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Abstract 

As an alkaline earth metal, elemental Mg is well-known for its ability to get oxidized by oxygen containing 

substances such as SiO2 and TiO2. Even in intermetallic compounds, Mg is readily oxidized, for instance, 

by gaseous CO2. In this research, a novel strategy for the oxidation of Mg-based intermetallic compounds 

using CO2 as an oxidizing agent was realized via simple thermal treatment, called ‘CO2-thermic Oxidation 

Process (CO-OP)’. Furthermore, as a value-added application, electrochemical properties of one of the 

reaction products (carbon-coated macroporous silicon) was evaluated. Considering the facile tunability of 

the chemical/physical properties of Mg-based intermetallics, we believe that this route can provide a simple 

and versatile platform for functional energy materials synthesis as well as CO2 chemical utilization in an 

environment-friendly and sustainable way. 

 

Introduction 

 

The climate crisis has attracted increasing attention from all over the globe. 1, 2. It is urgent to reduce CO2 

emission and to find a way to recycle it into highly valued materials. To date, a variety of methods have 

been reported to directly or indirectly exploit CO2 for the reduction of emissions. Many researchers have 

focused on the conversion of CO2 into more valuable forms that can be used in solar energy conversion 

systems 3-5, electrocatalytic hydrocarbon production for fuels, or other forms of carbon-related chemicals 6-

8, and functional graphene-like carbon synthesis 9-11. Recently, Yin et al. reported the photocatalytic CO2 

reduction in an aqueous environment using nanometer-sized copper (II) oxides as a co-catalyst 4. Under 

ultraviolet radiation, the nanosized copper (II) oxide particles act as effective catalytic sites, in which 

electrons are extracted from water molecules and then excited onto the conduction energy level by the 

photon energy, which in turn is used to reduce CO2 into carbon monoxide (CO). Dai et al. studied 

heterogeneous catalysts to use CO2 for the generation of useful organic carbonates such as cyclic carbonates 

and dimethyl carbonate 8. They employed a combination of metal oxides, such as magnesium oxide, 

alumina, calcium oxide, and zinc oxide, and evaluated the stability and reusability of the oxides over the 

course of the synthesis. However, most of the organic routes for CO2 reduction have critical issues related 

to the production efficiency (or final yield); achieving high production yield by nanoengineering requires 

an extensive effort and is very time-consuming. There have been a few reports, however, that have proposed 

inorganic routes for the reduction of CO2. Chakrabarti et al. adopted a widely known in-class demonstration 

– combustion of magnesium ribbon in a dry ice bowl – into a more controlled environment to obtain few-

layer graphene 9. By analyzing the samples by Raman spectroscopy and transmission electron spectroscopy 

(TEM), they were able to confirm the formation of ‘few-layer graphene’ from the direct reduction of CO2 

using elemental magnesium as an effective reductant. Their focus was on the synthesis of novel carbon 

materials using the pure elemental form of metal species, such as magnesium and/or zinc, which later act 

as a sacrificing template by forming oxides during the synthesis. 

In this study, we developed a novel and generally applicable method, called CO2-thermic Oxidation Process 

(CO-OP), for environmental friendly and sustainable CO2 utilization strategy through a simple thermal 

treatment with Mg-based intermetallic compounds, which can be readily oxidized with gaseous CO2 and 



further exploited for energy material synthesis. As a model system, Mg2Si was chosen and explored deeper 

in this study; preliminary results of other candidate systems, such as Mg2Sn and Mg2Cu were also presented. 

As one of the possible value-added implications, we demonstrated electrochemical properties of the 

reaction product; carbon-coated silicon with a macroporous structure. The in-situ synthesized Si/C 

composite showed a high initial coulombic efficiency (83%) and stable cycling/rate performance (87% 

capacity retention after 400 cycles at 0.2C rate). The strategy involves the solid-state reaction for the 

synthesis of Mg-based intermetallic compounds and successive CO-OP in a CO2 flow environment. 

 

Results and discussion 

 

The overall CO-OP with Mg-based intermetallic compounds is schematically illustrated in Figure 1, using 

Mg2Si as model system.  In the first step, 2 g of elemental magnesium (Mg) and 1 g of Si metal powders 

were manually mixed (excess Mg rather than 

stoichiometric molar ratio – Mg/Si = 2.3 to ensure full 

conversion of Si to Mg2Si) and then heat-treated at 600 
oC for 10 h in an Ar environment to obtain the 

intermetallic phase. It is worth noting that this solid-

state reaction also can be used to synthesize other 

intermetallic compounds, such as Mg2Sn and Mg2Cu 12-

16. During the second step, the as-prepared Mg2Si 

powder was placed in a crucible and heat-treated under 

a CO2 flow environment at 700 oC for 10 h, which then 

converted to a MgO/Si/C composite. To understand the 

proposed synthesis, thorough fundamental studies were 

undertaken; (1) thermodynamic data collection for both 

the first solid-state synthesis for intermetallics and the 

second CO-OP to determine whether they are 

thermodynamically feasible (refer supporting 

information for more details‡), and (2) in-situ high 

temperature X-ray diffraction (HT-XRD) analyses 

(Figure 2a) to understand the phase evolution and to investigate reaction parameters for CO-OP with Mg2Si. 

The Gibbs free energies at various temperatures for the CO-OP with Mg2Si were collected from available 

database (Figure S1‡), which showed thermodynamic spontaneity; ∆𝐺𝑟𝑥𝑛 = −519 kJ/mol  at 700 oC. 

Furthermore, the in-situ HT-XRD results indicated that a temperature of approximately 500 oC was needed 

to initiate the oxidation reaction; a decrease of the Mg2Si peaks and the appearance of the MgO and Si 

peaks were evident at the temperature range (Figure 2b and c).  It implies that at least 500 oC of heating is 

required to initiate the CO-OP with Mg2Si, which then could be related to activation energy of the oxidation 

of Mg2Si. We also investigated microstructural and morphological change with controlling temperature; 

600, 650, 680, 700, 800 oC / the holding time; 50, 100, 200, 400, and 600 min, to investigate experimental 

parameters and further understand the conversion process (Figure S2‡ and S3‡). The temperature / holding 

time control studies showed that, with a fixed ramping rate, heating up to 700 oC and maintaining at this 

temperature for at least 400 min was required to fully convert Mg2Si into the MgO/Si/C composite.. Based 

on the results, we have implemented 700 oC and 10 h holding as conservative experimental parameters to 

ensure the full conversion of the intermetallic compound during CO-OP. Recently, J. Ahn et al. reported 

thermal stability of Mg2Si at different temperatures in inert environment; 710 oC and 860 oC. They noticed 

that very little thermal decomposition occurred at 710 oC but at 860 oC, most of the Mg2Si thermally 

decomposed and converted to macroporous Si 17. We also performed similar investigation in order to check 

thermal stability of Mg2Si. Mg2Si powder was place in Swagelok reactor and tightly sealed in Ar 
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Figure 1. Schematic illustration for CO2-thermic 

Oxidation Process (CO-OP) and carbon-coated porous 

silicon as an example of application for energy storage 

material. 



environment. Also, Ar gas was flown 

during the heating as well to 

prevent/minimize the introduction of 

unwanted impurity gases into the 

reactor, such as oxygen, that might 

exist and affect the reaction integrity 

despite of 99.9% purity of Ar gas used. 

As seen in Figure S4‡, sample heat-

treated at 850 oC showed small amount 

of Si in ex-situ XRD and energy 

dispersive spectroscopy (EDS) 

analyses but sample heat-treated at 700 
oC retained original Mg2Si even after 

10h holding. It is worth noting that the 

oxidation of pristine Si metal was 

tested under CO2 environment (Figure 

S5‡). Typically, oxidation of Si in air or 

oxygen environment starts to occur at 

around 600~700 oC and gradually 

grows depending on temperature and 

time 18. However, in this study, XRD 

pattern showed no distinct change 

under the given heating condition, 

indicating good stability of Si in CO2 environment. Based on these facts, it can be inferred that the 

conservative heating parameters used in this study are sufficient for CO-OP while suppressing the thermal 

decomposition of Mg2Si and oxidation of Si. 

The change in the microstructure was investigated by ex-situ XRD and scanning electron microscopy 

(SEM). Figure 3a showed the XRD results at each step described in Figure 1, exhibiting clear phase 

transition from Mg2Si → MgO+Si+C → Si+C and Figure 3b-e were the corresponding SEM images. The 

as-purchased Si metal powder (Figure 3b) exhibited smooth surface and wide range of particle size 

distribution (on average <15μm). Figure 3c showed drastic change in particle morphology after the 

intermetallic phase forming process. It is clearly seen that the solid-state reaction between Si and Mg 

brought about the change in overall particles size (<20 μm) as well as surficial features. These changes are 

because of the phase transition based on the reaction (i) below from Si with diamond cubic crystal structure 

(lattice parameter (a)=0.543 nm) to Mg2Si with antifluorite structure (a=0.634 nm), which entails ~160% 

volume increase. 

2𝑀𝑔 + 𝑆𝑖 →  𝑀𝑔2𝑆𝑖   (i) 

It is well-known that Mg is the main diffusive species during the solid-state reaction with Si. In general, the 

substance with a lower melting point has a relatively weaker atomic bonding and higher molar volume, 

which allows faster diffusion than the one with a higher melting point 13; the melting points of Mg and Si 

are 650 oC and 1414 oC, respectively. Moreover, the nature of the chemical bonding in the Mg2Si is known 

to be primarily covalent, with only approximately 8–9% ionicity between Mg2+ cation and Si4- anion, which 

makes it even easier for Mg to diffuse into the innermost Si matrix, and hence enables the complete 

transformation to the intermetallic phase 14. Subsequently, the as-prepared Mg2Si powder was subject to 

CO2 flow at 700 oC for 10 h, during which the thermal oxidation reaction of Mg2Si occurred and resulted 

in a composite of MgO, Si, and C (Figure 3d) based on the reaction (ii) given below.  

𝑀𝑔2𝑆𝑖 + 𝐶𝑂2 → 2𝑀𝑔𝑂 + 𝑆𝑖 + 𝐶  (ii) 

Despite that the XRD results clearly showed diminishment of Mg2Si and development of MgO and Si, no 

conclusive evidence of the formation of crystalline carbon was observed. It might be attributed that the 

intensity of the MgO and Si peaks was too high to distinguish the small graphitic carbon peaks, or the 

carbon produced might be mainly amorphous. The morphology of the composite after the CO-OP was an 
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which then might be related to activation energy of the oxidation reaction. 



irregular-shaped lump with numerous speckles on the 

surface. This agrees well with the work of J. Liang et 

al., in which they performed air-oxidation of Mg2Si and 

the surface morphology of the intermediate composite 

(MgO/Si) was fully covered with minute speckles 19. In 

the last step, acid leaching was performed to furnish the 

porous structure by removing MgO, shown in Figure 3e. 

The removed oxides, such as MgO and possibly SiOX, 

acted as sacrificial template for creating the 

macroporous structure which is believed to be one of 

the desirable features of Si-based anode materials; 

tapped density, which was measured by mechanically 

tapping a container until little further volume change is 

observed, is a critical factor in high energy applications 

and closely related to the size and porosity of the 

material. The Si/C composite (Figure 3f) exhibited 

almost 3 times higher tap density than the commercially 

available nanosized Si powder. N2 adsorption–

desorption analysis was performed (Figure 3g) to 

understand microstructural change during CO-OP. The 

results showed that the BET surface areas of samples 

before and after acid leaching were 15.1, and 67.6 m2/g 

which proves the crucial role of MgO as a sacrificial 

template creating macroporous structure and relatively 

low surface area compared to typical nano-engineered 

Si-based anode materials 20. Furthermore, the SEM and 

TEM high magnification images in Figure 3h and i 

showed that the Si/C composite after acid leaching 

exhibits porous structures with size >100 nm and 

uniform external layer of carbon.  

Carbon coating is considered an essential part in the 

fabrication of the high energy Si anode material because 

the carbon layer can act as a physical buffer to volume change and, more importantly, help to form a sturdy 

solid-electrolyte interphase (SEI) layer leading to stable cycling performance 21-25. Our strategy of the 

oxidation of Mg2Si with CO2can yield a carbon coating layer and a porous structured silicon simultaneously, 

whereas conventional routines for the fabrication of Si anodes require separate carbon coating step such as 

CVD 26, 27 or carbonization of the organic precursor 28-30, which is costly, time-consuming, and requires 

toxic chemicals. To prove the formation of carbon through CO-OP with Mg2Si, TEM observations were 

first conducted to visually confirm the existence of a carbon layer on the Si surface. Figure 4a and b clearly 

shows a >20 nm thick, exterior layer, comprising a mixture of amorphous and graphitic carbon. To 

determine carbon content in the Si/C composite, thermogravimetric analysis was conducted in the 

temperature range from 25 oC to 700 oC (TGA, Figure 4b-inset). The weight loss is about 4.5% which is 

less than theoretical yield (30wt% based on the reaction (ii)). This discrepancy could be ascribed to the 

Boudouard reaction, CO2(g) + C → CO(g), which explains chemical equilibrium of a disproportionation of 

carbon monoxide into carbon and carbon dioxide 31, 32. Through this reaction, the incoming CO2 gas can 

react with previously formed carbon into CO, which then exhausts out of the system. Even though the 

reaction is endothermic (∆H = 172 𝑘𝐽 𝑚𝑜𝑙⁄  at 25 oC), at high temperature (typically > 700 oC), the free 

energy of the reaction dominated by entropic term (T∆S) becomes negative and proceeds spontaneously to 

produce CO 33. As a matter of fact, recently many studies about catalytic effect of reactive alkali metal/metal 

oxide to promote the Boudouard reaction 3-5, 7, 31, 34-36. During the CO2 reduction in present study, one of the 

main reaction products is MgO which could accelerate the Boudouard process, resulting in the loss of 
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carbon. In addition, the oxidation of the 

intermetallic compound with gaseous CO2 is an 

exothermic reaction (generating heat) which 

might be another factor that expedites the 

decrease in the carbon content. The EDS 

elemental mapping (Figure 4c) also confirmed 

that carbon was distributed uniformly in the 

particle. To obtain conclusive evidence and 

determine the nature of the carbon in the 

material, Raman spectroscopy (Figure 4d) was 

performed. Disordered and graphitic carbon 

peaks were evident at approximately 1330 /cm 

and 1580 /cm, respectively, which exhibited a 

1:1 intensity ratio, which implies that the 

carbon synthesized through the CO-OP 

proposed in this study was a mixture of 

amorphous (or disordered) and graphitic 

carbon.  Before acid leaching, there was a small 

peak shift for both the D and G peaks, probably 

owing to the existence of a strong MgO peak at approximately 1500 /cm. MgO in the sample might cause 

compressive stress to the carbon, which could result in the carbon peak shift 37.  

In order to investigate detailed internal structure of the Si/C composite, nano X-ray computed tomography 

was performed. Figure 5a was one of the X-ray scan images taken via high resolution absorption mode and 

clearly shows particles (about 7.5 μ in size) with well-connected porous structure inside. Also, in Figure 5b, 

a reconstructed cross-sectional view of the macroporous Si/C particle showed uniformly distributed pores 

(black) in the composite. It is more evident in the animated 3D reconstruction that majority of the pores in 

the composite particle are well-interconnected. It is highly recommended to check out 2D and 3D 

animattion video clips in Figure S6‡, where more comprehensive view of porous structure can be seen inside 

the composite particle.  

 

To understand the reaction mechanism between gaseous CO2 and Mg2Si, three diffusion mechanisms were 

proposed based on the behavior of gaseous CO2 throughout the conversion, as shown in Figure 6; (1) CO2(g) 

bulk diffusion, (2) surface diffusion, and (3) intra-/inter-particular diffusion. Initially, the CO2 molecules 

move towards the Mg2Si surface through the bulk gas layer. In our study, because the CO2 gas flows 

continuously, the bulk diffusion should occur promptly. In sequence, the surface diffusion of the CO2 

molecules along the exterior of Mg2Si particles occurs and the first oxidation reaction of Mg2Si occurs, 
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which leads to the formation of the MgO + Si + 

C composite at the surface. Because the 

thermodynamic driving force for this oxidation 

reaction is sufficient (∆G = −519 kJ/mol  at 

700 oC), the surficial conversion might be 

finished at the very early stage of the process. 

According to the in-situ HT-XRD, this initial 

conversion would take place during heating to 

ca. 500 oC. After the formation of the first 

surficial composite layer, the consecutive supply of CO2 gas molecules into the interior of the Mg2Si should 

be achieved through inter-/intra-particular diffusion of the CO2 molecules through the newly formed MgO 

+ Si + C composite layer. Song et al. investigated gaseous CO2 intake kinetics of a MgO matrix and found 

out that the intra-particular diffusion is the rate limiting factor among other diffusion mechanisms, such as 

surface (film) diffusion, inter-particular diffusion, and bulk diffusion 38. The composite layer (MgO + Si + 

C) in the current study is more complicated than the work of Song et al., but it would be reasonable to 

propose that the gaseous CO2 may diffuse through the composite layer initially formed on the surface of 

Mg2Si and continuously promote the oxidation reaction with internal Mg2Si until full conversion to the 

composite.  

To further confirm the proposed concept in the present study, we also conducted same heat treatment with 

magnesium stannide (Mg2Sn) and magnesium copper intermetallic alloy (Mg2Cu). As seen in Figure S7‡ 

and S8‡, XRD results showed that Mg2Sn and Mg2Cu were successfully converted to corresponding 

composites by CO-OP. Particularly, in-situ HT-XRD investigation showed similar trend as Mg2Si with 

increasing temperature; decrease in peak intensity of intermetallic compounds and increase in reaction 

products. We were not able to see Sn during the heating because the melting point of Sn is 232 oC, which 

later appeared during cooling (Figure S7b-inset). The unexpected formation of SnO2 is still under 

investigation but it might be attributed to oxidative nature of Sn. It is well-known that Sn forms the oxide 

when exposed to an air/O2. At elevated temperature, Sn could react with CO2 and form the oxide. 

As one of the applicative areas of the current study, the electrochemical properties of the final carbon-

coated porous Si were evaluated. The typical procedures for the fabrication of highly functional Si/C 

composites for advanced lithium-ion batteries require a separate carbon coating step, which is one of the 

reasons that the commercialization and scale-up of Si anode technologies has been impeded. However, our 

CO-OP approach can afford a porous structured Si as well as carbon coating simultaneously through a one-

step thermal treatment with CO2 as source for the carbon. A typical CR2032-type coin cell configuration 

was used to test the cycling performance of the in-situ synthesized material (detailed description in the 

experimental section).  As shown in Figure 7a, the initial lithiation and delithiation voltage profile showed 

typical crystalline-to-amorphous phase transition of a Si-based anode, in which the specific capacities were 

2732 mAh/g and 2273 mAh/g, respectively, leading to a high initial coulombic efficiency of 83.2%. 

Furthermore, the carbon-coated porous silicon obtained from the proposed CO-OP showed a good rate 

capability (Figure 7b) of approximately 1000 mAh/g at a 1.0 C rate, which recovered back to 2000 mAh/g 

at 0.2 C rate. Representative lithiation/delithiation profiles at each C rate were shown in Figure 7c, 

indicating phase transition of amorphous Si during cycling. In Figure 7d and e, cycling performances at 0.2 

C rate of the Si/C composite were compared with bulk Si and air-oxidized Si samples. They showed good 

cycling stability over 400 cycles exhibiting ~87% capacity retention. It is worth to note that the bulk Si was 

fabricated by bill milling of as-purchased Si metal, exhibiting comparable size with the Si/C composite in 

this study (Figure S9a‡). Figures S9b-d‡ show morphology and XRD result of Si sample via air-oxidation 

of Mg2Si, where it showed similar particle size but with mesoporous (<50nm) structure. It is noteworthy 

that the role of MgO can be clearly seen in figure S9c‡ where less than 50nm sized pores were appeared 

after acid leaching. 

The stable cycling performance of Si/C composite in this study might be attributed to the low surface area 

and carbon-coating layer on Si surface, minimizing consumption of electrolyte over cycling, forming sturdy 

SEI layer on the composite, and preventing pulverization of Si host by carbon layer acting as physical buffer. 

Mg2Si
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CO2 diffusion
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Figure 6. Hypothesized reaction kinetics between gaseous CO2 and 

Mg2Si. (a) initial bulk diffusion of gaseous CO2, (b) surface diffusion 

causing early formation of MgO/Si/C composite, and (c) subsequent 

reaction between Mg2Si and diffused CO2. 



The long-term cycling 

performances at 0.5 

and 1.0 C-rate (1C=1st 

lithiation capacity) are 

also shown in Figure 

S10‡. Even though it 

showed gradual 

decrease over long 

term cycling, it still 

displayed 80% 

capacity retention 

after 559th and 478th 

cycle at 0.5 and 1.0 C 

rate, respectively, 

which could probably 

be improved further 

by optimizing the 

process. 

Capacity recovery 

during the initial 50 

cycles was commonly 

observed, which 

might be attributed to 

an increase in 

utilization of active 

materials over cycling. A modest decrease in the coulombic efficiency to 98.7% was observed during the 

early capacity recovery stage, but it was gradually recovered. After the recovery period, specific capacity 

was slowly fading but no sudden death, which is typically due to the consumption of electrolyte, was 

observed. Since the particles size of active material was still in the micrometer scale, gradual degradation 

resulting in capacity fading might not be fully suppressed, but the degree of capacity fading was not too 

severe and reached 400, 900, and 1000 cycles maintaining 1422, 1028, and 987 mAh/g of specific capacity, 

at 0.2, 0.5, and 1.0 C rate respectably, with more than 99.9% coulombic efficiency. 

 

Conclusions 

 

In conclusion, a novel CO2-thermic Oxidation Process (CO-OP) has been demonstrated using Mg-based 

intermetallic compounds. Thorough investigation on the proposed approach with Mg2Si as a model system 

was performed, including a thermodynamics feasibility study, an in-situ phase evolution analysis, and 

intensive microstructural characterization of the CO2-thermic oxidation reaction. The proposed route was 

found to be an effective way to fabricate promising anode material for advanced energy storage systems. 

The reaction product showed excellent long-term cycling stability and moderate rate capability. These 

results show that the proposed CO-OP with oxidative intermetallic compounds is a promising pathway for 

recycling and utilizing CO2 gas as feedstock for the formation of functional energy materials. We anticipate 

that the present study can provide not only a green alternative approach for current CO2 reduction research 

but also a novel platform for the design and fabrication of high energy density materials development. 

Experimental 

 

Synthesis of Mg2Si 

1 g of commercially available silicon metal powder (~15 μm, Panadyne Inc.) and 2 g of magnesium powder 

(~325 mesh, Alfa Aesar) were manually mixed (the amount of magnesium was slightly higher than the 

stoichiometry (Mg/Si = 2.3:1) of Mg2Si to guarantee the full conversion of silicon to silicide) and then 
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Figure 7. (a) First cycle voltage profile; lithiation and delithiation capacities are 2732 mAh/g and 

2273 mAh/g, respectively, resulting in >83.2% coulombic efficiency (inset: dQ/dV plot for the first 

cycling showing sharp peaks at ~0.05V, indicating phase transition of crystalline Si to amorphous 

Si. (b) Rate capability result exhibiting ~1000 mAh/g specific capacity at 1.0 C-rate and recovering 

back to ~2000 mAh/g at 0.2 C-rate. Si/C composite from CO-OP of Mg2Si (red) showed relatively 

better rate performance at fast current condition than Si from air-oxidation of Mg2Si (blue). (c) 

Representative voltage profiles for each C-rate; 0.2C-black, 0.5C-green, 0.8C-blue, 1.0C-red, and 

0.2C(recovery)-black). (d) Comparison of 0.2 C-rate cycling performance among bulk Si Metal, Si 

via air-oxidation of Mg2Si, and carbon-coated porous Si from current study. (e) Lithiation-

delithiation profiles of carbon-coated porous Si at different cycles. 



placed into a stainless-steel Swagelok reactor. The reactor was tightly sealed in an argon-filled glove bag 

to minimize the exposure to the air; it was purged at least three times with high purity argon gas prior to 

sealing. Immediately after the sealing, the autoclave reactor was placed in a tube furnace (MTI corp.), 

heated at a ramping rate of 1 oC/min up to 500 oC, and held for 10 h before cooling down to room 

temperature. The as-prepared magnesium silicide powder was kept in a vial for later use. 

 

CO2-thermic Oxidation Process with Mg2Si 

Approximately 2 g of as-prepared Mg2Si powder was manually grounded and spread in an alumina crucible. 

The crucible was then placed in a tube furnace, which was heated at a ramp rate of 1 oC/min and maintained 

at 700 oC for 10 h under a carbon dioxide (99.9% purity) gas flow. After the heat treatment, the resulting 

powder was immersed in 1 M HCl for at least 2 h to remove magnesium oxide and 1 wt% hydrofluoric acid 

for at least 2 h to remove SiOX that was possibly formed during the synthesis. The material was then 

vacuum-filtered and dried at 60 oC in the oven overnight. The as-synthesized silicon/carbon composite 

material was kept in a vial for future use. 

 

Bulk Si 

The Si metal powder was ball-milled with planetary ball mill at 400rpm for 12 hr. Agate jar and milling 

media were used and the ball-to-powder weight ratio was approximately 10:1. 

 

Air-oxidation of Mg2Si 

The same conditions as CO-OP were used for air-oxidation of Mg2Si, except that instead of flowing CO2, 

both ends of the tube furnace were open to ambient condition in order to introduction of air during heat 

treatment. After the heat treatment, acid leaching was performed to remove MgO from the sample and 

obtained porous Si for electrochemical performance testing. 

 

Materials Characterization 

X-ray diffractometers (Rigaku SmartLab (40kV, 44mA) and Rigaku Miniflex 600 (40kV 25mA)) were 

used to investigate the crystal structures and composition of the samples. The powder morphology was 

characterized using a field emission scanning electron microscope (FEI Quanta 200F) and transmission 

electron microscope (FEI Technai G2 20 Twin with 200kV LaB6 electron source). The carbon content of 

the carbon-coated porous Si composite was tested from thermogravimetric analysis/differential scanning 

calorimetry (TA Instrument SDT Q600) performed up to an approximate temperature range from 25 °C to 

700 °C at a heating rate of 10 °C/min under air flow. Energy dispersive spectroscopy (Tescan Vega3) was 

used to perform elemental analysis. Raman spectroscopy (Horiba LabRAM HR system equipped with 532 

nm laser) was used to investigate carbon in the sample. In situ high temperature XRD results were collected 

using the aforementioned Rigaku SmartLab equipped with an Anton Paar XRK900S in-situ high 

temperature chamber. The XRD data were continuously collected during heating and cooling. Each full 

scan took approximately 30 min and the scan range (2θ) was from 25o to 45o, in which all the main peaks 

of Si, Mg2Si, and MgO are found. X-ray nano-computed tomography (Zeiss, Xradia Ultra 810) was used 

to analyze the internal microstructures. 

 

Electrochemical Measurements 

To evaluate the electrochemical properties of the carbon-coated macroporous Si, CR2032-type coin cells, 

consisting of the as-synthesized silicon/carbon composite as a working electrode and lithium metal chip 

(MTI) as the counter electrode, were assembled in an argon-filled glove box, in which the moisture and 

oxygen levels were regulated below 0.5 ppm. The working electrodes were prepared by slurry-casting (or 

doctor-blading), whereby the slurry composed of silicon/carbon active material (60 wt%), Super P45 carbon 

black conducting agent (20wt%), and poly(acrylic acid) (PAA, average molecular weight of 100kg/mol, 

Sigma–Aldrich) / sodium carboxymethyl cellulose (CMC, 5wt% in high purity water, Sigma–Aldrich) 

binder (20 wt%, PAA/CMC=1:1 by weight) in purified deionized water, was evenly spread onto copper 

foil (current collector) and vacuum-dried at 155 oC for 2 h to remove water and densify the electrode 



structure. The electrolyte used was 1.3M lithium hexafluorophosphate (LiPF6) in ethylene carbonate 

(EC)/diethylene carbonate (DEC) (3:7 by volume) with 10 wt% fluoroethylene carbonate (FEC) additive. 

Cycling performance was measured using a Neware (BTS 4008) and/or Arbin battery cycler (BT2000 

model) at various C-rates; 0.05 C for the first cycle (1 C was calculated based on 2000 mAh/g of active 

material) and after the first cycle, all other C-rates were re-calculated based on the first lithiation capacities 

of each coin cell. The voltage range for the galvanostatic cycling was 0.01–1.2 V. Monolayer polypropylene 

membrane (Celgard 2400) was used as a separator. 
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