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A B S T R A C T

The performance of liquid metal batteries (LMBs) is typically characterized by charge-discharging cycling. To 
gain fundamental understanding of the underlying electrochemical processes, this paper investigates in detail the 
buildup of the different overpotentials in an operating LMB. As model system, Na/LiCl-NaCl-KCl/Sb-Bi cells are 
assembled and tested. Cells with metal foam hosting the liquid Na are compared with foamless cells utilizing an 
insulating sheath. Based on data obtained by intermittent charging/discharging tests and electrochemical 
impedance spectroscopy, charge-transfer processes as well as diffusive and convective mass transport of Na 
inside the positive electrode are identified and quantified as function of the cell's state-of-charge. The conver
gence of the overpotential in the long-term/low-frequency limit is attributed to thermal convection if low cur
rents are applied (impedance measurements). When applying larger currents such as the ones used for 
intermittent charging/discharging, an additional contribution attributed to solutal convection is observed and 
quantified. Thus, all processes relevant for the electrochemical performance of the tested Na-based LMB cells are 
captured, completely spanning the range from the millisecond timescale up to 1000 s.

1. Introduction

In recent years, new interest in liquid metal batteries (LMBs) arose 
due to their potential for large-scale stationary energy storage [1–4]. 
LMB cells combine the advantages of low-cost, easy scalability and 
temperature management, low maintenance, and long service life. 
Compared with other electrical storage systems, LMB cells provide fast 
transport and reaction kinetics, which allows high current densities.

Most liquid metal batteries researched today use lithium (Li) as 
negative electrode metal, which is typically combined with antimony 
(Sb) or Sb-containing alloys as positive electrode [5–11]. Other possi
bilities are, for instance, Na-based LMBs [12,13] using sodium instead of 
Li due to its high abundance in the earth crust and, thus, economic and 
environmental advantages over Li. Both Li- and Na-based LMB cells 
promise excellent electrochemical performance, which is typically 
demonstrated by charge-discharge cycling tests. From these cycling 
tests, important parameters of the cell such as its charge and discharge 
capacity, the material utilization, Coulombic and energy efficiencies, 
self-discharge, and long-term stability are obtained. However, funda
mental understanding of the electrochemical processes in LMB cells is 

researched mainly numerically, while detailed experimental studies are 
rarely found.

The energy efficiency, obtained from cycling tests as a lump-sum 
value, is determined by the individual processes in the cell that result 
in the buildup of various overpotentials upon charging/discharging. For 
liquid metal batteries, the most prominent and experimentally most 
easily accessible overpotential is the ohmic overpotential (IR drop), with 
its main contribution stemming from the finite ionic conductivity of the 
electrolyte. At high current density or for large timescales, the mass 
transport overpotential gains significance. Generally, mass transport 
overpotentials build up whenever an inhomogeneous concentration of 
active species develops due to their limited speed of transport (diffusion, 
convection, migration). This can occur in the electrolyte or in the pos
itive electrode. Fluid flow in an LMB cell can considerably enhance the 
mass transport of active species, thus homogenizing the concentration 
fields and lowering the mass transport overpotential. Extensive flow, 
however, can also lead to instabilities and short-circuiting. Therefore, 
the fluid dynamics in LMBs is of great interest and has been extensively 
researched in recent years [14–26]. In the electrolyte, the rather low 
ionic conductivity typically leads to Joule heating strong enough to 
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cause significant thermal convection, which homogenizes the concen
tration of active ions and prevents the buildup of a considerable mass 
transport overpotential [15,16]. Noticeable thermal convection due to 
Joule heating is not expected in the positive electrode due to its high 
electric conductivity. On the contrary, Joule heating of the electrolyte 
typically leads to a stable temperature stratification in the positive 
electrode, which makes mass transport in the positive electrode most 
challenging. External heating from below might induce thermal con
vection also in the positive electrode [17]. Other measures to deliber
ately generate convection in the positive electrode are a specific design 
that promotes electro-vortex flow [18] or the application of an external 
magnetic field to enhance electromagnetically driven convection 
[19,20]. Finally, the inhomogeneous concentration itself might lead to 
convection, because the density of the positive electrode alloy depends 
on its composition, in particular on the concentration of the less dense 
negative electrode metal. Compositional or solutal convection results in 
an asymmetry between charging and discharging, as charging leads to 
an unstable density stratification while discharging results in a stable 
one [21,22]. Finally, the complex interplay between the described ef
fects on the overall flow in the cell is of great relevance [22–26]. Despite 
the numerous numerical studies on the influence of flow on the opera
tion of liquid metal batteries, experimental data are rarely analyzed in 
this respect. If at all, they are used to validate simulation models 
[16,20–22].

When fluid flow in the positive electrode is negligible and diffusion is 
the only relevant mass transport mechanism, the diffusion coefficient of 
the negative electrode metal might be obtained by intermittent 
charging/discharging tests (also called galvanostatic intermittent titra
tion technique (GITT) or coulombic titration) from the slope in a plot of 
voltage versus the square-root of time or, less accurate, from the voltage 
difference at the beginning and at the end of the current steps. Only few 
studies are available in literature that give experimental results for the 
diffusion coefficient in an LMB [12,27,28]. However, detailed analysis 
of the mass transport overpotential in an LMB is rarely done, in partic
ular no data are published regarding the involved timescales or the 
applicability of the formula used for analysis.

Processes that occur on short timescales (10 s and below) can be 
investigated by electrochemical impedance spectroscopy (EIS), a very 
powerful technique to gain fundamental understanding of fast processes 
in a cell. EIS is a well-established technique for studying cells with solid 
electrodes such as Li ion batteries (Lib) or lithium/sulfur (Li/S) battery 
cells. Here, one of the main interests lies in the activation overpotential, 
i.e., the charge-transfer reaction kinetics at the electrolyte-electrode 
interfaces. The corresponding feature in the Nyquist plot of impedance 
data is a well-pronounced semi-circle. For most battery types with solid 
electrodes, the biggest challenge of impedance data analysis is a proper 
assignment of the individual features to anode and cathode. Because of 
the similar timescales of anode and cathode activation overpotentials, 
both contributions often superpose to a single semi-circle. Possible so
lutions are a symmetric cell approach [29–33], the variation of single 
electrode properties, or an imposed temperature gradient along a full 
cell [34].

In contrast to cells with solid electrodes, EIS data of LMB cells are 
typically only rudimentarily analyzed, if measured at all. Because acti
vation overpotentials of a liquid system have a much lower charge- 
transfer resistance compared with solid electrode systems, the corre
sponding semi-circle is often poorly pronounced and/or obscured by 
other processes or the scatter in the impedance data [7–11,27,28,35].

The present study uses Na//SbBi9 LMB cells as model system to 
investigate the temporal evolution and magnitude of the mentioned 
overpotentials experimentally. Specific to these LMB cells is the liquid 
state of both electrodes in all states of charge (SOCs) tested. The Na- 
based LMBs are assembled in two different designs, a conventional 
design with a metal foam to host the negative electrode (liquid Na) and a 
foamless design where the negative electrode floats freely on top of the 
electrolyte. In addition to the standard electrochemical characterization 

of the cells by charge-discharge cycling tests, the galvanostatic inter
mittent titration technique and electrochemical impedance spectros
copy are performed, two electrochemical techniques that complement 
each other regarding the probed timescale. This allows identification 
and characterization of different processes in the cells, including diffu
sive and convective mass transport and charge-transfer reactions. The 
corresponding overpotentials are quantified as function of the cells' SOC 
for both charging and discharging.

2. Materials and methods

2.1. Materials

The electrochemically active materials of the LMB cells are Na, SbBi9 
alloy, and the salt mixture LiCl-NaCl-KCl (61-3-36 mol%). Antimony and 
bismuth, both with purity 99.99 %, were delivered by HMW Hauner 
GmbH & Co. KG in granular form. The SbBi9 alloy was obtained by 
mixing the granules in the required ratio and amount in an alumina 
crucible. Then, the alloy was melted under oxygen-poor conditions in 
the COSTA facility [36] to remove any oxygen impurity from the alloy. 
After cooling down to room temperature in controlled atmosphere, the 
alloy was transported to a glovebox with controlled Ar atmosphere (O2 
< 1 ppm, H2O < 0.5 ppm) for assembly of the LMB cells.

Sodium (purity 99.8 %) was obtained from Haines & Maassen Met
allhandelsgesellschaft GmbH and further purified in the glovebox in a 
specially designed Na sink.

The salt LiCl (anhydrous, purity 99.9 %) was obtained from Apollo 
Scientific, NaCl (anhydrous, free-flowing, purity ≥99.0 %) from Hon
eywell, and KCl (purity ≥99.5 %) from Sigma-Aldrich. The salts were 
mixed in the specified ratio LiCl-NaCl-KCl (61-3-36 mol%) and dried 
inside the glovebox at 150 ◦C and 300 ◦C for at least 30 min each before 
melting.

2.2. Cell design and assembly

LMB cells with two different designs were investigated, as shown in 
Fig. 1. The design with foam, Fig. 1(a) and (b), utilized a Ni foam 
(diameter 40 mm, thickness 5 mm, porosity 50 PPI) to host the liquid 
sodium. After removal of surface oxides, the foam was immersed in 
liquid Na and the Na was forced into the pores of the foam by vacuum 
conditions. Then the foam was fixed to a foam holder with Mo wires. 
After pouring liquid SbBi9 alloy and molten salt (see Table 1 for 
respective amounts) in the cell body made of stainless steel 316Ti, the 
cell cover holding the negative electrode was closed and hermetically 
sealed. In the foamless design, Fig. 1(c), a ceramic sheath was intro
duced to insulate the freely floating negative electrode from the cell 
body, which serves as positive current collector. Further details on the 
cells and their assembly can be found in Ref. [13].

For cell operation, the cells were placed in heating sleeves and 
heated from below to working temperature. Due to heat losses to the top, 
a temperature gradient existed inside the cells. For a nominal temper
ature of 530 ◦C, the temperature inside a cell with foam was measured to 
be 461 ◦C at a height of 7 mm above the cell bottom (note that the 
thickness of the positive electrode was 5 mm, see Table 1), 458 ◦C at 18 
mm height (both measurements were located in the electrolyte), and 
around 380 ◦C at a height of 45 mm (vapor phase). Cell tests were 
performed at the nominal temperatures 530 ◦C and 500 ◦C, which means 
that the electrolyte had temperatures around 460 ◦C and 430 ◦C, 
respectively.

In this study, electrochemical data are analyzed in detail for three 
different cells, two cells with foam (D7 and D8) and one foamless cell 
(FL2). The cell names correspond to the ones in the previous study [13]. 
Specific parameters of the cells are given in Table 1. It should be noted 
that D7 was assembled with least oxygen in the system. The metal foam 
was cleaned from surface oxides directly before its further use and the 
atmosphere in the glovebox showed lower oxygen and humidity content 

R. Fetzer et al.                                                                                                                                                                                                                                   Journal of Energy Storage 136 (2025) 118430 

2 



than during assembly of the other cells. There might have been also 
some differences in the water content of the molten salts due to devi
ating drying durations.

2.3. Electrochemical tests

All cells were characterized by charge-discharge cycling, galvano
static intermittent titration technique, and electrochemical impedance 
spectroscopy. Cycling and intermittent charging/discharging tests were 
performed with an Arbin electrochemical station (LBT21084HC), while 
a Gamry 5000E Potentiastat/Galvanostat was used for the EIS mea
surements. The timelines of the tests performed on the individual cells at 
the respective temperatures of the active liquids are shown in Fig. 1(d).

Charge-discharge cycling of the default cells D7 and D8 was per
formed with constant current – constant voltage (CCCV) charging and 
constant current (CC) discharging. Typical parameters of CCCV charging 
were a charging current between 1.8 and 2.8 A until an upper voltage 
limit of 1.1 V was reached, followed by CV charging at the upper voltage 
limit until the current dropped below 1.0 A. Discharging was done to a 
lower voltage limit of 0.5 V, which falls in the regime of deep discharge 
(all available Na was transferred to the positive electrode). The foamless 
cell FL2 was cycled with CC charging and CC discharging using a current 
of ±1.8 A and an upper voltage limit of 1.2 V. Various lower voltage 
limits were tested, with none of them reaching deep discharge (note the 
much higher amount of Na in the foamless cell).

For the GITT measurements, a series of constant current pulses was 
applied to the cell, each followed by a longer relaxation step where the 
cell was at rest. The voltage response of the cell was recorded 
throughout the entire tests. GITT was performed repeatedly for both 
charging and discharging. A current of ±0.5 A was used for the cells D7 

and D8, while a higher current of ±0.7 A was used for cell FL2 due to its 
higher capacity. For all cells, the same duration of the current steps 
(1000 s) and the rest steps (2000 s) was chosen.

The EIS measurements were performed at different stages of charge 
(SOC). After reaching the desired SOC by charging or discharging, the 
cells were allowed to relax before starting the EIS measurement. Both 
the galvanostatic and the potentiostatic mode were used, i.e., either a 
small-amplitude alternating current or a small-amplitude alternating 
voltage was applied to the cell and the voltage respectively current 
response was recorded. After some initial tests, the excitation ampli
tudes were chosen small enough to stay within the linear response, i.e., 
the results were independent of the excitation amplitude and of the 
operation mode (galvanostatic or potentiostatic), and large enough to 
reduce the statistical noise and to obtain reliable data. Most EIS mea
surements were performed with an excitation current of 20 mA RMS 
amplitude in the frequency range 10 kHz to 0.01 Hz.

2.4. Theoretical background

When a battery is charged or discharged, the measured terminal 
voltage Ut(t) deviates from the cell voltage U0 at the current state-of- 
charge SOC(t) due to the overpotentials ηj(t) according to Ut(t) =

U0(SOC(t) )+
∑

jηj(t). Throughout this study, charge currents and 
overpotentials during charging are assigned positive values, while 
discharge currents and overpotentials are negative. Typical over
potentials ηj(t)relevant for a liquid metal battery are the ohmic over
potential ηohm(t) = I(t) • R0 due to the ohmic cell resistance R0, the 
activation overpotential ηact(t), and the mass transport overpotential 
ηmt(t).

The activation overpotential accounts for the processes at the elec
trode/electrolyte interfaces: current passes through the interface either 
as capacitive current charging/discharging the double layer capacitance 
Cdl or, in parallel, as Faraday current, which requires a charge transfer 
reaction. The finite speed of the charge transfer reaction is accounted for 
by the charge transfer resistance Rct. Thus, an activation overpotential is 
typically modelled by an RC circuit in an equivalent circuit model, with 
the time constant τ = RctCdl and the cutoff frequency fc = 1/(2πτ).

In real cells, impedance data are often found to deviate from the 
behavior of an ideal RC circuit. In a Nyquist plot, data rather form a 
flattened semi-circle, which is more adequately modelled by a constant 

Fig. 1. Experimental details: (a) Drawing of solid cell components used for both designs, (b) sketch of LMB cell design with solid foam, (c) sketch of foamless design 
with insulating ceramic sheath, (d) timeline of cell tests (C – charge-discharge cycling tests, G – GITT measurements, E – EIS tests).

Table 1 
Cell parameters with hSbBi9 the height of the positive electrode, d the distance 
between positive and negative electrode, SSbBi9 the positive electrode – elec
trolyte interfacial area, and SNa the negative electrode – electrolyte interfacial 
area. In the design with foam, SNa considers only the bottom side of the foam.

Cell name mNa mSbBi9 hSbBi9 d SSbBi9 SNa

D7 4.9 g 130 g 5 mm 14 mm 28.3 cm2 12.6 cm2

D8 4.2 g 130 g 5 mm 13 mm 28.3 cm2 12.6 cm2

FL2 30.4 g 108 g 6.5 mm 21 mm 18.1 cm2 18.1 cm2

R. Fetzer et al.                                                                                                                                                                                                                                   Journal of Energy Storage 136 (2025) 118430 

3 



phase element replacing the capacitance in an RC circuit. A constant 
phase element CPE has an impedance of the general form ZCPE =

1/(Y0(iω)α) with 0 < α ≤ 1 (i is the imaginary unit and ω is the angular 
frequency). It reflects a generalization of capacitive behavior in elec
trochemical cells. The time constant of the corresponding “generalized 
RC circuit” (parallel circuit of R and CPE) is given by τ = (R • Y0)

1/α. The 
limit α = 1 corresponds to an ideal capacitance, while α = 0.5 corre
sponds to the infinite Warburg impedance. A Warburg element W with 
an impedance of ZW =

̅̅̅
2

√
AW/

̅̅̅̅̅
iω

√
is typically used to model a mass 

transport overpotential caused by diffusion and corresponds to the 
behavior dUt∝d

̅̅
t

√
observed after switching on a constant current.

Mass transport overpotentials ηmt(t) are caused by the retarded 
transport of active species, e.g., of the ions in the electrolyte or of the 
negative electrode metal inside the positive electrode. In a liquid metal 
battery, the transport of active ions in the electrolyte is typically 
enhanced by considerable thermal convection due to Joule heating, 
which makes the electrolyte's contribution to the mass transport over
potential negligible [15,16]. Convection in the positive electrode, on the 
other hand, is usually less pronounced. If it is entirely negligible, 
diffusion of the negative electrode metal (here Na) inside the positive 
electrode (here Na-Sb-Bi alloy) is the only relevant transport mecha
nism. For an initially relaxed cell (i.e., constant Na concentration in the 
positive electrode) and a constant current I0, the finite speed of Na 
diffusion results in a diffusive mass transport overpotential well 
approximated by [37] 

ηdmt(t) =
2I0Vm

SzF
̅̅̅̅̅̅
πD

√

⃒
⃒
⃒
⃒
dU0

dx

⃒
⃒
⃒
⃒

̅̅
t

√
. (1) 

Here, S is the surface area of the positive electrode (SSbBi9), z is the 
number of charges per sodium ion (z = 1), F is the Faraday constant, D is 
the diffusion constant of Na in the Na-Sb-Bi alloy, x = nNa/(nNa + nSb +

nBi) is the molar ratio of Na in the Na-Sb-Bi alloy, and Vm = V/(nNa +

nSb + nBi) is the molar volume of the Na-Sb-Bi alloy. Because of the finite 
thickness of the positive electrode, L, Eq. (1) is valid for t≪L2/D only. 
For this timescale, the change of the average concentration in the elec
trode is negligible against the change at the electrode surface and the 
dependence of the cell voltage on the concentration can be linearized, i. 
e., dU0

dc = Vm
dU0
dx can be assumed constant.

3. Results

3.1. Charge-discharge cycling

The operation of all cells was started with charge-discharge cycling 
tests, cf. Fig. 1(d). As reported previously, the LMB cells need some time 
for stabilization, most probably due to impurities and side reactions 
[13]. After around 10 cycles or a few days of operation, stable cycling 
performance is obtained as shown in Fig. 2(a) and (b). For the cycling 
parameters used in the tests, a Coulombic efficiency >99 % and an 

energy efficiency around 60 % is obtained. Charge losses are caused by 
self-discharge of the cells due to a non-zero solubility of Na in the molten 
salt electrolyte. Typical values are around 10 mA for the investigated 
cells [13]. Responsible for the energy losses are the overpotentials.

The ohmic overpotential can be determined directly from the cycling 
tests. Fig. 2(c) shows the ohmic resistance R0 of the cells obtained from 
exemplary IR drops at switching on the charging/discharging currents 
during cycling, plotted versus the total operation time as shown in Fig. 1
(d). FL2 shows a significantly higher value compared with D7 and D8 
due to the larger distance between the electrodes and the smaller cross 
section, see Table 1. Additionally, the cells show some variations at early 
times, which are attributed to cell initialization as mentioned above. Cell 
D8 shows a much larger ohmic resistance initially, which declines to a 
stable plateau within 200 h. In addition, an asymmetry is observed be
tween charging and discharging, which persists even after cell initiali
zation. The strongest asymmetry is obtained for FL2 during cell 
initialization. The most stable values are found for cell D7.

3.2. Intermittent charging/discharging tests

Further characterization of the cells and the electrochemical pro
cesses during operation was done by intermittent charging/discharging, 
which allows to obtain well-defined cell states between the current 
pulses. All GITT tests were done after cell initialization, i.e., after the 
cells reached a stage of stable operation, see also timelines shown in 
Fig. 1(d). An example of a GITT measurement of cell D7 is shown in 
Fig. 3(a) and (b).

After each current pulse, the cell is allowed to relax until all over
potentials ηj are negligible. The measured voltage Ut = U0 +

∑
jηj at the 

end of each relaxation step can thus be considered to equal the cell 
voltage U0 at the respective state-of-charge. These data are plotted in 
Fig. 3(c) versus the molar concentration of Na in the positive electrode, 
x = nNa/(nNa + nSb + nBi). Self-discharge was taken into account when 
calculating x. It is noted that data of charging and discharging coincide 
as long as the Na content in the positive electrode remains below 20 mol 
%, which indicates a totally reversible and symmetric alloying/deal
loying process in this concentration range. In addition, the cell voltage 
data are independent of temperature and of cell age within the inves
tigated range. Note that a temperature dependence is excepted for 
significantly larger variations (100 K or more).

The data of the ohmic resistance R0 determined from the IR drop at 
switching on the current of intermittent charging/discharging experi
ments are presented in Fig. 3(d). The values of R0 are independent of the 
cell voltage U0 (i.e., the cell's SOC) and of the direction of current. The 
only exception is obtained for cell D8 at 460 ◦C. Here, the ohmic resis
tance is considerably higher at charging than at discharging. The sym
metry in all other cases is a significant difference to the data obtained 
from cycling tests (Fig. 2(c)).

Since the cell is in a relaxed state after each rest step and prior to each 
current pulse, GITT data further allow quantitative analysis of the 

Fig. 2. Charge-discharge cycling tests: (a) Typical CCCV cycles of cell D8 at 460 ◦C, (b) typical CC cycles of cell FL2 at 430 ◦C, (c) ohmic resistance of all cells, 
obtained from IR drops of cycling tests.
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overpotentials ηi and their temporal evolution on the probed timescale 
of ~10 to 1000 s. The most commonly “diagnosed” and analyzed 
overpotential of GITT data is the diffusive mass transport overpotential 
ηdmt(t), which is expected to build up proportionally to 

̅̅
t

√
, see Eq. (1). As 

seen in the plot of the measured voltage Ut versus 
̅̅
t

√
in Fig. 3(e) and (f), 

the behavior dUt∝d
̅̅
t

√
is indeed observed after the IR drop, indicating a 

regime of diffusive mass transport. However, the diffusive regime ends 
after less than 200 s and is replaced by a stage with roughly constant 
overpotential. Qualitatively similar behavior is observed for the other 
cells/temperatures.

The data in the diffusive regime with behavior dUt∝d
̅̅
t

√
were fitted 

by a straight line in the plot of voltage versus 
̅̅
t

√
, i.e., Ut(t) = U0 + ηohm +

s •
̅̅
t

√
. From the slope s the diffusion constant D was determined via Eq. 

(1). Respective results for all cells/temperatures are plotted in Fig. 4(a). 
The applicability limit of Eq. (1) due to the finite thickness of the posi
tive electrode, L2/D, is above 10,000 s for all cells and thus far beyond 
the timescale of the analyzed data. It is observed that the diffusion co
efficient is different for each cell. However, there is no significant 

difference observed between charging and discharging. Neither does the 
diffusion coefficient systematically depend on the cell's SOC. The only 
cell that shows an apparent dependence on the cell voltage is cell D7 at 
460 ◦C. In this case, however, the diffusive regime ends already prior to 
the second data point, see transition time between the diffusive regime 
and the regime with roughly constant overpotential, Fig. 4(b). This 
makes the analysis of the data D7, 460 ◦C in the diffusive regime un
reliable, in particular for higher cell voltage.

As noted above, after the stage of diffusive mass transport with 
behavior dUt∝d

̅̅
t

√
, an almost constant total overpotential ηtot = Ut(t) −

U0(SOC(t) ) is observed. This is attributed to the onset of convection in 
the positive electrode or, more precisely, to the onset of its relevance for 
mass transport, see also 4. Discussion. Convection increases the mass 
transport and reduces the related mass transport overpotential. Thus, 
from the total overpotential ηtot = ηohm + ηcmt at the end of the charging/ 
discharging steps (cf. Fig. 3(e) and (f)), the convective mass transport 
overpotential ηcmt respectively the corresponding resistance Rcmt =

ηcmt/I was obtained, see Fig. 4(c). In contrast to the diffusive regime, the 

Fig. 3. Intermittent charging/discharging tests: (a), (b) Exemplary GITT data of D7 at 430 ◦C for discharging (a) and charging (b), (c) cell voltage as function of 
molar concentration of Na in the positive electrode alloy Na-Sb-Bi, (d) ohmic resistance obtained from IR drops of GITT data (the legend of (c) also applies to (d)), (e), 
(f) typical discharging (e) and charging (f) curves of GITT data plotted versus discharge/charge time (square-root scale). The red data in (e) and (f), respectively, 
correspond to the second current steps shown in (a) and (b), the green data are taken a few discharging/charging steps later. The black dashed lines mark straight-line 
fittings in the relevant time regime. The red and green dashed-dotted lines indicate the linearized evolution of U0(SOC(t) )+ I • R0. The parameter ηcmt in (e) indicates 
the roughly constant overpotential towards the end of the discharge step. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 4. Results of GITT data analysis: (a) Diffusion coefficient determined from the slope in the plot of Ut versus 
̅̅
t

√
, see Fig. 3(e) and (f), (b) transition time between 

diffusive regime and regime with constant overpotential, (c) resistance Rcmt attributed to convective mass transport overpotential ηcmt obtained at the end of the 
charging/discharging steps. The given legends apply to all graphs.
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convection-enhanced mass transport shows an asymmetry between 
charging and discharging: all cells show a reduced overpotential ηcmt for 
charging compared with discharging, indicating higher convection 
during charging. Additionally, ηcmt increases with increasing cell 
voltage. Interestingly, the smallest convective mass transport over
potential is obtained for charging the foamless cell FL2, indicating 
strongest convection among all cases considered. As further explored in 
the discussion, this could be related with a higher level of thermal 
convection in FL2 compared with D7/D8.

3.3. Electrochemical impedance spectroscopy

To complement the data obtained by intermittent charging/dis
charging, electrochemical impedance spectroscopy was performed on 
all cells. Compared with GITT, which characterizes the cell's over
potentials on the timescale of ~10 to 1000 s, EIS is more suitable to 
reveal processes at shorter times respectively higher frequencies. How
ever, since only the linearized cell response is probed by EIS, differences 

between charging and discharging cannot be revealed.
Typical EIS data of different cells, each measured at different SOCs, 

are presented in Fig. 5. All cells show an impedance increase both at low 
frequencies (below ~1 Hz) and at very high frequencies (above ~1000 
Hz), see |Z| in the Bode plot (first row of Fig. 5). The increase at very high 
frequencies does not depend on the cell's SOC and is of inductive nature 
(Φ > 0, see Bode plot in Fig. 5, second row). It is attributed to cables and 
is not further analyzed. The increase at low frequencies strongly depends 
on the cell's SOC and has capacitive nature (Φ < 0). Some cells reveal an 
additional impedance change at medium frequencies, which also de
pends on the SOC and is of capacitive nature. The cutoff frequency of 
this additional impedance drop strongly deviates from cell to cell and is 
in the range ~1–1000 Hz.

Fig. 5, third row, shows the impedance data in a Nyquist plot. The 
inductive behavior (Zi > 0) at very high frequencies is cut off and the 
data showing capacitive behavior (Zi < 0) are presented on a 1:1 scale of 
x- and y-axis. The data of both cells with foam, D7 and D8, show a su
perposition of an ohmic resistance (x-intercept) and two more or less 

Fig. 5. EIS data (symbols) with respective fitting curves (solid lines) presented as Bode plots (1st and 2nd row) and Nyquist plot (3rd row: full scale 1:1, 4th row: 
zoom to high frequency region). Exemplarily shown are the data of cell D7 at 460 ◦C, the data of D8 at 430 ◦C, and the second (filled symbols) and third (open 
symbols) test block of FL2. Different colors correspond to different states of charge. The corresponding cell voltages are presented in Figs. 6(a) and 7.
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flattened semi-circles in the capacitive regime, while the foamless cell 
FL2 shows an ohmic resistance, one semi-circle at medium frequencies, 
and a sloping line in the low frequency range. When fitting an equivalent 
circuit model consisting of an ohmic resistance R0 and two generalized 
RC circuits to the impedance data, it turned out that an ideal RC circuit 
(ohmic resistance R1 and capacitance C1) suffices to catch the semi- 
circle at medium frequencies (the smaller one). The bigger semi-circle 
respectively sloping line at low frequencies, however, requires model
ling by a generalized RC circuit with an ohmic resistance R2 and a 
constant phase element with impedance 1/(Y2(iω)α

), where the sloping 
lines are fitted with the resistance R2 set to infinity. The same equivalent 
circuit model as shown in the figure was therefore used for fitting EIS 
data of all cells. The solid lines in Fig. 5 show the respective fitting 
curves, the fit parameters are summarized in Figs. 6 and 7.

The ohmic resistance R0 obtained from fitting the equivalent circuit 
model to the EIS data does not depend on the cell's SOC (cell voltage), 
see Fig. 6(a). However, the data of FL2 show some dependence on cell 
age, see difference between test blocks (1), (2), and (3). This dependence 
is also depicted in Fig. 6(b), where the results from EIS of all cells are 
plotted together with the data obtained from IR drops at switching on 
currents in both cycling tests and intermittent charging/discharging 
tests. Very good agreement between the different methods is obtained 
for D7, while D8 and FL2 show slightly higher values when R0 is 
determined from the IR drop.

Regarding the process at medium frequencies (~1–1000 Hz, ideal RC 
circuit with fit parameters R1 and C1), the best fits reveal a resistance R1 
around 0.7–5 mΩ and a time constant τ1 = R1C1 of 0.6–200 ms, see 
Fig. 7(a) and (b). Higher values of R1 are obtained for cell FL2 in its early 
life (40 mΩ after a total operation time of 50 h, 10 mΩ after 340 h, and 
finally 3 mΩ after 950 h). The fitting results R1 and τ1 of the cell FL2 are 

independent of the cell's SOC (cell voltage), while the data of D7 and D8 
show a small dependence on the cell voltage (R1 increases and τ1 de
creases for increasing cell voltage). As already observed in the Bode plot, 
the time constant τ1 and related cutoff frequency strongly deviate from 
cell to cell. The EIS data of cell D8 at 460 ◦C do not show the semi-circle 
at medium frequencies, for which reason no corresponding data appear 
in Fig. 7(a) and (b). The same applies to the impedance data of cell D7/ 
460 ◦C and cell D8/430 ◦C at the lowest state-of-charge.

Finally, the fitting results revealing the process at the lowest fre
quencies tested by EIS (below ~1 Hz, big semi-circle respectively 
sloping line, generalized RC circuit with fitting parameters R2, Y2, and α) 
are presented in Fig. 7(c)–(f). For the cells with foam, D7 and D8, the 
resistance R2 is in the range 20–70 mΩ, the time constant τ2 = (R2Y2)

1/α 

is in the range 1–200 s, and α is in the range 0.5–0.8. The resistance R2 
generally increases for increasing cell voltage, while the time constant τ2 
decreases. The exponent α is slightly different for each cell, but does not 
show any obvious dependence on the SOC. The foamless cell FL2 shows 
a slightly deviating impedance behavior in the low frequency range with 
infinite resistance R2 (sloping line instead of a semi-circle). The 
parameter Y2 obtained for FL2, however, is in good agreement with the 
respective results for D7 and D8, while the exponent α is smaller 
(0.2–0.4 for FL2 and 0.5–0.8 for D7/D8) and shows a small dependence 
on the cell voltage.

4. Discussion

Na-based liquid metal batteries have been characterized on different 
timescales by using intermittent charging/discharging tests and elec
trochemical impedance spectroscopy. The results of the different tests 
are discussed in the following in the order of their relevant timescale.

4.1. Ohmic resistance

The cells D8 and FL2 show a higher ohmic resistance in their early 
life. This was found in cycling tests (Fig. 2(c)) and confirmed for FL2 by 
intermittent charging/discharging tests and impedance measurements 
(Fig. 6). The initially higher ohmic resistance might be related with 
exchange reactions between Na metal and foreign ions in the salt (Li+

and K+) or with impurities (mainly oxygen and humidity). Exchange 
reactions result in a partial replacement of Na by Li and K (in particular 
the amount of Li in the negative electrode can reach 7–17 mol%), which 
subsequently participate in the charge/discharge process. This might 
indeed increase the specific conductivity of the electrolyte and, thus, 
lower the ohmic resistance. Due to the much higher amount of negative 
electrode in FL2 compared with the cells D7 and D8, reaching equilib
rium takes more time. This could explain the prolonged cell initializa
tion process observed for FL2.

The other explanation for the initially higher ohmic resistance is 
impurities, in particular oxygen and humidity. Oxygen impurities are 
introduced in the system as dissolved oxygen or as surface oxides. The 
latter can increase contact resistances and, thus, the ohmic resistance of 
the cell. In the course of time, oxygen is caught by the strongest oxide 
formers in the system (Na and, due to exchange reaction, Li). Humidity 
is a common impurity of molten salts. Despite the applied drying pro
cedure of the salts prior to melting, remnant humidity might have been 
introduced in the cells via the molten salt electrolyte. Similar to oxygen, 
the salt impurities caused by humidity are expected to react with the 
other components in the system, which results in a change of the elec
trolyte's properties. Cell D7, which shows the smallest effect of enhanced 
ohmic resistance at early times, was prepared with least oxygen in the 
system, see 2.2 Cell design and assembly. This hints that oxygen impu
rities are the main cause of the initially higher cell resistance.

After subsiding of side reactions and reaching a steady-state perfor
mance, an asymmetry between charging and discharging of the R0 
values obtained from charge/discharge cycling persists (Fig. 2(c)). This 

Fig. 6. Analysis of EIS data: (a) Ohmic resistance determined from EIS data, (b) 
comparison of ohmic resistance obtained from EIS and from IR drops of cycling 
and GITT measurements. The numbers (1), (2), and (3) indicate the first, sec
ond, and third block of EIS tests, see also Fig. 1(d).
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could be related with the fact that the cells do not reach a relaxed state in 
the short rest steps of the performed cycling tests. This hypothesis is 
supported by the symmetry of the IR drops in GITT measurements with 
sufficiently long relaxation steps (Fig. 3(d)).

4.2. Sub-second timescale: activation overpotential

At the shortest timescale after the ohmic reaction of the cell, the 
impedance data obtained by EIS are well described by an ideal RC circuit 
(R1, C1) with cutoff frequency between 1 and 300 Hz. This indicates an 
activation-type overpotential, i.e., the formation of a double layer with 
capacitance Cdl = C1 and a charge-transfer reaction with resistance 
Rct = R1 at one or both electrode-electrolyte interfaces. Since the pa
rameters R1 and C1 (or τ1) are in the same range for both the cells with 
foam and the foamless cell (Fig. 7(a) and (b)), it is concluded that the 
identified activation overpotential is dominated by processes at the 
positive electrode, although a contribution from the negative electrode 
cannot be excluded. The charge-transfer resistance R1 is in the range 
0.7–5 mΩ for cells with foam, while the foamless cell tends to show 
slightly higher values (3–10 mΩ for comparable cell age). This differ
ence can be explained reasonably by the smaller surface area SSbBi9 of the 
foamless cell. The area-normalized charge-transfer resistance is 20–140 
mΩ⋅cm2 for D7/D8 and 50–180 mΩ⋅cm2 for FL2.

These values are much smaller than typical charge-transfer re
sistances of batteries with solid electrodes (several Ohm to several 
hundred Ohm). Furthermore, they compare well with data of other 
liquid metal batteries. For Li//Sb LMB cells with 6 cm inner diameter, a 
charge transfer resistance of 3–8 mΩ (corresponding to 85–230 mΩ⋅cm2) 
was reported [7], while values of 22 to 37 mΩ were found for Li//Sb-Sn 
LMB cells [8]. Li//Sn and Li//Sn-Bi LMBs with inner diameter 2 cm 
showed a charge transfer resistance of 70–80 mΩ [38,39]. For a liquid 
displacement battery with diameter 2 cm (anode) and smaller (cathode), 
charge transfer resistances in the range 53–85 mΩ were obtained for 
both anode and cathode contributions [40].

Due to the short timescale (τ1 below 10 ms for D8 and FL2), the 
activation overpotential cannot be resolved by charge/discharge cycling 
or GITT measurements. It is hidden in the IR drop observed after 
switching on the current. This explains the slightly higher ohmic resis
tance of D8 and FL2 when determined from IR drops compared with the 

values obtained from impedance data, cf. Fig. 6(b). In contrast, cell D7 
shows good agreement of the R0 values determined from the different 
methods, which is attributed to the larger time constant τ1 up to 200 ms 
and the lower value of R1.

An interesting observation is that the charge-transfer resistance of 
FL2 strongly depends on the cell age (Fig. 7(a)): Very early in its life, the 
cell FL2 shows a significantly higher charge-transfer resistance of 40 mΩ 
(720 mΩ⋅cm2). It is assumed that the same side reactions (exchange 
reaction between Na and Li+, oxygen impurities) that might explain the 
initially higher ohmic resistance (Fig. 6) also cause the higher charge- 
transfer resistance at the interface between electrolyte and positive 
electrode.

4.3. Intermediate timescale (~1 to ~100 s): diffusive mass transport

In contrast to the activation overpotential that builds up on the 
shortest timescales investigated by EIS, intermittent charging/dis
charging reveals the typical behavior of diffusive mass transport in the 
early stage of overpotential buildup, i.e., dUt∝d

̅̅
t

√
for times up to ~200 s 

(Fig. 3(e) and (f)). This behavior is attributed to the diffusive transport of 
Na atoms in the positive electrode alloy Na-Sb-Bi. Diffusion coefficients 
D determined from the slope of the voltage data plotted versus 

̅̅
t

√
have 

log
(
D/cm2s− 1) values between − 6.0 and − 4.5, see Fig. 4(a). Different 

values are found for different cells, which could be caused by slightly 
different levels of impurities in the cells. The diffusion coefficient of each 
cell is found to be independent of the direction of current (charging – 
discharging), which is reasonable and confirms the interpretation as 
diffusion-dominated mass transport of Na in the positive electrode.

A diffusive process on a timescale of around 1 to 100 s is also 
revealed by the impedance data, which show a flattened semi-circle 
(respectively sloping line for FL2) in the low frequency range of the 
Nyquist plot, Fig. 5. The constant phase element used to model either the 
semi-circle or the sloping line has an exponent α close to 0.5 (Fig. 7(f)), 
which suggests diffusive contributions in both cases.

Literature reports diffusion coefficients of Li in the positive electrode 
of Li//Sb-Sn LMB cells with log

(
D/cm2s− 1) in the range − 4.8 to − 3.4 

[27]. Slightly lower diffusion coefficients are reported for Li//Sb-Sn-Ti 
LMB cells, with log

(
D/cm2s− 1) in the range − 6 to − 4 [28]. The only 

Fig. 7. Results of EIS data analysis: Parameters R1 (a), τ1 = R1C1 (b), Y2 (c), R2 (d), τ2 = R2C2 (e), and α (f) obtained by fitting the equivalent circuit model to EIS 
data. The legend given in (a) applies to all graphs.
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study that reports diffusion coefficients of Na in Na-based LMBs (Na//Bi 
and Na//Sb-Bi cells) finds similar values at high SOC [12]. Analysis was 
done for discharge only, with estimated values of log

(
D/cm2s− 1) around 

− 5 at high SOC. The values decreased to around − 9 as discharge pro
ceeded, which was attributed to formation of a solid intermetallic layer 
at the surface of the positive electrode.

4.4. Timescale beyond ~100 s: convective mass transport

For times larger ~100 s, the increase proportional to 
̅̅
t

√
of the mass 

transport overpotential is replaced by a stage of roughly constant 
overpotential, see Fig. 3(e) and (f). As rationalized in the following, this 
transition is attributed to convection.

Fluid flow in an LMB cell can be caused by different effects such as 
temperature gradients due to external boundary conditions or internal 
heating, electromagnetic interaction, or concentration gradients. In 
order to assess the relevance of these effects and their influence on fluid 
flow and mass transport in the present LMB system, respective numerical 
simulations were performed using the simulation software COMSOL 
Multiphysics. Due to the approximations and assumptions used, the 
simulation results should be understood as reasonable estimates only. 
The assumptions included rotational symmetry, neglect of any dynamics 
inside the negative electrode, the external boundary conditions on heat 
transfer, and the material properties used. The latter are summarized in 
Table 2.

Regarding the external boundary conditions on heat transfer, the cell 
bottom was fixed at the given temperature, the cell wall was considered 
adiabatic, and the heat loss at the cell cover was estimated taking into 
account radiation and air cooling by natural convection, which summed 
up to a total heat loss of ~65 W. These boundary conditions were 
rationalized by comparison of the simulation results with the tempera
ture data measured inside the cell, see 2.2 Cell design and assembly. 
With the given boundary conditions, the buoyancy-driven thermal 
convection due to the external boundary conditions is found to be 
considerable both in the electrolyte (average velocity 2.1 and 2.5 mm/s, 
respectively, for D7 and FL2) and in the positive electrode (average 
velocity 0.8 and 1.1 mm/s for D7 and FL2), see Fig. 8(a) for a snapshot of 
thermal convection in both fluids with flow coupling at their interface. 
This result is in contrast to most LMB cells reported in literature that are 
at isothermal boundary conditions.

For assessment of internal heating (Joule heating) and electromag
netic interactions, a charge/discharge current of 1 A was applied and the 
current density distribution in the cell and the induced magnetic field 
were determined. Any external magnetic field (e.g., terrestrial) was 
neglected. For the investigated cells under the given conditions, the 
effects of Joule heating and electro-vortex flow are found to be negli
gible against the thermal convection induced by the external boundary 
conditions. This applies to both electrolyte and positive electrode. 
Therefore, Joule heating and magnetohydrodynamic effects were 
neglected in the mass transport simulations presented in the following. 
Additionally, due to the large thermal convection in the electrolyte, the 
transport of Na+ ions and related mass transport overpotential in the 
electrolyte was not considered.

The time-dependent concentration field of Na in the positive elec
trode was modelled as transport of diluted species. Hereby, the sta
tionary Na flux density to/from the surface was calculated from the 

current density distribution in the cells D7 and FL2 discharged/charged 
with 0.5 and 0.7 A, respectively. Starting from an initially homogeneous 
Na concentration in the positive electrode, xNa,0, the red curve denoted 
“diffusion only” in Fig. 8(b) shows the evolution of the average Na 
concentration at the surface of the positive electrode, 〈xNa(t) 〉, for a 
purely diffusive mass transport after switching on the stationary Na flux 
to/from this surface. The expected behavior proportional to 

̅̅
t

√
, which 

finally leads to Eq. (1), is obtained for both charging and discharging in 
the time range investigated. Considering diffusive-convective mass 
transport of Na in the stationary velocity field of the positive electrode 
induced by externally driven thermal convection (here the electrolyte 
was assumed to be at rest and a no-slip boundary condition was applied 
at the interface between positive electrode and electrolyte), the blue 
curve denoted “diff. + thermal conv.” is obtained for both charging and 
discharging. In the initial stage (first 20 s) after switching on the current, 
diffusive-convective mass transport (blue curve) shows the same evo
lution of the average surface concentration as the corresponding purely 
diffusive transport (red curve). In a later stage, however, convective 
transport becomes relevant and results in a roughly constant offset be
tween the average concentration at the surface and the average bulk 
concentration (black curve “bulk average”), which translates into a 
roughly constant mass transport overpotential.

Finally, the effect of solutal convection was evaluated by introducing 
a concentration-dependent density of the positive electrode. With a 
homogenous Na concentration and the stationary flow field of thermal 
convection used as initial conditions, the time-dependent fully-coupled 
equations of diffusive-convective mass transport of Na and buoyancy- 
driven fluid flow with temperature- and concentration-dependent den
sity were solved for the positive electrode. Also here, the electrolyte was 
set at rest. The inhomogeneous concentration of Na in the positive 

Table 2 
Estimated material properties at 450 ◦C used for simulations.

Electrolyte Positive electrode

viscosity η (Pa•s) 0.003 0.003
reference density ρref (kg/m3) 1650 9200
thermal expansion coefficient α (1/K) 3.2e− 4 1.4e− 4
solutal expansion coefficient β (m3/mol) – 2.2e− 5
Na diffusion coefficient D (cm2/s) – 1e− 5

Fig. 8. Simulation results for cell D7. (a) Snapshot of time-dependent conjugate 
heat transfer and buoyancy-driven non-isothermal flow when no electric cur
rent runs through the LMB cell. (b) Mass transport in the positive electrode 
charged/discharged with 0.5 A. Shown is the difference between the surface 
(bulk) average of xNa and its initial value xNa,0 as function of time (square- 
root scale).
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electrode upon charging/discharging with 0.5 to 0.7 A (as used in GITT 
experiments) is found to significantly influence convection and mass 
transport, see the violet and green curves in Fig. 8(b) denoted “charge” 
and “discharge”. A deviation from the purely thermal convection starts 
to build up after ~30 s and leads to an asymmetry between charging and 
discharging in the long-term behavior. Charging enhances convection 
considerably, leading to an increased mass transport and a reduced 
concentration offset, while discharging stabilizes the density distribu
tion and mitigates convection. For the given parameters and with the 
applied assumptions, thermal convection is entirely damped by the 
compositional effect on density upon discharging, and the average 
concentration of Na at the surface follows roughly the purely diffusive 
case. This contradicts the experimental data on discharge (Fig. 3), which 
clearly show a transition from a diffusive regime (ηmt∝

̅̅
t

√
) to a regime of 

convection-enhanced mass transport (ηmt ≈ const.). However, in case of 
a stable density stratification during discharge with high enough cur
rents, effects neglected in the present simulations may become relevant. 
These could be interfacial phenomena such as Marangoni flow due to the 
dependence of the interfacial tension on temperature and/or composi
tion or, in particular, flow coupling between electrolyte and positive 
electrode. Preliminary simulations including thermal convection in the 
electrolyte and flow coupling indeed indicate that the convection in the 
electrolyte is strong enough to drive considerable flow in the positive 
electrode despite the stabilizing solutal effect upon discharge, which 
finally, after about 200 s, leads to a roughly constant concentration 
offset between surface average and bulk average.

The predicted asymmetry due to the influence of solutal expansion 
agrees very well with the experimental data, which show higher long- 
term overpotentials ηcmt for discharging than for charging, see corre
sponding resistance Rcmt in Fig. 4(c). The generally lower values of Rcmt 
obtained for the foamless cell FL2 compared with D7/D8 could be 
related with the slightly higher level of thermal convection in FL2, see 
average velocities given above. Finally, the dependence of Rcmt on the 
cell's SOC could be linked with the nonlinear relation between the cell 
voltage U0 and the Na concentration xNa, see Fig. 3(c). At higher cell 
voltage, the same concentration offset between surface average and bulk 
average leads to a higher voltage difference, i.e., a higher mass transport 
overpotential ηcmt and related resistance.

For the impedance measurements, an AC current of 20 mA RMS 
amplitude was used. With such a low current, respective simulations 
show no difference between charging and discharging for at least 1000 s. 
Since the lowest frequency probed by EIS was 0.01 Hz, no influence of 
solutal convection on the impedance data is expected. However, thermal 
convection can well influence the impedance in the low frequency 
range. Indeed, the impedance data of D7 and D8 show in the low fre
quency limit the trend to converge to a finite resistance. The respective 
values R2 obtained from fitting the impedance data (Fig. 7(d)) are in 
rather good agreement with the long-term overpotential ηcmt and its 
resistance Rcmt found in GITT data, see Fig. 4(c). The agreement concerns 
not only the magnitude but also the dependence on the cell voltage and 
the cell-specific differences. Additionally, the time constant τ2 deter
mined from the EIS data of D7 and D8, Fig. 7(e), is in reasonable 
agreement with the transition times between diffusive and convective 
mass transport observed in GITT, see Fig. 4(b). Also here, both the 
dependence on the cell voltage and the differences between the different 
cells/temperatures are reproduced very well. Together with the capa
bility of a constant phase element to model diffusive mass transport, the 
consistencies of the steady-state resistance and transition time confirm 
that a generalized RC circuit is a good equivalent circuit model to 
describe the impedance attributable to mass transport in two different 
regimes, diffusion-dominated at short timescale (below the time con
stant of the generalized RC circuit) and convection-enhanced in the 
longer term (above the respective time constant). However, it remains 
an open question why the impedance data of the foamless cell FL2 do not 
show convergence to a finite resistance in the probed frequency range.

5. Conclusion

The scope of this investigation was the experimental characterization 
of the electrochemical processes in a liquid metal battery that occur on 
different timescales. As a model system, Na-based liquid metal batteries 
with an SbBi9 alloy as positive electrode were assembled. Two different 
designs were realized, one utilizing a metal foam to host the negative 
electrode (liquid sodium) and the other without foam but insulating 
sheath. All cells were tested by charge-discharge cycling, the galvano
static intermittent titration technique (GITT), and electrochemical 
impedance spectroscopy (EIS). The two electrochemical characteriza
tion techniques GITT and EIS complement each other in terms of the 
probed timescale, which allowed to identify and quantify processes 
occurring on the millisecond range up to the ones that dominate after 
1000 s.

Omitting inductive processes, the fastest process captured by EIS 
after the immediate cell reaction due to its ohmic resistance is the for
mation of a double layer at the electrode-electrolyte interface, i.e., the 
buildup of the activation overpotential at that interface, with time 
constants between 0.6 and 200 ms. The corresponding charge transfer 
resistance is in the range 0.7–5 mΩ, increasing for an increasing state-of- 
charge (SOC) of the cell. The next overpotential, captured by both EIS 
and GITT, builds up on the timescale of 1–200 s and is attributed to 
diffusive transport of Na in the positive electrode. The diffusion coeffi
cient does neither depend on the direction of current nor on the cell's 
SOC within the investigated range. For timescales beyond ~100 s, the 
diffusive mass transport transitions to a convection-enhanced mass 
transport with roughly constant overpotential. The overpotential 
asymmetry found between charging and discharging in GITT tests 
clearly indicates an influence of solutal convection when charging/dis
charging currents of 0.5 to 0.7 A are applied. However, the main source 
of convection is attributed to the strong temperature gradient induced 
by the external boundary conditions. Impedance measurements of the 
cells with foam tend to converge to a finite resistance in the low fre
quency limit, which agrees with the conclusion that significant thermal 
convection is present independent of the electrochemical activity of the 
cell. Heating LMB cells from below to induce considerable thermal 
convection in the positive electrode is not feasible in large-scale appli
cations, where many cells are combined to stacks with a global tem
perature management.
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