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Abstract 

In recent years, sodium-ion batteries (SIBs) have attracted much attention as an alternative to lithium-

ion batteries. Hard carbon (HC) is a well-studied anode material for SIBs, however, the performance 

as a function of temperature is less established. To investigate temperature dependence of the 

performance of HC, sodium half-cells with a common NaClO4-based electrolyte were tested at 

temperatures from 10 to 80 °C. Capacity after 20 cycles at 100 mA g-1 current varied from 90 mA h g-1 

at 10 °C to 270 mA h g-1 at 60 °C. Increased temperature significantly improves the HC rate capability, 

with 120 mA h g-1 capacity found at 60 °C with 500 mA g-1 current. Stability was high at moderate 

temperature with 220 mA h g-1 capacity remaining after 200 cycles at 40 °C with a current of 100 mA 

g-1. 
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1. Introduction 

Sodium-ion batteries (SIBs) are attracting attention as an alternative to lithium-ion batteries (LIBs) due 

to the high natural abundance of sodium, their lower cost and their competitive capacity [1]. A significant 

challenge for SIBs is to develop a high-performance anode material which has low overpotential, large 

energy density and high stability [2]. Graphite is the most important LIB anode material with a high 

theoretical capacity of 372 mA h g-1 and low lithium insertion/extraction potential (versus Li/Li+) [3,4]. 

As Na+ ions have a larger radius than Li+ ions (0.95 Å vs. 0.65 Å respectively), Na+ intercalation into 

graphite layers is limited to C64Na and hence the theoretical capacity is low [4–6]. Hard carbon (HC), 

obtained by high temperature carbonisation of precursors including polymers, biomaterials and sugars 
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[7], is a well-studied anode material for SIBs. HC has larger inter-layer distances than graphite and 

nanopores in its structure that facilitate sodium ion insertion. HCs have maintained over 300 mA h g-1 

capacity after 100 cycles [8–10], and many papers report HC has high capacity, conductivity and 

stability at room temperature [11–14]. 

Thermal dependence of the behaviour of SIBs might be expected to be similar to that of LIBs due to 

the similarities in their structures and compositions, and LIBs have been well researched from this 

perspective in recent decades [15]. In LIBs, effects of temperature on behaviour are multiple, including 

the rate of chemical reactions, Li+ diffusion [16], self-discharge [15], thermal runaway [17,18], ionic 

conductivity of electrolyte [19] and charge-transfer resistance [20]. There are still challenges associated 

with commercialisation of SIBs and one of these is to understand the battery performance variation 

with temperature [21–23]. Eshetu et al studied thermal reactivity of Na-based and Li-based electrolytes 

by differential scanning calorimetry and showed there is a limited working temperature range for 

common non-aqueous systems [24]. N-doped HC with 1 mol dm-3 NaClO4 in 3:1 propylene carbonate 

(PC) / diethylene carbonate (DEC) electrolyte showed good stability at 50 °C , with over 150 mA h g-1 

capacity persisting at 15 A g-1 current after 10,000 cycles [25]. Ponrouch et al. [26] tested HC with 1 

mol dm-3 NaPF6 in 1:1 EC (ethylene carbonate) / PC mix, finding a reversible capacity of 450 mA h g-1 

at 0.1C current and 75 °C. Lin et al. [22] showed that a full SIB cell with HC anode, Na3.5V2(PO4)2F3 

cathode and 1 mol dm-3 NaClO4 in 1:1 EC / PC electrolyte had only 25% of the room temperature 

capacity at -20 °C. Ding et al. [21] reported a HC capacity of just 50 mA h g-1 with 20 mA g-1 current at 

0 °C with an ionic liquid (sodium N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)amide) electrolyte. 

However, Hou et al [27] showed that low temperature performance can be achieved through electrolyte 

choice, with over 215 mA h g-1 capacity at -15 °C and 500 mA g-1 after 1000 cycles, using NaCF3SO3 

in diglyme as the electrolyte. 

Despite the interest in HC as an electrode material, there has been limited research on the temperature 

dependence of its performance in SIBs. There is no reported data for one of the most common 

electrolytes: 1 mol dm-3 NaClO4 in 1:1 EC / DEC mix. In this paper, HC was prepared from cotton wool 

and sodium half-cells using that electrolyte were tested at temperatures between 10 and 80 °C. A 

significant reduction in performance was found below room temperature, and improvements above 

25 °C. Reaction kinetics of HC and electrolyte performance are discussed at high and low temperature. 
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2. Experimental 

2.1 Synthesis of hard carbon: 

The preparation method for HC has been reported previously and the material provides high 

performance in sodium half-cells [28]. Briefly, 5 g cotton wool (Fisher Scientific, British Pharmacopoeia 

quality) was wetted with deionised water, placed in an Al2O3 crucible and dried over night at 120 °C. 

Carbonisation was carried out by heating at 4 °C min-1 to 1400 °C and then maintaining that 

temperature for 2 h under a 0.5 L min-1 Ar flow in a tube furnace. After carbonisation, the HC foam that 

was shaped to the crucible was ground to a powder by hand. 

2.2 Material characterisation: 

HC was characterised by X-ray diffraction (XRD) with a Cu-Kα source (Rigaku SmartLab in capillary 

transmission mode). Scanning electron microscopy (SEM), used a Philips XL30 SEM at 10 kV. The 

Raman spectra were collected with a Renishaw inVia Raman microscope with a laser wavelength of 

785 nm and an energy of 7.08 mW. The surface area was obtained and analysed with a Micromeritics 

TriStar II and ASAP 2460 software. 

2.3 Electrochemistry evaluation: 

HC inks contained 95% HC and 5% polyvinylidene difluoride (PVDF, Solef® 5130) binder. Firstly, 0.0263 

g 10% PVDF in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich 99.5%) solution was diluted in 100 μL 

NMP and stirred for 1 h. 0.0500 g HC along with a further 50 μL NMP was added and stirring was 

continued for a further 2 h. A high-speed homogeniser (IKA, T25 digital ULTRA-TURRAX®) was then 

utilised to homogenise the ink at 10k RPM for 5 minutes, 15k RPM for 3 minutes and 20k RPM for 2 

minutes. The ink was then evenly coated onto 18 μm thick carbon-coated Al foil (MTI) with a 50 μm K-

bar and dried overnight at room temperature. Finally, 11 mm diameter electrodes were cut with a 

precision punch (EL-CELL, EL-Cut) and these were pressed at 5 tons. The loading mass of each dry 

electrode was around 1.1 mg (1.16 mg cm-2). 

Sodium half-cells were assembled in Swagelok fittings in a Belle glove box under Ar atmosphere. A 

thin slice of Na metal (Sigma-Aldrich, 99.9%) was used as the counter and pseudo-reference electrode, 

and the inked active material as the working electrode. The electrolyte was 180 μL of 1 mol dm-3 NaClO4 

(Alfa Aesar, 98%) in 1:1 EC (Sigma-Aldrich, 99+%) and DEC (Sigma-Aldrich, 99%). Two sheets of 

Whatman™ GF/A glass microfibre filters (GE Healthcare Life Sciences) cut into 12 mm disks were 
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used as separators. All materials mentioned above except DEC were dried in vacuo at least overnight 

in a Schlenk bottle before transfer into the glove box. New DEC solvent was put in the glovebox directly. 

The basic electrochemical performance of the sodium half-cells was measured by cyclic voltammetry 

(CV), galvanostatic discharge-charge processes and electrochemical impedance spectroscopy. The 

cells were placed in an environmental chamber (Memmert, IPP 55 Plus) for work ≤25 °C or an oven 

(Agar Scientific, MINO/6) for work >25 °C. Electrochemical measurements used Biologics BCS-805 or 

SP-150 potentiostats and data were recorded with the BT-Lab and EC-Lab software respectively. CV 

measurements were typically scanned from 3 to 0.01 V vs. Na+/Na then the reverse scan from 0.01 to 

3 V vs. Na+/Na with 1 mV s-1 scan rate. In galvanostatic cycling HC was reduced to a 0.001 V vs Li/Li+ 

potential limit (sodium insertion) and then oxidised to a 2 V potential limit (sodium extraction). All 

materials were cycled at least 20 times at 100 mA g-1 specific current, and other currents are as 

described. Half-cell impedance measurements were carried out between 100 kHz and 0.1 Hz with a 

potential of 2 V and a 10 mV amplitude. Electrolyte resistances were tested with a Thermo Scientific, 

Orion™ DuraProbe™, with temperature controlled by a Julabo, F25 controller. The error bars are 

obtained by considering the maximum and minimum values of each parameter. 

 

3. Results and discussion 

The microstructure of the ground HC derived from cotton wool is presented in Figure 1a. The majority 

of the HC was observed to be broken into short lengths of 5 μm width microfibres after carbonisation 

and grinding. The length of the fibres is mainly between 10 and 100 μm. The XRD pattern of HC is 

displayed in Figure 1b. There are two broad peaks centred at 22.39° and 43.63° which correspond to 

the 002 and 100 reflections of the disordered HC structure. The interlayer distance is calculated with 

the Bragg equation from the d002 to be 0.390 nm which shows HC has the expected larger inter layer 

distance compared with graphite (0.334 nm) [9,25,29]. The Raman spectra of the HC (Figure 1c) 

contained two broad peaks around 1305 and 1595 cm-1 corresponding to disordered (D-band) and 

ordered graphic (G-band) respectively. The intensity ratio of ID/IG is 1.79 confirming the highly 

disordered structure of the HC [10,30]. To evaluate the HC porosity and surface area, the N2 adsorption-

desorption isotherm of HC is shown in Figure 1d. It possesses a typical type IV hysteresis loop 

consistent with the expected mesoporous structure of HC. HC has 7.50 m² g-1 specific surface area 

and 0.0035 m3 g-1 pore volume. The pore width distribution shows most of the pores are between 2 

and 50 nm, in the mesoporous range, with further porosity in the larger macroporous range (Figure 1e). 
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Figure 1 SEM micrograph (a), XRD pattern (b), Raman spectrum (c), N2 adsorption-desorption 

isotherm (d) and pore size distribution (e) of the hard carbon used in this study. 

 

The conductivities of the electrolyte (1 mol dm-3 NaClO4 in 1:1 EC/DEC) are calculated by [31]: 

𝜅𝜅 = 𝐿𝐿 𝑅𝑅𝑅𝑅⁄                                         (1) 

Where κ is conductivity, L is distance between electrodes, A is electrode area and R is resistance. 

Because the working and counter electrodes are in a fixed position, L/A is constant and can be obtained 
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by testing standard KCl solutions (Figure S1). For this experimental setup, L/A was calculated to be 

317 m-1. The measured electrolyte conductivities are displayed in Figure 2 and increase with 

temperature as expected.[32] The conductivity at 80 °C is approximately 3 times that at 10 °C (Table 

S1) linked to increasing Na+/ClO4- dissociation and decreasing electrolyte viscosity [33]. Holding 

electrolytes around 20 °C overnight results in some colourless crystals being precipitated, possibly due 

to EC precipitation (Figure S2). That could result in lower electrolyte conductivity at low temperature 

than that shown in Figure 2. 

 

Figure 2 Variation in the conductivity of a 1 mol dm-3 NaClO4 in 1:1 EC/DEC electrolyte with temperature. 

 

HC-sodium half-cells were tested by electrochemical impedance spectroscopy (EIS) at a series of 

temperatures with a potential of 2 V vs Na+/Na and a 10 mV amplitude (Figure 3). A fresh cell was used 

for each measurement. The equivalent electric circuit components include an uncompensated 

resistance (Rs), charge transfer resistance (Rct), double layer capacitance (Cdl), resistance and 

capacitance of the solid electrolyte interphase (RSEI and CSEI) and a Warburg impedance (ZW) 

corresponding to diffusion of Na+ ions through the electrolyte (Figure 3b) [20,34]. EIS data collected 

with newly assembled sodium half-cells at 2 V should result in information on the unsodiated HC 

surfaces. Furthermore, the majority of the SEI layer should form around 1 V in a sodium half-cell [10], 

so a very thin SEI layer should be present in this testing and the RSEI and CSEI in the equivalent electric 

circuit can be ignored (Figure 3a). The Nyquist plots are composed of one semicircle in the high-

frequency region corresponding to Rct, Cdl and an inclined line in the low-frequency region indicating 

ZW [25]. It is obvious that the semicircle becomes smaller when increasing temperature and the smallest 
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semicircle is seen at 80 °C. Rs, Rct, exchange current (I0) and heterogeneous rate constant (Ks) are 

listed in Table 1. I0 and Ks can be described with the Butler-Volmer equation [35]: 

 𝐼𝐼0 = 𝑅𝑅𝑅𝑅 𝑛𝑛𝑛𝑛𝑅𝑅𝑐𝑐𝑐𝑐⁄                                       (2) 

𝐾𝐾𝑠𝑠 = 𝐼𝐼0 𝑛𝑛𝑛𝑛𝑅𝑅𝑛𝑛⁄                                        (3) 

Where R is the ideal gas constant (8.314 J K-1 mol-1), T is the absolute temperature, n is the number of 

electrons per molecule during oxidisation, F is Faraday’s constant (96485.3 C mol-1), A is the surface 

area of the electrode (0.95 cm2), and C is the concentration of sodium ions (1 × 10-3 mol cm-3). Rs 

increases when reducing temperature due to the previously described changes in conductivity of the 

electrolyte. However, Rct possesses the largest change in the battery at low temperature, increasing 

10-fold from 25 to 5 °C which indicates smaller I0 and Ks than at 25 °C. Increasing the temperature 

reduces Rct from 41.9 Ω at 25 °C to 1.94 Ω at 80 °C with corresponding increases in I0 and Ks. Hence, 

easier charge transfer is expected as temperature rises. 

 

Figure 3 Equivalent circuit model of (a) fresh sodium half cells and (b) sodium half cells cycled at 100 

mA g-1 and (c) Nyquist plots of HC electrode at various temperature from 5 °C to 80 °C and frequency 

from 100 kHz to 0.1 HZ, with the high frequency part expanded in the inset. 
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Table 1 HC sodium half-cell resistance at several temperatures measured by EIS 

Temperature (°C) Rs (Ω) Rct (Ω) I0 (μA) Ks (cm s-1) 

5 11.2 439 5.46×10-5 5.96×10-7 

10 9.64 246 9.92×10-5 1.08×10-6 

15 8.54 142 1.75×10-4 1.91×10-6 

20 7.63 80.9 3.12×10-4 3.41×10-6 

25 8.51 41.9 6.13×10-4 6.69×10-6 

40 7.25 15.7 1.72×10-3 1.88×10-5 

50 7.24 7.27 3.83×10-3 4.18×10-5 

60 6.55 3.26 8.81×10-3 9.61×10-5 

70 6.18 2.48 1.19×10-2 1.30×10-4 

80 5.92 1.94 1.57×10-2 1.71×10-4 

 

Galvanostatic cycling data for a series of half-cells measured at temperatures from 10 to 80 °C are 

shown in Figure 4. At 25 °C, HC provides a 300 mA h g-1 initial capacity (Figure S3). Over the first three 

cycles with 100 mA g-1 current, the reduction capacity (corresponding to discharge capacity of the 

anode in a SIB) rapidly dropped to circa 250 mA h g-1 and then gradually decreased further to 239 mA 

h g-1 after 20 cycles. The oxidation capacity (Figure S4) reduces less than 15 mA h g-1 over 20 cycles. 

The initial Coulombic efficiency (oxidation capacity divided by reduction capacity) is 83% and that rises 

to 99.3% after 20 cycles (Figure S5). When the temperature is below 25 °C, there is a significant 

capacity drop. At 10 or 15 °C, less than 40% of the initial capacity was retained after 20 cycles (Figures 

S3-S5). The battery at 10 °C displays a significant drop in capacity over the first few cycles, but 

becomes stable after 9 cycles. The capacity drops may be due to the high IR drop and slow kinetics 

which were shown in EIS testing. The large IR drop may shorten the reduction process as the lower 

potential limit of 0.001 V (vs. Na+/Na) that is applied to avoid sodium plating is reached before the 

intercalation process is complete [26]. In full cells the high IR drop may lead to Na deposition on the 

anode, reducing battery capacity and stability. The precipitation of EC from the electrolyte at low 

temperature may also reduce HC performance. Even just reducing the temperature by 5 °C (measured 

at 20 °C), the capacity exhibits a continuous decrease during cycling. That means the performance of 

this HC/electrolyte combination is severely curtailed even at moderately low temperature. 

When the temperature was higher than 25 °C (Figures S6-S8) the highest capacity was exhibited at 

60 °C, with around 30 mA h g-1 higher capacity than at 25 °C. However, the separator colour was yellow 

after 20 cycles at 60 °C, indicating the start of high temperature electrolyte degradation (Figure S9) 
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[24]. This is fairly consistent with differential scanning calorimetry testing by Eshetu. et al, who tested 

a series of SIB electrolyte reactivities by and found that 1 mol dm-3 NaClO4 in 1:1 EC/DEC undergoes 

exothermic reactions starting at 70 °C [24]. Above 60 °C the capacity fell with increasing temperature 

and at 80 °C the cell had a similar capacity to that measured at 25 °C. Furthermore, with rising 

temperature, the first cycle Coulombic efficiency fell and the 80 °C cell had the lowest first cycle CE in 

the series at around 66%. The low first cycle efficiency can be attributed to electrolyte degradation in 

the formation of the SEI. The loss of capacity in subsequent cycling has a similar slope at all 

temperatures above 25 °C, suggesting good thermal stability of the SEI layers on the time scale of 

these experiments, although continuous electrolyte degradation may compromise longer term 

performance. 

 

 
Figure 4 Oxidation specific capacity of HC at temperatures from 10 to 80 °C measured between 2 and 

0.001V (vs. Na+/Na) at 100 mA g-1 in sodium half-cells. 

 

To investigate the mechanism of charge storage using HC at different temperatures, the galvanostatic 

cycling profiles are plotted in Figure 5, which displays the relationship between potential and capacity 

directly. At room temperature, there are two obvious regions in the potential plot during the first 

reduction that are related to the adsorption-intercalation mechanism of HC. The sloped region above 

0.1 V is often referred to as the high potential plateau and contains around 100 mA h g-1 capacity due 

to sodium adsorption on the surfaces of HC nanopores [36–39]. The long, flat plateau region between 

0.1 and 0.001 V corresponds to intercalation of sodium into HC layers and displays a 200 mA h g-1 

specific capacity [37]. During oxidation these two regions show around 100 mA h g-1 and 160 mA h g-1 
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capacity, respectively. In the second cycle, the high potential region had a 30 mA h g-1 loss in its 

reduction capacity due to irreversible Na+ adsorption and SEI formation. Irreversible Na+ insertion into 

the HC layers also caused a 10 mA h g-1 lower reduction capacity in the low potential region. At the 

20th cycle, even though the high and low potential plateaus are a further 7 mA h g-1 and 14 mA h g-1 

lower, the HC maintained 90% and 93% of the reduction capacity seen in the 2nd cycle in these two 

regions. 

 

Figure 5 Voltage-capacity plots of galvanostatic cycling data at 100 mA g-1 current for HC at the 1st, 2nd, 

5th, 10th and 20th cycle at (a) 10 °C, (b) 25 °C (c) 60 °C and (d) 80 °C. 

For the cell cycling at 10 °C, the first reduction and oxidation curve is similar to that at 25 °C. The 

capacities have a significant drop in the 2nd cycle and become stable after ~10 cycles. Only 55 mA h 

g-1 and 40 mA h g-1 reduction capacity were observed in the high and low potential regions, respectively, 

at the 10th cycle. The capacity of the adsorption mechanism is less affected and provides the majority 

of the HC capacity. The serious capacity drop associated with the low potential plateau at this 

temperature can be related to slower Na+ insertion kinetics, slower diffusion in the electrolyte and IR 
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drop at low temperature (i.e. less intercalation before the lower potential limit is reached). Those slower 

charge transfer kinetics are also manifested in an increasing start in the oxidation potential from 0.03 

to 0.15 V after 20 cycles. The CE increases to close to 100% after 9 cycles, suggesting desodiation 

kinetics are not a limit on capacity. 

Despite the signs of electrolyte degradation noted above (separator colour change), the sodium half-

cell tested at 60 °C maintains the highest capacity after 20 cycles. Capacities of 120 and 230 mA h g-1 

were associated with the adsorption and intercalation mechanisms (respectively) in the first reduction. 

The first cycle irreversible capacities from the two mechanisms are similar to those at 25 °C. In the 

second reduction, the capacity of 90 mA h g-1 in the high potential region exceeds the 70 mA h g-1 

found at 25 °C, which may be due to the faster adsorption kinetics and electrolyte degradation. Faster 

intercalation kinetics also add 25 mA h g-1 capacity in the low potential region for the second reduction. 

Even though the oxidation capacity falls by 24 mA h g-1 over the first 20 cycles, a larger drop than that 

at 25 °C, the cell still displays a high stability after 20 cycles with 89% reversible reduction capacity in 

the first cycle. The cell at 40 °C shows a similar curve to the 60 °C cell, with 45 mA h g-1 more capacity 

in the first reduction process than observed at 25 °C, and around 30 mA h g-1 capacity drop over the 

first 20 cycles (Figure S10). 

The cell tested at 80 °C has the highest initial reduction in capacity and shows low initial Coulombic 

efficiency. The majority of the irreversible capacity is from the high potential region with over 100 mA h 

g-1, which relates to electrolyte degradation when forming the SEI layer. The shape of the first reduction 

scan (Figure 5d) reveals the extra charge consumed during SEI layer formation alongside electrolyte 

degradation at 80 °C. In the low potential region, only 195 mA h g-1 capacity is observed in the first 

reduction process which is less than that at 25 °C. Electrolyte degradation may be affecting access to 

sites inside the HC fibres, with a resulting loss in capacity due to the intercalation mechanism. In the 

second reduction, the 90 mA h g-1 adsorption capacity is similar to that found at 60 °C, but intercalation 

capacity is only 183 mA h g-1. After the first cycle the cell became stable and only lost a further 20 mA 

h g-1 of specific capacity after 20 cycles, which indicates the electrolyte degradation mainly causes 

capacity loss in the first cycle. Furthermore, the observed capacity at this temperature is already close 

to the highest values observed with this type of HC. 

Figure 6 (a) shows the first CV cycle at a HC electrode at temperatures from 15 to 70 °C in the range 

of 3 to 0.01 V at a scan rate of 1 mV s-1. There are three cathodic peaks at 1, 0.5 and circa 0 V vs. 

Na+/Na in the first cycle, which correspond to the SEI formation, adsorption and intercalation 

mechanisms, respectively [8,10,13]. Furthermore, the electrolyte was tested with CV by Eshetu and 
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co-workers, who showed stability between 0 and 3 V vs. Na+/Na [24]. The SEI formation peaks near 1 

V are at higher potential in cells studied above 25 °C, suggesting that high temperature leads to quicker 

formation of the SEI layer. All CV curves have one narrow oxidation peak at 0.1 V and one broad peak 

between 0.4 and 1 V. The 15 °C CV curve displays the smallest oxidation peak, which means lower 

HC activity. The oxidation peak size increases with temperature until 40 °C and then further heating 

decreases its intensity. The smallest potential of oxidation peaks is present at 40 °C which indicates 

the lowest IR drop is present at 40 °C. In the second cycle, the 40 and 60 °C oxidation peaks are 

around the same size as in the first cycle, but the peak intensity from 70 °C drops to around the level 

seen at 25 °C. Hence this HC/electrolyte combination has less stability at 70 °C (Figures S11 and S12). 

 

Figure 6 CV profile of HC at temperatures from 15 to 70 °C at 1 mV s-1 scan rate between 3 and 0.01 

V vs. Na+/Na (a) 1st cycle and (b) 2nd cycle 

Impedance measurements were made at 2 V vs Na+/Na, in a region where the CV shows little 

electrochemical activity. Nyquist plots at temperatures from 10 to 80 °C are shown in Figure 7, showing 

variations as the HC electrodes were cycled in sodium half-cells at 100 mA h g-1 current density. The 

semicircles in the Nyquist plots are formed by the superposition of two semicircles from the SEI layers, 

Cdl and Rct. All semicircles increase in diameter during the cycling which indicates the growth of SEI 

layers during the cycling. The largest semicircle is seen in the 10 °C Nyquist plots, which relates to the 

largest charge transfer resistance. The semicircle diameter reduces with increasing temperature 

indicating thinner SEI layers. The semicircles in the Nyquist plots at 25 °C are shifted right after 20 
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cycles indicating increasing solution resistance corresponding to electrolyte degradation [34,40]. At 

40 °C, more electrolyte decomposition is observed during the galvanostatic cycling compared with 

25 °C. The increasing temperature increases both HC sodiation and SEI forming kinetics, with Na2CO3 

produced at high potential and sodium alkyl carbonate at low potential [41,42]. At 80 °C Nyquist plots 

exhibit the smallest semicircle size and only a slight increase in diameter of the semicircle after 20 

cycles, suggesting an unstable SEI, and a large increase in Rs is displayed in the plots, indicating 

serious electrolyte breakdown as observed in the previously mentioned separator color change. 

Furthermore, the small change in semicircle radius shows that a stable SEI layer is not formed on the 

HC surfaces. Even though the continuous formation of new SEI layers and electrolyte break down 

consume electrolyte and increase Rs, the cell still maintains high capacity and stability over 20 cycles 

due to its low overall resistance, high reaction kinetics and fast Na+ diffusion at 80 °C. For long cycling, 

the uninterrupted electrolyte degradation is likely to lead to fast cell degradation. 

 
Figure 7 Nyquist plots of HC electrode after different numbers of cycles at 100 mA g-1 (a) 10 °C, (b) 

25 °C, (c) 40 °C and (d) 80 °C 
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In the low frequency part of the data, the Warburg impedance corresponding to sodium ion diffusion 

and its diffusion coefficient (𝐷𝐷𝑁𝑁𝑁𝑁+) could be calculated with following equation [43]: 

𝐷𝐷 = 𝑅𝑅2𝑅𝑅2 2𝑅𝑅2𝑛𝑛4𝑛𝑛4𝑛𝑛2𝜎𝜎𝑊𝑊2⁄                                 (4) 

Where σW is the Warburg factor which is related to the real part of the impedance (Zre). Zre is a function 

of square root of frequency (ω -1/2) expressed as: 

𝑍𝑍𝑟𝑟𝑟𝑟 = 𝑅𝑅s + 𝑅𝑅𝑐𝑐𝑐𝑐 + 𝜎𝜎𝑊𝑊𝜔𝜔−1/2                              (5) 

At the beginning of the galvanostatic cycling, SEI layers are gradually built up which will affect diffusion 

(Figures S13 and S14). After 19 galvanostatic cycles, the batteries become stable and their sodium ion 

diffusion coefficients from 10 to 80 °C are shown in Figure S15. When increasing temperature, the 

average DNa+ increases from 1.14 × 10-12 cm2 s-1 at 10 °C to 4.62 × 10-12 cm2 s-1 at 80 °C. Furthermore, 

DNa+ and thermal activities can be described with the Arrhenius equation [44]: 

𝐷𝐷𝑁𝑁𝑁𝑁+ = 𝐷𝐷0𝑒𝑒𝑒𝑒𝑒𝑒(−𝐸𝐸𝑁𝑁 𝑅𝑅𝑅𝑅⁄ )                                (6) 

Where D0 is the exponential prefactor and Ea is the activation energy. ln(DNa+) and the reciprocal of 

temperature exhibit a linear relationship (R2=0.983) in Figures 8 and S16, with 16.13 kJ mol-1 activation 

energy. Although the electrolyte precipitates EC below 25 °C and degrades above 50 °C, it does not 

affect DNa+ which related to the temperature. Moreover, large DNa+ provides faster Na+ transport and 

can enhance capacity with large current rate at high temperature. 

Figure 9 (a) shows the HC electrode galvanostatic oxidation capacity with multiple current rates at 25, 

40 and 60 °C (reduction in Figure S17). After stabilising at 100 mA g-1 current density for 20 cycles, it 

exhibits 240, 205, 112, 55 and 41 mA h g-1 specific capacity for 50, 100, 200, 500 and 1000 mA g-1 

current density at 25 °C respectively. The battery tested at 40 °C shows the highest capacity at 50 and 

100 mA g-1 (260 and 240 mA h g-1) and increases of 80 and 10 mA h g-1 in the capacity at 200mA g-1 

and 500 mA g-1 compared with the battery at 25 °C (respectively). Moreover, even though the battery 

at 60 °C shows less specific capacity with 50 and 100 mA g-1 currents compared with at 40 °C, it 

displays the highest capacity at large current rate (200, 120 and 55 for 200, 500 and 1000 mA g-1 

current density). Improved HC capacities for high current density operation at high temperatures may 

be due to the faster reaction kinetics and a higher Na+ diffusion coefficient. However, electrolyte 

degradation starts from 60 °C which will affect battery performance for long cycling. When current 

density is dropped back to 100 mA g-1, the capacities of all batteries return to the same level as before 

changing the current density, indicating high stability and reversibility of the HC over 50 cycles. The 
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oxidation capacities during long-term cycling at 25 and 40 °C with 100 mA g-1 current density are 

exhibited in Figure 9 (b). At 25 °C, the capacity decreases slowly and continuously with 115 mA h g-1 

oxidation capacity maintained after 200 cycles. EIS showed an increasing semi-circle diameter during 

25 °C cycling indicated a rising of Rct due to continuous growth of the SEI layer (Figure S18). 

Furthermore, the growing SEI layer reduced the specific capacity due to increased overpotentials and 

shortened intercalation processes (Figure S19). At 40 °C, the faster kinetics, larger DNa+ and smaller 

SEI layer cause a smaller IR drop (Figure S20) which boosts the HC specific capacity and cyclic stability 

with over 220 mA h g-1 specific capacity after 200 cycles at 40 °C, corresponding to 76% initial oxidation 

capacity. Even though the capacity at 40 °C is higher than that at 25 °C, it still displays a continuous 

capacity drop, which may relate to high electrolyte degradation kinetics.  

 

Figure 8 Dependence of natural logarithm of the average Na+ diffusion coefficient on reciprocal 

temperature. 
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Figure 9 (a) Rate capability of HC oxidation capacity and Coulombic efficiency at different current 

density with various temperature at 25, 40 and 60 °C, (b) long-term cycling stability and Coulombic 

efficiency of HC with 25 and 40 °C. 
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4. Conclusions 

In this study, HC sodium half-cells made with 1 mol dm-3 NaClO4 in 1:1 EC and DEC are tested within 

a temperature range from 10 to 80 °C. The analysis demonstrates performance is significantly affected 

by temperature. HC delivered less than 130 mA h g-1 specific capacity below 25 °C. Even though the 

electrolyte starts to degrade at 60 °C, it still shows the highest capacity at this temperature of 270 mA 

h g-1 after 20 cycles with 100 mA g-1 current. Furthermore, temperatures above 25 °C improved HC 

high current density performance with double the capacity at 200 and 500 mA g-1 current at 60 °C 

compared with that at 25 °C. HC also shows higher long-term cycling stability at 40 °C than at 25 °C 

with an extra 100 mA h g-1 capacity. Impedance spectroscopy shows temperature to affect HC 

desodiation kinetics, electrolyte resistance and sodium ion diffusion coefficient. Overall, this electrolyte, 

1 mol dm-3 NaClO4 in 1:1 EC and DEC, shows a stable working temperature range from 25 to 50 °C. 
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