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Abstract: 

Extensive studies have been conducted to determine if replacing graphite anodes with silicon is 

feasible since silicon possesses a high capacity and is an abundant resource; however, Si anodes 

suffer significant volume changes during cycling, which pulverizes its structure and subsequently 

causes rapid capacity fading. We used SiO2 nanoparticles (nSiO2) and low-cost coal-derived humic 

acid as a feedstock to synthesize high performance Si-C anodes for Li-ion Batteries through spray 

drying, calcination, and magnesiothermic reductions. Our Si-C anodes features micrometer-sized 

porous Si coated with a graphitized carbon shell (mpSi@C). The hierarchical graphitized carbon 

shell and porous silicon structure relieve the mechanical stress of the Si phase upon cycling, which 

stabilizes the structure. This mpSi@C composite design allows for a high initial discharge capacity 

of 2199.9 mAh g-1 at 0.1 A g-1 and a cycling performance of 68% capacity retention after 100 

cycles at 1.0 A g-1. The multipoint contact between the Si anode and C structure allows for a 

remarkable performance rate of 566.3 mAh g-1 at 5.0 A g-1.  
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Introduction 

Silicon is a promising next-generation anode for lithium-ion batteries (LIBs) due to the increasing 

demand for electronics and energy storage systems with high energy densities and long cycling 

lives.1-3 Silicon anodes can possess a capacity of 4,200 mAh g-1, which is more than ten times 

higher than currently used graphite anodes. Silicon resources are widely available and abundant; 

however, its high capacity is offset by its drastic volume change during lithiation and delithiation, 

approximately 400%, V/Vo, which pulverizes the Si particles and lowers the electrical contacts 

with current collectors.4, 5 The side reactions between Si and the electrolyte form the solid-



electrolyte interphase (SEI), which is vulnerable to repeated cycling and consumes the electrolyte, 

resulting in a thick SEI and deteriorated Li+ transport. These problems all lead to low cycling 

efficiency and rapid capacity loss. 

Many approaches have been proposed to address these problems. Si nanolization is a widely 

accepted effective solution since nanometer-sized diameter (D < 150 nm) Si survives cycling 

without pulverization6, 7. Nano-Si also decreases the diffusion length of lithium ions8-10; therefore, 

numerous types of nano-Si, including nanowires,11 nanotubes12, 13, and nanospheres14, have been 

synthesized to improve performance. Nevertheless, these nano-Si structures have an enlarged 

surface area, which enhances the side reactions between Si and the electrolyte. The synthesis of 

nano-Si is a complicated and exact process, making nano-Si expensive and less practical for 

massive production.15 Porous silicon has clusters with a large quantity of nano-Si particles and 

voids, yielding some unique advantages compared to nano-silicon alone, including smaller surface 

area, lower production cost, and better thermodynamic stability.5, 16 The voids in the porous 

structure can freely accommodate silicon expansion and contraction during the 

lithiation/delithiation process.5, 17, 18 These attributes have encouraged researchers to explore the 

porous silicon anode synthesis processes for LIBs.19-22 The Magnesiothermic Reduction (MR 

reaction) of SiO2 is a promising method to synthesize porous silicon due to its much lower reaction 

temperature and controllable porosity.23-25 Nanosized-porous and microsized-porous Si structures 

synthesized by MR reactions have been reported; 16, 26 however, a defect of the nanoporous 

structure is its significant electrolyte consumption due to its large surface area, leading to the low 

ICE observed in nano-Si. Microsized porous Si has a higher ICE due to its smaller surface area, 

whereas, its mechanical strength is limited due to its much larger size than that of nano-porous Si, 

making it easier to fracture during cycling.26  

Graphene coatings have been proposed as an ideal approach to support porous Si structures and 

limit the side reactions between Si and the electrolyte due to excellent resilience and high 

conductivity;27-29 however, previously manufactured graphene coatings are sophisticated, need 

catalysts, and endure harsh conditions during the synthesis process, limiting production 

substantially. Low-cost graphene synthesized from a low-cost feedstock, such as coal, is highly 

desirable and may be a promising approach.30-33  



Coal is classified as low-rank, medium-rank, or high-rank according to the degree of 

coalification.34 Humic acid (HA), the primary organic component of low-rank coal (lignite) is 

derived from peat and has a molecule weight range from several hundred to millions.35 HA is a 

dark brown powder where two-thirds of the carbon atoms in its molecule are sp2 bonded. The rest 

of the atoms exist primarily in carboxyl groups and hydroxyl groups (Figure 1a). The unique 

structure of HA is a promising precursor for high-quality graphene synthesis;31, 36 however, these 

approaches require harsh synthesis conditions, including expensive catalysts, and high temperature 

and pressure, which incurs a prohibitive cost for mass production.  

Scheme 1. Schematic illustration of the synthetic process of the mpSi@C composite. 

 

In this work, we have introduced SiO2 nanoparticles (nSiO2) and a feedstock of low-cost coal-

derived HA to synthesize micrometer-sized porous Si coated with a graphitized carbon shell 

(mpSi@C) through spray drying, calcination, and MR reactions (Scheme 1). The obtained 

mpSi@C composite possesses a microsized hierarchical graphitized carbon structure that 

encapsulates the nanoporous Si (npSi) to effectively release the mechanical stress of Si anode upon 

lithiation. Detailed electrochemical testing and characterizations were performed to determine the 

effectiveness of the design. 

Experimental Section 

1. Synthesis of the mSiO2@C composite 

A quantity of 3.5 g HA, extracted and purified from North Dakota lignite, was dissolved in 30 mL 

of D.I. water with ammonium (1.0 mL, 28%–30%, LabChem, USA). The mixture was stirred at 

200 rpms for 1 hour, followed by the addition of 10.0 g SiO2 nanoparticles (500nm) and 0.45 g 

P123 as a surfactant. The result was stirred vigorously for 2 hours then spray-dried at an inlet 



temperature of 200 ℃. The powder obtained from spray drying, mSiO2@HA, was sintered at 300 

℃ for 2 hours, then at 800 ℃ for 5 hours in a high-purity Ar atmosphere to produce mSiO2@C. 

2. Synthesis of the mpSi@C composite 

A total of 0.81 g mSiO2@C powder containing 0.7 g SiO2 was completely mixed with 0.6g 

Magnesium powder (325 mesh, Sigma Aldrich, USA) and 4.0 g NaCl powder (Sigma Ultra, USA) 

in a glovebox. The mixture was sealed in a stainless steel tube then heated to 700 ℃ for 5 hours at 

a heating rate of 4℃/min under an Ar atmosphere. The resulting powder was washed in sequence 

with HCl solution (10%, A.C.S) for 2 hours and an HF solution (5%, Sigma Aldrich, USA) for 20 

minutes to remove impurities. The mpSi@C composite was obtained after D.I. water washing and 

vacuum drying. 

3. Materials characterization 

Powder X-ray diffraction (XRD) was performed on an X-ray diffractometer (Smartlab, Rigaku) 

using Cu Kα radiation at a scan rate of 2°/minute, from 10°–80°. Field-mission scanning electron 

microscopy (FEI Quanta 650 FEG SEM) was used to analyze the particle morphology. The Raman 

spectra were collected with a Raman Spectrometer (HORIBA, 532 nm, 1800 grating). The 

mpSi@G carbon content was analyzed with a carbon analyzer (TOC-V, SHIMADZU) that uses 

an SSM 5000A module for solid samples. 

4. Electrochemical measurements 

The electrode paste was prepared by mixing the mpSi@G composite, a conductive agent (Carbon 

nanotube), and CMC (Carboxymethyl Cellulose) at a mass ratio of 90: 4: 6 in D.I. water. The paste 

was then laminated onto copper foil and dried overnight at 80 ℃ in a vacuum oven. The coated 

foil was punched into disk electrodes with diameters of 14 mm. Coin-type cell (CR2032) assembly 

was performed in an Ar-filled glovebox using the mpSi@G electrode as the working electrode, 

lithium foil as the counter electrode, a Celgard 2400 membrane as the separator, and 1.2 M LiPF6 

in EC/DMC/EMC = 1/1/1 (wt%) with 10 wt% FEC as the electrolyte. The cells were evaluated at 

25 ℃ with galvanostatic charge-discharge testing between 0.01 V and 1.5 V (vs. Li/Li+) on a 

Neware Battery testing system (CT-4008, Neware Technology Limited, Shenzhen. China). The 

current densities and specific capacities were calculated based on the mass of the active materials 

in the working electrode. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 



(CV) were performed on a Gamry interface 1010E electrochemical workstation (Gamry 

Instruments, USA). CV measurements were conducted in the voltage range of 0.01-2.0 V at 0.1 

mV S-1. EIS measurements were performed at an AC voltage amplitude of 10 mV and a frequency 

of 1 MHz to 0.1 Hz. 

Results and discussion 

 

Figure 1. (a) HA powder and its idealized molecular structure. SEM images of (b) nSiO2 particles, 

(c) mSiO2@C particles and a magnified inset image, (d) mpSi@C particles and a magnified BSE 

inset image, (e) a broken mpSi@C particle, and (f) XRD patterns of nSiO2 powder and the 

mpSi@C composite. 

We used nSiO2 powder that consists of nano spherical particles with an average particle size of 

500 nm (Figure 1b). Micrometer-sized SiO2 coated with graphitized carbon (mSiO2@C) was 

obtained by spray drying and calcination. Spray drying is a mature technologyfor the massive 

production of microsized particles.37 An nSiO2 and HA slurry was atomized into mist during spray 

drying, consisting of many small slurry droplets. The droplets contained a water solvent that 

evaporates instantaneously under the high-temperature inlet gas, leaving the mSiO2@HA particles. 

The subsequent calcination converted mSiO2@HA to mSiO2@C with a carbon content of 13.6%. 

Most of the mSiO2@C particles were spherical, with particle sizes ranging from 2-15 μm (Figure 

1c). The magnified SEM image of an mSiO2@C particle (Figure 1c inset) reveals the distribution 



of nSiO2 and carbon, where nSiO2 constitutes the main body of the mSiO2@C particle and is 

connected and coated by carbon material. The nSiO2 particles react with the Mg vapor from the 

sublimation of Mg powder at high temperature, forming an Si and MgO composite, as shown in 

the magnesiothermic reaction (MR reaction):23, 25 

𝑆𝑆𝑆𝑆𝑆𝑆2 + 2𝑀𝑀𝑀𝑀 = 𝑆𝑆𝑆𝑆 + 2𝑀𝑀𝑀𝑀𝑀𝑀 

HCl washing and  HF etching romoved the MgO and unreacted SiO2, leaving the mpSi@C 

particles (Figure 1d) with a shape identical to the mSiO2@C particles. The magnified BSE inset 

image in Figure 1d indicates that solid nSiO2 

particles were converted to a porous structure. 

This finding was supported by the high-

resolution SEM image of a broken mpSi@C 

particle (Figure 1e), revealing nanoporous Si 

particles and surrounding carbon shells. This 

hierarchical structure is conducive to good 

electrochemical performance during cycling 

since the carbon network inside the mpSi@C 

particles increases its conductivity, while the 

outer carbon coating prevents side reactions 

between Si and the electrolytes. The XRD patterns 

in Figure 1f confirm the proposed phase change in 

Scheme 1. The broad peak located at 2θ = 15 ~25° indicates the amorphous nature of the nSiO2 

powder. A high purity mpSi@C composite was collected after the synthesis process, with all peaks 

belonging to the Si phase. The Raman spectroscopy analysis was conducted (Figure 2), revealing 

a significant G-band (1585 cm-1) that demonstrates the highly graphitic nature of the carbon in the 

mpSi@C composite, while the considerable D-band (1350 cm-1) indicates many defects that will 

facilitate Li-ion transport through the micrometer-sized particles. 

 

Figure 2. Raman spectra of bare Si and 

the mpSi@C composites. 

 



 

Figure 3. (a) Cycling performance and coulombic efficiency of mpSi@C and the cycling 

performance of mpSi@C at 1.0 A g-1. (b) Rate capabilities of bare-Si and mpSi@C electrodes. 

Cycling and rate testing results (Figure 3) reveal a remarkable electrochemical improvement 

compared to bare Si material. The mpSi@C composite presents a high initial discharge capacity 

of 2199.9 mAh g-1 at 0.1 A g-1 (Figure 3a), which is lower than the bare Si capacity of 3310.4 mAh 

g-1; however, due to the benefits from the well-designed hierarchical structure, the mpSi@C 

composite presents considerable cycling performance at 1.0 A g-1, with a 68% capacity retention 

after 100 cycles. The capacity of bare Si dropped significantly, below 200 mAh g-1 in 10 cycles. 

The rate capability testing of the mpSi@C composite and bare Si were conducted at a series of 

current densities. The mpSi@C composite delivered reversible capacities of 1183.7, 984.6, 899.2, 

789.1, and 566.3 mAh g-1 at current densities of 0.2, 0.5, 1.0, 2.0, 5.0 A g-1, respectively (Figure 

3b). When the current density was decreased to 0.2 A g-1, the capacity nearly recovered to its 

original value of 1121.3 mAh g-1. The capacity of bare Si dropped significantly with the increase 

in current density and could not recover its capacity when the current density returned to 0.2 A g-

1. The considerable cycling and rate performance of the mpSi@C composite are contributed to the 

Si and carbon structure in at least three ways: 1) the nanoporous Si structure could accommodate 

the volume change of Si during lithiation and delithiation without breaking the surrounding carbon 

shell, 2) the highly graphitized carbon structure presented high electrical conductivity for charge 

transfer through the whole micrometer-sized particle, creating a high rate performance, and 3) the 

outer carbon coating effectively prevented the reactions between the embedded Si and electrolytes, 

limiting the growth of the SEI film.  



 

Figure 4. (a) Cyclic voltammetry curves of bare-Si and (b) mpSi@C at a scan rate of 0.1 mV S-1 

for the first three cycles. (c) Nyquist plots of bare-Si and mpSi@C electrodes before cycling. 

The CV curves in Figures 4a and 4b describe the first three cycles of the bare-Si and mpSi@C 

composite at a scan rate of 0.1 mV S-1. The initial mpSi@C cathodic scan revealed a broad peak 

at 1.2 V that should be attributed to the SEI film formation between the carbon shell and the 

electrolyte. The reductive peak in the range of 0.01-0.2V corresponds to the Si phase lithiation in 

bare Si and mpSi@C. The two oxidation peaks at 0.35 and 0.51 V for bare Si and 0.32 and 0.49 V 

for mpSi@C can be attributed to the removal of lithium from the as-formed LixSi alloy. The peak 

current increased gradually from the first to third cycle as more Si participated in the alloying 

process. The difference between the redox peak potential (ΔEp) for mpSi@C at 0.001 V and 0.49 

V was smaller than that of the bare Si at 0.001 V and 0.51 V, indicating a faster current response 

in mpSi@C due to the hierarchical Si and carbon structure, which facilitates electron transfer and 

Li-ion transport during potential scanning. These results are supported by the Nyquist results 

(Figure 4c) obtained from electrochemical impedance spectroscopy (EIS) analysis. Nyquist plots 

for both bare Si and mpSi@C exhibit one depressed semicircle in the high-frequency range, 

corresponding to charge-transfer resistance and an inclined line in the low-frequency region 

associated with Li+ diffusion.38 Apparently, the mpSi@C composite possesses a much smaller 

charge-transfer resistance than bare Si due to its much smaller semicircle. 

Conclusion 

In summary, we have demonstrated a feasible approach to creating an mpSi@C composite using 

SiO2 nanoparticles and a feedstock of coal-derived HA. The rationally designed carbon structure 

hinders the side reactions between the electrolyte and the embedded nanoporous Si, significantly 

improving the conductivity of the composite. The mpSi@C composite presents a remarkable 



cycling performance of 68% capacity retention after 100 cycles and rate capabilities of 566.3 mAh 

g-1 at 5.0 A g-1. This work provides a new and practical approach for improving Si anode 

performance for use in LIBs.  
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