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ABSTRACT
Hard carbon (HC) is commonly used as negative electrode material in sodium-ion batteries. Despite its extensive use, there is still

a lack of comprehensive understanding of the sodiation mechanism. To obtain thermodynamic information on the storage pro-

cesses, the reaction entropy of HC/Na metal cells in NaPF6/diglyme electrolyte solution is determined by measuring the tempera-

ture dependence of the equilibrium cell voltage at different states of charge (SoCs), commonly known as entropy profiling. In

contrast to former studies, we changed the temperature of the cell stepwise within less than 1min, which reduces the influence of

baseline drift of the cell voltage. The cell reaction entropy varied between −10 and 6 J mol−1K−1 for all SoCs, which indicates

complete solvation/desolvation of the Na+ ions at the HC composite electrode. In addition, the fast temperature change led to

characteristic features of the cell voltage response. These features were explained with a simple model including temperature

gradients across the cell and different kinetics of the reactions at the HC and the Na metal electrode. From the cell voltage

response, we inferred that the sodiation of HC is significantly slowed down with decreasing SoC.

1 | Introduction

Sodium-ion batteries (SIBs) are considered as future alternative to
Lithium-ion batteries (LIBs), due to the abundance and availability
of sodium and its drop-in compatibility with existing LIB
manufacturing infrastructure [1]. While manufacturers use differ-
ent chemistries for the positive electrodes (e.g., layered oxides,
Prussian blue analogs, or polyanionic compounds) [2], hard car-
bon (HC) is mainly used as the active material in negative electro-
des for commercialization [3]. HC was initially presented by
Stevens and Dahn as negative electrode in SIBs [4]. It can be pro-
duced from biomass and constitutes nongraphitizable carbon, con-
sisting of graphitic domains, micro- and nanopores, and surface
defects [5]. Its properties, such as the morphology, microstructure,
and chemical composition, are governed by the precursors as well
as the synthesis conditions. The potential profile upon the

sodiation of HC can generally be divided into a sloping region,
in which the potential steadily decreases from 1.2 V to around
0.1 V (vs. Na+/Na) with increasing Na content, and a plateau
region below 0.1 V, where the potential only slightly varies with
the state of charge (SoC) (see Figure 1).

The underlying sodiation mechanism has been studied with var-
ious experimental techniques, such as, for example, X-ray scat-
tering techniques [6–14], Raman spectroscopy [7–12, 14–17],
infrared spectroscopy [7, 9, 10, 18], solid state NMR [19–23],
transmission electron spectroscopy (TEM) [9–11, 24], dilatometry
[25, 26] or electrochemical impedance spectroscopy (EIS)
[8, 10, 27–31]. Despite these studies, the Na storage mechanism
in HC, comprising processes such as adsorption, intercalation, or
pore-filling, is still under debate. For instance, it remains unclear,
which particular processes are taking place in specific potential
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ranges and to which extent the different sites for Na storage in
HC contribute to its capacity [5]. This might result from struc-
tural differences among the investigated HCs, a known problem
as the precursors used for the HCs determine their microstruc-
ture and ultimately their electrochemical behavior.

Thermodynamic information such as the reaction entropy ΔRS
can contribute to understand and identify the different electro-
chemical processes. The reaction entropy can, for example, be
determined with single electrode microcalorimetry, where the
reversibly exchanged heat during an electrochemical reaction
is directly measured at the working electrode (WE). With this
approach, we investigated the sodiation/desodiation of HC in
sodium perchlorate (NaClO4)/propylene carbonate (PC) as well
as sodium hexafluorophosphate (NaPF6)/diglyme electrolyte
solution in a previous study [32]. We found positive reaction
entropies for the cathodic process at the single electrode (up
to 85 and 250 J mol−1K−1 for PC and diglyme, respectively)
caused by the concomitant desolvation of the Na+ ions during
sodiation of HC. Due to experimental constraints, the timescale
of this method is restricted to below ca. 1 s, therefore, slower pro-
cesses are not or not fully captured.

The timescale of the entropy measurement can be extended by
using so-called entropy profiling, where the temperature depen-
dence of the equilibrium cell voltage E0 is measured to determine
the reaction entropy of the complete cell [33, 34].

ΔRScell = −
∂ΔRG
∂T

� �
p,ni

= zF
∂E0

∂T

� �
p,ni

� zF
ΔE0

ΔT
(1)

Herein ΔRG is the free reaction enthalpy, T is the temperature,
z is the number of transferred electrons, and F is the Faraday
constant. In principle this method is only limited by the stability
of the system, and since the system is probed in an equilibrium
state, all processes, independent of their timescale, should be
completed. In practice, drifting open circuit voltage (OCV),
due to, for example, slow diffusion processes in the HC composite
electrode, makes it difficult to reach full equilibration, and only
metatable states are attained and can be probed at reasonable
timescales. It should be noted here that the resulting ΔRScell is
the sum of the reaction entropies of the processes taking place
at the WE and the reference electrode (RE), which gives the

net entropy change of the complete cell. In the following, we
use the term complete cell for an electrochemical cell consisting
of the HC composite, the Na metal electrode, and the electrolyte
solution, and the term single electrode for one electrode
immersed into the electrolyte solution.

Already in the early 80ties, Dahn et al. applied entropy profiling to
investigate Li metal/LiTiS2 cells [33]. More recently, it has been
used by several groups to determine ΔRScell of HC/Na metal cells
with different electrolyte solutions at varying SoCs [35–38]. While
the entropy can be determined quite precisely in plateau regions of
the charging curve, uncertainties about the results remain at SoCs,
where a constant OCV is difficult to reach within the measure-
ment time. During the sodiation of HC, this is the case for the
sloping region at low SoC, where the OCV drifts significantly after
charging or discharging, which might be attributed to slow diffu-
sion processes [29] or self-discharge processes, such as, for exam-
ple, SEI dissolution [39, 40].

Typical measurement times in entropy profiling amount to sev-
eral 10 min, mostly determined by the heating or cooling rate of
the thermostat or measurement chamber during the temperature
variation. As a consequence of these slow temperature changes,
the equilibrium cell voltage variations due to the changes in tem-
perature become superimposed by simple drift of the OCV. This
problem might be solved by background fitting, that is, recon-
struction of the cell voltage curve at the initial temperature, as
shown by Osswald et al. for commercial LIBs [41]. However, this
involves careful evaluation of the SoC-dependent drift for each
investigated system.

In this study, we use a different approach and changed the tem-
perature of a HC/Na metal coin cell with 1M NaPF6 in diglyme
electrolyte solution within less than 1min by switching between
two thermostats to reduce the influence of slow OCV drift. This
rather abrupt temperature variations allow us to evaluate how
slow diffusion processes of, for example, Na in the HC composite
electrode, or sluggish charge–transfer reactions may influence
the measured variation of the cell voltage with temperature.
The sodiation of HC suits well for this study, since the charging
curve consists of a sloping and a plateau region with different
sodiation mechanisms with presumably different relaxation
times. With a simple model, we show how the equilibration of
the respective single electrode potentials upon switching of
the temperature is reflected in the measured cell voltage. We fur-
ther present the influence of the OCV drift on the determined
reaction entropy and a comparison with recent publications
on entropy profiling of the sodiation of HC.

2 | Results and Discussion

2.1 | Cell Voltage Transients upon Temperature
Steps at Different SoCs

In Figure 1, the OCV of a HC/Na metal cell with NaPF6/diglyme
electrolyte solution during an intermittent charging cycle is
shown as a function of the SoC. The charging at 0.05 C rate
was periodically interrupted, and the OCV was measured
6000 s after each interruption. The sloping and plateau regions
are apparent. At each SoC, the temperature of the cell was
switched from 25.0°C to 20.7°C after the 6000 s resting phase,
and then it was switched back to the initial temperature after

FIGURE 1 | OCV,measured during charging of a HC/Nametal cell. At

each data point, the OCV was determined 6000 s after the charging was

interrupted. The data points are connected with a line as a guide to the eye.
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an additional 1000 s (compare Figure 2e). Switching between two
heat reservoirs (see Experimental Section) enables temperature
changes of the electrodes within less than 1min, as discussed
below in more detail (see also Figure 2e). The resulting transients
of the cell voltage due to the temperature steps are exemplarily
shown for four different SoCs in Figure 2a–d. For the fully sodi-
ated HC (Figure 2a, SoC 99%, blue line) a new voltage plateau can
be clearly identified about 60 s after the temperature change,
which lies about 0.46 mV more positive than the initial cell volt-
age. Directly after the temperature change, a sharp negative volt-
age spike is visible, which is leveling off within a few 10 s (see
inset in Figure 2a). Applying twice the temperature difference
led to a doubling of the cell voltage responses, that is, of the mag-
nitude of the sharp spike as well as of the shift of the cell voltage
plateau (see Figure S2). As it will be discussed in detail below, we
attribute the sharp voltage spike to temperature gradients inside

the cell during the switching of the temperature, which are
expected to be proportional to the temperature variations. We
attribute the shift of the voltage plateau at t> 60 s to the reaction
entropy of the cell, which is related to the temperature coefficient
of the equilibrium cell voltage by Equation (1). From the cell
voltage shift in Figure 2a, we calculated a reaction entropy of
the complete HC/Na metal cell of −10.3 J mol−1K−1. When
reversing the temperature step at t≥ 1000 s the voltage variation
reverses correspondingly. The cell voltage transient in Figure 2a
is typical for all SoCs in the plateau region (30%< SoC< 100%).
At these SoCs, the cell voltage reached a clearly identifiable
steady value, ca. 60 s after the temperature was switched.
With these well-defined voltage shifts the complete cell reaction
entropy could be determined according to Equation (1). We
found values between −10 and +6 J mol−1K−1 as discussed below
in detail.

At lower SoC in the sloping region (Figure 2b, SoC 19%, green
line), the overall shape of the cell voltage transients followed
the same behavior, that is, a short voltage spike followed by a
plateau region. However, the OCV drift increased to ca.
0.6 μV s−1, which hampers a direct evaluation of the temperature-
induced voltage shift. At even lower SoC (Figure 2c, SoC 8%,
red line), in addition to the pronounced OCV drift, the new cell
voltage plateau is reached after passing a small (0.19 mV) max-
imum at t = 40 s, which decays within 300 s. For fully desodi-
ated HC (Figure 2d, SoC 0%, pink line), the cell voltage
response to the temperature step is dominated by a large maxi-
mum (3.03 mV) extending to the end of the temperature step at
t = 1000 s and a new voltage plateau was not reached within
that time span.

We can conclude that the shape of the measured voltage transi-
ents following stepwise temperature variation is strongly depen-
dent on the SoC. Deviations from ideal stepwise behavior can be
categorized into (i) sharp voltage spikes occurring on a timescale
t< 10 s after the beginning of the temperature step, (ii) baseline
drift of the OCV, and (iii) the evolution of a wide but small maxi-
mum at t� 40 s, which (iv) at SoCs below 8% turns into an
extended maximum dominating the cell voltage response. All
characteristics change sign upon reversal of the temperature step.
In the following, we will try to rationalize these deteriorations by
introducing a simple model, explaining the cell voltage response
upon temperature steps.

2.2 | Single Electrode Potential Simulation

The variation of the cell voltage E of the HC/Na metal cell at
open circuit conditions upon application of a temperature step,
starting from T0, is given by the difference between the variations
of both single electrode potentials, ΔϕHC and ΔϕNa, which both
depend on the actual temperatures of the single electrodes, THC

and TNa

ΔE=ΔϕHC THC −T0ð Þ−ΔϕNa TNa −T0ð Þ (2)

Note that the brackets in Equation (2) indicate the functional
dependency of the potential variations on the temperature differ-
ences. When the equilibration of the single electrode potentials is
assumed to be infinitely fast, they correspond to the single elec-
trodes’ equilibrium potentials ϕ0,HC and ϕ0,Na. Their temperature
dependence is given in analogy to Equation (1). This results in an

FIGURE 2 | (a–d) Cell voltage transients at open circuit conditions

caused by temperature steps. The panels (a–d) correspond to different

SoCs during the charging cycle. The inset in (a) shows the cell voltage

minimum in detail. (e) Temperature of the aluminum cell holder.
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actual variation of the cell voltage with the electrode tempera-
tures, starting from the equilibrium cell voltage where both elec-
trodes are at temperature T0. For simplicity we assume that the
entropies of the single electrode reactions remain constant upon
the temperature variations of 4.3 K applied herein.

ΔE=
∂ϕ0,HC

∂T
⋅ THC −T0ð Þ− ∂ϕ0,Na

∂T
⋅ TNa −T0ð Þ

� 1
zF

ΔRSHC ⋅ THC −T0ð Þ− 1
zF

ΔRSNa ⋅ TNa −T0ð Þ (3)

Note at this point that for a correct description of the cell voltage
upon temperature gradients across the cell, ion and electron
transport across the borders of the single electrodes have to be
included, which necessitates description in terms of irreversible
thermodynamics. However, since the involved entropies of trans-
port are below 10% of the single electrode reaction entropy in our
case (see discussion in Ref. [42]) and since we are dealing here
with a rather qualitative discussion, we ignore these corrections
in the following. For a more detailed treatment see, for example,
Agar [43].

In case of equal temperatures at both electrodes ðTHC =TNaÞ and
since ΔRSHC −ΔRSNa =ΔRScell, Equation (3) becomes equivalent
to Equation (1). However, for different electrode temperatures,
not only differences in the single electrode reaction entropies,
but also differences in the electrode temperatures will be
reflected in the measured cell voltage. Indeed, in entropy profil-
ing experiments, such temperature differences of the electrodes
are naturally expected during changing the temperature, due to
asymmetric heat transfer within a typical cell. For example, in
our cells, the HC composite electrode is directly pressed against
the cell housing, while the Na electrode is contacted via a spring
with low thermal conductivity (see Figure S3). We thus expect
that in our experiments the HC composite electrode will follow
the temperature step much faster than the Na electrode. This is
corroborated by a simulation of the thermal responses of the elec-
trodes assuming that the heat flux towards the Na electrode
occurs purely through the electrolyte-soaked separator and the
HC composite electrode (details are given in the supporting infor-
mation). Figure 3a shows the simulated temperature evolution of
both electrodes. It can be clearly seen that we expect significant

differences of the electrode temperatures up to about 60 s. A pro-
nounced minimum of the temperature difference of about −2.5 K
evolved at t= 7 s.

Assuming that the adjustment of the single electrode potentials is
fast, we employed Equation (3) to simulate the electrode poten-
tials and the variation of the cell voltage with time directly from
the electrodes’ temperature variations reported in Figure 3a. We
used a reaction entropy for Na metal deposition of ΔRSNa=
234 J mol−1K−1 as determined in a previous microcalorimetry
study [42]. Since for a SoC of 99% we found ΔRScell�
−10 J mol−1K−1 above (see Figure 2a), we employed an entropy
of ΔRSHC= 224 J mol−1K−1 for the sodiation of the fully sodiated
HC composite electrode. As discussed in References [32, 42], the
reaction entropies of the HC and the Na metal electrode reaction
are dominated by the desolvation entropy of the Na+ ions. When
considering the complete cell, during the charging process des-
olvation of Na+ takes place at the HC composite electrode, while
solvation of Na+ will happen at the Na metal electrode. Thus,
these entropy contributions mostly compensate for each other,
which leads to the rather small values of the complete cell reac-
tion entropy ΔRScell. The results of the potential simulation are
shown in Figure 3b. The single electrode potentials directly fol-
low the respective temperature profiles and end up with a differ-
ence of about 0.4 mV for t> 80 s, which can be directly attributed
to the difference of the reaction entropies at the two electrodes,
that is, ΔRScell. However, at t= 7 s, the cell voltage exhibits a pro-
nounced minimum, lower than −5mV, which can be directly
attributed to the differing time evolution of the two electrode
temperatures. The simulated behavior is very similar to the
experimentally observed minima in Figure 2a,b for the fully
and intermediately sodiated HC. Note that due to the high reac-
tion entropies of the single electrodes, the single electrode poten-
tials are strongly varying by more than 10mV. Nevertheless, after
equilibration, that is, when temperature gradients have vanished,
the change in the cell voltage amounts only to a few hundred of
microvolts. In conclusion, in our experiment we attribute the
sharp negative cell voltage spike at t< 10 s to the evolution of
temperature gradients across the coin cell and the resulting
strong variations of the single electrode potentials. For t> 60 s

FIGURE 3 | (a) Simulated temperature transients of the HC composite electrode (red) and the Na metal electrode (blue) and their temperature

difference (green) caused by an exponential decay of the temperature at the backside of the HC composite electrode by 4.3 K. (b) Single electrode

potentials (red and blue) and cell voltage (green) resulting from the simulated electrode temperatures in (a), calculated from Equation (3). This assumes

that the equilibration of the single electrode potentials is fast. For the single electrode reaction entropies ΔRSNa= 234 J mol−1K−1 and

ΔRSHC= 224 J mol−1K−1 were used.
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these temperature gradients vanish and both electrodes reach the
same temperature.

However, upon temperature steps at a SoC of 8% the negative
voltage spike was followed by a maximum, which at a SoC of
0% even dominated the cell voltage response (c.f. Figure 2c,d).
Such a maximum could not be explained with the simulations
described so far, in which we assumed that the single electrode
potentials can instantaneously follow the temperature variation
according to Equation (3). It should be noted at this point that
the sodiation or desodiation of HC has been reported to be kinet-
ically hindered at such low SoCs, which reflects itself in a high
charge–transfer resistance in EIS (e.g., at 0% SoC values of
5 kΩ cm2 [8] and 330Ω cm2 [31] were reported in the literature).
We therefore suppose that kinetic limitations of the processes at
the HC composite electrode may cause the cell voltage maxi-
mum. In order to examine this hypothesis, we included the kinet-
ics of the electrode processes in our simulation. As shown above,
changing the temperature of a single electrode leads to a strong
variation of its potential (c.f. Figure 3b). Thus, the single
electrodes’ double layers have to be rather strongly polarized
upon the temperature changes in order to readjust thermody-
namic equilibrium. In other words, a small amount of Na+

has to be either inserted or extracted from the electrode in order
to change the polarization of the double layer.

In order to account for double layer polarization in our simula-
tion, we assumed a simple Butler-Volmer type kinetics for the
electrode processes (exemplarily shown here for the sodiation/
desodiation of the HC composite electrode). The overpotential
to drive the reaction is given by the difference between the
temperature-dependent single electrode equilibrium potential
ϕ0,HCðTHCÞ as employed in Equation (3) and the actual electrode
potential ϕHC. The current density referring to the active elec-
trode area is given by [44]

j= zFc0k0

�
exp

αFðϕHC −ϕ0,HCðTHCÞÞ
RT

� �

− exp −
ð1− αÞFðϕHC −ϕ0,HCðTHCÞÞ

RT

� �� (4)

with the standard concentration c0= 1mol l−1, the transfer coef-
ficient α, which was set to 0.5, the molar gas constant R and the

standard rate constant k0 =A exp − ΔH‡

RT

� �
. Herein, ΔH‡ is the

activation energy and A is the preexponential factor, which is
assumed to be temperature-independent. Using Equations (3)
and (4), we simulated the single electrode potentials of the
HC composite and the Na metal electrode for the temperature
transients shown in Figure 3a. We neglected any concentration
changes, since we did not expect large conversions for double
layer polarization. As capacitance of the double layer, we esti-
mated about 100 μF cm−2 taking the active electrode area into
account.

For fully sodiated HC and Na metal, values for ΔH‡ and A, were
available. With temperature-dependent EIS studies Niu et al.
determined them for a Na metal electrode (59.0 kJ mol−1,
79,000 m s−1) [45], and Lv et al. for a fully sodiated HC composite
electrode (64.0 kJ mol−1, 711m s−1) [27]. With these kinetic
parameters the polarization of the electrodes occurs more or less
instantaneously on the timescale of the temperature variation,
and the simulated single electrode potential and the cell voltage

transients shown in Figure 4a (referred to as high SoC) are iden-
tical to the simulations disregarding the polarization reaction
(see Figure 3b). The simulated transient of the cell voltage very
much resembles those experimentally observed for high SoCs,
that is, between about 30% and 100% (see, e.g., Figure 2a).
Note here, that the depth of the sharp cell voltage minimum
is about five times larger in the simulation than in the experiment
(cf. Figure 2a). This could be attributed to an unreasonably slow
heat transfer to the Na electrode in the simulation, since, for
example, heat transfer via the spring from the backside of the
Na metal electrode is neglected. Alternatively, the activation
energy for the sodiation of HC at high SoC may have been under-
estimated. A higher activation energy would lead to a slower
equilibration of the potential of the HC composite electrode
and thus to a less pronounced voltage minimum.

FIGURE 4 | Simulated single electrode potentials of the Na (blue line)

and the HC (red line) electrode together with the resulting cell voltage

(green line) for different SoCs. The employed reaction entropies and acti-

vation energies for the HC composite electrode reaction were: (a) high

SoC, 224 J mol−1K−1, 64.0 kJmol−1; (b) medium SoC, 230 J mol−1K−1,

76.5 kJ mol−1; and (c) low SoC, 237 J mol−1K−1, 77.5 kJ mol−1.
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For lower SoCs, where we expect contributions from slow sodia-
tion kinetics, no kinetic data were available in the literature for
the same electrolyte solution. We therefore adjusted the activa-
tion barrier in our simulation to fit the experimentally observed
behavior for a SoC of 8% (referred to as medium SoC in the sim-
ulation) and a SoC of 0% (referred to as low SoC). We achieved
qualitative agreement between the simulated and the experimen-
tally observed cell voltage transients with ΔH‡= 76.5 kJ mol−1 at
medium SoC and 77.5 kJ mol−1 at low SoC. In particular, we
aimed to replicate the minima and maxima of the cell voltage
transients, as it will be discussed in detail below. The increased
activation barrier at low SoCs is in accordance with temperature-
dependent EIS measurements of Aniskevich et al. [8], who found
that the activation energy of the charge transfer process at HC
composite electrodes in a PC-based electrolyte solution increases
from high to low SoC.

The simulated single electrode potential and cell voltage transi-
ents for medium and low SoC are shown in Figure 4b,c. In both
cases, the decrease of the simulated electrode potential of the HC
composite electrode is considerably delayed with respect to its
temperature transient, which is a direct consequence of the hin-
dered sodiation rate at lower SoC and consequent slow double
layer charging. The slowdown of the potential variation of the
HC composite electrode has considerable consequences for the
change of the cell voltage. At medium SoC (Figure 4b) the sharp
negative voltage spike, which was attributed to the temperature
gradient across the cell, is significantly reduced in its amplitude.
A maximum of the cell voltage evolved at around 30 s and leveled
off within about 100 s. This is similar to the experimental results
shown in Figure 2c for 8% SoC. At low SoC (Figure 4c) with even
slower polarization of the HC composite electrode, the sharp neg-
ative voltage spike of the transient of the cell voltage almost van-
ished and the maximum had a larger amplitude and extended to
more than 100 s, comparable to the experimental results obtained
at 0% SoC (Figure 2d).

In conclusion, due to the high single electrode reaction entropies,
the single electrode potentials vary considerably upon the tem-
perature step, which firstly explains the sharp cell voltage mini-
mum at t< 10 s, reflecting temperature gradients across the coin
cell. Secondly, the pronounced maximum of the cell voltage at
around 30 s, which was observed for lower SoCs of the HC, could
be ascribed to sluggish kinetics of the sodiation processes of HC,
which is in agreement with EIS studies [8, 31].

2.3 | OCV Drift After Charging/Discharging

A remaining obstacle for the quantitative determination of the cell
reaction entropy is the OCV drift at SoCs in the sloping region
(0%–30%), which is significant even 6000 s after the charging/dis-
charging was interrupted. This problem is exemplarily discussed
using the cell voltage transients shown in Figure 5 at an SoC of
19%. One transient was measured during the charging cycle
(Figure 5a) and the other one during the discharging cycle
(Figure 5b). Both transients exhibit a rather stepwise change of
the cell voltage upon application of the temperature step, after
t> 60 s, when temperature gradients have vanished. The dashed
lines indicate the drift of the OCV before (red, linear fit from
t=−500 s to t= 0 s) and after the temperature step (blue, linear
fit from t= 300 s to t= 1000 s). In the charging cycle the OCV drift

is positive, whereas during the discharging cycle it is negative. In
both cases, the OCV drift is slower, when the cell is at the lower
temperature (0.4 μV s−1 vs. 0.6 μV s−1 in Figure 5a and −0.5 μV s−1

vs. −1.0 μV s−1 in Figure 5b). This is expected, since we ascribe the
relaxation of the OCV to thermally activated processes, such as
equilibration of the Na concentration in the HC composite elec-
trode by diffusion, or SEI dissolution processes. Note here that
after switching back to the initial temperature for t> 1000 s, the
slope of the drift adopts again its initial value, that is, the red
dashed lines in Figure 5a,b are approximately parallel to the
courses of the cell voltages for t> 1000 s. It is evident from
Figure 5 that the temperature-dependent base line drift of the
OCV impedes the determination of the cell voltage variation with
temperature. Therefore, special care of the OCV drift should be
taken during data evaluation when entropy profiling results of
the charging cycle differ from those of the discharging cycle. In
this work, for the determination of the voltage shift due to the tem-
perature step, we extrapolated the cell voltage plateau at the lower
temperature to t= 0 s to eliminate the influence of the base line
drift. Note that in conventional entropy profiling experiments,
the variation of the cell temperature takes of the order of
10min during which baseline drift cannot be determined [41].

2.4 | Cell Reaction Entropy of the HC/Na
Metal Cell

Based on the discussion above, we now extract entropy values
from the cell voltage transients measured at the different SoCs

FIGURE 5 | Cell voltage transients at open circuit conditions caused

by temperature steps during the (a) charging and the (b) discharging cycle

at an SoC of 19%. The red dashed lines indicate the drift of the cell voltage

at the initial temperature (25.0°C, linear fit from t=−500 s to t= 0 s). The

blue dashed lines give the drift at the lower temperature (20.7°C, linear fit

from t= 300 s to t= 1000 s).
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for our HC/Na metal cell as exemplarily shown in Figure 2. For
SoCs≥ 8%, the plateau region with the new equilibrium cell volt-
age can be clearly identified. In these cases, we applied a linear fit
between t= 300 s and t= 1000 s, that is, starting after the cell volt-
age deteriorations due to temperature gradients and sluggish
sodiation kinetics as discussed above. This fit was then extrapo-
lated to t= 0 s and the difference to the measured cell voltage at
the higher temperature at t= 0 s was adopted as ΔE0 (see, e.g.,
Figure S4), from which ΔRScell was calculated according to
Equation (1). For SoCs below 8%, such a linear regime of the
cell voltage transients was not reached within the measurement
time and ΔE0 couldn’t be derived (see, e.g. Figure 2d). Instead, it
was estimated from experiments with prolonged waiting time
(3500 s) after switching the temperature of the cell to 20.7°C,
resulting in ΔRScell values between −7 to +4 J mol−1K−1 for
0% SoC and −5 to +2 J mol−1K−1 for 4% SoC.

In Figure 6, the resulting ΔRScell values for SoCs≥ 8% are shown
together with the respective OCV for a complete charging/discharg-
ing cycle. With increasing SoC, the entropy reaches a minimum
(−4.3 Jmol−1K−1), followed by a maximum (+6.2 Jmol−1K−1) in
themiddle of the potential plateau and finally decreases to its lowest
value of about −10.4 Jmol−1K−1 when the HC composite electrode
is fully sodiated. Similar entropy variation could be identified in the
discharging cycle, but the minimum at low SoC is slightly below
this minimum in the charging cycle (−5.3 compared to
−4.3 Jmol−1K−1). Plotting ΔRScell versus the OCV (see Figure
S5) shows that at OCVs between 0.1 and 0.5 V the entropy values
determined in the charging cycle are slightly above those of the dis-
charging cycle. This might be a remaining artifact due to the pro-
nounced OCV drift in this region as explained above. The
repeatability of the experiment was evaluated by measuring the
same coin cell with an increased temperature step height (9.2 K),
and the reproducibility by measuring a second cell produced from
the same batch of HC composite material. Highly consistent results
with a maximum deviation below 1 Jmol−1K−1 were found (see
Figure S6).

Since the obtained reaction entropy of the complete cell is rather
small, the single electrode reaction entropy of the HC composite
electrode has to be of similar magnitude as the one of the Na
metal electrode. For SoCs above 20%, this is in accordance with

our previous microcalorimetry study, in which we determined
the sodiation entropy of HC by measuring the reversibly
exchanged heat directly at the electrode [32]. For SoCs below
20%, up to 130 J mol−1 K−1 lower values were found with micro-
calorimetry. These low values were explained by an incomplete
desolvation within the short timeframe (<0.4 s) captured by the
microcalorimetric method. Since the herein measured ΔRScell is
close to zero also at SoCs below 20%, we can assume that the
solvation/desolvation is completed within the applied measure-
ment time of about 300 s.

Several studies proposed a solvent cointercalation mechanism of
Na+ in HC in ether-based electrolyte solutions based on TEM,
X-ray diffraction, and X-ray photoelectron spectroscopy results
[7, 10, 27]. Such a solvent cointercalation would lead to significant
differences between the reaction entropies of both single electro-
des, because the Na+ ions would be only partially desolvated at the
HC composite electrode, whereas full solvation would naturally
take place at the Na metal electrode upon Na dissolution. Since
the solvation entropy of Na+ is negative, the net reaction entropy
of the complete cell would also be negative. Considering that for
the HC/Na metal cell studied here, the complete cell reaction
entropy varies only between −10 and 6 Jmol−1K−1, we consider
a solvent cointercalation mechanism of Na+ and diglyme in HC
as unlikely. This is in accordance with dilatometry results of
Escher et al., who measured rather small volume expansions of
a HC composite electrode during charging [25].

A comparison of our results with the results of conventional
entropy profiling studies of HC/Na metal cells by Mercer et al.
[35], Wei et al. [37], and Huang et al. [38] is shown in
Figure 7. The HC active materials as well as the composition
of the composite electrodes used in these studies (summarized
in the Supporting Information) slightly differ from each other.
Additionally, in the cited studies the temperature variations took
at least 10 min, which is in contrast to our stepwise temperature
change of the cell within less than 1min. Nevertheless, at SoCs
above 10%, our results agree fairly well with the other studies.
Similar variation of the entropy with the SoC, that is, a minimum

FIGURE 6 | Cell reaction entropy (filled diamonds) and OCV (circles)

of a HC/Na metal coin cell with NaPF6/diglyme in the charging and dis-

charging cycle. The values at SoCs below 8% were omitted, since an accu-

rate entropy determination was not possible, due to the sluggish kinetics

of the HC composite electrode reaction.

FIGURE 7 | Comparison of the cell reaction entropy obtained by dif-

ferent entropy profiling studies of HC/Na metal cells. Data from Huang

et al. reproduced under terms of the CC-BY license from Ref [38].

Copyright 2024, IOP Publishing. Data fromMercer et al. reproduced with

permission from Ref [35]. Copyright 2022, John Wiley and Sons. Data

from Wei et al. reproduced with permission from Ref [37]. Copyright

2022, IOP Publishing.
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at around 20% SoC followed by a broad maximum from 20% to
100%, was found by Mercer et al. [35], Huang et al. [38] and our
present study. Mercer et al. explained this with a model in which
simultaneous filling of the interlayer and the pores is followed by
sole pore filling. This model may most likely be applicable to our
study and also the one of Huang et al., although different HC
materials were used in the latter investigations. However, at
SoCs below 10%, significant deviations of our entropy values
from the results reported by Mercer et al. can be seen. Their rest-
ing period after changing the SoC and before changing the tem-
perature was only 20min, so that significant base line drift of the
OCV is expected. Additionally, the sluggish kinetics of the sodia-
tion of HC at these SoCs can lead to long term variations of the
OCV. Both effects render the determination of the reaction
entropy difficult for SoCs< 10%.

3 | Conclusion

The cell reaction entropy of a HC composite/Na metal cell using
NaPF6/diglyme electrolyte solution was obtained dependent on
the SoC by determining the equilibrium cell voltage shift upon
fast temperature steps (rise time ca. 10 s) at open circuit condi-
tions. The entropy ranged between −10 and+6 J mol−1K−1 which
agrees with other entropy profiling studies. The rather small
reaction entropy of the HC/Na metal cell indicates that during
the sodiation of HC the desolvation of Na+ is completed within
300 s independent of the SoC, that is, solvent cointercalation of
diglyme in HC appears to be negligible.

In the current studywe changed the temperature of the cell stepwise
by switching between two temperature reservoirs. This revealed
transient features in the cell voltage response, which are usually
disguised in conventional entropy profiling by slow temperature
changes, gradually varying on the time scale of several 10min.
In order to understand these transient features, it has to be consid-
ered that the large reaction entropies of the HC and the Na metal
electrode compared to the complete cell reaction entropy lead to
shifts of the single electrode potentials more than a magnitude
larger than the measured cell voltage variation. Thus, differences
between the temperatures of the electrodes, which occurred for
t< 60 s after the temperature step due to the construction of the coin
cell, were reflected in the cell voltage. Additionally, at low SoCs slug-
gish kinetics of the sodiation of HC led to a slow equilibration of the
HC composite electrode potential and ultimately to a slow relaxa-
tion of the cell voltage after the temperature step. Up to now the
time resolution of the experiment is limited by slow heat conduction
inside the employed coin cell (thermal equilibration within 60 s). In
principle, the time resolution might be improved down to a few sec-
onds which might open perspectives for detailed kinetic studies of
battery materials via the cell voltage response to temperature steps.

4 | Experimental

4.1 | Materials and Electrodes

The HC composite electrodes were prepared by spray-coating, as
described in Ref [46]. A water-based slurry consisting of 85% hard
carbon (Kuranode, 5 μm (type II), Kuraray, Japan) active mate-
rial, 10% carbon black (Vulcan XC72R, Cabot Corporation, USA)
as conductive carbon and 5% sodium carboxymethyl cellulose

(CMC, molecular weight �124,000, Sigma–Aldrich, Germany)
as binder was spray-coated onto a 50 μm Cu foil (99.995%,
Advent). The electrodes were dried overnight at RT and then vac-
uum dried at 80°C for 12 h. The final active mass loading was 1.2–
1.3 mg cm−2. The counter electrode, Na metal (Alfa Aesar,
Germany), was pressed on a stainless-steel spacer. The electrolyte
solution was prepared by mixing 1M NaPF6 (Sigma Aldrich,
Germany) in anhydrous diglyme (Sigma Aldrich, Germany).

4.2 | Coin Cells

The Stainless-steel CR2032 2-electrode coin cells were assembled
in an Ar-filled glove box (MBraun, O2< 0.1 ppm and
H2O< 0.1 ppm). The cells consisted of a HC composite WE
(diameter 12mm), a Na metal counter electrode (diameter
12 mm), a glass fiber separator (diameter 15 mm; Whatman
GF/F, United Kingdom) and 130 μl NaPF6/diglyme electrolyte
solution. To ensure stable cycling behavior, the cells were cycled
5 times between 0.005 and 2.0 V vs Na+/Na with a charging rate
of 0.1 C (Biologic BS-805, Biologic, France) at room temperature.
All potentials are reported against Na+/Na. The sodiation of HC
is termed charging, while desodiation is termed discharging.

4.3 | Temperature Step Experiment

For the temperature step experiments, the coin cell was mounted
between two aluminum blocks, which were flushed with water at
a controlled temperature (see Figure S3). Two thermostats (Haake
F3/K, LaudaM3), which were set to different temperatures (25.0°C
and 20.7°C or 29.5°C and 20.3°C, respectively) and equipped with
magnetic valves, enabled temperature changes of the aluminum
blocks within less than 10 s. To follow the temperature changes,
a Chromel-Alumel (Type K) thermocouple was mounted at the
outside of the lower aluminum block. Together with the cell volt-
age, the temperature was recorded with a data logger (Agilent
34970A). A custom-built galvanostat was used to control the cur-
rent to charge and discharge the cell. Experimental control and
data acquisition were realized with Igor Pro.

The measurement protocol was akin to galvanostatic intermittent
titration technique (GITT) with a lower voltage limit of 0.005 V
and an upper voltage limit of 2.0 V. Charging/Discharging phases
with a 0.05 C rate were interrupted by open circuit phases, in
which the cell temperature was varied by switching between
the two thermostats. In Figure S1, the voltage profile during
the interrupted charging is shown. The inset of Figure S1 shows
an example of a constant current charging followed by an open
circuit phase together with the temperature of the cell block.
The charging phase lasted 3900 s, and subsequently, the cell
was set to open circuit conditions for 8100 s. During the voltage
relaxation phase, the temperature was switched twice to the lower
temperature for an interval of 1000 s each. For the determination
of the temperature coefficient, the second temperature step was
evaluated. The point of time where the temperature was switched
for the second time is set to t= 0 s in all Figures.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Cell voltage during the GITT-
type charging with constant current (CC) phases (charging rate 0.05 C)
followed by open circuit (OC) phases. The inset shows a charging and
an open circuit phase together with the temperature of the aluminum
cell holder in detail. Supporting Fig. S2: Cell voltage transients at open
circuit conditions due to a temperature step from 25.0°C to 20.7°C (dark
blue) and from 29.5°C to 20.3°C (light blue) of a fully sodiated HC/Na
metal cell (SoC 99%). Supporting Fig. S3: Schematic of the experimental
setup used for the temperature step experiments. A coin cell was clamped
between two aluminum blocks (1 and 8), which were flushed with water
either from a warm or a cool reservoir. The stainless-steel coin cell con-
sisted of a top cap (2), a HC composite electrode on a Cu current collector (3),
a glass fiber separator soaked with the electrolyte solution (4), a stainless-
steel spacer with the Na metal on top (5), a stainless-steel spring (6) and a
bottom cap (7). Supporting Fig. S4: Detail of the cell voltage transient at
open circuit conditions during the charging cycle at a SoC of 19%. The blue
dashed line indicates the drift at the lower temperature (20.7°C, linear fit from
t= 300 s to t= 1000 s). The black arrow shows the cell voltage difference ΔE0
at t= 0 s used for the determination ofΔRScell. Supporting Fig. S5: Cell reac-
tion entropy of a HC/Na metal cell with NaPF6/diglyme dependent on the
OCV in the charging and the discharging cycle. Supporting Fig. S6:
Comparison of the cell reaction entropy (filled diamonds) and the OCV
(circles) during the charging cycle of two different HC/Na metal cells with
NaPF6/diglyme (S1 and S3), and of the same cell but different temperature
step heights used for the temperature steps. Supporting Fig. S7: Electric
equivalent circuit used for the coin cell temperature simulation.
Supporting Table S1: Parameters used for the coin cell temperature simu-
lation. Supporting Table S2: Parameters used in the simulation of the single
electrode potentials.
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