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ABSTRACT 

Hard carbon (HC) is one of the most promising anode materials for sodium-ion batteries, but the 

different sodiation processes contributing to its reversible capacity are still under debate. In order 

to obtain thermodynamic information, we measured the heat exchanged at a single HC composite 

electrode during the (de-)sodiation of HC in NaClO4/propylene carbonate and NaPF6/Diglyme to 

determine the reaction entropy of the sodiation process of HC at different states of charge (SoCs). 

We found that it is dominated by the positive entropy contribution of the concomitant desolvation, 

leading to reaction entropies up to 85 J mol-1 K-1 for NaClO4/propylene carbonate and 250 J mol-1 

K-1 for NaPF6/Diglyme, respectively. Together with information of the electrochemical analysis 

of millisecond charging/discharging pulses we postulate a capacitive adsorption process with 

incomplete desolvation at low SoC while at medium to high SoC, a Faradaic insertion process with 

complete desolvation takes place. 
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INTRODUCTION 

Sodium-ion batteries (SIBs) may potentially substitute Lithium-ion batteries (LIBs), especially 

for applications like stationary energy storage or low-cost vehicles.1 Reasons are the broad 

abundance of sodium and its low standard electrode potential close to that of Lithium.2 While the 

general working principle of LIBs can be adapted to SIBs, different cathode active materials have 

to be used, due to the larger ionic radius of Na+.2 Also graphite, which is typically used as anode 

active material, has to be replaced, since Na intercalation into graphite is thermodynamically 

unfavorable.3 Meanwhile several cathode and anode material classes were identified and, e.g., the 

combination of Na3V2(PO4)3/C as cathode active material with hard carbon (HC), the most used 

anode active material for SIBs,4 delivered a decent capacity and good cycling stability.5 However 

the underlying charge storage mechanism of Na in HC is still under debate.4,6–9 Thus, this study 

focuses on HC and its sodiation mechanism. 

HC is non-graphitizable carbon consisting of pseudo-graphitic domains, defects and micro- and 

nanopores and can be derived by pyrolysis from biomass or polymers.6 Its voltage profile during 

sodiation generally separates into a sloping region, where the potential is steadily decreasing from 

2 V (vs. Na+/Na) to around 0.1 V and a plateau region below 0.1 V, where the potential only slowly 

varies with the state of charge (SoC) (see, e.g., Figure 2). First explanations for this behavior were 

presented by Stevens and Dahn, using wide and small angle X-ray scattering measurements. Based 

on their experimental data, they postulated that upon charging first the interlayers of the pseudo-

graphitic domains and subsequently the pores are filled with sodium,10 which was denoted as 

’intercalation-filling‘ model. The insertion process was intensively studied by various methods, 

such as, e.g., solid-state NMR,11–13 electrochemical impedance spectroscopy (EIS),14–16 Raman 

scattering,14,17–19 dilatometry20,21 or various X-ray scattering methods.11,12,19,22,23 These 



 4 

investigations led to several variations of the proposed sodiation mechanism, e.g., the ’adsorption-

intercalation-filling‘ model, where adsorption of Na+ at defects and heteroatoms at higher 

potentials is followed by intercalation of Na+ in the graphitic domains at intermediate SoC. Finally, 

filling of the pores with quasi-metallic Na takes place at low potentials. Alternatively, there are 

the ’adsorption-filling‘ or the ’adsorption-intercalation‘ models, where the adsorption of Na+ at 

high potentials is followed by either filling of the pores with Na or intercalation of Na+ into the 

graphitic domains at low potential.6 

Thermodynamic information on the ongoing electrochemical processes may help to further 

elucidate the storage mechanism of sodium in HC.24 One important quantity to describe the 

thermodynamics of electrochemical processes is the reaction entropy. The potential dependent 

reaction entropy of a full cell can for example be obtained by measuring the temperature coefficient 

of the equilibrium cell potential as a function of the SoC. With this so-called entropy profiling, 

Mercer et al. determined the reaction entropy of a HC/Na-metal cell at different SoCs and 

explained their results by a transition from Na filling the interlayers to Na filling the nanopores 

with increasing SoC.25,26 Since this method is based on the measurement of the equilibrium cell 

potential, it is very sensitive to small deviations of the cell system from the thermodynamic 

equilibrium. Particularly at low SoC, where the cell potential is strongly varying during ongoing 

sodiation, it might be challenging to determine exact values for the temperature coefficient of the 

cell potential, due to slow equilibration. 

To overcome these difficulties we determine the reaction entropy of the processes taking place 

at the working electrode (WE) by single electrode microcalorimetry.27,28 By using thin film spray-

coated electrodes,29 the heat generated by the electrochemical reaction is quickly transferred to the 

electrode’s backside, where a sensitive temperature sensor is mounted. From the temperature 
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variation of the electrode, the heat that was consumed/produced during the electrochemical 

reaction, is inferred. Since we apply only short, small current pulses, heat evolution is to a large 

part reversible. By applying positive and negative current pulses we can precisely determine the 

reversibly exchanged heat, which gives direct access to the reaction entropy of the processes at the 

HC composite electrode.30 In this study, we compare the sodiation of HC in typical SIB carbonate 

electrolytes, 1 M NaClO4 in propylene carbonate (PC) with and without the additive fluoroethylene 

carbonate (FEC), and an ether-based electrolyte, 1 M NaPF6 in 1-methoxy-2-(2-methoxyethoxy) 

ethane (Diglyme), by determining its reaction entropy at different SoCs. Additionally, the response 

of the electrode potential to millisecond (ms) charging pulses is analyzed to distinguish between 

the dominating sodiation processes. 

EXPERIMENTAL 

The HC composite electrodes were fabricated by spray-coating, which is described in detail in 

Ref.29. The water-based slurry consisted of 85 % hard carbon (Kuranode, 5 μm (type II), Kurary, 

Japan) active material, 5 % sodium carboxymethyl cellulose (CMC, molecular weight ~124000, 

Sigma Aldrich, Germany) as binder and 10 % carbon black (Vulcan XC72R, Cabot Corporation, 

USA) as conductive carbon. Using a spray gun, mask spots with 5 mm diameter were spray-coated 

onto a 50 μm thick Cu foil (99.995 %, Advent). The electrodes were dried overnight at RT and 

afterwards dried under vacuum at 80 °C. 9 mm electrodes with 5 mm diameter coating in the center 

were punched out and dried for an additional 2 hours under vacuum at 80 °C, before they were 

assembled in the electrochemical microcalorimeter cell. The active mass loading was about 1.8 

mg cm-2 and the coating thickness was 20 μm. As reference and counter electrodes (RE and CE),  

1 mm diameter Na wires (99.95 %, Alfa Aesar) were freshly prepared by extrusion form a glass 

syringe.31  
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The carbonate electrolyte was prepared as described in Ref.29 by mixing NaClO4 (Alfa Aesar, 

Germany) with anhydrous propylene carbonate (Sigma Aldrich, Germany). Fluoroethylene 

carbonate (FEC) (Sigma Aldrich, Germany) was added when required. For the ether-based 

electrolyte NaPF6 (99+ %, Alfa Aesar) was mixed with Diglyme (99.5 %, Sigma Aldrich). The 

salt was dried under vacuum at 100 °C for at least 24 h before desolving it in Diglyme. 

The used single electrode microcalorimeter is a home-built setup, which was described and 

schematically shown, e.g., in Ref.28. The modifications to the setup, which are needed to enable 

experiments with non-aqueous electrolytes, were described in Ref.31. A description of the 

experimental procedure with focus on the calibration of the microcalorimeter is given in the 

Supporting Information. 

RESULTS AND DISCUSSION 

To ensure reversible and reproducible behavior and a stable solid electrolyte interphase (SEI) on 

the HC composite electrode during the microcalorimetric pulse experiments, the HC composite 

electrode was galvanostatically cycled 7 times between 0.005 V and 2 V prior to the experiment. 

For more details about the electrochemical cycling the reader is referred to the Supporting 

Information. Then, during the 8th cycle, the charging/discharging was subsequently interrupted at 

different SoCs and the microcalorimetric pulse experiments were conducted. In Figure 1, the 

current, potential, temperature and heat transients for a 10 ms long (a) sodiation and (b) desodiation 

current pulse with a nearly fully sodiated HC (SoC = 93 %, OCP = 46 mV) in NaClO4/PC are 

shown exemplary for the microcalorimetric pulse experiments. Before and after the current pulse, 

the cell was set to OCP, meaning that current flow in the outer cell circuit was allowed only during 

the 10 ms pulse. The current pulse amplitudes in Figure 1 (black lines) correspond to a 
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charging/discharging rate of 3 C and the SoC changed by about 10-5 of the full capacity by a single 

current pulse. The potential (Figure 1, blue lines) de-/increased stepwise when the current was 

switched on, followed by a more gradual variation during the 10 ms pulse duration. Reversed 

behavior is found after switching off the current. The potential relaxes towards its initial potential 

in about 30 ms. We attribute the instantaneous potential jumps to IR drop caused in the electrolyte 

during the current flow, while the gradual change may point to concentration overpotential due to 

depletion or enrichment of Na+ or Na, in the electrolyte or the HC grains, respectively. A detailed 

SoC-dependent analysis of the potential response to the short charging/discharging pulses is given 

below. The temperature signal (Figure 1, red lines) shows cooling during sodiation of the HC 

composite electrode and heating during desodiation. The temperature reached a 

minimum/maximum 15 to 20 ms after the end of the current pulse and then relaxed towards the 

starting temperature, due to heat dissipation into the surrounding. The almost quantitative reversal 

of the temperature response upon switching between charging and discharging proves that the 

sodiation/desodiation of HC with short current pulses is a highly reversible reaction. 
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Figure 1. Current 𝑖, potential 𝐸, temperature Δ𝑇 and heat 𝑞 transients resulting from 10 ms (a) 

sodiation and (b) desodiation pulses of HC with a charging rate of 3C in NaClO4/PC. The 

equilibrium potential before the pulse was 46 mV and the SoC of the HC was 93 %. The thermal 

response to 10 ms blue laser irradiation of the WE (total absorbed energy ca. 3 μJ; for details see 

SI)  is shown in (b) with an adjusted amplitude (black dashed line). 

For further interpretation of the temperature transients in Figure 1, we have also included the 

thermal response of the cell to pulsed 10 ms long laser irradiation of the WE in the same 

experimental setup. It is shown as the black dashed line (temperature amplitude scaled to fit the 

maximum of the HC data). For laser heat input, the temperature relaxed faster after its maximum. 

This indicates that after the sodiation/desodiation pulse, at 𝑡 > 20 ms, cold/heat still evolved 

without external current flow. This effect can be seen quantitatively in the heat signal (Figure 1, 

green lines), which was reconstructed from the measured temperature signals employing the 

thermal response function of the calorimeter as described in detail elsewhere.32 The absolute value 
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of the heat was obtained by an in situ calibration procedure after the sodiation/desodiation 

experiment utilizing sodium plating at the electrode, for which the reversibly exchanged heat is 

known from the literature (for details see SI).31 It can be seen that most of the heat was exchanged 

during the current pulse, but considerable heat exchange took place after the pulse (ca. 15 %). We 

attribute this delayed cold/heat generation, in the absence of current flow in the outer cell circuit, 

to sodiation/desodiation processes driven by discharging of the interface capacitance during 

equilibration of the electrode system.32 Indeed from the potential transients in Figure 1 

considerable potential relaxation was observed after the current pulses. 

To determine the reaction entropy of the sodiation process from the measured heat transients, 

irreversible heat contributions due to overpotential had to be accounted for. This was achieved by 

measuring several sodiation/desodiation pulses with different pulse amplitudes and thus varying 

contributions from irreversibly exchanged heat. As described in detail in Ref.33 and in the 

Supporting Information, interpolation of the molar heat values, which were measured at time 𝑡 for 

different overpotentials, to zero overpotential yielded the reversibly exchanged molar heat 

𝑞m,rev(𝑡) at time 𝑡. This procedure was repeated with the heat measured at times between 𝑡 =

0 ms to 𝑡 = 500 ms with a time interval of 2 ms. In Figure S2, 𝑞m,rev(𝑡) is shown for the nearly 

fully sodiated HC. The reversibly exchanged heat approaches a steady value at about 𝑡 = 400 ms. 

Around 85 % of the reversibly exchanged heat, measured at 𝑡 = 400 ms, was already exchanged 

during the current pulse, up to 𝑡 = 20 ms. Since thermal drift is progressively disturbing the heat 

values with increasing 𝑡, and since we found no significant heat exchange for 𝑡 > 400 ms,  

𝑞m,rev(400 ms)  is used in the following as the total reversibly exchanged heat 𝑞m,rev of the 

sodiation process. 
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As mentioned before, from the reversibly exchanged heat at the HC composite electrode, usually 

called Peltier heat, the reaction entropy of the sodiation process can be determined. Since the 

Peltier heat refers to a single electrode, the transport of electrons and ions across the border of the 

half-cell during the reaction has to be considered and the reaction entropy of the half-cell reaction 

is given by ΔR𝑆 = 𝑞m,rev/𝑇 + ΔT𝑆.27,30,34 𝑇 gives the temperature (298 K) and ΔT𝑆 corrects for 

the transport processes. The latter contribution can be approximated30 and was estimated for 1 M 

NaClO4 in PC to be -1 J mol-1K-1 (and -18 J mol-1K-1 for 1 M NaPF6 in Diglyme, respectively).31 

Thus, for the example shown in Figure 1 (SoC 93%), a Peltier heat of 25.8 kJ mol-1 yielded a 

reaction entropy of 86 J mol-1K-1 for the sodiation of HC at a SoC of 93 %. 

We measured the total reaction entropy for the sodiation process at HC at different SoCs over a 

complete charging/discharging cycle. The corresponding results for HC in NaClO4/PC are shown 

in Figure 2 together with the OCP. The error bars of ΔR𝑆 reflect the relative errors of the data 

points of one experimental series. They were obtained from the standard deviations of the linear 

fits during the determination of the reversibly exchanged molar heat (see Supporting Information 

for further details). The absolute errors from reproducibility and uncertainties of the calibration 

amount to about 10 % of the reaction entropy. With increasing SoC, a steep increase of the reaction 

entropy at SoCs below 40 mAh g-1 is followed by a broad maximum. Upon discharging, the 

reversed behavior is found. The broad maximum ranges between 80 and 90 J mol-1K-1, which is 

around the reaction entropy for sodium bulk deposition from the same electrolyte of 83 J mol-1K-

1 measured in Ref.31 (black dashed line in Figure 2). Supplementary experiments where 2 wt.% 

FEC was added to the electrolyte showed that the additive only insignificantly influenced the 

obtained reaction entropy (see Figure S7). Thus, the following discussion for the additive free 

electrolyte can be adapted. The strongly positive entropy change upon sodiation can be explained 
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with the entropy gain from the release of the solvent shell of the Na+ ions overcompensating the 

entropy loss due to their fixation in the HC composite electrode – similar to the behavior already 

described for Na or Li metal deposition.31,35 The small variations of the sodiation entropy at high 

SoC (above 40 mAh g-1) shown in Figure 2, we attribute to small variations (< 10 J mol-1K-1) of 

the configurational entropy of Na inserted into the HC, which obviously stays close to that of 

metallic Na. 

 

Figure 2. Reaction entropy ΔR𝑆 (red) and open circuit potential (OCP) (blue) for a complete 

charging/discharging cycle of HC in NaClO4/PC. The error bars of the reaction entropy indicate 

the relative errors within a single experimental series (see text). The lower potential limit was 

0.005 V and the upper potential limit was 2 V. The vertical black line separates the sodiation and 

desodiation cycle. For comparison the reaction entropy of Na bulk deposition in NaClO4/PC (83 J 

mol-1K-1) is indicated with the horizontal black dashed line. 

Similar variations in the entropy of Na in HC have recently been discussed by Mercer et al.25 

and Wei et al.36 They employed entropy profiling to measure the reaction entropy of HC/Na metal 

cells. Since with this approach, the sum of the reaction entropy of both electrodes was measured, 

for comparison with our data (Figure 3), the reaction entropy of the reference electrode, i.e., Na 
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metal deposition in NaClO4/PC, was subtracted from our measured reaction entropy. At medium 

to high SoC (20 to 100 %), the reaction entropies obtained by the different experimental 

approaches are in good agreement. Mercer et al. explained the entropy variations, with the 

configurational entropy of a lattice gas model with two energy levels. Within this model, the broad 

maximum was attributed to a transition of the Na insertion process, from filling of the interlayers 

of graphitic domains and pores, to sole pore filling. It stands to reason that this interpretation can 

be adapted to our results. However, at low SoCs (0 to 20 %), Mercer et al. found reaction entropies, 

which are up to 40 J mol-1K-1 higher than the reaction entropy for Na metal bulk deposition. In 

contrast, we measured reaction entropies, that were significantly lower than that of Na bulk 

deposition for SoCs below 15 %. These differences might be explained by the different timescales 

covered by the applied experimental approaches. With microcalorimetry, we evaluate the heat 

evolved by processes up to 400 ms, whereas entropy profiling monitors equilibration processes on 

the timescale of several 10 minutes. 

 

Figure 3. Comparison of the reaction entropy obtained by different studies. The values from this 

study (red) were shifted by the reaction entropy of Na metal deposition to be comparable with the 

  

  

  

  

 

   

   

   

 
 
 

  
 

  
  
 
 
 

  
 

  
  
  
 
 
  
 
  

            

      

          
             
          



 13 

entropy profiling studies by Mercer et al.25 (blue) and Wei et al.36 (green), who measured the 

reaction entropy of complete HC/Na metal cells. Data from Mercer et al. reproduced with 

permission from Ref.25, Copyright 2022, John Wiley and Sons. Data from Wei et al. reproduced 

with permission from Ref.36, Copyright 2022, IOP Publishing. 

This implies that at low SoC the charging process may be composed of reaction steps on different 

time scales. A first clue may be inferred from the shape of the potential transients upon short 

charging pulses. Typical potential responses to 10 ms charging pulses with -2 mA cm-2 amplitude 

at low and high SoC are compared in Figure 4a, referenced to the respective OCP before the pulse. 

For both SoCs, the IR drop shows up in Figure 4a as positive potential jumps at 𝑡 = 10 ms and 

negative ones at 𝑡 = 20 ms, with similar magnitudes for both SoCs. However, during current flow 

(indicated by the grey background) at low SoC (OCP 0.993 V, light blue) the potential increases 

nearly linearly, whereas at high SoC (OCP 0.047 V, dark blue) the potential only slightly varies 

during the pulse. This indicates that at low SoC the dominating process during the current pulse is 

capacitive in nature, while at high SoC mainly Faradaic processes take place without substantial 

polarization of the interface. Additionally, the potential relaxation at low SoC considerably 

continues also after 𝑡 = 50 ms, while for high SoC the initial potential is essentially reached within 

that time span. This is confirmed with the data shown in Figure 4b, where the deviation of the 

potential at 𝑡 = 400 ms from the OCP before the current pulse is compared for different SoCs. It 

can be clearly seen that for SoCs below about 30 mAh g-1 significant charging of the interface 

occurs by the current pulses. Note that the equilibration of the interface and discharging of the 

interfacial capacitance continues far beyond 400 ms for low SoC. This can be inferred from the 

slope of the OCP curve vs. specific capacity in Figure 2, which was measured with a waiting time 

of 40 min after changing the SoC. According to that curve, at 3 % SoC, a pulse charge of 0.0031 
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mAh g-1 as applied in the pulse experiments of Figure 4a would result in an OCP variation of only 

0.07 mV. In other words, at low SoC below 15 %, the sodiation/desodiation process is composed 

of a fast electrochemical process on the ms-timescale, followed by a slow equilibration continuing 

up to minutes or even hours. Similar findings were obtained with EIS by Schutjajew et al.15 A 

candidate for the fast electrochemical process at low SoC might be a capacitive adsorption process 

of sodium at the HC surface. Similar processes have been discussed for the reversible ion 

adsorption responsible for energy storage in electrochemical double layer capacitors,37 for which 

also HC can be used as electrode material.38 In contrast, at SoCs above 15 %, the fast 

electrochemical process becomes Faradaic in nature, i.e., after switching off the external current, 

the electrode potential quickly returns to its value before the charging pulse. For such a process, 

Li et al. proposed a mechanism similar to metal underpotential deposition by which the pores are 

filled with Na.39 Since with our microcalorimetry method, we evaluate heat evolution only up to 

400 ms, we measure the reaction entropy of the fast electrochemical processes. As shown in Figure 

2, for SoC below 15 %, we found a reaction entropy substantially smaller (by up to 30 J mol-1K-1) 

than for the Faradaic processes at higher SoCs. This can be readily explained by adsorption of only 

partly desolvated Na+ at the HC surface. If only part of the solvation shell is released during the 

adsorption of Na species at HC, less entropy is gained in comparison to metal-like Na deposition 

with full desolvation. 
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Figure 4. Different details of the microcalorimetric pulse experiments of HC in NaClO4/PC. (a) 

Potential, referenced to the OCP before the pulse, upon a 10 ms sodiation pulse with a 4C rate (-2 

mA cm-2, time interval marked in grey) for two different SoCs. (b) Deviation of the potential at 

𝑡 = 400 ms from the OCP before the pulse after a 10 ms sodiation pulse (-2 mA cm-2) for the 

sodiation cycle dependent on the SoC. 

To corroborate our hypothesis that the reduced reaction entropy of sodiation at low SoC can be 

attributed to adsorption of partially desolvated Na species, we performed experiments in 

NaPF6/Diglyme as a different electrolyte solution. In this electrolyte, the desolvation entropy of 

Na+ was found to be considerably higher than in NaClO4/ PC.31 We thus expect stronger variations 

of the reaction entropy with the solvation state. In Figure 5, the SoC-dependent reaction entropies 

for both electrolytes are shown. The dashed lines indicate the reaction entropies for the Na metal 

bulk deposition from the respective electrolytes (83 J mol-1K-1 for NaClO4/PC and 234 J mol-1K-1 

for NaPF6/Diglyme31). Indeed, the increase in reaction entropy at low SoCs (0 to 20 %) is steeper 
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and significantly larger for the Diglyme electrolyte. This is compatible with the afore postulated 

partial desolvation of adsorbed Na+. Note that our finding may also be in line with co-intercalation 

of Diglyme and Na in HC. A co-intercalation mechanism in HC was proposed for ether-based 

electrolytes by several studies utilizing transmission electron microscopy, X-ray diffraction and 

X-ray photoelectron spectroscopy.40–42 However, Escher et al.21 argue against such a solvent co-

intercalation mechanism based on the rather small volume expansions found by electrochemical 

dilatometry. For high SoCs above 20% in both electrolytes, the reaction entropy approximately 

reaches the respective values for bulk Na deposition, implying complete desolvation. As pointed 

out before, the small variations around the Na metal deposition entropy can be explained with 

varying contributions of configurational entropy of adsorbed or deposited Na at the different sites 

of the HC. 

 

Figure 5. Reaction entropy and OCP for the sodiation cycle of HC in NaClO4/PC (red) compared 

with NaPF6/Diglyme (green). The error bars of the reaction entropy indicate the relative errors 
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within a single experimental series (see text). The reaction entropies of the Na bulk deposition 

from the respective electrolyte are shown with the dashed lines. 

CONCLUSIONS 

The SoC-dependent reaction entropy of the sodiation of HC in NaClO4/PC and NaPF6/Diglyme 

was determined by measuring the reversibly exchanged heat at a single HC composite electrode. 

At high SoC, the entropy change upon desolvation of the Na+ ions dominates the reaction entropy 

and the contribution from configurational entropy is rather small, which is consistent with the 

literature. However, at low SoC, i.e. at potentials exceeding about 0.7 V, we found a fast capacitive 

adsorption process with rather small entropy changes, pointing to the adsorption of partially 

desolvated Na+ ions followed by slow equilibration processes without external current flow. At 

medium to high SoC This fast capacitive process turns into a fast Faradaic sodiation process with 

complete desolvation. 
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