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ABSTRACT 
Nanoporous silicon is a promising anode material for high energy density batteries due to its high cycling stability and high tap 
density compared to other nanostructured anode materials. However, the high cost of synthesis and low yield of nanoporous 
silicon limit its practical application. Here, we develop a scalable, low-cost top-down process of controlled oxidation of Mg2Si in the 
air, followed by HCl removal of MgO to generate nanoporous silicon without the use of HF. By controlling the synthesis conditions, 
the oxygen content, grain size and yield of the porous silicon are simultaneously optimized from commercial standpoints. In situ 
environmental transmission electron microscopy reveals the reaction mechanism; the Mg2Si microparticle reacts with O2 to 
form MgO and Si, while preventing SiO2 formation. Owing to the low oxygen content and microscale secondary structure, the 
nanoporous silicon delivers a higher initial reversible capacity and initial Coulombic efficiency compared to commercial Si nanoparticles 
(3,033 mAh/g vs. 2,418 mAh/g, 84.3% vs. 73.1%). Synthesis is highly scalable, and a yield of 90.4% is achieved for the porous Si 
nanostructure with the capability to make an excess of 10 g per batch. Our synthetic nanoporous silicon is promising for practical 
applications in next generation lithium-ion batteries. 
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1 Introduction 
The implementation of next generation lithium-ion batteries 
(LIBs) is predicated on the availability of low-cost, energy-dense 
electrode materials [1–5]. A variety of emerging anode and 
cathode materials have attracted intensive attention [6–11]. 
Among them, silicon (Si) stands out as a promising anode 
material for next generation LIBs due to its high theoretical 
specific capacity (4,200 mAh/g, Li22Si5), which is more than ten 
times the theoretical capacity of conventional graphite anodes 
[12, 13]. Successful implementation of a silicon anode will enable 
advanced lithium-ion battery chemistries and help reduce the 
cell cost. 

Despite its high capacity, Si suffers from poor cycling stability 
caused by its large volume change (> 300%) during lithiation/ 
delithiation processes, resulting in electrode pulverization and 
continued growth of the solid-electrolyte interphase (SEI) which 
has been widely analyzed through cryogenic electron microscopy 
[14–20]. Generally, reducing the size of silicon to the nanoscale 
in at least one dimension can alleviate the stress and can 
even prevent fracture. Various Si nanostructures including 
nanoparticles, nanorods, nanowires, nanotubes, nanosheets, etc. 
have demonstrated an improved cycling life compared to their 
bulk counterparts [21–29]. However, these Si nanostructures 
suffer from low initial Coulombic efficiency (ICE) due to their  

large specific surface area, resulting in significant SEI growth, 
along with low volumetric energy density due to their low 
tap density [30]. Microscale porous Si particles assembled 
from nanostructured subunits could deliver a higher ICE and 
volumetric energy density while simultaneously retain good 
cycling stability with preserved void space to buffer the volume 
expansion. Although many guidelines for designing these high- 
performance porous silicon anodes have been established, 
synthetic methods are still limited to high temperature or high 
energy processes and mostly involve the use of corrosive 
hydrofluoric acid (HF) [31, 32]. In addition, the yield of the Si 
product remains low [33–36]. Moreover, the correlation between 
the synthesis condition and the properties of Si product is a 
key point but often inadequately explored [37, 38]. It is highly 
desirable yet challenging to develop safe, low-cost, and scalable 
fabrication methods to produce microscale porous Si anodes 
with high yield and good electrochemical performance. 

Here, we synthesize nanoporous silicon microparticles 
through a scalable fluoride-free demagnesiation process of 
low-cost Mg2Si. In situ environmental transmission electron 
microscopy (ETEM) reveals that Mg2Si reacting with O2 can 
be controlled to form MgO and Si, with little SiOx detected. By 
controlling the synthesis condition, the oxygen content, grain 
size and yield of the porous silicon nanostructure are 
simultaneously optimized to satisfy commercial requirements.  
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The oxygen content of our synthesized porous Si is only 8%, 
which is lower than 12% of commercial Si nanoparticles, leading 
to lower irreversible lithium loss to the lithiation of the native 
silicon oxide. The micro-sized three-dimensional (3D) structure 
consists of interconnected nanograins which provide good 
electrical conductivity and decrease SEI formation by inhibiting 
electrolyte from entering the particle core. As a result, the porous 
silicon nanostructure delivers a high reversible capacity of 
3,033 mAh/g, which is much higher than 2,418 mAh/g of the 
commercial silicon nanoparticle. In addition, both a high initial 
Coulombic efficiency of 84.3% (73.1% for commercial silicon 
nanoparticle) and high later-cycle Coulombic efficiencies of 
99.5%–99.9% are achieved. The yield of the porous Si product 
is as high as 90.4% with a production capacity of 10 g/batch in 
the lab, which indicates the high scalability of this process. 
The high performance and scalability of our synthesized 3D 
nanoporous silicon microparticle are highly promising for 
practical application in high-energy lithium-ion batteries. 

2 Results and discussion  

2.1 Synthesis and characterization of porous Si 

microparticle  

The synthesis process of porous Si is shown in Fig. 1(a). 
Commercially available Mg2Si particles (3–12 mm) were first 
ball-ball milled to decrease the size to 1–15 μm (Fig. 1(c) and 
Table S1 in the Electronic Supplementary Material (ESM)). 
These Mg2Si particles were then annealed under air atmosphere. 
During the annealing process, Mg2Si reacts with O2 to pro-
duce MgO while Si is separated forming MgO/Si composite 
(Mg2Si + O2 → 2MgO + Si). The MgO was removed in diluted 
hydrochloric acid (HCl) aqueous solution, leaving a 3D porous 
silicon nanostructure consisting of crystalline Si nanoparticle 
subunits and nanopores. Scanning electron microscopy (SEM) 
images of the products obtained at different steps in the synthesis 
process are shown in Fig. 1(c). The surface morphology and 
structure change dramatically. The surface of Mg2Si particle 
before annealing is smooth and intact, which becomes rough 
and granular after annealing. After etching away MgO, a highly 
porous surface is clearly observed for the final porous Si product. 
Additionally, the size of porous Si nanostructure is slightly 
larger than that of Mg2Si precursor (Table S1 in the ESM), which 
is reasonable considering that the insertion of oxygen into the 
Mg2Si particle during annealing could enlarge the particle 
size. X-ray diffraction (XRD) pattern (Fig. 1(d)) shows that the 
produced porous Si is crystalline and highly purified without any 
impurity peaks observed. X-ray photoelectron spectroscopy 
(XPS) shows the coexistence of Si and SiO2 which could be due 
to the natural oxidation of the Si surface (Fig. 1(e)).  

Considering that the oxidation behavior of both Mg and Si 
could be significantly affected by the annealing temperature, a 
series of related experiments concerning the heating of Mg2Si 
in air were carried out at 400, 550 and 600 °C (Fig. S1 in the ESM). 
After Mg2Si was heated to 400 °C, un-reacted Mg2Si still can be 
observed even after annealing for 72 h. After annealed under 
600 °C for 10 h, the Mg2SiO4 phase was detected in the product 
in addition to unreacted Mg2Si as well as MgO and Si phases. 
Mg2SiO4 is the product of the reaction of MgO with SiO2 at 
temperatures in excess of 600 °C; it cannot be removed by HCl 
etching and thus must be avoided in the products [39, 40]. 
Comparatively, after Mg2Si was heated to 550 °C and held  
for 20 h, no Mg2SiO4 phase was detected in the product with 
comparatively low ratio of unreacted Mg2Si to that annealed 
under 400 °C for 72 h. Since the oxidization of Mg2Si can easily  

 
Figure 1 The synthesis of porous Si microparticles. (a) Schematic showing 
the synthesis process of porous Si microparticles (T means temperature).  
(b) Optical images and (c) SEM images of the products obtained during 
different synthesis steps. From left to right: Mg2Si, MgO/Si and porous Si 
microparticles. The scale bar for the inserted high-magnification SEM is 
300 nm. (d) XRD pattern and (e) XPS spectrum of as-synthesized porous 
Si nanostructure. 

proceed by increasing the annealing duration, 550 °C was 
chosen as the optimal annealing temperature for the synthesis 
of porous silicon. 

In addition to annealing temperature, annealing duration  
is another key parameter which determines the morphology, 
structure, oxygen content, grain size and yield of the porous Si 
products. Figure 2(a) shows the XRD pattern of the products 
obtained at 550 °C for 5–30 h annealing duration. The intensity 
of peaks corresponding to Mg2Si decreases as the annealing 
duration increases, indicating that more Mg2Si reacts with O2 
as annealing proceeds. During the removal of MgO through  
HCl-etching treatment, the unreacted Mg2Si also reacts with 
HCl, becoming MgCl2 and SiH4 gas which runs away. 
Consequently, shorter annealing results in a lower yield of 
silicon product. Nevertheless, a high yield of porous silicon 
product of 90.4% and 91%, is delivered after annealing for 20 
and 30 h, respectively (Fig. 2(b)), indicating that the yield of 
our porous silicon nanostructure is promising for commercial 
application. In addition, the oxygen content of the porous 
silicon nanostructure increases as the annealing duration 
increases (Fig. 2(b)), which is ascribed to the slow oxidation of 
Si nanograins during annealing under air atmosphere. Regardless, 
an oxygen content of 8% and 10.5% was achieved after annealed 
for 20 and 30 h, respectively, both of which are lower than that 
of the commercial Si nanoparticle of 12%. Moreover, although 
highly porous structures are always obtained after different 
annealing durations (Figs. 2(c)–2(e)), the size of nanograins 
embedded in the porous silicon nanostructure increases as 
annealing duration increases (Figs. 2(f)–2(h) and Figs. S2 and 
S3 in the ESM). The grain sizes are approximately 50 and 
60 nm after annealing for 20 and 30 h, respectively. Both the 
oxygen content and grain size could greatly affect the initial 
Coulombic efficiency. The ICE increases as the oxygen content   
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Figure 2 Effect of annealing duration on the products. (a) XRD patterns 
of products obtained by annealing Mg2Si at 550 °C for 5–30 h. (● Mg2Si 
(35-0773); ♥ Si (27-1402); ♦ MgO (45-0946). (b) The correlation between 
the annealing duration and the Si yield as well as the oxygen content of 
porous Si. (c)–(e) TEM and (f)–(h) HRTEM of porous Si obtained after 
annealing for different durations, (c) and (f) 10 h, (d) and (g) 20 h and (e) 
and (h) 30 h. 

decreases since the silicon oxide can irreversibly trap lithium 
[27]; the ICE also decreases along with the decrease of grain size 
since the smaller grain size provides a larger surface area for 
SEI formation. 

2.2 In situ environmental TEM study on the oxidation 

process of Mg2Si  

To fully explore the composition and structure evolution of 
Mg2Si particle during the annealing process, in situ ETEM 
characterization was carried out on the oxidation reaction 
process at 550 °C under oxygen atmosphere. To monitor   
the reaction between Mg2Si and O2 gas in real time, dry 
(99.999 vol.% purity) O2 is introduced inside the environmental 

TEM with the sample at 550 °C. Structural analysis by high- 
resolution TEM (HRTEM) and selected area electron diffraction 
(SAED) helps to identify the annealing products (Movies ESM1 
and ESM2 and Fig. 3). A uniform single crystal Mg2Si particle 
was observed before reaction, which becomes polycrystalline 
as new phases emerge during annealing. TEM reveals the 
emergence of new crystalline orientations, beginning at the 
edge of the particle and progressing into the particle. New phases 
of MgO and Si are clearly detected through SAED while the 
interior Mg2Si remained unreacted (Figs. 3(c) and 3(d))). This 
suggests a diffusion-limited reaction; following a rapid surface 
reaction, the oxygen must diffuse through the MgO and Si 
product to further react with the interior Mg2Si. After annealing 
for 40 min, the particle becomes even more nonuniform due 
to more MgO and Si nanograins formed as annealing duration 
increases. The SAED reflections corresponding to Mg2Si reactant 
become weaker while those corresponding to MgO and Si 
products become stronger, indicating more Mg2Si is oxidized 
after annealing for a longer time. No crystalline silicon oxide is 
observed during annealing, which agrees well with the above 
results observed through XRD characterization. 

2.3 Electrochemical performance of the porous silicon 

microparticle 

The performance of our as-synthesized 3D porous Si micro-
particles was verified by electrochemical characterizations. 
Type 2032 coin cells were constructed by pairing porous Si 
electrodes with lithium foil reference/counter electrodes. Deep 
galvanostatic cycling tests were carried out from 0.01 to 1 V at 
a rate of 0.5C (1C = 4,200 mA/g), while the first activation 
cycle carried out from 0.005 to 1.5 V at a rate of 0.05C. 

Coulombic efficiency (CE), especially the 1st cycle CE 
which accounts for most of the lithium ion loss and electrolyte 
consumption, is one of the most important parameters to 
evaluate the performance of a battery. As shown in Fig. 4(a) 
and Table 1, the initial Coulombic efficiency of porous Si 
microparticles obtained after annealing for 20 h reaches 84.3%, 
which is superior to 73.1% for the commercial Si nanoparticle 
and is also higher than or at least comparable to most previously- 
reported ICE for porous Si anodes (Table S2 in the ESM). The 
reasons for the higher ICE of the porous Si microparticle is 
ascribed to the following three aspects: First, the nanograins 
in the porous Si microparticle connect with each other, which 
decreases the specific surface area; second, the micro-sized 

 
Figure 3 In situ ETEM characterization of the oxidation of Mg2Si. (a) and (b) Schematic showing the oxidation process of Mg2Si in the ETEM. (c), (e),
and (g) The time-lapse images of the oxidation of Mg2Si particle studied by ETEM (also see Movies ESM1 and ESM2), oxidation after 0 min (c), 20 min 
(e) and 40 min (g). (d), (f), and (h) SAED images of the observed areas in (c), (e) and (g), respectively. 
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structure could inhibit the electrolyte from reaching the inner 
part of the micro-sized particle, thus decreasing the electrolyte–  
electrode contact area; third, the lower oxygen content of   
the porous Si induces a smaller irreversible lithium trap by the 
silicon oxides, which also contributes to a higher ICE. Moreover, 
distinct from other high-performing nano-Si anodes which 
require many cycles to reach Coulombic efficiency above 99% 
[41–43], the as-produced porous Si microparticle delivers a high 
Coulombic efficiency over 99% within 10 cycles and stabilizes 
at a high level afterwards (99.5%–99.9%). 

In addition to the high initial and later-cycle Coulombic 
efficiencies, the porous Si also achieves a much higher reversible 
delithiation capacity compared to that of the commercial Si 
nanoparticles. The 1st cycle delithiation capacity is 3,033 and 
2,418 mAh/g for porous Si microparticle and Si nanoparticle, 
respectively. The high reversible capacity of porous Si product 
indicates that the continuous nanograin subunits are electrically 
well connected and participate fully in the electrochemical 
lithiation and delithiation process. Comparatively, the relatively 
low capacity of commercial Si nanoparticle is due to the severe 
SEI formation and the weaker electrical connection since Si 
nanoparticles are individually separated. Moreover, the micro- 
sized nanoporous Si microparticle maintains a good cycling 
stability. As shown in Fig. 4(b), a delithiation capacity of  
1,375 mAh/g is retained after 100 consecutive cycles at a high 
rate of 0.5C, which is over four times as large as that of the 
commercial graphite anodes and surpasses that of Si nano-
particles (634 mAh/g). The exceptional electrochemical stability 
can be attributed to the three-dimensional micro-/nanoscale 
architecture. The nanopores between nanograins in the 
microscaled particle can effectively accommodate the volume 
change and relieve the strain/stress upon lithiation/delithiation. 

The inhibited SEI formation as discussed above minimizes 
lithium inventory loss and electrolyte consumption, which 
helps to maintain a high capacity retention.  

The rate capability as another important evaluation parameter 
is also studied using galvanostatic charge–discharge measurements 
by increasing the rate from 0.1C to 2C and then back to 0.1C. 
As shown in Fig. 4(c), even at a high rate of 2C, the electrode 
based on micro-sized porous Si nanostructure can still deliver a 
reversible capacity over 1,000 mAh/g. In addition, the capacity 
could recover to approximately 3,000 mAh/g when the current 
rate is decreased back to 0.1C. The superior rate capability is 
benefited from the good electrical conductivity provided by 
the interconnected nanograins, short Li+ ion diffusion offered 
by the nano-sized grains, and decreased side reactions with the 
electrolyte. 

3 Conclusion 
In summary, we develop three-dimensional nanoporous 
silicon microparticles with high yield and high Coulombic 
efficiency through a scalable low-cost fluoride-free approach. 
In situ environmental TEM reveals the oxidation process of 
Mg2Si precursor, with only MgO and Si formed. By controlling 
the synthesis condition, the oxygen content, grain size, yield 
and the electrochemical performance of the porous silicon 
nanostructure are simultaneously optimized from commercial 
standpoints. The low oxygen content guarantees low irreversible 
lithium loss to lithiation of silicon oxides. The micro-scaled 
three-dimensional porous architecture assembled from inter-
connected nanograins effectively buffering volume expansion, 
provides a good electrical conductivity and reduces SEI 
formation by limiting the access of electrolyte into the particle 

 
Figure 4 Electrochemical performance study. (a) First-cycle voltage profiles of individual cells with corresponding Coulombic efficiencies. (b) Cycling 
stability and (c) rate capability comparison of cells based on as-produced porous Si and commercial Si nanoparticle anodes. 

Table 1 Effect of annealing duration on the yield, oxygen content and battery performance of porous Si products 

Annealing duration 5 h 10 h 15h 20 h 30 h Si nanoparticle 
Yield (Si base, %) 57.6 74.5 83.0 90.4 91 — 

Oxygen content (%) — 1.2 5.8 8.0 10.5 12 
Capacity (mAh/g) — 3,191 — 3,033 2,995 2,418 

ICE (%) — 86.1 — 84.3 82.5 73.1 
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core. As a result, the porous silicon nanostructure delivers a 
much higher initial Coulombic efficiency of 84.3% compared 
to 73.1% of commercial silicon nanoparticle, and a high reversible 
capacity of 3,033 mAh/g superior to 2,418 mAh/g of the silicon 
nanoparticle. In addition, the porous silicon nanostructure also 
achieves a good cycling stability and rate capability. Moreover, 
the yield of the porous Si product is as high as 90.4%. This work 
sheds light on the rational design of Si anodes for practical 
high-energy lithium-ion batteries. 
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Materials and methods 

Synthesis of nanoporous silicon microparticles. Commercially available Mg2Si particles (3-12 mm, Alfa Aesar) was ball milled 
under Argon gas at a speed of 400 rpm for 4h. In a typical thermal annealing process, ball-milled Mg2Si particles were heated to 
400-600 °C with a heating rate of 5 °C/min and kept for a certain time under air atmosphere. To remove the MgO matrix, the 
annealed samples were taken out of the tube at temperatures below 50 °C and immersed in 0.1-1 M hydrochloric acid aqueous 
solution at room temperature for 2 h. The obtained porous Si microparticles were collected by filtration and washed with distilled 
water and ethanol in sequence several times. The final product was dried in a vacuum oven at 60 °C for 2 h and stored in a 
glovebox for further use. 
Materials characterization. Characterizations were carried out using scanning electron microscopy (FEI Sirion, Nova NanoSEM), 
transmission electron microscopy (FEI Tecnai, Titan), X-ray Diffraction (PANalyticalX’Pert, Ni-filtered Cu Kα radiation), X-ray 
photoelectron spectroscopy (SSI S-Probe Monochromatized, Al Kα radiation at 1486 eV) and electrochemical impedance 
spectroscopy (BioLogic VMP3). 
In situ environmental TEM characterization. The environmental transmission electron microscope (ETEM) experiments were 
carried out using a FEI Titan 80-300 ETEM operated at 300 kV. The microscope was equipped with an aberration corrector in the 
image forming (objective lens) and a Gatan 966 Quantum electron energy loss (EEL) spectrometer. After heating up to 550 °C, we 
introduced oxygen gas into the ETEM and observed the reaction with Mg2Si in real time. The pressure in the microscope 
chamber was monitored using an Edwards Barocell 600 capacitance manometer, with a precision of ±3%. After the oxidation reaction 
was complete, the temperature is cooled down to room temperature and oxygen gas was pumped out of the ETEM, and HRTEM 
and SAED images of the particles were collected. 
Electrochemistry characterization. Working electrodes were all prepared using a conventional slurry method. Porous silicon 
microparticle or commercial silicon nanoparticle active material, carbon black conductive additive (Super P, TIMCAL, Switzerland), 
and polyvinylidene fluoride (PVDF, Kynar HSV 900) binder with a mass ratio of 8:1:1 were dispersed in N-methyl-2-pyrrolidone 
(NMP) and stirred for 12 h. After casting onto a 15 μm-thick Cu foil and drying at 60 °C in a vacuum oven for 12 h, the samples 
were calendered and cut into 1 cm2 circular disks with a mass loading of around 1 mg cm-2. In an Ar-filled glovebox, these 
working electrodes were assembled into type 2032 coin cells with a polymer separator (Celgard 2250) and Li metal (Alfa Aesar) as 
the counter/reference electrode. 100 μl of 1.0 M LiPF6 in 89 vol% 1:1 w/w ethylene carbonate/diethyl carbonate (BASF Selectilyte 
LP40) with 10 vol% fluoroethylene carbonate and 1 vol% vinylene carbonate (Novolyte Technologies) was added as the electrolyte 
with full wetting of both working and counter electrode surfaces. Coin cells were loaded into a battery test (Land Instruments) 
and cycled between 0.01 and 1 V at a rate of 0.5C (0.005 to 1.5 V at a rate of 0.05C for the first activation cycle). For rate capability 
test, coin cells were cycled at a rate of 0.1C to 2C, and then back to 0.1C. Charge/discharge rates were calculated assuming Si's 
theoretical capacity (4,200 mAh g-1 Si). Coulombic efficiency was calculated using the ratio of delithiation (Cdealloy) capacity to 
lithiation (Calloy) capacity (Cdealloy/Calloy × 100%).  

Address correspondence to yicui@stanford.edu 



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

2 

 
Figure S1 Effect of the annealing temperature on the compositions of products. Standard Si (27-1402) represented by ♥; Standard Mg2Si (35-0773) 
represented by ●; Standard MgO (45-0946) represented by ♦; Standard Mg2SiO4 (03-1117) represented by ♣. 

 
Figure S2 TEM (a) and HRTEM (b) of porous Si obtained after annealed for at 550 °C 5h. 

 
Figure S3 Large-scale bright-field (a) and corresponding dark-field (b) TEM images showing the size of nanograins in porous Si obtained after annealed 
for at 550 °C 20h. 
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Table S1 Comparison of the particle size, pore size and specific surface area of the pristine Mg2Si and porous silicon product. 

 D10 (μm) D50 (μm) D90 (μm) SSA (m2/g) Pore volume (cm3/g) Porosity (%) Majority pore size (nm) 
Mg2Si 1.5 4.6 14.8 2.5 0.012 2.33 — 

Porous Si 1.4 7.2 21.2 39.2 0.203 32.1 ~40 (10~130) 

Table S2 Comparison of the electrochemical performance of porous silicon anode materials. 

Sample Initial reversible capacity (mAh/g) Initial Coulombic efficiency (%) Retained capacity (mAh/g) References 
Porous Si 2416 at 0.1 A/g 73.7 1600 after 100 cycles 1 
Porous Si 1700 at 0.2 A/g 62.5 952 after 300 cycles 2 
Porous Si 1728 at 0.1 A/g 80.1 850 after 800 3 
Porous Si 3550 at 1.8A/g 85 1000 after 300 4 
Porous Si 3291 at 0.36 A/g 88 1200 after 400 cycles 5 
Porous Si 2974 at 0.4 A/g 83.3 500 after 100 cycles 6 
Porous Si 1256 at 0.21 A/g 37.6 560 after 10 cycles 7 
Porous Si 1780 at 0.1 C 69.3 125 after 30 cycles 8 
Porous Si 3033 at 0.21 A/g 84.3 1375 at 2.1 A/g after 100 cycles This work 
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Movies 

Movie ESM1 In situ ETEM characterization of the oxidation process of Mg2Si annealed from 0 to 20 min. 
Movie ESM2 In situ ETEM characterization of the oxidation process of Mg2Si annealed from 20 to 40 min. 
 
 


