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Ambient Temperature Effects on Capacity 

Long-term cycling data showing the variations in capacity for an antimony nanocrystal composite 

electrode being cycled in a laboratory environment without temperature control, along with the 

corresponding ambient temperatures recorded at Seattle-Tacoma International airport, which is 

approximately 15 miles from the University of Washington lab where the battery was tested are 

pictured in Figure S1. Battery testing was carried out during a period where large day-night 

temperature swings (~20°C) occurred, which resulted in large temperature-correlated oscillations 

in the recorded electrode capacity. Clearly, these observations indicate that developing a detailed 
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understanding of the temperature-dependence of antimony nanocrystal composite electrodes is 

critical for their potential implementation in real-world energy-intensive, high-power applications. 

 

Figure S1. Variations in capacity and Coulombic efficiency for antimony nanocrystal conversion 

electrodes cycled in a lab without temperature control, correlated with the recorded temperature 

variations measured at Seattle Tacoma International Airport over the cycling period from May 25, 

2017 through June 2, 2017.1 

 

Antimony Nanocrystal Characterization 

Antimony nanocrystals were synthesized via a modified version of the procedure 

developed by Walter et al. (Figure S2).2 The macroscale product consists of aggregated 

nanocrystals of rhombohedral (R3̅m) antimony (PDF #00-035-0732) with an average diameter of 

~40 nm based on a Rietveld refinement of the XRD data (Figure S2c). Notably, while highly 

monodisperse antimony nanocrystal syntheses have also been developed,3 the procedure of Walter 

et al. enables low-cost, large-scale nanocrystal production with much higher product yields. While 

the resulting nanocrystal product tends to be less monodisperse and more aggregated than small-
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scale precision syntheses, the electrochemical cycling characteristics remain equivalent, cycling 

reversibly with no significant change in Na-ion battery performance for nanocrystals with 

diameters between 20 and 100 nm.2,3 

 

Figure S2. a) Scanning electron microscopy (SEM), b) transmission electron microscopy (TEM), 

and c) X-ray diffraction (XRD) of the as-synthesized antimony nanocrystal active material. 

 

Electrode Morphology 

The antimony nanocrystal-based electrodes exhibit an increased degree of SEI layer 

formation as the cycling temperature is increased (Figure S3). The increased SEI layer formation 

is substantially more pronounced at 50°C than at 5°C and 20°C, particularly when compared to 

the uncycled electrode. At high temperatures, increased SEI layer formation is favored because 

more thermal energy is available to drive the side reactions that result in SEI layer formation.4 The 
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observed build-up of the SEI layer at 50°C also indicates that SEI layer formation is more favored 

than the reverse SEI layer dissolution reaction, thus resulting in a lowered coulombic efficiency at 

50°C, because a significant fraction of the increased SEI layer formation consists of irreversible 

reactions that only provide capacity during sodiation (Figure 1a). Nonetheless, within the 

parameter space investigated, this increased SEI layer formation does not outweigh the 

temperature-driven reduction in impedances that leads to increased capacity. 

 

Figure S3. Postmortem SEM images of antimony nanocrystal-based electrodes a) before cycling, 

and (b-d) after cycling at b) 5°C, c) 20°C, and d) 50°C for 10 cycles at a rate of 1C. 

 

Temperature-Dependent EIS Data 

The temperature-dependent EIS data for electrodes cycled at 5°C, 35°C, and 50°C are 

shown in Figure S4 below, varying monotonically across the voltage range investigated, as seen 

for the room-temperature 20°C measurements (Figure 2).  
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Figure S4. Temperature-dependent Nyquist plots collected over a frequency range spanning from 

0.1 Hz to 100,000 Hz at (a) 5°C, (b) 35°C, and (c) 50°C for the terminal sodiation states at 0.02 V 

and 1.5 V, and several intermediate potentials (0.42 V, 0.54 V, and 0.71 V for sodiation and 0.71 

V, 0.80 V, and 0.88 V for desodiation). 
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Chemical Capacitance 

The real component of the capacitance can indicate whether the chemical capacitance – an 

equivalent circuit in EIS fitting that accounts for the charging ability of the electrode – is a 

significant component of the system. In cases where the chemical capacitance is a significant 

contributor to the overall capacitive response of the system, the real component of the capacitance 

will show two plateaus when plotted versus frequency on a logarithmic scale.5 The plateau at high 

frequency is indicative of the double-layer capacitance and the plateau at low frequency is 

indicative of the chemical capacitance. As seen in Figure S5, the plateau at low frequency is only 

observed at 35°C and 50°C for the 1.5 V data and does not occur at all for the 0.02 V data. This 

demonstrates that, within the testing regime, the presence of the chemical capacitance is both 

temperature and voltage dependent. Due to a lack of observed characteristics associated with the 

chemical capacitance at low temperature and at 0.02 V, chemical capacitance was not used for EIS 

fitting. 
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Figure S5. Temperature-dependent capacitance plots collected over a frequency range spanning 

from 0.1 Hz to 100,000 Hz at (a) 5°C, (b) 20°C, (c) 35°C, and (d) 50°C for the terminal sodiation 

states at 0.02 V and 1.5 V 

 

EIS Fitting Data 

The 𝑅𝑐𝑒𝑙𝑙, 𝑅𝑐𝑡, and 𝐶𝑃𝐸𝑊,𝑇 parameters from the EIS fits of the 1.5 V and 0.02 V spectra at 5°C, 

20°C, 35°C, and 50°C exhibit monotonic trends with temperature, indicating that these parameters 

are correlated with the temperature-dependent capacity of the antimony nanocrystal composite 

electrodes (Figure S6, Tables S1-S3). The 𝐶𝑃𝐸𝑑𝑙,𝑇, 𝐶𝑃𝐸𝑑𝑙,𝑃, and 𝐶𝑃𝐸𝑊,𝑃 parameters do not 



S8 

 

respond monotonically with temperature at either 1.5 V and 0.02 V, indicating that these 

parameters do not drive the temperature-dependence of the capacity (Figure S6, Tables S1-S3). 

The characteristics of the 𝑅𝑐𝑒𝑙𝑙, 𝑅𝑐𝑡, and 𝐶𝑃𝐸𝑊,𝑇 parameters for the 1.5 V state of charge after 

desodiation are discussed in detail in the main manuscript. The 𝑅𝑐𝑒𝑙𝑙 and 𝑅𝑐𝑡 parameters at the 1.5 

V state of charge before sodiation and at the 0.02 V state of charge after sodiation both have very 

similar values to the 𝑅𝑐𝑒𝑙𝑙 and 𝑅𝑐𝑡 parameters at the 1.5 V state of charge after desodiation, with 

the exception of the 𝑅𝑐𝑡 parameter value for the 0.02 V state of charge after sodiation at 5°C (550 

Ω at the 1.5 V state of charge after desodiation vs. 865 Ω at the 0.02 V state of charge after 

sodiation). This difference indicates that charge transfer at low temperatures is more difficult at 

high states of charge than at low states of charge. However, as temperature is increased, this 

difference in charge transfer resistance at high states of charge and at low states of charge lessens. 

The 𝐶𝑃𝐸𝑊,𝑇 parameter has very similar values for both the 1.5 V state of charge before sodiation 

and the 1.5 V state of charge after desodiation, indicating that the degradation in cell performance 

due to this parameter was small during EIS testing. The 𝐶𝑃𝐸𝑊,𝑇 parameter is larger for the fully 

sodiated state at 0.02 V after sodiation than for the fully desodiated state at 1.5 V. The diffusion 

coefficient has been calculated in the literature within the region from 0.1 V to 0.7 V, and within 

this region, the diffusion coefficient continuously declines in value as voltage is increased.6 

Assuming that this trend continues across the voltage window, this would match the observed 

changes in the 𝐶𝑃𝐸𝑊,𝑇 parameter, given that 𝐶𝑃𝐸𝑊,𝑇 and the diffusion constant are directly 

proportional. 
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Figure S6. Model fit parameters as a function of temperature for (a) cell resistance, (b) charge 

transfer resistance, (c) amplitude constant for the constant phase element associated with the 

double-layer capacitance, (d) phase constant for the constant phase element associated with the 

double-layer capacitance, (e) amplitude constant for the constant phase element associated with 

the Warburg diffusion element, and (f) phase constant for the constant phase element associated 

with the Warburg diffusion element. 
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Table S1. Model fit parameters and associated error bounds for a 1.5 V state of charge before 

sodiation. 

 5°C 20°C 35°C 50°C 

Rcell (Ω) 5.9 ± 0.1 4.05 ± 0.06 2.71 ± 0.03 2.53 ± 0.03 

CPEdl,T    

(sCPEdl,P/Ω) 

(7.9 ± 0.3)  

x 10-5 

(9.8 ± 0.4)  

x 10-5 

(9.9 ± 0.4)  

x 10-5 

(8.4 ± 0.4)  

x 10-5 

CPEdl,P (Phase 

Constant) 
0.719 ± 0.006 0.703 ± 0.005 0.709 ± 0.005 0.723 ± 0.005 

Rct (Ω) 610 ± 20 130 ± 2 41.9 ± 0.4 17.9 ± 0.1 

CPEW,T     

(sCPEW,P/Ω) 

(1.25 ± 0.04) 

 x 10-3 

(1.76 ± 0.02) 

x 10-3 

(2.05 ± 0.01) 

x 10-3 

(1.76 ± 0.01) 

x 10-3 

CPEW,P (Phase 

Constant) 
0.76 ± 0.02 0.760 ± 0.007 0.776 ± 0.003 0.841 ± 0.002 

χ2 0.006 0.002 0.0009 0.0007 
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Table S2. Model fit parameters and associated error bounds for a 0.02 V state of charge after 

sodiation. 

 5°C 20°C 35°C 50°C 

Rcell (Ω) 5.68 ± 0.06 4.16 ± 0.05 2.77 ± 0.03 3.08 ± 0.03 

CPEdl,T    

(sCPEdl,P/Ω) 

(4.74 ± 0.09) 

x 10-5 

(6.6 ± 0.2) 

x 10-5 

(1.02 ± 0.04) 

x 10-4 

(1.12 ± 0.04) 

x 10-4 

CPEdl,P (Phase 

Constant) 
0.744 ± 0.002 0.736 ± 0.004 0.706 ± 0.004 0.688 ± 0.004 

Rct (Ω) 865 ± 7 189 ± 2 46.6 ± 0.3 22.4 ± 0.1 

CPEW,T    

(sCPEW,P/Ω) 
0.026 ± 0.006 0.032 ± 0.002 0.0371 ± 0.0007 0.0380 ± 0.0003 

CPEW,P (Phase 

Constant) 
1.0 ± 0.2 0.86 ± 0.06 0.85 ± 0.01 0.882 ± 0.005 

χ2 0.002 0.003 0.002 0.0008 

 

Table S3. Model fit parameters and associated error bounds for a 1.5 V state of charge after 

desodiation. 

 5°C 20°C 35°C 50°C 

Rcell (Ω) 6.0 ± 0.1 4.04 ± 0.06 2.74 ± 0.04 2.70 ± 0.03 

CPEdl,T    

(sCPEdl,P/Ω) 

(7.9 ± 0.3) 

x 10-5 

(9.9 ± 0.4) 

x 10-5 

(1.13 ± 0.05) 

x 10-4 

(8.8 ± 0.4) 

x 10-5 

CPEdl,P (Phase 

Constant) 
0.707 ± 0.005 0.700 ± 0.005 0.695 ± 0.005 0.713 ± 0.004 

Rct (Ω) 550 ± 10 142 ± 2 44.3 ± 0.5 21.5 ± 0.1 

CPEW,T    

(sCPEW,P/Ω) 

(1.47 ± 0.03) 

x 10-3 

(1.85 ± 0.02)  

x 10-3 

(2.29 ± 0.02) 

 x 10-3 

(2.86 ± 0.01) 

 x 10-3 

CPEW,P (Phase 

Constant) 
0.77 ± 0.02 0.768 ± 0.008 0.778 ± 0.004 0.789 ± 0.002 

χ2 0.004 0.002 0.001 0.0005 
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Diffusion Coefficients for Na-Ion Diffusion in Antimony Nanocrystals 

The diffusion coefficients for sodium ion diffusion through the antimony nanocrystals can 

be calculated from the EIS data based upon the Warburg coefficient σ using the following 

equation: 

 
𝐷𝑁𝑎+ =  

1

2
(𝑉𝑚(𝑑𝐸 𝑑𝑥⁄ ) 𝐴𝐹𝜎⁄ )2 (S1) 

where 𝐷𝑁𝑎+ is the diffusion coefficient for Na-ions through the antimony nanocrystals, 𝑉𝑚 is the 

molar volume, 𝑑𝐸 𝑑𝑥⁄  is the slope of the potential versus the sodiation state, 𝐴 is the surface area 

of the electrode, 𝐹 is the Faraday constant, and 𝜎 is the Warburg coefficient.7 We assume that 

1 𝐶𝑃𝐸𝑊,𝑇 ⁄ and 𝜎 are equivalent for the purposes of the diffusion coefficient calculation, which 

modifies the equation as follows: 

 
𝐷𝑁𝑎+ =  

1

2
(𝑉𝑚𝐶𝑃𝐸𝑊,𝑇(𝑑𝐸 𝑑𝑥⁄ ) 𝐴𝐹⁄ )

2
 (S2) 

We calculated an upper bound for the diffusion coefficient using the superficial surface 

area of the current collector (1.77 cm2) and a lower bound for the diffusion coefficient based upon 

the surface area of completely unaggregated spherical nanocrystals with a 40-nm diameter (98 

cm2). (Table S4). At 1.5 V, we used the Sb molar volume (18.18 cm3/mol) and at 0.02 V we used 

the Na3Sb molar volume (71.44 cm3/mol).2,8,9 In addition, we multiplied the surface areas by a 

factor of 3.9 for the diffusion coefficient calculations at 0.02 V to account for the additional surface 

area of Na3Sb relative to Sb.2 Previously, sodium diffusion coefficients have primarily been 

determined for desodiation close to the Na3Sb terminal sodiation state at room temperature with 

values ranging from ~10-13 cm2 s-1 to ~10-9 cm2 s-1.6,10,11 The most relevant study, based upon the 

voltage window tested, was conducted between 0.1 V and 0.7 V for an antimony thin-film using a 

potentiostatic intermittent titration technique (PITT).6 At 0.1 V (the closest reference point to our 

data) the diffusion coefficient was on the order of 10-9 cm2 s-1. For 20°C at 0.02 V, we found a 
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lower bound on the order of 10-7 cm2 s-1. However, PITT and EIS are known to provide 

quantitatively different results, particularly for phase-change electrodes that can lead to measured 

diffusion coefficients that are greater than two orders of magnitude apart.12–16 Thus, our diffusion 

coefficients are comparable to those previously observed for antimony. Furthermore, based upon 

our data, the sodium diffusion coefficients in antimony are approximately two to three orders of 

magnitude lower than the sodium diffusion coefficients in Na3Sb, which aligns well with the 

previous diffusion coefficient measurements using PITT, which showed a decrease in the diffusion 

coefficient of approximately one order of magnitude between 0.1 and 0.7 V.6 The diffusion 

coefficients do not vary strongly with temperature, and so are not the major driver for the 

temperature-based performance changes.  

 

Table S4. Diffusion coefficients based on the EIS Warburg component. 

 
Surface 

Area 
5°C 20°C 35°C 50°C 

𝑫𝑵𝒂+ (cm2 s-1)  

0.02 V After 

Sodiation 

Maximum 

Minimum 

2 x 10-7 

1 x 10-5 

3 x 10-7  

2 x 10-5 

4 x 10-7 

2 x 10-5 

2 x 10-7  

1 x 10-5 

𝑫𝑵𝒂+ (cm2 s-1)  

1.5 V After 

Desodiation 

Maximum 

Minimum 

3 x 10-10  

2 x 10-8 

5 x 10-10  

3 x 10-8 

5 x 10-10  

3 x 10-8 

6 x 10-10 

3 x 10-8 
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