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HIGHLIGHTS

e Na//SbBig liquid metal batteries with
different cell designs operate
successfully.

e Cells show excellent cycling perfor-
mance with only 0.35 mA/cm? self-
discharge.

e Long-term operation shows capacity
decrease due to Na evaporation and
corrosion.

o Corrosion effects are avoided when Mo
is used as positive current collector.
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1. Introduction
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ABSTRACT

Low-cost sodium-based liquid metal batteries are attractive candidates for grid-scale stationary energy storage. In
this study, the performance of Na//SbBijg test cells with molten salt electrolyte LiCl-NaCl-KCl (61-3-36 mol%) is
evaluated for different cell designs. Cells with a metal foam hosting the negative electrode (5-6 Ah nominal
capacity) and cells without foam are investigated. Additionally, the amount of electrolyte and the material used
as positive current collector (PCC) are varied. The self-discharge current is only ~0.35 mA/cm? and depends
reasonably on electrode distance and operating temperature. Contact resistances are 10 mQ in total and thus
smaller than the ohmic resistance of the electrolyte. The cell voltage is not affected by cell design, operating
temperature, or cell age. Long-term cycling tests show a capacity decrease, which can be attributed to evapo-
ration of Na. An additional capacity loss observed in cells with stainless steel PCC can be avoided by using Mo as
PCC.

are comprised of two liquid metal electrodes and a molten salt electro-
lyte, which stay separated due to density differences and mutual

Liquid metal batteries (LMBs) are researched as potential large-scale immiscibility. Upon discharging, the low-density, low-electronegativity
stationary energy storage systems to compensate the intermittence of metal of the negative electrode is oxidized and its ions are conducted via
renewable energy sources and to stabilize the power grids [1,2]. LMBs the electrolyte to the positive electrode, where they are reduced and
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alloyed with the high-density, high-electronegativity metal of the posi-
tive electrode. The described processes are reversed upon charging. Due
to the all-liquid nature of electrodes and electrolyte, no degradation of
active materials occurs upon cycling, promising a long service life. In
addition, the fast reaction kinetics at the electrode-electrolyte interfaces
allows high current densities. Low-cost, simple assembly, and easy
scalability complement the advantages of LMBs.

Despite the great progress and excellent electrochemical perfor-
mance of lithium as negative electrode material in lithium-ion batteries
and Li-based LMBs [3-5], Li is not an abundant element and there are
considerable concerns about environmental issues and increasing costs
of the exploitation of Li-containing minerals. Regarding magnesium and
calcium as negative electrode [6,7], both possess relatively high melting
points (650 °C for Mg, 842 °C for Ca). The unavoidably high cell oper-
ating temperature brings technical challenges, increases the metal sol-
ubility in the molten salt electrolyte and, thus, the self-discharge of the
cell, enhances corrosion issues on structural materials, and limits the
service life.

Due to the high abundance and low melting temperature of sodium
(Na), Na-based LMBs have environmental and economic advantages
over LMBs using other metals as negative electrode. However, the high
melting temperature of Na halide salts (e.g., ~530 °C for NaF-NaCl-Nal)
results in high operating temperatures, a high Na solubility in the molten
salt electrolyte (~4 mol% for NaF-NaCl-Nal) and substantial self-
discharge of the cells [1,8]. In recent years, intense research on
various molten salt systems was performed to find an appropriate
electrolyte for Na-LMBs that combines a low melting temperature and a
low Na solubility with a still acceptable Na™ conductivity. The
multi-cationic salt system LiCl-NaCl-KCl in its eutectic composition
with less than 9 mol% NaCl was found to fulfil these requirements [9,
10]. The melting temperature is reduced to ~350 °C and the solubility of
Na metal is reduced to ~0.4 mol%. The suitability of the molten salt
system LiCl-NaCl-KCl as electrolyte in Na-LMB cells could be demon-
strated in test cells with 1 Ah and 10 Ah nominal capacity [10].

Antimony (Sb) is regarded as the most promising positive electrode
material for LMBs owing to its low cost and high cell voltage. Its high
melting temperature of 631 °C is typically reduced by alloying with lead,
tin, or bismuth without a significant decrease in cell voltage [3,4].
Because of the environmental concerns of large-scale application of lead
and the corrosion issues introduced by the use of tin [11-14], bismuth
remains as a feasible option [5,15].

In the current study, various Na-LMB cells with the molten salt
LiCl-NaCl-KCl (61-3-36 mol%) as electrolyte and SbBig alloy as positive
electrode were built and tested. In addition to demonstrating the
excellent performance of the hermetically closed test cells, the influence
of the specific cell design on different electrochemical parameters was
systematically investigated. The liquid Na was either hosted by a metal
foam, which fixed the nominal capacity to 5-6 Ah, or floated freely on
top of the electrolyte, allowing to achieve higher cell capacities. For both
cell designs, the cell voltage, self-discharge current, and ohmic cell
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resistance were quantified as function of the distance between the
electrodes and of the operating temperature. The long-term electro-
chemical performance was investigated and the influence of the amount
of electrolyte and of the material chosen as positive current collector was
assessed.

2. Materials and Methods
2.1. Cell design and assembly

Fig. 1 shows the design of the investigated Na-LMB test cells. The cell
body of the cells is made of stainless steel 316Ti and serves as positive
current collector. It is filled with the positive electrode alloy SbBig and
the molten salt electrolyte LiCl-NaCl-KCl (61-3-36 mol%). The inner
diameter of the cell body is 60 mm. An amount of 130 g of SbBig (0.065
mol Sb, 0.585 mol Bi) is chosen to obtain a positive electrode with
thickness 5 mm. The negative electrode Na is hosted by a Ni foam
(porosity 50 PPI, diameter 50 mm, thickness 5 mm), which can adsorb
about 5 g of Na (0.2 mol) and is fixed to a foam holder (shown in blue in
Fig. 1(b)) with Mo wires. The distance between the electrodes is adjusted
to values typically between 11 and 14 mm. The amount of electrolyte (at
least 120 g) suffices to fully cover the negative electrode including the
foam holder. The negative current collector holds the Ni foam and
connects the negative electrode with the outer circuit. It is insulated
from the cell body by a gas-tight sealing.

The Na-LMB cells were assembled in a glovebox with controlled Ar
atmosphere (O3 < 1 ppm, H20 < 0.5 ppm) to avoid moisture and oxygen
impurities inside the cell. Prior to assembly, the individual components
were prepared and purified as described in the following.

To prepare the SbBig alloy for the positive electrode, antimony and
bismuth (both: purity 99.99 %, HHW Haunder GmbH & Co. KG) were
mixed in their granular forms in the appropriate ratio in an alumina
crucible and melted in an oxygen-free atmosphere. The alloy was kept
for 2 h at 700 °C in reducing atmosphere generated by an Ar5%H, gas
flow to remove all remaining oxides. After cooling down, the crucible
with the solidified alloy was transported immediately into the glovebox,
where the alloy was melted again and poured into the cell body.

For the negative electrode, sodium blocks (purity 99.8 %, Haines &
Maassen Metallhandelsgesellschaft GmbH) were melted and further
purified inside the glovebox in a specially designed sodium sink heated
to 130 °C. In order to achieve penetration of Na into the pores of the Ni
foam, liquid sodium was poured in a glass container and the foam was
submerged into the Na. Then, the glass container was set under vacuum
to force liquid sodium into the pores. The amount of adsorbed Na was
determined for each foam/cell. It was in the range 4.2-5.1 g (0.18-0.22
mol), which translates into a nominal cell capacity Qnom in the range
4.9-6.0 Ah. Note that the rather high amount of Sb-Bi alloy (0.65 mol)
does not limit the cell capacity. After cooling to room temperature, the
Na-containing foam was fixed to the foam holder using Mo wires.

Preparation of the electrolyte also took place directly in the glove-
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Fig. 1. Design of Na-LMB test cells: (a) schematic including active liquid components, (b) design (to-scale) of solid components.
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box. The salts LiCl (anhydrous, purity 99.9 %, Apollo Scientific), NaCl
(anhydrous, free-flowing, purity > 99.0 %, Honeywell), and KCl (purity
> 99.5 %, Sigma-Aldrich) were mixed in the appropriate ratio in a
stainless-steel container and heated to 150 °C and 300 °C for 30 min
each to remove remaining moisture. Then the salt mixture was melted at
600 °C and poured into the cell body, which already contained the Sb-Bi
alloy. With the salt still molten, the negative electrode was added and
the cell body was hermetically closed. Thus, no further exchange with
the atmosphere around the cell took place.

Some cells were assembled without the metal foam hosting the so-
dium. Instead, a ceramic sheath was introduced to insulate the liquid
sodium floating freely on top of the molten salt from the side walls of the
cell case. The ceramic sheath reduced the cell’s inner diameter to 48
mm. In this foam-less design, the amount of salt was reduced to 90 g, the
distance between the electrodes was around 22 mm, and the amount of
Na was 20-30 g.

The assembled cells were labelled according to their design with D1,
D2, etc. for the default design and with FL1, FL2 for the foam-less design.

To operate the cells, they were put in heating sleeves and heated
from below to a specific set temperature. Although the heating sleeves
containing the cells were insulated to the side and covered by ceramic
plates to improve thermal insulation to the top, a temperature gradient
existed inside the cells with the coldest part being the cell cover. For a set
temperature of 500 °C below the cell, the positive electrode was found to
attain a temperature of ~435 °C, the electrolyte ~430 °C, and the vapor
close to the cell cover ~350 °C.

2.2. Electrochemical tests

Various electrochemical tests were performed by a high-current
Arbin electrochemical station (LBT21084HC). For galvanostatic
cycling with potential limitation (GCPL), the cells were charged and
discharged at constant current (typically £100 mA/cm? or 200 mA/
cm?, normalized to the surface of the positive electrode) to specific fixed
voltage limits and the voltage response was recorded. Each charging/
discharging step was followed by a short relaxation step (typically 1-5
min) at zero current. Different current densities up to +600 mA/cm?
were used for charge-discharge cycling in order to determine the rate
capability of the cells. Long-term cycling tests were performed to char-
acterize the cell stability.

For each charge-discharge cycle, the charge capacity Q. and the
discharge capacity Qgsc were determined by integrating the charge
respectively discharge current (its absolute value) over the cycle dura-
tion, Qchydisc = [ [Tchyaisc (t)|dt. The ratio of both quantities, Qisc/ Qen, is
defined as Coulombic efficiency. From the difference between charge
and discharge capacity, the average self-discharge current I;; of the cell
was determined, [ (t)dt = Qr  Quisc-

The charge and discharge energies of each charge-discharge cycle are
given by En/aisc = [ Us(t) ® [Iehyaisc(t)|dt, where U,(t) is the measured
terminal voltage. The ratio Eg;. /E.p is defined as energy efficiency and is
strongly influenced by the overpotentials #;, which determine the dif-
ference between the measured terminal voltage U, and the cell voltage
Up according to U; = Uy + ;. Typical overpotentials of LMB cells are
the ohmic overpotential, the activation overpotential, and the mass
transport overpotential. Throughout this paper, the sign of the charging/
discharging currents and overpotentials are chosen positive for charging
and negative for discharging.

The galvanostatic intermittent titration technique (GITT) was used to
determine the correlation between the static electrochemical cell
voltage Uy and the molar Na concentration in the Na-Sb-Bi alloy of the
positive electrode, Xy, = nng/(Mna + Nsp + NB;i)- A series of short pulses
of constant current, each followed by an appropriate relaxation time,
was applied to the test cells and the voltage response of the cells was
measured. The relaxed voltage data after each titration step correspond
to the cell voltage at the given state of charge SOC(t) = SOCo + [I(t)dLt.

3. Results and discussion
3.1. Cycling tests

Data of typical charge-discharge cycles (GCPL tests) with constant
current (here +2.83 A, corresponding to +100 mA/cmz) are shown in
Fig. 2(a) for a cell with default design. Upon switching on a constant
positive (negative) current, the measured terminal voltage jumps (IR
drop) and then further increases (decreases) as the cell is charged (dis-
charged). When reaching the set voltage limit, the current is switched off
and the terminal voltage jumps back by -IR, followed by relaxation of
remaining overpotentials. Note that the lower voltage limit of 0.5 V was
chosen low enough to obtain a quickly decreasing voltage at the end of
the discharge process, which indicates that all available Na is oxidized to
Na™ and transferred to the positive electrode. The steep voltage decline
is caused by a rapid increase of the total overpotential, which is also
responsible for the larger voltage jump after discharge that significantly
exceeds the IR drop.

For each cycle, charge capacity, discharge capacity, Coulombic ef-
ficiency, and energy efficiency were obtained, see Fig. 2(b). In their very
early lives, i.e., during the first 10 to 20 cycles, the cells show inferior
performance: the charge and discharge capacities quickly decrease and
the Coulombic efficiency is rather low, indicating high self-discharge of
the cells. Inferior cell performance during the first ~10-50 cycles is a
commonly observed phenomenon of LMBs [5,10,11,16] and was
attributed to impurities and side reactions [16]. In the present system
with the molten salt electrolyte LiCl-NaCl-KCl (61-3-36 mol%), in
particular exchange reactions between the Na metal and the foreign ions
(here Li* and K') of the molten salt are expected to occur, i.e., Na +
LiCl— NaCl + Li and Na + KCl < NaCl + K [9]. Such exchange reactions
take place only in multi-cationic electrolytes and lead to a composition
change of both the electrolyte and the negative electrode. For a small
test system with 0.72 g Na and 2.67 g molten salt LiCl-NaCl-KCl
(61-3-36 mol%), the exchange reactions were found to reach thermo-
dynamic equilibrium in less than an hour and the respective equilibrium
constants could be determined [9]. Based on these data, we expect an
increase of the NaCl concentration in the electrolyte to 4-8 mol% and a
Li concentration of 9-17 mol% in the electrode, depending on the total
amounts of Na and molten salt used in the cells. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) indeed confirmed an
increase of NaCl content in the molten salt after operation at the expense
of a decreased LiCl content.

After cell initialization, i.e., once equilibrium of the side reactions is
reached, stable operation is observed in the charge-discharge cycling
tests: charge and discharge capacities are back at high values and the
Coulombic efficiency is typically >99 %, indicating a very low self-
discharge current.

3.2. Self-discharge current

The average self-discharge current of various Na-LMB cells was
determined via [I4(t)dt = Qs  Quisc from the charge and discharge
capacity obtained in the GCPL tests. Hereby, cycles with strong varia-
tions in the charge/discharge capacity from cycle to cycle (as for
instance observed during cell initialization) were excluded from the
analysis. Additionally, the charge capacity was related with both the
subsequent discharge capacity and the preceding discharge capacity to
determine the involved uncertainty. The self-discharge current is found
to be very stable, even for aged cells. Respective results of the average
self-discharge current are summarized in Fig. 3. Slightly different values
are found for each cell, with the variation from cell to cell exceeding the
uncertainty of the values of each cell of up to 2 mA. Firstly, there seems
to be a systematic dependence on the distance between the two elec-
trodes, cf. Fig. 3(a). Cells with an electrode distance around 14 mm show
a generally lower self-discharge current than cells with 11 mm distance.
Self-discharge of the foam-less cell with 21 mm distance (cell FL2) seems
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further reduced. Secondly, there is a distinct trend regarding the tem-
perature dependence: the higher the operating temperature of the cell
the higher the self-discharge current, cf. Fig. 3(b). Both observations
agree with the expectation, since self-discharge is caused by the finite
solubility of Na metal in the molten salt electrolyte, which increases with
temperature [17]. The resulting sodium concentration gradient in the
electrolyte leads to a continuous transport of Na from the negative to the
positive electrode by diffusion, which is lower for a larger distance be-
tween the electrodes.

From the self-discharge current I, respectively its density j;q = Lqg/ S
with S the effective cross section area of the electrolyte, the solubility of
Na metal in the electrolyte can be estimated using j; = FDcnq,s/ d. Here,
F is the Faraday constant, D is the diffusion constant of Na metal in the
electrolyte, and d is the distance between the electrodes. With D ~
10 “cm?/s [18], a Na solubility of cygs ~ 4.4 @ 10 ° mol/cm?® respec-
tively 0.12 mol% results, which agrees with previous measurements of
the solubility of Na metal in the molten salt mixture LiCl-NaCl-KCl
(59-5-36 mol%) of 0.09 mol% at 450 °C [10].

3.3. Ohmic overpotential

The ohmic overpotential #,,, = Rol was determined from the
measured IR drop at switching on/off charging/discharging currents
during GCPL tests (except for the voltage jump after discharge, see Fig. 2
and corresponding text). It is found that the respective resistance Ry is
independent of the current and of the cell’s state of charge. It attains a
constant value in the operation regime after cell initialization, which
depends on the geometry of the cell: cells with larger distance d between
the electrodes show a higher resistance. It is reasonable to assume that
the resistivity p of the molten salt electrolyte caused by the finite ionic
conductivity 6= 1/p of the electrolyte contributes to the total ohmic
resistance of the cell: Ry = R; + Ry with Ry = p ed/S. Here, d is the
distance between the electrodes, S is the effective cross section area of
the electrolyte, R,; is the electrolyte’s contribution to the resistance and

R, summarizes other contributions, e.g., contact resistances. As shown in
Fig. 4, the data of R for different cells indeed fall on a straight line when
plotted against d/S. Fit parameters are R, = 10 m2 andp =0.62 Q e cm,
where the latter corresponds to an ionic conductivity of 1.6 S/cm. Thus,
the resistance of the electrolyte is larger than the contact resistances.

According to literature [19], the total conductivity of LiCl-NaCI-KCl
(55.77-3.84-40.39 mol%), a composition close to the electrolyte in the
investigated cells, is Orotal = 3.80334 S/cm +
0.007595 S/(cm ¢ K) e T. At 430 °C, the average actual temperature of
the electrolyte at a set operating temperature of 500 °C, this yields a
conductivity of 1.54 S/cm, which agrees very well with the value of 1.6
S/cm determined from the cycling tests.

3.4. Rate capability

To investigate the rate capability of the Na-LMB tests cells, GCPL
tests were performed at different current densities. Fig. 5 shows
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Fig. 4. Ohmic resistance R, of various cells plotted as function of d/S, i.e., the
distance between the electrodes divided by the electrolyte cross-section area.
All cell tests were performed at the default set temperature of 500 °C.
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exemplarily the results for cell D10 with default design. As the current
density increases, the overpotentials increase and the achieved charge/
discharge capacity decreases. Note that the maximum achievable ca-
pacities were not reached here, because the voltage limits were not
optimized for maximum utilization of Na. Nevertheless, the effect of
current density on the cell performance becomes obvious. As expected,
the energy efficiency decreases for increasing current density due to the
larger overpotentials at higher current. The Coulombic efficiency,
however, remains stably at values between 99 and 100 %. Exceptions
are obtained for the first cycles with new parameters (current and
voltage limits). As reference, the used currents are also given in units of
the nominal cell capacity (C-rate).

In order to optimize the rate capability of the cell, the distance be-
tween the electrodes might be reduced. This is expected to lower the
ohmic overpotential, which represents the main contribution to the total
overpotential of the cell. Even without optimization, a current density of
600 mA/cm? could be demonstrated.

3.5. Cell voltage

To determine the electrochemical potential of the Na//SbBig system,
GITT measurements were performed with different cells after cell
initialization, see the example of cell D7 shown in Fig. 6.

After each current pulse, the cell is allowed to relax until all over-
potentials are negligible. The measured voltage at the end of each
relaxation step is plotted in Fig. 7(a) versus the cell’s state of charge
SOC(t) = SOCy + [I(t)dt. Hereby, a reasonable guess was used for the
unknown initial state of charge SOC,. Obviously, the data of the
discharge pulses do not coincide with the data of the preceding charge
pulses when the self-discharge of the cell is neglected. Assuming an
appropriate continuous self-discharge with constant current, however,
the data of consecutive charge and discharge pulses collapse on a single
line. The respective values of average self-discharge current required to
achieve this coincidence are slightly different for each cell and increase
with temperature. They are in the range 8-15 mA at 500 °C and 17-30
mA at 530 °C. These data are consistent with the results determined
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In a next step, from the cell’s SOC the concentration of Na in the
Na-Sb-Bi alloy was calculated, which makes the cell voltage data in-
dependent of the individual cell geometry, in particular of the amount of
Sb-Bi alloy. Fig. 7(b) shows the correlation between electrochemical
potential Uy and molar concentration of Na in the Na-Sb-Bi alloy, xnq,
after adjusting the initial state of charge SOC, appropriately. Except for
some minor deviations observed between charging and discharging for
Xng> 0.2 (Na contents that can be reached in foam-less cells only), data
of different cells are found to collapse on a single curve, no matter which
cell design was chosen (default design with foam or foam-less design), at
which temperature the cells were operated, or at which cell age the data
were taken (the operation times prior to GITT data acquisition ranged
from 50 h to 750 h). Also added to Fig. 7(b) are data adapted from
Ref. [10] for the systems Na//SbBig and Na//Bi obtained in a specific
coulometric titration device with the molten salt -electrolyte
LiCl-NaCl-KCl (55-9-36 mol%). According to the authors, the higher
voltage for SbBiy in the initial stage of titration might be attributed to the
higher voltage of the Na-Sb couple [10]. The data of the present study
generally coincide with the data reported in literature. Responsible for
the small differences might be the time scale of the measurement or the
exchange reactions discussed above, which make the system dependent
on the salt composition and on the amounts of active materials used.

3.6. Long-term behavior

3.6.1. Amount of electrolyte

The long-term behavior of various cells was tested by charge-
discharge cycling. Here, both GCPL tests with constant-current (CC)
charging and constant-current constant-voltage (CCCV) charging were
applied. Fig. 8 shows the cycle statistics of two test cells with different
amounts of electrolyte, cell D4 with 120 g molten salt and cell D10 with
150 g salt. Cell D4 was run with CCCV charging for 550 cycles at 2.83 A
(100 mA/cm?) and cell D10 was run with CC charging for 750 cycles at
5.65 A (200 mA/cmz). For both cells, the Coulombic efficiency remains
stably at a value > 99 % over the entire duration of the test, while the

charge steps

o

®

b
T

(\%
o
8

il

i
\
\
il

relaxation steps

(g

4
@
o

Terminal voltage
o
~
oo

0.76 -
dlscharge steps
0.74 .
21 22 23 24 25 26 27 28 29

Test time (h)

Fig. 6. Example of GITT data (cell D7): Charging/discharging currents of + -0.5 A were applied for 1000 s, followed by 2000 s of relaxation.
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Fig. 8. Long-term charge-discharge cycling tests of cell D4 (120 g electrolyte, (a),(b)) and cell D10 (150 g electrolyte, (c),(d)). Cell performance as function of cycle
index (a),(c) and versus test time (b),(d). Cell D10 was used for other tests prior to the GCPL test.

energy efficiency slightly increases with cell age (see discussion below).
The different levels of energy efficiency stem from the different currents
used for cycling (see also Fig. 5).

Despite the good cycling performance, the charge and discharge
capacities of both cells decrease with cell age. Compared with cells that
contained a lower amount of electrolyte (cell D4), cells with higher
amount of electrolyte (cell D10) show a slower capacity decrease in the
first ~800 h. In addition, only cell D4 shows a capacity that jumps back
from time to time to a higher value. Both observations can be explained
by continuous evaporation of Na into the empty space above the elec-
trolyte, its condensation at the colder cover, and subsequent dropping
back when a critical drop size is reached. In cell D4, the metal foam with
Na was covered by 8 mm of molten salt electrolyte, while in cell D10 the
level of molten salt was 17 mm above the metal foam. Similar to self-
discharge, where a larger distance between the electrodes reduced the
transport of dissolved Na to the positive electrode, also the transport of
dissolved Na to the free electrolyte surface and its subsequent evapo-
ration is reduced when the thickness of the electrolyte above the nega-
tive electrode is increased. This explains the lower capacity loss of cell
D10 during the first ~800 h. During cell disassembly, Na droplets were
indeed found attached at the cell cover of both cells, which confirms
evaporation and condensation of Na. A typical photograph shows

numerous tiny droplets (less than 1 mm) and 10 bigger drops, 6-9 mm in
diameter and up to 2 mm in height. This amounts to a total volume of
about 1.1 em? corresponding to a capacity of 1.3 Ah, which is in
reasonable agreement with the observed capacity loss in the first ~800
h. The accelerated capacity decrease after ~800 h of operation cannot
be explained by evaporation; it might be related with corrosion of solid
cell components.

3.6.2. Influence of PCC material

The strongest corrosion attack on solid cell components is expected
for the positive current collector (PCC) made of SS 316Ti (cell body),
which is in direct contact with the liquid metal alloy SbBi of the positive
electrode. In order to evaluate the potential influence of corrosion on the
cell performance, a cell with Mo as PCC was built and tested (called cell
M1). A Mo crucible was placed inside the cell body, into which the
positive electrode was filled. This reduced the surface area of the posi-
tive electrode from 28.3 to 24.5 cm? All other design and cycling
criteria were adapted from cell D10, i.e., design with foam, same dis-
tance between electrodes, same amount of electrolyte, CC cycling with
200 mA/cm?. Because the same current density was used for cycling, the
lower current (proportional to surface area) used for cell M1 is expected
to compensate the higher resistance (inversely proportional to surface
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area), thus resulting in the same energy efficiency. Fig. 9 compares the
cycling performance of cell M1 with the previously shown results of cell
D10. Indeed, the energy efficiency of M1 is quite similar to that of cell
D10 at the beginning of the cycling test. In contrast to the increasing
energy efficiency observed for D10 and all other cells with a PCC made
of stainless steel, however, the energy efficiency of cell M1 stays con-
stant. At ~800 h, a sudden increase of the self-discharge current of cell
M1 is observed, which is attributed to the design using a non-perfectly
fitting crucible. Irrespective of the high self-discharge, the charge and
discharge capacities do not show an accelerated decrease after 800 h as
was observed for all previous cells with SS 316Ti as PCC. Instead, the
moderate capacity decrease continues and even declines, which is the
expected trend for loss of active Na due to evaporation.

For a better understanding of energy efficiency increase and cell
capacity decrease, the individual charge-discharge cycles are compared.
In Fig. 10, GCPL test data of the two cells D10 and M1 are shown, where
the measured terminal voltage is plotted versus the degree of discharge
DOD = Quom SOC. Hereby, the initial DOD of each presented cycle is
adjusted so that the final voltage in the relaxation step after charging
matches the cell voltage curve obtained from GITT data, Fig. 7(b).

For cell D10, the voltage curves measured during charging and dis-
charging show a symmetric change within the first ~700 h of operation,
indicating a decrease in total overpotential, while the cell voltage re-
mains stable during the entire test. After ~700 h, no further changes in
overpotential are observed; except for a decreasing cell capacity, the
curves fall on each other. The observed decrease in overpotential during
the first ~700 h was also observed for the other cells with the PCC made
of SS 316Ti and results in the previously mentioned increase of energy
efficiency, see Fig. 8. In contrast to the significant decrease in over-
potential and increase in energy efficiency just described, cell M1 with
Mo as positive current collector shows much more stable voltage curves
during cycling and a much more stable overpotential, see Fig. 10(b).
Consequently, the energy efficiency does not increase but remains at a
constant value during cycling (Fig. 9).

Similar behavior is reported in literature for Li-LMBs. During cycling
tests of a Li//SbsSng cells, a significant overpotential decrease was
observed between the 3rd and 20th cycle when stainless steel SS304 was
used as PCC material [11]. The same cell using a PCC made of molyb-
denum showed a less pronounced but still clearly visible overpotential
decrease from the 10th to the 100th cycle, while a stable overpotential
was observed when tungsten was used as PCC [20]. Corrosion in-
vestigations showed very strong attack of SS304 by the Li-Sb-Sn alloy,
strong attack of Mo, and mild attack of W [11,20]. The corrosion attack
of PCC materials by the Na-Sb-Bi alloy used in the present study was
found to be much milder than the attack by Li-Sb-Sn, see Fig. 11. After
1335 h of operation, the stainless steel 316Ti shows an attack of up to 50
pm depth with strong depletion of Fe, Cr, and Ni and severe penetration
of Sb and Bi, while no attack is visible on Mo after 1200 h of operation.

From all these observations, both our own and the ones found in
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Fig. 9. Long-term cycling behavior of cell D10 (SS 316Ti as PCC) and cell M1
(Mo as PCC) as function of test time. Both cells were used for other tests prior to
the GCPL test.

literature, it can be concluded that the decrease in total overpotential
and the corresponding increase in energy efficiency is related with
corrosion of the PCC material, although a reasonable explanation of this
relation is hitherto lacking.

Regarding the capacity loss, both cells show a stable SOC reached
after charging, while the maximum achievable DOD after discharge
decreases with cell age. Since the lower voltage limit of the charge-
discharge cycles was set such that all available Na is transferred to the
positive electrode upon discharge, this clearly indicates a loss in avail-
able active Na. Active Na may be lost or inactivated by evaporation as
discussed above or by chemical reactions that permanently bind Na.
Since evaporation is expected to be similarly pronounced for cell D10
and cell M1 (same level of molten salt above metal foam) and not to
increase but rather to decline during operation, it explains the capacity
loss observed for cell M1 during the entire test, but for cell D10 only in
the first ~800 h. The accelerated capacity loss of cell D10 after 800 h
must be caused by a process not present in cell M1, e.g., corrosion of SS
316Ti by the positive electrode. In contrast to Mo, which does not form
intermetallic phases with Sb or Bi, steel alloying elements such as Fe, Cr,
and Ni are dissolved into the liquid Na-Sb-Bi alloy during cell operation
and form intermetallic phases with Sb and/or Bi, for instance FeSbs,
FeSb, CrSby, CrSb, NiSb,, NiBi3 [21]. Hereby, only the compounds FeSb,
and CrSby (respectively the solid solution (Fe,Cr)Sby) are formed from
the very beginning of the corrosion process due to the insignificant
solubility of Fe and Cr in both Sb and Bi [22,23]. The formation of the
other compounds requires threshold concentrations of Fe, Cr, and Ni (Ni
has a rather high solubility of about 10 mol% in Bi), which might be
reached in a later stage of corrosion. The expected decrease in active Sb
and Bi due to the formation of corrosion products is insignificant
because of the rather high initial amount of Sb-Bi alloy in the cells,
which is confirmed by the stable cell voltage, see Fig. 10. However, the
intermetallic phases might influence the alloying process of Na with
SbBiy. In the Sb-Bi alloy, the Sb is not freely available for reactions with
Na. The Fe-Sb and Cr-Sb corrosion products might make the Sb more
easily accessible for reactions with Na. This could have two effects.
Firstly, the alloying process between Na and Sb occurs more easily,
which results in a reduced activation overpotential and explains the
observed decrease in total overpotential and increase in energy effi-
ciency during the first ~700 h of operation (see Figs. 8, 9, and 10).
Secondly, also the formation of solid Na-compounds (Na3Sb, NagBi) is
facilitated, which finally decreases the amount of Na available for
charge-discharge cycling and reduces the cell capacity. The formation of
Na-compounds might require either a certain concentration of corrosion
products or specific compounds that are formed in a later stage. This
could explain that no effect of corrosion on the cell capacity is observed
in the first ~800 h. However, further research is required to clarify the
interaction between corrosion products and Na alloying.

4. Conclusion

Na//SbBig liquid metal batteries with molten salt electrolyte
LiCl-NaCl-KCl (61-3-36 mol%) and different cell designs, one design
including a metal foam that hosts the liquid Na and the other design
without a metal foam, could be realized and successfully operated.
Stable operation with excellent electrochemical performance was
demonstrated after a short time of cell initialization. The self-discharge
current is only ~0.35 mA/cm? and depends on operating temperature
and electrode distance in a reasonable way. The main contribution to the
ohmic resistance stems from the electrolyte, while the contact re-
sistances sum up to only 10 mQ. The cell voltage was found to be in-
dependent of cell design, operating temperature, and cell age. In long-
term cycling tests, the cells show a stable Coulombic efficiency and
energy efficiency, the latter even slightly increasing when stainless steel
is used as positive current collector. However, the cell capacity of all
cells decreases due to a loss in active sodium. Two mechanisms could be
identified. First of all, Na evaporates into the empty space of the cell, an
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Fig. 11. Scanning electron microscopy (backscattered electron) images of cross sections of different PCC materials after cell operation.

effect influenced by the amount of electrolyte. Secondly, corrosion of
stainless steel by the positive electrode leads to an additional capacity
loss not observed when molybdenum is used as positive current collec-
tor. The results obtained in the present study form the basis for future
cell optimization and upscaling.
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