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Abstract 

Cryogenic milling was demonstrated as a new and facile method to fabricate 

nanostructured battery electrode materials. SnSb anode material with 1.2 wt% graphite was 

selected as a model system to demonstrate the feasibility and benefits of this method. Ball 

milling at a cryogenic temperature can suppress cold welding, exfoliate bulk graphite 

powder into nanoplatelets, and evenly disperse them between the grains. Aberration-

corrected scanning transmission electron microscopy and post-cycling scanning electron 

microscopy showed refined grain sizes and well-dispersed carbon nanoplatelets, which can 

stabilize the nanostructure and alleviate volume expansion and cracking upon cycling. The 

cryomilled SnSb-C composite anode showed a reversible volumetric capacity of 1842 

Ah/L, average coulombic efficiency of 99.6 ± 0.3%, and capacity retention of 90% over 

100 cycles. The cryomilled sample showed improved electrochemical performance 

compared to the conventional ball milled specimen. This new method of cryogenic milling 

can produce various other high-performance nanostructured electrode materials. 
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Introduction 

The development of rechargeable energy storage systems has played a crucial role in 

advancing portable electronic devices and electric vehicles. For the past three decades, 

carbon-based anodes were mainly used due to their good electronic conductivity and 

cycling stability.1 However, the theoretical gravimetric and volumetric capacities of 

graphite, 372m Ah/g and 756 Ah/L, are major limitations to attain higher energy density 

batteries. To further increase the cell energy density, researchers have studied Li-alloying 

reactions with metal or semi-metal elements and various intermetallic compounds. Various 

strategies, such as nanoporous structures,2–4 inactive matrix composites,5,6 and carbon 

composites,7–9 have been proposed to alleviate the extreme volume change (> 200%) 

during cycling.  

To fabricate carbon composite structures, mechanical alloying via ball milling is widely 

used due to its simplicity. Several groups have demonstrated the successful synthesis of 

Sn-M-C composites (M = metal)7–9 and Si-C composites10–12 that showed higher specific 

capacity compared to the graphite anode. However, the volumetric capacities of these 

composites are often limited by the amount of carbon added. In 2005, Sony announced the 

“Nexelion” cell that utilized an amorphous Sn-Co carbon composite as the anode for a 

portable camcorder13. It improved the volumetric energy density by 10% compared to 

LiCoO2/graphite cells14. While the composition of the anode material was not disclosed, 

researchers suggested a composition of Sn:Co:C = 3:3:4(mol) fabricated through high-

energy ball milling (HEBM)6,15,16. This corresponds to 10 wt%, or 27 vol%, of graphite 

added during the ball milling process. While the added carbon can help to alleviate the 

volume expansion from the cycling process, it decreases the full cell volumetric energy 

density. Unfortunately, due to the heat generated from the ball milling process, decreasing 

the carbon content in traditional HEBM can increase cold-welding of the metal grains, 

especially for the low melting temperature metals such as Sn. This can increase both the 

grain size and the secondary particle size17, which are undesirable for battery 

applications14,18. Therefore, a new processing route is needed to fabricate anode particles 

with desired micro- and nano-nanostructures.  



In this study, we demonstrate a new route using cryogenic milling (cryomilling) to 

fabricate nanostructured alloy anodes. Cryomilling is a cost-effective manufacturing 

method that is already widely used in the food industry,19,20 in polymer powder synthesis,21 

and in the fabrication of nanostructured alloys.22 Due to the presence of a ductile-to-brittle 

transition for many materials at low temperatures, cryomilling can efficiently alleviate 

cold-welding and reduce the grain and particle size23. Previous studies have also suggested 

that cryomilling can promote the uniform distribution of various types of carbon between 

metal grains for mechanical properties enhancements24–26. To demonstrate the feasibility 

and the benefits of cryomilling on the fabrication of battery anode materials, the SnSb 

intermetallic was selected as a model system. SnSb has attracted considerable attention due 

to its high theoretical capacity of 825 mAh/g. Additionally, researchers have found the 

two-step lithiation reaction of SnSb can create a Li3Sb matrix structure to buffer the volume 

expansion and improve the cycling stability27–29. However, cracks can often form in 

micrometer-size SnSb particles during cycling, resulting in capacity decay upon cycling28.  

Here, we compare the synthesis of SnSb-C composite using three ball milling methods: 

high-energy ball milling or HEBM, (lower energy) planetary ball milling, and cryomilling.  

SnSb-C composite fabricated with HEBM showed severe cold-welding and an average 

particle size > 100 μm. The composite made with the planetary ball milling demonstrated 

poor cycling stability. In contrast, cryomilling led to the synthesis of high-energy density 

SnSb-C anode in one step. Aberration-corrected scanning transmission electron 

microscopy (AC STEM) and post-cycling SEM revealed that the refined grain size and 

well-dispersed carbon nanoplatelets effectively alleviate the volume expansion and prevent 

particle cracking after cycling. This work thus demonstrates a new and potentially general 

method to fabricate practical nanostructured battery electrodes that can be applied to 

various materials.  

Experimental Section 

Material Synthesis. The SnSb-C composites were prepared by various ball milling 

routes. 48.78 wt%  Sn (Alfa Aesar, 99.80%, 325 mesh), 50.02 wt.% Sb (Alfa Aesar, 99.5%, 

200 mesh), and 1.2 wt% graphite (MTI) were used as starting materials. For cryomilling, 

1.3 g starting material was placed in a stainless-steel jar (50 ml) with 5 stainless-steel balls 



(5 mm diameter) inside an Ar-filled glovebox. After sample is pre-cooled for 15 min, the 

milling process was performed for 4 h @25 Hz (1500 min-1) (8 cycles of 25 min each with 

an intermediate cooling of 5 min) using a Retsch Cryomill. The jar is cooled with liquid 

nitrogen circulation during the pre-cooling and milling process. The milling temperature 

was constantly monitored with an “Autofill system” from the cryomill machine. For high-

energy ball milling, 1.3 g starting material was placed in a stainless-steel jar (65 ml) with 

6 stainless-steel balls (5 mm diameter) inside an Ar-filled glovebox. The milling process 

was performed for 4 h @1200 min-1(8 cycles of 25 min each with resting of 5 min) using 

a SPEX-8000D Mixer/Mill at room temperature. For planetary ball milling, 5 g starting 

material was placed in an yttrium stabilized zirconium oxide (YSZ) grinding jar (100 ml) 

with 12 YSZ grinding balls (10 mm diameter) inside an Ar-filled glovebox. The milling 

process was performed for 8 h @400 rpm (16 cycles of 25 min each with resting of 5 min) 

using a Across International PQ-N04 planetary ball mill at room temperature.  

For sample comparison, the processing parameters (ball-to-powder ratio, jar 

volume/geometry, ball/jar material, milling time, and speed) of cryomilling and HEBM are 

similar. Therefore, the resulting powder comparison between HEBM and cryomill can 

demonstrate the benefits under cryogenic temperature. 

Material Characterization. Scanning electron microscopy (SEM) images were taken 

with a FEI Apreo SEM operated at 5 kV. To characterize the crystal structure of the 

synthesized SnSb-C composite, X-ray powder diffraction (XRD) was conducted using a 

Bruker D2 Phaser (Cu Kα radiation, λ = 1.5406 Å) with scanning rate of 0.5 °/min. The 

grain size was calculated using the Scherrer Equation, and instrument peak broadening 

equals 0.1o. Single peak calculation at 29.1o was performed. The pattern at 41.5o and 51.4o 

were combination of two diffraction peaks; therefore, a large estimated error was expected, 

and the calculation was not performed.  N2 porosimetry was conducted with a 

Micrometritics TriStar II 3020. The sample pore volume was calculated from the 

adsorption branch of the isotherm using the Braet-Joyner-Halenda (BJH) model. Raman 

spectroscopy was taken using a Renishaw Raman with 633 nm laser. The transmission 

electron microscopy sample was fabricated with a dual-beam focused ion beam (FIB)/SEM 

system using a FEI Scios. The microstructures and elemental distribution of the cryomilled 



composite were further studied with aberration-corrected scanning transmission electron 

microscopy (AC-STEM) using a JEOL JEM-300CF STEM microscope operated at 300 kV 

with double correctors and dual large angle energy dispersive X-ray spectroscopy (EDS) 

detector. The STEM and EDS data processing was performed with DigitalMicrograph 

(DM). For post-cycling particle morphology SEM characterization, the electrode after 

electrochemical cycling was disassembled using an MTI hydraulic crimper equipped with 

disassembling die inside an Ar-filled glovebox. The obtained electrode was rinsed with 

diethyl carbonate (DEC) solvent to remove residual electrolyte, and then dried inside 

glovebox antechamber under vacuum for 30 min. To ensure air-free transfer into the SEM 

chamber, the sample is sealed inside a QuickLoader (FEI) in the glovebox and directly load 

into the SEM chamber.  

Electrochemical Characterization. Each type of ball milled SnSb-C was mixed with 

carbon fiber (pyrolytically stripped, >98% carbon basis, D × L = 100 nm × 20-200 μm) and 

carboxymethyl cellulose (CMC, MTI Corp) in water at a mass ratio of 8:1:1 using a Thinky 

mixer (ARE-310) for 2 h at 2000 rpm. The resulting homogeneous slurry was casted on a 

copper foil (9 μm thick, MTI Corp) using a doctor blade and an automatic tape casting 

coater at a constant traverse speed of 10 mm/s. The casted tape was first dried in air for 12 

h then dried in a vacuum oven at 80 oC for 12 h. After drying, the electrode was then 

punched into 11 mm discs and weighed individually. The average active material (SnSb-C 

composite) loading was 1.50 mg/cm2. 2032-type coin cells were assembled with Li metal 

disc as counter/reference electrode and Celgard 2320 polypropylene membrane as 

separator. The electrolyte consists of 1 M LiPF6 in a 1:1 ethylene carbonate/diethyl 

carbonate solvent (LP40, Sigma-Aldrich) with 5 vol% fluorinated ethylene carbonate (FEC, 

Sigma-Aldrich). Galvanostatic cycling was conducted using a Lanhe battery cycler in the 

potential range of 0.05-1.5 V vs. Li+/Li at various current rates (listed in figures). The 

gravimetric capacity was calculated based on the loading of the active material (SnSb-C 

composite).  

Results and Discussion 

The cryomilling process used in this study based on having liquid nitrogen (LN2) 

circulate outside the ball milling jar to continually cool the milling process (Figure 1b). 



This process can be viewed as a high-energy shaker mill with automatic LN2 cooling. The 

ball mill jar was cooled to -196oC before the milling process. Additionally, 5 minutes of 

cooling was carried out after 25 minutes of ball milling to ensure the cryogenic processing 

temperature. The cryomilling process was first optimized with various milling times. Sn 

and Sb particles were added in 1:1 mol ratio with 1.2 wt% graphite. The starting 

composition was kept the same for all ball milling process. After 1 h of cryomilling (2×25 

min milling with 5 min intermediate cooling), unmixed graphite could still be observed in 

the SEM images, indicating insufficient mixing (Figure S1a). Sn (ICSD-106072) and Sb 

(ICSD-64695) phases were also seen in the product based on X-ray diffraction (XRD) 

(Figure S2a), further signifying that longer processing time was required. When the milling 

time increased to 4 h, SnSb particles with maximum diameters of 7 μm could be observed 

in the SEM image (Figure 2a, Figure S11a). The average particle size was estimated to be 

1.84 ± 1.29 μm as shown in Figure S12a. In addition, no graphite flakes could be found, 

indicating most of the graphite was exfoliated and mixed between the grains. The 

diffraction patterns of the 4 h cryomilled sample could be indexed with SnSb (ICSD-

154085) in the 𝑅𝑅3�𝑚𝑚 space group. The diffraction peaks corresponding to Sn and Sb mostly 

disappeared after 4 h of cryomilling, with only trace Sb diffraction remaining. The 

dominant SnSb diffraction peaks also became broader. This indicates cryomilling can be 

used to synthesize fine-grained SnSb particles.  

 

Figure 1. Synthesis method and SEM images of mechanical alloyed SnSb-C composite 
anodes fabricated through (a) high-energy ball mill, (b) cryogenic ball mill, and (c) 



planetary ball mill. (d) X-ray diffraction patterns comparing SnSb-C composite anodes 
synthesized through these three different mechanical methods. All methods produce 
SbSn, but the degree of crystallinity, as evidenced by the diffraction peak widths, varies 
dramatically between methods. 

For comparison, HEBM and planetary ball milling were carried out with similar 

processing parameters (see Experimental Section). The resulting morphology and XRD 

comparison of SnSb-C composites are shown in Figure 1a, c, and d. All the ball milling 

process resulted in the formation of SnSb. After 4 h of HEBM (8 × 25 min milling with 5 

min intermediate rest), large particles of more than 100 μm diameters could be commonly 

observed (Figure 1a, Figure S11e), indicating severe cold-welding during the milling 

process. The average particle size was estimated to be 22.12 ± 28.91 μm as shown in 

Figure S12c. Since planetary ball milling has lower energy, 8 h (16 × 25 min with 5 min 

intermediate rest) was required to mechanically alloy SnSb phase. The lower mixing 

energy also alleviated the cold-welding effect and resulted in smaller particle diameters 

(Figure 1c, Figure S11c). The average particle size was estimated to be 2.54 ± 1.96 μm as 

shown in Figure S12b. However, the lower milling energy also results in uneven mixing 

of graphite with the metal powder. In Figure S3, graphite flakes could still be observed 

after an 8 h planetary ball milling process. An additional benefit of the LN2 cooled shaker 

mill is that 4 h of cryomilling produced < 7 μm diameter particles with no obvious 

graphite observed. Moreover, the cryomilled powder showed broader diffraction peaks, 

which indicates a finer grain size (Table S1). Using the Williamson-Hall method, the 

averaged grain size of the cryomilled powder was estimated to be 23.5 nm, which was 

smaller than the averaged grain sizes of the samples from HEBM (41.7 nm) and planetary 

ball milling (59.2 nm). The estimated strain of the cryomilled powder was 0.0020, which 

was also smaller than the strain of the HEBM sample (0.0028), and planetary ball milling 

(0.0030).  

The cryomilled and planetary ball milled sample porosity was characterized with 

nitrogen porosimetry. The N2 adsorption-desorption curves in Figure S7a and S7b shows 

type II isotherm, which indicates both samples are mostly non-porous. Using the Barrett-

Joyner-Halenda (BJH) method, the cumulative pore volume of the cryomilled and 

planetary ball milled sample were calculated to be 0.0044 cm3/g and 0.0058 cm3/g, 



respectively, which also match the observed mostly dense particles from the SEM images 

for both samples. This shows that the cycling stability is not likely affected by the sample 

porosity. 

To characterize the underlying nanostructures of the milled powder, a focused ion beam 

(FIB) was used to lift-out a lamella sample from the powder to use for cross-sectional 

STEM characterization. AC STEM high-angle annular dark field (HAADF) images 

(Figure 2c) showed mostly fiber-like fine-grained SnSb (bright region) reinforced with a 

carbon structure (dark region). After zooming in, the bright-field images (Figure 2d, 2e) 

showed majority of the SnSb grains are elongated and has width around 20 nm. In addition, 

~3 nm thick multilayer graphene layers were observed between the grains. This indicated 

that cryomilling could exfoliate bulk graphite powder into nanometer-thick nanoplatelets 

and disperse this nano-graphite homogeneously within the SnSb grains. Based on Figure 

2c, the averaged carbon thickness with the cryomilled sample was 3.62 ± 2.01 nm, with the 

maximum measured carbon thickness being 11.04 nm (Figure S10). The atomic resolution 

HAADF image (Figure 2f) further shows an interplanar spacing of 0.217 nm, which 

corresponds to the (012) orientation of SnSb. The distribution of SnSb and carbon was 

further confirmed with STEM EDS mapping, as shown in Figure 3. Sn and Sb are relatively 

evenly distributed, as shown in the HAADF image in Figure 3a. The carbon EDS mapping 

(Figure 3b) confirms that the dark region in the HAADF image corresponds to the carbon 

matrix structure.   



 

Figure 2. SEM and TEM micrographs of the cryomilled SnSb-C composite anode. (a) 
SEM image of the cryomilled SnSb-C. (b) low-mag bright field and (c) high-
magnification STEM HAADF images revealing nanostructures in the cryomilled 
composite. (d) (e) high-magnification STEM bright-field images showing carbon 
nanoplatelets between the grains. (f) Atomic resolution STEM HAADF image of the 
SnSb grains.  

Sn and Sb EDS mapping (Figure 3c,d) confirms the colocalization of Sn and Sb, but also 

shows some Sb-rich regions, in agreement with the small amount of residual Sb diffraction 

in figure 1d.  The EDS spectrum fitting in Figure S4 showed that there are 4.0 at% C, 51.2 

at% Sn, and 44.8 at% Sb, which can be well correlated to the designed composition. The 

small domain size of this material shows the feasibility of using cryomilling to fabricate 

high nanostructured carbon composite alloy anodes. It should be noted that for these 

cryomilled SnSb-C composites, there still exists regions with higher Sb content (Figure 3d) 

and inhomogeneous grain sizes (Figure 2b), both of which are indications of insufficient 

mixing. Further fine-tuning of processing parameters is ongoing to optimize microstructure 

homogeneity.   



 

Figure 3. STEM image and EDS elemental maps of a cryomilled SnSb-C composite 
anode. (a) Schematic diagram and a STEM HAADF image of a cryomilled SnSb-C 
composite particle and the region where the EDS scan was performed. EDS elemental 
maps for (b) carbon, (c) tin, and (d) antimony.  

To evaluate the potential of these materials as high energy density anodes, the 

electrochemical performance of the SnSb-C composites synthesized with planetary ball 

milling and cryomilling was compared using galvanostatic cycling. The particle size of 

HEBM SnSb-C composite was greater than 100 μm; therefore, poor electrochemical 

performance was expected, in part due to inhomogeneous slurry mixing and tape casting. 

Additionally, large particles are known to easily fracture during cycling,14 and they can 

even penetrate the separator and cause battery shorting.  Because of this, these samples 

were not studied further. The cycling performance of SnSb-C composite made with 1 h and 

4 h cryomilling was compared as shown in Figure S2b. The 4 h cryomilled composites 

showed higher coulombic efficiency (99.6% vs. 97.5%) and cycling stability, which likely 

benefit from the smaller grain size, formation of SnSb phase, and evenly distributed carbon 

matrix. The cryomilling and planetary ball milled samples have initial lithium capacity of 

708 mAh/g and 697 mAh/g, respectively (Figure 4b), which is lower than the SnSb 



theoretical capacity of 825 mAh/g. The lower values are due to the higher voltage cutoff 

(0.05-1.5V) used to prevent lithium plating. The cryomilled SnSb-C showed a distinct 

voltage plateau during cycling (Figure 4b), indicating that most of the charge storage 

happens through well-defined alloying reactions. Figure 4a showed that the planetary 

milled SnSb-C composites lost 73% of capacity after 150 cycles with a coulombic 

efficiency that varied between 97.5 and 98.8%. In comparison, the cryomilled SnSb-C 

composite showed 84% capacity retention after 150 cycles with averaged coulombic 

efficiency of 99.6 ± 0.3% (Figure 4a). 

 

Figure 4. Electrochemical characterization of the cryomilled and planetary ball 
milled SnSb-C composite anodes. (a) Cycling stability for the cryomilled and 
planetary ball milled SnSb-C composite anodes cycled at 100 mA/g between 0.05-
1.5V. (b) Voltage profiles of the cryomilled SnSb-C composite anode for the 1st, 2nd, 
50th, and 100th cycle at 100 mA/g. (c) Rate performance comparison of cryomilled 
and planetary ball milled samples. (d) Cyclic voltammetry of the cryomilled SnSb-
C composite anode at 0.1 mV/s between 0.05 and 1.5 V.  



The rate capabilities of the cryomilled and planetary ball milled samples are shown in 

Figure 4c. When the cycling current is increased to 200 mA/g, 500 mA/g, and 1 A/g, the 

cryomilled sample demonstrated charge capacity of 598 mAh/g, 537 mAh/g, and 415 

mAh/g, respectively, which corresponds to 86%, 78%, and 60% of the charge capacity at 

100mA/g, respectively. In contrast, the planetary ball milled composite only showed 

charge capacity of 541 mAh/g, 428 mAh/g, 266 mAh/g, respectively, which corresponds 

to 77%, 61%, 38% of the charge capacity at 100 mA/g. When the current density was 

returned to 100 mA/g after being subjected to currents as high as 1 A/g, the lower specific 

capacity values suggest possible electrode microstructure damage after high rate cycling. 

To further evaluate the cryomilled SnSb-C electrode kinetics, cyclic voltammetry (CV) 

was also conducted (Figure 4d). The response correlates well to the galvanostatic cycling 

results. The first CV cycle showed a reduction peak at 0.5V, which can be assigned to the 

formation of Li3Sb phase and solid electrolyte interface (SEI) layer27,30. The remaining 

reduction peaks from 0.4 V to 0.05 V could be labeled with the formation of Li-Sn 

intermetallic including Li2Sn5, LiSn and Li4.4Sn14.  At Cycle 2 and 3, the change in the first 

reduction peak potential corresponds to the phase separation of the Sb and Sn. The redox 

peak current densities are mostly unchanged for the 2nd and 3rd CV cycle, thereby indicating 

good cycling stability of the cryomilled SnSb-C composite electrode.    

To evaluate the effectiveness of the nanostructure on alleviating crack formation, the 

morphology of the composites was evaluated using SEM for the first lithiation and after 20 

cycles (Figure 5). After the initial lithiation, minor cracks could be found for the large 

particles (>5 μm) in the planetary ball milled sample shown in Figure 5e and Figure S6e, 

but not in the cryo-milled sample. After 20 cycles, severe cracking and complete particle 

fracture were commonly found in single-particle SEM images throughout the electrode for 

the planetary ball milled sample, as shown in Figure 5f, and at lower magnification in 

Figure S6f. Severe particle fracture exposes fresh surface which can cause excessive SEI 

formation with electrolyte, which explains the observed low Coulombic efficiency and fast 

capacity fade for the planetary ball milled composite.  



 

Figure 5. Comparison of the changes in morphologies upon cycling for cryomilled and 
planetary ball milled SnSb-C composite anodes. (a) The pristine cryomilled SnSb-C 
composite anode. Ex-situ SEM of cryomilled SnSb-C (b) after  initial lithiation and (c) 
after 20 cycles. (d) The pristine planetary ball milled SnSb-C composite anode. Ex-situ 
SEM of planetary ball milled SnSb-C (e) after initial lithiation and (f) after 20 cycles. 
Cracking is observed in the planetary milled sample, but not in the cryo-milled material. 
Low-magnification SEM images can be found in Figure S5 and Figure S6. 

For the cryomilled sample, surface bulges were observed on particle after initial 

lithiation, indicating volume expansion from the alloying reaction. However, no obvious 

cracking could be easily spotted in the SEM images (Figure 5b and Figure S5e), which 

demonstrates the effectiveness of the carbon matrix structure and the refined grain size. 

When the cryomilled composite was cycled for 20 cycles, the particle surface became 

noticeably rough (Figure 5c) and some minor surface cracks could be spotted for the larger 

particles (Figure S5f). Nevertheless, most particles still maintain their shapes and no 

complete fracture could be observed. This improved post-cycling morphology was 

consistent with the improved electrochemical stability of the cryomilled SnSb-C composite. 

As previous reviews have pointed out, the volumetric energy density of many alloy 

type carbon composite anodes can be limited due to the large volume of low-density carbon 

and internal porosity.14,18 The present research demonstrates that cryomilling can be 

utilized for facile fabrication of high energy density anodes. The cryomilled SnSb-C 

composite is mostly non-porous (0.0044 cm3/g porosity), and it has a gravimetric capacity 



of 669 mAh/g after 50 cycles at 100 mA/g. Using the density of graphite (2.2 g/cm3) and 

fully lithiated SnSb (2.78 g/cm3), the composite demonstrates a volumetric capacity 𝑞𝑞𝑅𝑅− of 

1842 Ah/L, which shows significant improvement compared to a graphite anode (756 

Ah/L). For energy storage applications in portable electronics and electric vehicles, it is 

more important to compare the improvements on full cell energy density.14,31 Active 

material porosity, average voltage, irreversible capacity, and coulombic efficiency all have 

significant impacts on cell energy density and performance.  

By adopting the cell-based model proposed by Obrovac et al.,14 the stack energy can 

be calculated by the assumption that the anode electrode contains 70 vol% SnSb-C, and 

the anode irreversible capacity matches that of the cathode. LiCoO2 was selected as the 

baseline cathode that has a reversible volumetric capacity 𝑞𝑞𝑅𝑅+ of 530 Ah/L, and an average 

voltage 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎+  of 3.9V. The N/P ratio (capacity ratio of the negative and positive electrode) 

was set to be 1.1. The cryomilled SnSb-C composite has an average voltage 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎−  of 0.75V. 

Using these data and assumptions, the stack energy UR can be calculated to be 855 Wh/L 

based on the following equation:14 

𝑈𝑈𝑅𝑅 = 2𝑞𝑞𝑅𝑅
+𝑡𝑡+

𝑡𝑡𝑐𝑐𝑐𝑐+ +𝑡𝑡𝑐𝑐𝑐𝑐− +2𝑡𝑡𝑠𝑠+2𝑡𝑡+�1+
𝑞𝑞𝑅𝑅
+

𝑞𝑞𝑅𝑅
−�

𝑁𝑁
𝑃𝑃��

(𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎+ − 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎− ), 

where the cathode current collector thickness 𝑡𝑡𝑐𝑐𝑐𝑐+  and anode current collector thickness 𝑡𝑡𝑐𝑐𝑐𝑐−  

were set to 15 μm, the separator thickness 𝑡𝑡𝑠𝑠 was set to 20 μm, and the cathode electrode 

thickness 𝑡𝑡+ was set to 55 μm. Based on this full cell model, an 18% increase in the stack 

level volumetric energy density can be obtained with the cryomilled SnSb-C composite 

compared to the baseline LCO/graphite cell (726 Wh/L).14 Note that the volumetric energy 

density of the modeled cell with cryomilled SnSb-C anode is likely to be higher since ~250% 

volume expansion was assumed based on the theoretical density differences between SnSb 

and fully-lithiated SnSb to prevent overestimation. A more reliable estimation of the anode 

volume expansion and energy density will be conducted in the future using in-situ 

transmission X-ray tomography (TXM) studies during electrochemical cycling.28,32 

Based on the structural and electrochemical characterization, the major improvement 

in cycling stability of the SnSb-C composite can be attributed to the nanostructures from 



the cryomilling process, namely the refined grain size and the well-dispersed graphite 

within the SnSb. Fecht et al. proposed an empirical description of the microstructure 

development during ball milling in three stages:33 1) localized deformation occurs in shear 

bands (the region with a high dislocation density), 2) after a certain strain level is reached, 

nanometer-sized sub-grains form via dislocation recombination, and 3) randomly oriented 

single-crystalline grains recrystallize from the sub-grain structure. The competing process 

of dislocation generation during plastic deformation and grain recovery by thermal effects 

determines the minimum grain size achievable of the milling process.34 At cryogenic 

temperature, the recovery, recrystallization, and grain growth can be limited. Therefore, a 

fine-grained structure can be achieved with shorter milling time.22,35 A theoretical 

dislocation model for milling minimum grain sizes also suggests a decrease in grain size 

with lower milling temperature.36 SnSb sample without carbon addition was fabricated via 

HEBM and cryomill, as shown Figure S8. Using W-H analysis, the grain size of the 

cryomilled SnSb was estimated to be 43 nm with a strain of 0.0023. In comparison, the 

grain size of the HEBM SnSb was estimated to be 99 nm with a strain of 0.0034. These 

results further showed a decrease in grain size can be achieved with lower milling 

temperature under the same milling time.  

In addition to allowing for the formation of nanoscale grains, cryomilling has another 

advantage when it comes to dispersing nanoscale carbon.  Due to its high specific surface 

area and strong van der Waals interactions, both multilayered graphene and carbon 

nanotubes tend to stick together and form agglomerates, making them hard to disperse in 

the matrix structure.37,38 Cryomilling has been shown to be an effective method to exfoliate 

graphite flakes into nanoplatelets25 and prevent agglomeration26,39 in nanocomposites. 

Various research groups have fabricated CNT reinforced aluminum matrix composites 

with good CNT dispersity and minimal sidewall defects using cryo-milling.24,40,41 Similarly, 

in this work, the initial micron-sized graphite powder was exfoliated into nanoplatelets and 

evenly dispersed between the SnSb grains. Raman spectroscopy was also utilized to study 

the carbon structure of the samples fabricated from HEBM and cryomill, as shown in 

Figure S9. The 2D band of the HEBM sample has weak intensity due to the disordered 

structure.42,43 The ratio of D and G band can be used to determine the structural defects in 

carbon materials.44 ID/IG of the cryomilled sample was 0.82, which was much lower than 



the ratio of the HEBM sample (1.35). This showcased cryomill can reduce defects 

formation during milling process, which also correlates well with previous studies.24,39,45 

Various forms of carbons, including graphite, graphene, CNT, and amorphous carbons are 

being widely used with high volume change anodes due to their ability to buffer volume 

changes using their internal void space or by creating wrinkled structure.14,18 In this work, 

the well-dispersed nanoplatelets may also suppress grain growth and matrix phase 

coarsening (Li3Sb) via grain boundary pinning.22,26  

Conclusions 

We have developed a facile synthesis method using cryogenic milling to produce stable, 

high energy density anode materials. SnSb-C composites were chosen as a model system 

to demonstrate the improvements on nanostructure and cycling stability. The cryomilled 

SnSb-C showed a specific capacity of 708 mAh/g and an initial Coulombic efficiency of 

83%. After the first cycle, the anode showed an average Coulombic efficiency of 99.6 ± 

0.3% and capacity retention of 90% over 100 cycles. Moreover, the composite anode has 

a reversible volumetric capacity of 1842 Ah/L, and an expected full cell stacking 

volumetric energy density is 855 Wh/L if LiCoO2 was used as the cathode. This 

corresponds to an 18% increase compared to a baseline LiCoO2/graphite cell. Based on 

STEM and post-cycling SEM analysis, the nanometer scale grain size and well-dispersed 

carbon matrix structure appears to reduce volume expansion and particle cracking during 

cycling. This work demonstrates the application of cryomilling on battery electrode 

materials and shows improved cycle life compared with materials obtained using 

conventional ball mill routes. Cryomilling can potentially become a general method for 

improving other battery electrode materials, thereby providing a pathway for developing 

high-performance energy storage systems. 
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Figure 1. Synthesis method and SEM images of mechanical alloyed SnSb-C composite 
anodes fabricated through (a) high-energy ball mill, (b) cryogenic ball mill, and (c) 
planetary ball mill. (b) X-ray diffraction patterns comparing SnSb-C composite anodes 
synthesized through these three different mechanical methods.  All methods produce 
SbSn, but the degree of crystallinity, as evidenced by the diffraction peak widths, varies 
dramatically between methods. 

  



 

Figure 2. SEM and TEM micrographs of the cryomilled SnSb-C composite anode. (a) 
SEM image of the cryomilled SnSb-C. (b) low-mag bright field and (c) high-
magnification STEM HAADF images revealing nanostructures in the cryomilled 
composite. (d) (e) high-magnification STEM bright-field images showing carbon 
nanoplatelets between the grains. (f) Atomic resolution STEM HAADF image of the 
SnSb grains.  



 

Figure 3. STEM image and EDS elemental maps of a cryomilled SnSb-C composite 
anode. (a) Schematic diagram and a STEM HAADF image of a cryomilled SnSb-C 
composite particle and the region where the EDS scan was performed. EDS elemental 
maps for (b) carbon, (c) tin, and (d) antimony.  



 

Figure 4. Electrochemical characterization of the cryomilled and planetary ball milled 
SnSb-C composite anodes. (a) Cycling stability for the cryomilled and planetary ball 
milled SnSb-C composite anodes cycled at 100 mA/g between 0.05-1.5V. (b) Voltage 
profiles of the cryomilled SnSb-C composite anode for the 1st, 2nd, 50th, and 100th cycle 
at 100 mA/g. (c) Rate performance comparison of cryomilled and planetary ball milled 
samples. (d) Cyclic voltammetry of the cryomilled SnSb-C composite anode at 
0.1mV/s between 0.05 and 1.5 V.  

  



 

Figure 5. Comparison of the changes in morphologies upon cycling for cryomilled and 
planetary ball milled SnSb-C composite anodes. (a) The pristine cryomilled SnSb-C 
composite anode. Ex-situ SEM of cryomilled SnSb-C (b) after  initial lithiation and (c) 
after 20 cycles. (d) The pristine planetary ball milled SnSb-C composite anode. Ex-situ 
SEM of planetary ball milled SnSb-C (e) after initial lithiation and (f) after 20 cycles. 
Cracking is observed in the planetary milled sample, but not in the cryo-milled material. 
Low-magnification SEM images can be found in Figure S5 and Figure S6. 
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Supplementary Table 

Table S1. Averaged grain size and strain estimation using Williamson-Hall (W-H) 
analysis from XRD patterns shown in Figure 1d.  

 Grain Size (nm) Strain 

High-Energy Ball Mill 41.7 0.0028 

Planetary Ball Mill 59.2 0.0030 

Cryogenic Ball Mill 23.5 0.0020 

 

  



Supplementary Figures 

 

Figure S1. SEM characterization of the cryomilled SnSb-C composite powder 

morphologies after milling for (a) 1 hour and (b) 4 hours, respectively.  

  



 
Figure S2. (a) XRD and (b) cycling performance comparison of the cryomilled SnSb-C 

composites with different milling durations. The cells were cycled at 100 mA/g with the 

voltage range of 0.05 V - 1.5 V. 



 

Figure S3. Unmixed graphite flakes found in the 8-hour planetary ball milled SnSb-C 

composite powder.  

  



 

Figure S4. EDS spectrum fitting for the cryomilled SnSb-C sample. 

  



 

Figure S5. The morphology changes in the cryomilled SnSb-C composite upon cycling at 

high-magnification and low-magnification views. (a) (d) Pristine, (b) (e) after initial 

lithiation, and (c) (f) after 20 cycles.  

  



 

Figure S6. The morphology changes of the planetary ball milled SnSb-C composite upon 

cycling at high-magnification and low-magnification views. (a) (d) Pristine, (b) (e) after 

initial lithiation, and (c) (f) after 20 cycles.  

  



 

Figure S7. Absorption isotherm of (a) planetary ball milled sample and (b) cryomilled 

sample obtained from nitrogen porosimetry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. XRD comparison of the SnSb samples (without carbon addition) fabricated 
with high-energy ball mill and cryomill.  
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Figure S9. Raman spectroscopy comparison of the SnSb-C sample after cryomill and high-
energy ball mill. The baseline is graphite sample without ball milling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S10. Measured carbon thickness histogram of the 4 hour cryomilled SnSb-C 
composite sample. 40 locations of carbon thickness were measured within the boxed 
region of the STEM HAADF image (Figure 2c). Carbon corresponds to the dark contrast 
region in the HAADF image.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S11. Low magnification SEM images of mechanical alloyed SnSb-C composite 
anodes fabricated through (a) (b) cryogenic ball mill, (b) (c) planetary ball mill, and (e) (f) 
high-energy ball mill.  

 

 

 

 

 

 

 



 

Figure S12. Particle size distribution of (a) cryogenic ball mill, (b) planetary ball mill, and 
(c) high-energy ball mill.   

 

 


