates were removed using NaOH aque-
us solutions while the carbon phases were recovered by centrifuga-
ion and analyzed by TEM ( Fig. 2 c and 2 f). The recovered carbon ap-
eared to be consisted of a continuous carbon matrix containing holes
hat were originally occupied by silicon nanoparticles (microstructures
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Fig. 2. Morphological characterization: (a) Structures resulting from asphaltene assembly in heptol before and after carbonization; (b and e) TEM micrographs of 
the carbonized layers on Hept-SiNP and Tol-SiNP, respectively; (c and f) TEM micrographs of the carbonized layers after removing silicon nanoparticles of Hept-SiNP 
and Tol-SiNP, respectively, with the insets showing the continuous carbon matrix; (d and g) d -spacing of the corresponding yellow regions in c and f , respectively; 
(h and i) EDS elemental mapping of Hept-SiNP and Tol-SiNP, respectively. 
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hown in the insets). Examination of the carbon layers on Hept-SiNP re-
ealed fullerene-like carbon nanoscaffolds (in the order of 8 to 20 nm in
ize) concentrated in the region adjacent to the silicon surface ( Fig. 2 c).
hese carbon nanoscaffolds envelope a core that appears as a silicon
anoparticle being removed. It was well documented that the forma-
ion of fullerene-like structures usually creates internal stresses. These
tresses arise from the curvature of the carbon planes and an already
xisting structure in which the graphitic sheets are restricted in lat-
ral motion [ 37 , 38 ]. Such deformation stress is likely the main rea-
on for the observed elasticity of the fullerene-based carbon coatings in
ept-SiNP. 

The carbon coating on Tol-SiNP exhibits a structured inner layer at
he edge of the hole and an amorphous carbon layer away from the
ole. The inner structure consists of parallel carbon layers, suggesting
he precursor asphaltene molecules being adsorbed on the silicon sur-
ace through stacking of polyaromatic rings ( Fig. 2 f). Heteroatoms such
s O, N, and S in PAM are generally considered to be concentrated in
ing systems [39] . The interaction of heteroatom-containing functional
roups with the oxidized layer on silicon nanoparticles in toluene results
n the adsorption of solvated asphaltene molecules in a flat-on configura-
ion. The parallel graphitic orientation can only have in-plane covalent
415 
p 2 -bonds to support the volume expansion, while the weak interplanar
an-der Waals bonds can easily result in 3-dimensional collapse of the
arbon coating [40] . In addition to the differences in the morphologies
f the carbon, the fullerene-like carbon in Hept-SiNP ( Fig. 2 d) features
lso a significantly greater d -spacing (4.2 Å) than the parallel carbon
ayers in Tol-SiNP (3.6 Å; Fig. 2 g). The higher d -spacing in the film of
ept-SiNP likely results from the greater degree of freedom needed to

orm the fullerene geometry. Furthermore, the weak association and less
rdered structure between asphaltene molecules in the heptol can con-
ribute to the higher d -spacing observed in the final carbonized coating.
he higher d -spacing may lead to a favourable binding of Li + ions and
aster ion diffusion in the fullerene-like carbon. 

Elemental mapping by energy dispersive X-ray spectroscopy (EDS)
n Hept-SiNP ( Fig. 2 h) shows more scarcely and homogeneously dis-
ributed oxygen atoms in the single layer of carbon coatings. The Tol-
iNP ( Fig. 2 i) on the other hand features a first layer of enriched oxygen
toms. Such result corresponds well to the composition of asphaltenes
hich are enriched with oxygen containing functional groups. The sec-
nd layer does not show any enrichment in oxygen atoms as antici-
ated, indicating the second layer being likely constructed by a mixture
f maltenes and asphaltenes. 
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Fig. 3. Characteristics of carbon coatings: (a) Nitrogen adsorption and desorption isotherms for Tol-SiNP and Hept-SiNP, with the insets showing corresponding 
pore size distributions; (b) Adsorption isotherm of asphaltenes on silica sensor from different solvents determined in situ and in real time by a QCM-D instrument; (c) 

Nanoindentation trace of carbonized heavy oil coatings prepared using toluene and heptol on silicon wafer surfaces; (d) Force distance curves of carbon coatings; (e 
and g) Morphology of carbon coatings from toluene and heptol, respectively; (f and h) Nanomechanical map of carbon coatings from toluene and heptol, respectively. 
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More characterizations have further proven the unique structure and
echanical properties of this fullerene-like carbon coating. The porosity

f Hept-SiNP was quantitatively determined by Brunauer-Emmett-Teller
BET) analysis using nitrogen as to be 0.048 cm 

3 g -1 which is 2.4 times
igher than that of Tol-SiNP (0.020 cm 

3 g -1 ) ( Fig. 3 a). Furthermore,
 significant number of pores in Hept-SiNP are smaller than 1 nm, in
ontrast to the absence of pores in Tol-SiNP at this scale. These small
ores in Hept-SiNP are anticipated to promote the diffusion of lithium
ons. 

The adsorption of heavy oil onto the silicon surface in toluene and
eptol was quantitatively studied by quartz crystal microbalance with
issipation (QCM-D) measurements ( Fig. 3 b). A silica sensor was chosen
ere to represent the surface of silicon nanoparticles with a thin oxida-
ion layer. The resonant frequency of the quartz oscillator ( Δf) decreases
ith increasing the amount of heavy oil adsorbed [41] . The measured

hange in dissipation (D) indicates the change in the viscoelasticity and
lip of adsorbed layers at the sensor-solution interface. A rigid layer of
dsorption for instance, generates little change in dissipation, while a
iscoelastic layer of adsorption in a good solvent causes a significant in-
rease in dissipation [42] . Fig. 3 b shows an adsorption plateau at 180 ng
m 

− 2 onto the silica surface within 2 h in toluene, indicating a mono-
ayer adsorption. Similar trends have been observed in the adsorption of
eavy oil onto mica surfaces [ 43 , 44 ]. In the heptol, on the other hand,
416 
ultilayer adsorption is observed, and the amount of asphaltenes ad-
orbed increased steadily with increasing adsorption time. The greater
xtent of molecular desorption upon washing with fresh solvent suggests
he weak association between asphaltene aggregates in heptol solvent.
he more significant increase in dissipation suggests a softer and more

oosely-packed layer of heavy oil adsorbed on silica surfaces from heptol
olutions than from toluene solutions, which builds the foundation for
he elasticity of the carbon coating formed in heptol. 

Nanoindentation trace ( Fig. 3 c) shows a substantially higher elastic-
ty of the carbon coating layer on a silicon wafer derived from heptol
Hept-Carbon) than that from toluene (Tol-Carbon). When an incremen-
al load from 1 to 10 mN was applied to the carbon layers, the defor-
ation was found to be consistently greater for Hept-Carbon than Tol-
arbon. Maintaining a constant load of 10 mN on the coatings resulted

n a further deformation of Tol-Carbon, likely caused by plane sliding or
ollapse of internal structures under the applied stress. For Hept-Carbon,
n the other hand, deformation stopped almost immediately after stop-
ing increase in the load. Upon removal of the load, deformation of the
ept-Carbon recovered almost completely ( > 90% recovery), suggesting
 highly elastic nature of deformation. The fullerene-like nanostructure
onsisting of interlocked and curved graphite planes can extend a pla-
ar sp 2 -coordinated carbon network into three dimensions, which can
lastically store (absorb) the deformation energy by compression of the
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Fig. 4. Electrochemical performance of the synthesized Hept-SiNP in half-cell tests : Voltage profiles of Hept-SiNP (a) , Tol-SiNP (b) and Bare Si (c) ; Cyclic voltammetry 
(CV) analysis of Hept-SiNP (d) and Tol-SiNP (e); (f) Cyclability at 0.2 C; (g) Long-term cyclability at 1 C; (h) Comparison of other carbon coated Si anodes. Refs. 
[48–55] are cited in this figure. 
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nterplanar lattice spacing and carbon sheet buckling. Also shown in
ig. 3 c is a much smaller hysteresis between loading and unloading cy-
les, indicating a less plastic (permanent) deformation and hence less
racture damage of Hept-Carbon film than Tol-Carbon film. This feature
f deformation indicates a low elastic modulus and high fracture tough-
ess in the Hept-Carbon film, which can act as an ideal coating on silicon
o provide stable solid/electrolyte interface. 

Fig. 3 d shows the nano mechanical properties of carbon layers
ormed in the toluene and heptol systems, in the form of force-distance
urves measured using Atomic Force Microscope (AFM). The z values at
he valley points of the approaching curve (dotted curve) and retract-
ng curve (solid curve) represent the displacement of the tip when the
ttachment or detachment occurred, respectively. The valley points of
he approaching curve and retracting curve for the Hept-Carbon share
he same Z values. This behavior demonstrates that the carbon layer on
ept-Carbon has recovered its shape when the tip was retracted and
etached. For the Tol- Carbon system on the other hand, a significant
ysteresis of around 1 nm was observed in the Z values, which is likely
aused by the plastic deformation in the carbon layers. 

The morphology and micromechanical properties of Hept-Carbon
nd Tol-Carbon coatings are shown in Fig. 3 e-h. The Hept-Carbon on the
ilicon substrate showed a thicker and smoother morphology ( Fig. 3 e).
he nanomechanical mapping showed a much softer carbonized layer of
ept-Carbon ( Fig. 3 f) than Tol-Carbon ( Fig. 3 h), with a maximum elastic
odulus of only 2.9 GPa. On the other hand, Tol-Carbon showed a ho-
ogeneous bottom layer and a patchy top layer of domains. The bottom

ayer is likely formed by adsorption and assembly of the most surface
ctive asphaltenes. These surface active asphaltenes are usually more
olyaromatic with more heteroatoms such as O and S. These molecules
417 
end to associate with each other through 𝜋- 𝜋 interactions. Such 𝜋- 𝜋
tacking can result in highly ordered structures in the carbonized layer,
eading to higher elastic modulus observed in these regions as shown in
ig. 3 h. The bright (high-height) domains in the carbonized layer are
ikely due to the adsorption of asphaltene nanoaggregates formed al-
hough limited in good solvent (Figure S9). This uneven structure will
ake Tol-Carbon easier to crack when silicon expands. 

In summary, the fullerene-like carbon coating on silicon surface ex-
bits an elastic and soft nature, which ensures that the coating structure
f carbon would not be destroyed during the continuous lithiation/de-
ithiation processes of silicon. The higher porosity and d -space of Hept-
arbon can promote the diffusion of lithium ions and further realize
he stable operation of Hept-SiNP at high rate. Due to the excellent
echanical properties and microstructure of the fullerene-like carbon

ayer, Hept-SiNP is believed to have superior electrochemical proper-
ies. 

.3. Electrochemical performance of Hept-SiNP 

The electrochemical performance of the silicon nanoparticles with
lastic fullerene-like carbon-coatings in lithium ion batteries was exam-
ned in both half-cell and full-cell configurations. Fig. 4 a-c show the
oltage profiles of various electrodes at the rate of 0.03 C for the first
wo cycles and 0.2 C for the subsequent cycles. The electrode of Hept-
iNP, which is carbonized at the optimized temperature of 480 °C (see
igures S10 and S11), has a high initial capacity of 3790 mAh g -1 and
 good reversible delithiation capacity of 3400 mAh g -1 , corresponding
o an initial Coulombic efficiency (ICE) of ca. 89.7%. The formation of
EI layers on silicon during the first cycle due to undesired reactions



W. Tan, F. Yang, T. Yi et al. Energy Storage Materials 45 (2022) 412–421 

b  

v  

T  

c  

t  

F  

i  

l  

l  

F  

d  

m  

s  

b  

v  

F  

p  

i  

t  

m  

w  

f  

o  

T  

t  

g  

Δ  

i  

T  

a  

a
 

c
a  

a  

2  

t  

a  

c  

s  

T  

c  

(  

m  

r  

c  

W  

g  

t  

r  

i  

h  

r  

o  

c
 

c  

l  

o  

t  

0  

e  

t  

t  

f  

o  

i  

R  

t  

R
f  

g  

p  

R  

a  

o  

o  

p  

l  

b  

g  

v  

i  

s  

2  

m  

c  

r  

c  

f  

w  

w  

s  

s  

a  

(
 

w  

e  

t  

m  

o  

m  

m  

c  

t  

c  

(  

t  

a  

b  

t  

a  

T  

a  

o  

d  

w  

t  

c  

c  

o  

c  

s  

t  

d  

t  

g  

a  

i  

b  

1  
etween silicon and electrolyte in general decreases drastically the re-
ersible capacity, resulting in a low ICE as seen for bare Si (ca. 79.9%).
he increased ICE in the case of Hept-SiNP electrode indicates that the
lusters of carbons coated on silicon nanoparticles decreased effectively
he silicon/electrolyte interface to decrease the formation of SEI layers.
or a bare Si electrode, the intrinsic conductivity of Si is low, which
ncreases the impedance of the electrode during lithiation, resulting in
arge polarization. The deliverable capacity is thus reduced by this po-
arization effect. The similar effect was reported in literature [45–47] .
rom the 10th to 200th cycle, the capacities of Tol-SiNP and bare Si
ecreased significantly and the potential plateau of Tol-SiNP became
ore oblique, which may be due to the collapse of the active material

tructure and the increase of impedance. To understand the mechanism
ehind the improved electrochemical properties of the anodes, cyclic
oltammetry (CV) analysis at a sweep rate 0.1 mV s -1 were conducted.
or both Hept-SiNP ( Fig. 4 d) and Tol-SiNP ( Fig. 4 e), a small reduction
eak appeared in the initial cathodic scan at around 1.34 V, correspond-
ng to the formation of SEI layers. Such a reduction peak disappeared in
he following cycles, suggesting that for both samples, SEI layers were
ainly formed and stabilized in the first cycle and further SEI growth
as discouraged in the following cycles. Anodic peaks (E P, a ) at 0.17 V

or Tol-SiNP and 0.2 V for Hept-SiNP were attributed to the reduction
f Si to LixSi alloy phases and the cathodic peaks (E P, c ) at 0.55 V for
ol-SiNP and 0.39 V, 0.52 V for Hept-SiNP were related to the phase
ransformation process from LixSi alloy to amorphous Si. The voltage
ap between the anodic and cathodic peaks (peak potential separation,
E P ) indicates the amount of driving force needed for the Li + to move

n or out of the anode materials and the rate of electrochemical reaction.
hus, a smaller ΔE P of Hept-SiNP around 0.32 V with that of Tol-SiNP
round 0.38 V suggests higher ionic conductivity and electrochemical
ctivity of Hept-SiNP. 

Fig. 4 f shows that electrode with Hept-SiNP can run stably for 200
ycles at 0.2 C, showing a high reversible capacity of 1961 mAh g -1 

nd capacity retention of 95.1%. In contrast, the capacities of Tol-SiNP
nd bare SiNP decreased to 1217 and 896 mAh g -1 , respectively after
00 cycles, even though their capacities were similar to Hept-SiNP in
he first few cycles. The enhanced cycle stability of Hept-SiNP is mainly
ttributed to the excellent mechanical properties of the fullerene-like
arbon coating on silicon nanoparticles, which can provide a stable
olide/electrolyte interface during the lithiation/de-lithiation process.
he Hept-SiNP electrode exhibits higher specific capacities at various
urrent density as compared with Tol-SiNP and bare SiNP electrodes
Figure S12). Even at a high rate of 1 C, Hept-SiNP still showed a re-
arkable long-term cycle stability ( Fig. 4 g). After 600 cycles, Hept-SiNP

etained a high reversible capacity of 1230 mAh g -1 , correponding to
apacity retention of 94.3% based on the capacity of the fourth cycle.
hile, the capacity of Tol-SiNP has continued to decrease to 707 mAh
 

-1 . The micropores in the fullerene-like carbon coating can improve
he kinetics of lithium ion transmission and impart Hept-SiNP excellent
ate performance. Compared with previous studies on carbon-coated sil-
con nanoparticles ( Fig. 4 h), Hept-SiNP prepared using our approach
as clearly improved electrochemical properties and showed a compa-
able electrochemical performance with other existing Si/C composites
f complex structures which are difficult if not impossible to commer-
ialize.[ 48–55 ] 

In situ electrochemical impedance spectroscopy (EIS) analyses were
onducted at various pre-chosen potentials during the initial and 20th
ithiation processes ( Fig. 5 a). Starting from an open circuit potential
f 2.6 V, the 1st and 20th charge-discharge cycles were conducted be-
ween 0.01–3.0 V and 0.01–1.6 V, respectively at a current density of
.1 A g -1 . A full-featured in situ Nyquist plot includes a semicircle in
ach of the high and medium-frequency regions and a sloped line in
he low-frequency region, which are dependent on the interfacial resis-
ances due to SEI passivation (R sei ), the contact resistance/charge trans-
er resistance (R ct ) and the diffusion kinetics of Li + in the bulk phase
f the active materials, respectively. A corresponding equivalent circuit
418 
s then obtained with IviumSoft, which includes two sections, R sei and
 ct , that account for the charge-transfer resistance of the SEI layer and

he carbon coating on the active materials, respectively. The sum of
 sei and R ct (R tot ) is shown in Fig. 5 b. In the first lithiation scan, R tot 

or both Tol-SiNP and Hept-SiNP started to increase after 1.5 V, sug-
esting the decrease in overall conductivity due to the volumetric ex-
ansion/phase transformation of the silicon during lithiation. Evidently,
 tot values of Hept-SiNP is lower than Tol-SiNP at each pre-chosen volt-
ge, likely due to the preferable improvement of the interfacial kinetics
f Li + in Hept-SINP. After the 20 charge/discharge cycles, R tot value
f Tol-SINP at 1.5 V (before lithiation) has significantly increased. The
henomenon is commonly observed in silicon-based anodes due to the
oss of conductive connection between silicon and the carbon matrix
y the repeated volume change of the active material and continuous
rowth of SEI layers. With the decrease in the voltage of Tol-SiNP, the
alue of R tot decreased significantly, as a result of destroying the exist-
ng SEI layer and exposing fresh Si to the electrolyte by the expanded
ilicon. It is interesting to note that the R tot values of Hept-SINP at the
0th cycle decreased as compared with the first cycle. The improve-
ent is likely due to irreversible volume expansion which makes the

ontact between the active material, conductive additive and the cur-
ent collector stronger. Due to the high elasticity of the fullerene-like
arbon coating, the carbon coating can keep its structure after being
orced to expand by silicon, and always keeps in conductive contact
ith silicon. The galvanostatic intermittent titration technique (GITT)
as used to obtain the diffusion coefficient of lithium (D Li ) at various

toichiometric compositions of Li x Si. As shown in Fig. 5 c, the Li + diffu-
ion coefficient was consistently higher in Hept-SiNP than in Tol-SiNP
s anticipated. The same trend was observed in cyclic voltammetry (CV)
Figure S13). 

The structures of the active materials of electrodes after 100 cycles
ere characterized through TEM imaging and element mapping using
nergy dispersive X-ray spectroscopy (EDS). For Hept-SiNP, the struc-
ure of the active material is essentially intact ( Fig. 5 d), and the F ele-
ent (representative of SEI growth) was found to be concentrated only

utside of the composites and the shape of the silicon nanoparticles re-
ained well defined ( Fig. 5 e). As shown in the high-resolution TEM
icrograph (Figure S14), the carbon coatings in Hept-SiNP after 100

ycles retained its fullerene-like structure. The effective separation be-
ween the SEI layer and the silicon NPs can still be clearly observed. In
ontrast, the carbon coating in Tol-SiNP showed a sponge-like structure
as shown in Fig. 5 f) and a thick and homogenous SEI ( Fig. 5 g) due to
he disruption of its carbon coatings. Similar structure was proposed in
 recent report to explain the capacity fading of silicon anode, caused
y progressive growth of the solid-electrolyte interphase towards the in-
erior of Si anode [56] . In-depth X-ray photoelectric spectroscopy (XPS)
nalysis was performed to identify surface chemistry of Hept-SiNP and
ol-SiNP after 100 cycles (Figure S15). Before sputtering, the Hept-SiNP
nd Tol-SiNP electrodes exhibit typical decomposition products of the
rganic solvent molecules. Li 4 SiO 4 was measured only on Tol-SiNP, in-
icating that the carbon protective layer on Tol-SiNP was disintegrated,
hich led to direct contact between Si and electrolyte. With the sput-

ering of Hept-SiNP from 50 s to 600 s, the intensity of LiF (inorganic
omponent of SEI) bands decreased gradually, accompanied by an in-
rease in the intensity of Si and Li x Si. This finding indicates the presence
f a thin SEI layer and effective separation of Si and SEI by robust Hept-
arbon coatings. On the contrary, the high intensity of LiF at various
puttering time and the evident signal of Li 4 SiO 4 for Tol-SiNP indicate
he destruction of carbon coatings, a significant growth of SEI layer and
irect contact between Si and electrolyte. These observations indicate
he breaking of carbon layer originally formed on silicon and excess SEI
rowth through the cracks on the silicon surface ( Fig. 5 h). After delithi-
tion, the deformed carbon cannot be completely recovered, resulting
n the loss of the connection between the active material and the car-
on matrix. The clear difference between Hept-SiNP and Tol-SiNP after
00 cycles provides a clear indication that the integrity of the carbon
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Fig. 5. Mechanism of improving the electrochemical performance of Si. (a) In-situ EIS of Tol-SiNP and Hept-SiNP at the 1st and 20th cycle; (b) R tot calculated from 

the in situ EIS results; (c) Li + diffusion coefficient from GITT tests; (d and f) TEM images for Hept-SiNP and Tol-SiNP after 100 cycles, respectively; (e and g) EDS 
element mapping for Hept-SiNP and Tol-SiNP after 100 cycles, respectively; (h and i) Schematics of SEI growth in Tol-SiNP and Hept-SiNP, respectively. 
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ayer remained during lithiation/delithiation in Hept-SiNP due to the
mproved robustness and elasticity ( Fig. 5 i). 

To demonstrate the scalability of this synthesis scheme for commer-
ial production, about 65 g of Hept-SiNP were synthesized in labora-
ory (Figure S16) and the heptol solvent was recovered through rotary
vaporator. The massive produced Hept-SiNP was tested in a pouch
ell with LiNi 0.6 Co 0.2 Mn 0.2 O 2 (NCM622) as the cathode (Figure S17)
t a n/p ratio of 1.2 based on the initial capacities. After three acti-
ation cycles at 0.01 C (Figure S18), the NCM622//Hept-SiNP full cell
xhibted a high areal capacity of 2.8 mAh cm 

-2 and Coulombic effi-
iency of 97.2% at 0.2 C ( Fig. 6 a). In the following cycles, the coulom-
ic efficiency quickly reached over 99%. After 100 cycles, the full-cell
emained a high areal capacity of 2.4 mAh cm 

-2 with a capacity re-
ention of 85.7% ( Fig. 6 b), confirming an effective and stable function
f Hept-SiNP in a commercial cell. This synthesis method of fullerene-
ike carbon coatings can also be used to improve the electrochemical
erformance of SiO microparticles ( Fig. 6 c). The carbon coated SiO mi-
roparticles (SiO@C) ( Fig. 6 d) showed a reversible capacity of 1406
Ah g -1 after 250 cycles at 0.5 A g − 1 with a capacity retention of
 a  

419 
2.6% in half cell ( Fig. 6 e) and a capacity of 970 mAh g -1 after 300
ycles at 0.5 A g -1 with a capacity retention of 77.5% in full cell cou-
led with LiFePO 4 ( Fig. 6 f,g). The results demonstrate that the elas-
ic fullerene-like carbon coatings on silicon nanoparticles and SiO mi-
roparticles prepared via the interfacial scaffolding of asphaltene ag-
regates can effectively improve the electrochemical reaction kinetics
nd electrode stability of silicon-based anodes. The massive production
f Hept-SiNP and the successful operation of Hept-SiNP in the pouch
ell have revealed the application prospects of this new approach to
repare high elastic fullerene-like carbon coatings on Li-ion battery
aterials. 

. Conclusion 

A high elastic fullerene-like carbon coating was prepared by adjust-
ng the adsorption and self-assembly of PAM in heavy oil on silicon
anoparticles. This synthesis method has highly reduced the difficulty of
roducing fullerene-like carbon. In addition, molecular-level controlled
ssociation of heavy oil offers new opportunities in utilizing heavy oil,



W. Tan, F. Yang, T. Yi et al. Energy Storage Materials 45 (2022) 412–421 

Fig. 6. Practical application of the fullerene-like carbon coatings: (a) Voltage profiles for the first cycle of the full cell at 0.2 C using Hept-SiNP as the anode and 
NCM622 as the cathode; (b) Full cell cyclability of Hept-SiNP at 0.2 C; (c) SEM image of SiO@C; (d) magnified SEM image and elemental mapping of SiO@C; (e) 

Half-cell cyclability of SiO@C; (f) Voltage profiles of the full cell using SiO@C as the anode and LiFePO 4 as the cathode; ( g ) Full-cell cyclability of SiO@C. 
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hich has been widely used to prepare carbon-based materials for en-
rgy storage applications. The performance of carbon-coated silicon an-
des is enhanced drastically by the ability of the coating to accommo-
ate volume changes of silicon during lithiation/delithiation process,
hile allowing fast diffusion kinetics to facilitate Li + transfer. Due to

he strong adsorption and self-association of polyaromatic molecules in
eavy oil on various surfaces, such a simple and efficient coating strat-
gy is applicable to modifications of other electrode materials. The fab-
ication method demonstrated in this study is facile and scalable for
ommercial production to meet the rapid growing need of the EV indus-
ry. 
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