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ABSTRACT

Recently, a disruptive idea was reported about the discovery of a new type of battery named Liquid
Displacement Battery (LDB) comprising liquid metal electrodes and molten salt electrolyte. This cell fea-
tured a novel concept of a porous electronically conductive faradaic membrane instead of the traditional
ion-selective ceramic membrane. LDBs are attractive for stationary storage applications but need mitiga-
tion against self-discharge. In the instant battery chemistry, Li|LiCl-PbCl,|Pb, reducing the diffusion coef-
ficient of lead ions can be a way forward and a solution can be the addition of PbO to the electrolyte. The
latter acts as a supplementary barrier and complements the function of the faradaic membrane. The
remedial actions improved the cell’s coulombic efficiency from 92% to 97% without affecting the voltage
efficiency. In addition, the limiting current density of a 500 mAh cell increased from 575 to 831 mA cm ™2
and the limiting power from 2.53 to 3.66 W. Finally, the effect of PbO on the impedance and polarization
of the cell was also studied.

© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Climate change is one of the biggest challenges of the current
era. Europe is committed to achieving the vision of a climate-
neutral society by 2050 [1]. This transition motivates the search
for innovative solutions that result in the mitigation of the adverse
effects of energy consumption and conversion. This also drives how
electrical energy is being produced, consumed, and stored. Imple-
mentation of electric vehicles is also a key step toward battling
CO, emissions. Batteries are the true enablers for this vision, but
these need to be made safer, better performing, more sustainable,
and affordable [2]. Batteries should exhibit high performance
beyond their capabilities today. Furthermore, reliable batteries
can provide greater resiliency to the existing grid while also lower-
ing emissions [3]. Battery chemistries that have been deployed in
stationary storage applications include lithium-ion, lead-acid,
redox-flow, and high-temperature batteries such as sodium-
sulfur and sodium-nickel chloride (ZEBRA) [4].

The transition to a more electricity-based society needs disrup-
tive ideas that can enable the creation of sustainable batteries at
the price point of the market. In line with these efforts Group Sad-
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oway laboratory at MIT has reported the discovery of a new type of
battery named liquid displacement battery (LDB) [3] which
exploits the advantages of the sodium-nickel chloride electro-
chemistry without requiring the use of the p”-Al,03 Na-ion con-
ducting membrane. The fragility and brittleness of the B”-Al,03
ceramic set severe design constraints and limit its performance.
Also, its vulnerability to attack by transition-metal ions in a
chloroaluminate melt is a concern. LDB has a new concept of a por-
ous electronically conductive membrane instead of an ion-
selective ceramic conductor. This membrane removes the barrier
for researchers to choose only liquid Na for the negative electrode
and solid transition-metal halides for the positive electrode [3].

The schematic of a liquid displacement battery based on the
electrochemistry of Li|LiCI-PbCl,|Pb is shown in Fig. 1. The nega-
tive electrode is comprised of liquid Li-Pb, where Li is the active
species and Pb serves as host metal. The eutectic composition of
LiCl-KCl is used as a molten-salt electrolyte. Finally, liquid Pb is
serving as the positive electrode and PbCl, exists in the electrolyte
in a dissolved state. The electrochemistry of Pb/Pb?" displacement
reactions in molten LiCI-KCI is explained [3] as

2Li(Pb(1)) + 2C1, ;i1 ey =2LiCluic kaiq) +2€” (1)

PbClyicr ke +2€”=Pb(1) + 2Cl ;¢ ey, (2)
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Fig. 1. Schematic of a liquid displacement battery. The detailed view shows the ion transport and faradaic reaction across a porous electronically conductive membrane.

This leads to the overall cell displacement reaction:

2Li(Pb(1)) + PbCl,=Pb(l) + 2LiCl 3)

The use of membranes is a widely accepted concept in the field
of batteries and fuel cells. Mostly, ion-exchange membranes are
used as an electrolyte barrier between the half-cells. The mem-
branes fabricated for this study enable ion exchange because of
their porous nature and are also electronically conductive to allow
for a “faradaic protection” reaction. When Pb?" ions reach the
lower surface of the membrane, they will be reduced faradaically
into Pb metal. The lead droplets, formed at the surface of the mem-
brane, sink back into the pool of Pb (1). This self-discharge reaction,
which is caused by diffusion of lead ions from the bottom of the
electrolyte towards the membrane, is of course detrimental. The
membrane acts here simply as a lead barrier preventing irre-
versible lead transfer from the positive electrode to the negative
electrode. LDBs built in the past exhibited a coulombic efficiency
of 92% and an energy efficiency of 71% while operating at a current
density of 150 mA cm™2 at a temperature of 410 °C. The loss in
coulombic efficiency is not caused by irreversible side reactions
but rather simply by the self-discharge reaction, explained above
[3]. LDBs are promising but require further mitigation strategies
to reduce self-discharge. The latter is the scope of this study.

While the reported battery chemistry is relatively recent, the
electrochemical reactions explained above are well established
and have been used for lead deposition from molten chlorides.
The characteristics of the mixtures of molten salts and metals are
reported elsewhere [5]. The diffusion coefficient of lead ions in
molten chlorides has been reported to be 2 x 107> cm? s~ !; the
cathodic deposition of lead was found to be diffusion controlled
[6-9] for the dilute solution of PbCl, in molten KCI-LiCl at
400 °C. A formulation based on applying Faraday’s law and species
transport equations led to a relationship highlighting the direct
proportionality of the self-discharge current density to the diffu-
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sion coefficient. The mathematical formulation is given in the sup-
plementary information.

Different remedies can be used to reduce self-discharge such as
increasing the thickness of the electrolyte (salt) layer, reducing the
solubility of PbCl, in the electrolyte, lower the operating tempera-
ture, freezing the electrolyte during cell idling, binding of PbCl, to
some other chemical moiety inside the Pb, or by using an elec-
trolyte featuring a miscibility gap. The idea of this study is to con-
vert PbCl; into another complex compound leading to a reduction
of the diffusion of the Pb-ions.

2. Materials and experimental methods
2.1. Chemicals

Lead (99.99%, anhydrous, Sigma Aldrich) was used in the elec-
trodes. The electrolyte was prepared using the eutectic composi-
tion for a mixture of lithium chloride (LiCl, 99.9% anhydrous
supplied by Alfa Aesar) and potassium chloride (KCI, 99.9% anhy-
drous supplied by Alfa Aesar). Membranes were prepared using
titanium nitride (TiN) powder (Alfa Aesar, 99.7%, <10 pm) and
magnesia (MgO) nano-powder (Inframat Advanced Materials).
Lead-oxide was also obtained from Alfa Aesar.

2.2. Preparation of membrane

The porous TiN membrane referred to as the faradaic mem-
brane was prepared using the method reported by [3] . The mix-
ture having 5.4 g TiN powder and 0.6 g MgO nano-powder was
mixed thoroughly by a pestle and then transferred into the gra-
phite crucible (outer diameter: 2.54 cm, inner diameter: 2.3 cm,
height: 4.4 cm) with an opening at the bottom having a diameter
of 2 cm. This graphite crucible is acting as a current collector for
the negative electrode as shown in Fig. 2. The powder inside the
crucible was hydraulically pressed by inserting a graphite rod. This
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Fig. 2. Experimental setup of the liquid displacement battery fitted with the faradaic membrane. (a) Assembly of all the components. (b) Components. (c) Furnace inside the

glovebox having the operated cell.

gives mechanical strength to the powder and helps in attaching it
to the crucible surface and helps to avoid any leakage of the molten
negative electrode during battery operation. The assembly was
then transferred to the tube furnace which was purged three times
with ultrapure Ar (99.99%) and then blanketed with argon gas and
heated to 1100 °C at a ramping rate of 6 °C min~!. The prepared
assembly of the negative current collector carrying the mounted
membrane was taken out of the furnace and allowed to cool to
room temperature.

2.3. Assembly and assessment of the liquid displacement cell

The assembly of the liquid displacement cell is shown in Fig. 2.
Graphite crucibles were used to contain the liquid metal electrode
and molten salts. The positive electrode was connected to a metal
rod serving as current collector. The crucibles were insulated by
using a ceramic sleeve. In the beginning, the positive electrode
was loaded with layers of lead granules followed by a mixture of
LiCl & KCI as molten salt electrolyte having an eutectic composition
[10]. The negative electrode consisting of lead granules was placed
on top of the solid electrolyte. This assembly was placed inside the
furnace maintained at 415 °C to obtain molten layers of all the
added reagents. It was ensured that the bottom part of the negative
electrode with its membrane was in good contact with the molten
salt electrolyte before the start of measurements.

Data obtained from charge/discharge cycling enabled the calcu-
lation of coulombic, voltage, and energy efficiencies (#c, #yg, and
Nge, respectively) for each cycle as
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where [ is the current, E is the cell potential difference, t is time,
subscript i stands for the cycle number, subscript c for the charge,
subscript d for discharge, subscript O for initial, and subscript f for
final.

An activation of the cell was performed before conducting any
measurements. Self-discharge was measured by charging the cell
up to the capacity of 500 mAh and then recording the open circuit
potential (Eocp) at the no-load condition for up to 48 h. This tech-
nique helps to isolate the impact of self-discharge on the perfor-
mance of the cell. Impedance measurements were recorded at
10 mV amplitude and across the frequency range of 2.5 kHz to
1 Hz using the Autolab workstation. Potentiostatic measurements
were performed to acquire polarization data from 0.4 to 2.2 V at
a scan rate of 10 mV s~1. The ohmic resistance contribution from
the wires (0.02 Q) was subtracted from all polarization and impe-
dance measurements.
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3. Results and discussion
3.1. Mitigation of self-discharge

The activation of the liquid metal electrodes and the molten salt
electrolyte was performed through charge-discharge cycling (CDC)
until the cell reached the operating capacity of 500 mAh. The
cycling was done step-wise by operating the cell at the capacities
of 25, 250, and 500 mAh as shown in Fig. 3 (i.e., CDC at 50, 100,
and 200 mA for charging times of 0.5, 2.5, and 2.5 h, respectively).
During the activation phase, the coulombic efficiency at 25 mAh
capacity increased from 25.5% to 90.1% in 5 cycles, which indicates
that there was no short-circuiting though the membrane. The
responses of the cell recorded at 250 and 500 mAh have shown
similar values of efficiency improvement. The maximum value of
the coulombic efficiency achieved at 500 mAh was 91.3% and that
of the voltage efficiency 74.98%, which served together with the
state-of-the-art value [3] as a comparative benchmark.

The present study is a continuation of a previous article [3]
which can be consulted for the detailed chemical and electrochem-
ical characterizations of the lower surface of the membrane includ-
ing scanning electron microscopy (SEM) images and energy
dispersive X-ray spectroscopy (EDS) mapping performed before
and after 100 cycles. The permeation rate of Pb%>* was measured
by direct-current plasma chemical analysis. It was also evident that
the performance of the cell is stable until 400 cycles. Nevertheless,
it was observed that the battery exhibited a certain self-discharge
at open circuit conditions. Therefore, retention of the stored energy
becomes the primary concern, and repetition of other results was
forestalled to remain focused on the mitigation of self-discharge.

There was an interesting study reported by Pershin et al. [6] for
the electrodeposition of Pb. They reported the formation of a Pb,-
0Cl, compound when adding PbO to a PbCl, melt. Hence, the addi-
tion of PbO to LiCl-KCI-PbCl, melt is expected to result in the
reaction:

The presence of PbO in the electrolyte complements the func-

tion of the faradaic membrane by providing additional steps for
the electrochemical conversion of Pb?*. In this way it serves as
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Fig. 3. Charge-discharge cycling for activation phase in three steps. Step 1: Capacity
of 25 mAh at a constant current of 50 mA for 0.5 h. Step 2: Capacity of 250 mAh at a
constant current of 100 mA for 2.5 h. Step 3: Capacity of 500 mAh at a constant
current of 200 mA for 2.5 h (Inset shows #cg, ve, Heg, and capacity for the cycles
respectively).
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an additional barrier to the diffusion of Pb?*. This leads to the mod-
ification in the positive electrode half-cell reaction and can be
described as

Pb,0*" + 2e =Pb0 + Pb (8)

The diffusion-controlled process of self-discharge can be
decreased because of the reduced concentration of free Pb?" ions
resulting from the formation of the Pb,0%* ions in the electrolyte.
These two additional side reactions complement the functioning
of the faradaic membrane. Pershin et al. [6] also optimized the
effect of PbO in the PbCl, melt by testing various molar percent-
ages of 0.54%, 1.20%, 1.78%, and 2%. The best results were observed
at 2% which was therefore chosen for further testing in the liquid
metal displacement battery.

Self-discharge was examined by charging the cell up to the
capacity of 500 mAh and then measuring the open circuit potential
(Eocp) for up to 48 h without any applied current. During this rest-
ing phase, the cell was maintained at constant temperature and
other ambient conditions; therefore, any change in the value of
Eocp could be attributed to the self-discharge of the cell.

The result of the self-discharge test as a function of Eqcp is
shown in Fig. 4. It was observed that the cell potential kept on
decreasing over time and there is a rapid drop for the control
experiment after 24 h of resting phase. However, a significant
improvement was observed after the addition of 2 mol% PbO to
the electrolyte. Then, the cell voltage remains stable even after
24 h and only a slight decrease was observed up to 48 h of resting
phase. The addition of PbO to the electrolyte results in formation of
a complex compound Pb,OCl, and works as an additional filter to
stop the crossover of Pb%* ions which are responsible for the self-
discharge. Interestingly, the two curves overlay each other for
the region of up to 24 h, and the rate of self-discharge did not
get prominent until Egcp = 1.5 V.

During discharging, the reduction of Pb?" is supported by oxida-
tion of Li from the Li-Pb pool at the negative electrode. The pores of
the membrane act as ionic channels and assist the passing of Li*
into the electrolyte. Moreover, there are two pathways for the elec-
trons and the value of the coulombic efficiency (14 = 91%) as
shown in Fig. 5 suggests that the dominant pathway is the external
circuit taking most of the total output of current. The electronically
conductive membrane is providing the second pathway which
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Fig. 4. The result of the self-discharge test without the addition of PbO and after the
addition of 2 mol% PbO to the electrolyte.
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Fig. 5. Charge discharge cycling of the liquid displacement cell having a capacity of 500 mAh at a current of 200 mA. (a) Control experiment without the addition of PbO. (b)
After addition of 2 mol% PbO to the electrolyte. (c) Efficiencies of both experiments. (d) Comparison of capacity vs. potential for the best performing charge-discharge cycle.

facilitates the reaction of Pb?* at the lower surface of the mem-
brane thereby blocking the transport of Pb?* to the negative elec-
trode (having a Li-Pb pool above). This drives the liquid Pb back
to the positive electrode (present as a Pb pool on the bottom of
the cell). Since the addition of PbO initiates additional reversible
reactions, the need for electrons to be supplied through the second
pathway is reduced. This in return increased the current flowing
from the dominant pathway, i.e., external circuit, resulting in an
increase in coulombic efficiency up to 97% without affecting the
voltage efficiency as shown in Fig. 5(c).

Efficacy of this remedy was also tested for longer battery cycling
and the cell was operated for 146 h (ca. 6 days) to perform 30
charge-discharge cycles. The coulombic efficiency (#cg) and dis-
charge capacity of the cell was dropped to only 0.84% and 1.82%
between the 5th and 30th cycle which indicate that the self-
discharge of the cell is inhibited by the addition of PbO. The
charge-discharge cycles, efficiencies, and discharge capacity for
each cycle is shown in Fig. S3(a and b).

3.2. Impact of mitigation on the impedance of the cell

Electrochemical impedance spectroscopy (EIS) was used to fur-
ther characterize the performance of the cell. A higher impedance
of the cell results in lower voltage efficiency and, in turn, lower
round-trip energy efficiency. It is important to quantify the overall
impedance of the cell and then to further analyze it to get the con-
tribution of each component. Initially, the impedance curve
obtained from EIS measurements was fitted to a Randles circuit
which helps to analyze the first semi-circle highlighting the ohmic
resistance and charge-transfer resistance of the cell. The Randles
circuit fittings were used as the starting point to get values for
the model of the equivalent circuit. The impedance curve was fur-
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ther fitted to the equivalent circuit model considering the physical
phenomena occurring in the cell.

Since existing reported results were not available, the EIS mea-
surements were validated using the Kronig-Kramers test (K-K test)
as shown in Fig. S2. This test assesses the steady-state condition of
the electrochemical system. If the investigated system is dynamic,
i.e., changing with time, then this test fails. This can happen due to
the effect of aging, temperature change, non-equilibrium initial
state, etc. Failure of the K-K test usually means that no good fit
can be obtained using the equivalent circuit method. The Kronig-
Kramers test ensures causality, linearity, and stability: Here,
causality signifies that the recorded response is related only to
the excitation signal generated by the potentiostat during mea-
surement. Linearity signifies that the recorded response is linear
and the perturbation small enough to avoid any change in the open
circuit potential of the cell during measurement. Finally, stability
highlights that the electrochemical system is not changing the
state-of-charge (SOC) with respect to time [11,12].

The measurements were successfully validated by the K-K test
and fitted to the equivalent circuit as shown in Fig. 6. The induc-
tance of wires between the cell, glove box, and potentiostat is
denoted by L. The x-intercept of the Nyquist plot indicates the
ohmic contribution of the cell and is denoted in the equivalent cir-
cuit by the resistive component Rs. The latter combines the ohmic
resistances of the cathode, electrolyte, membrane, anode, and cur-
rent collectors. The double-layer effect at the interfaces of the elec-
trolyte with anode/cathode is modeled using an analogy of RCcpg
circuits, where Ccpg is a constant phase element (CPE). The fitted
parameters can help to estimate the overall impedance of the cell
by using the following equations, which are commonly applied for
impedance analysis of the RC circuit (it is assumed that the con-
stant phase element is behaving as a capacitor):
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Fig. 6. Impedance curve obtained by electrochemical impedance spectroscopy in
the frequency range from 2.5 kHz to 1 Hz having an amplitude of 10 mV. The inset
shows the equivalent circuit model used for curve fitting.

1
!ZRC,A| B 9)
(RI_A) +(CUACA)2
1
{ZRc.c| e (10)
(RLC) +(wcCc)2
|ZceiL] = Rs + ‘ZRC.A‘ + |ZRC‘C}~ (11)

Here, subscript A refers to the anode and C to the cathode, Zgc is
the impedance of the RC circuit, Zcg is the estimated total impe-
dance of the cell and w is the frequency.

The equivalent circuit fits the individual impedance curves
(Fig. 6) very well. The EIS parameters used in the equivalent circuit
model were determined with good accuracy (Table 1). The errors
for each parameter are within the 95% confidence interval accord-
ing to the equivalent circuit analysis in ZView and lie within the
Chi-squared criterion (<1 x 1073). There is a negligible effect of
PbO addition on the ohmic resistance of the cell which indicates
that neither the electrolyte layer thickness changes nor does the
conductivity of the electrolyte. In comparison to this, the anodic

Journal of Energy Chemistry 66 (2022) 390-396

impedance increased by ca. 32% (from 592 to 783 mQ) because
the charge transfer resistance increased at the anode due to the
additional side reactions. The cathodic impedance decreased,
which is possibly associated with the physicochemical properties
of the melt (LiCl-KCI-PbCl,-Pb,0Cl;) and also because of the avail-
ability of more Pb?* ions. Interestingly, this trade-off maintained
the overall impedance of the cell, which is almost the same when
adding PbO to the electrolyte. This finding is also supported by the
earlier results showing that the coulombic efficiency increased
without any effect on the voltage efficiency.

3.3. Impact of mitigation on the polarization of the cell

The polarization curve analysis is based on the standard electro-
chemical technique of linear sweep voltammetry (LSV) for charac-
terizing the performance of the battery and provides information
about the performance losses in the cell under operating condi-
tions. The generalized polarization curve of a battery is given in
supplementary information as Fig. S1. The peaks of the polarization
curve highlight the limiting current density and limiting power
that can be achieved from that particular cell. The curve obtained
while discharging the cell gives us the useful parameters of activa-
tion overpotentials (#,), ohmic losses (#,), and mass transport (#,,)
overpotentials. These values can be extracted using the informa-
tion of the ohmic resistance from the impedance analysis.

T ¥ T ki T X T z T : T ) T L T X 4
V (control)
——V (remedy)

2.2+

2.0+
1.8+
164 L s

1.4
1.2

Potential (V)
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1.0 4

iting,

0.8+

Lo R, . SO,

0.6 - - - Power (contrdl)

- = —Power (remedy)
T Y T Y T Y T d T Y T Y T v T d
100 200 300 400 500 600 700 800 900

Current density (mA cm?)

0.4

Fig. 7. Polarization curves while charging the cell from 0.4 to 2.2 V. The solid lines
represent voltage as a function of current density and the dotted lines represent
power as a function of current density (mA cm~2). The active area of the cell is
2 cm?,

Table 1
Fitting parameters and RC circuit impedance analysis of the equivalent circuit for the impedance curves shown in Fig. 6.
Elements Without PbO With PbO
Value Error (%) Value Error (%)
Fitted parameters
Ly (mH) 2.16 x 1073 0.37 2.08 x 1073 1.12
Rs (Q) 2.56 x 107! 0.02 2.54 x 107! 0.05
Ra (Q) 6.48 x 1072 0.55 8.46 x 1072 0.84
CPEA (mF) 4.65 x 10? 0.29 4.69 x 10! 0.65
Rc (@) 6.59 x 1072 0.08 531 x 1072 0.31
CPEc (mF) 2.99 0.21 2.77 0.8
Chi-squared 5.7 x 1077 5.3 x 1075
(Criteria < 1 x 1073)
RC-circuit impedance analysis
|Zrcal (Q) 592 x 1074 7.83 x 1073
|Zre,cl () 6.58 x 1072 531 x 1072
|Zcpul (2) 322 x 107! 3.15 x 107!
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Fig. 8. Polarization curves while discharging the cell from 1.8 to 0.3 V at a scan rate
of 10 mV s, The solid lines represent voltage as a function of current density and
the dotted lines represent iR-free curves.

The polarization curve obtained while charging the cell from 0.4
to 2.2 V at a scan rate of 10 mV s~ ! is shown in Fig. 7. The control
experiment (without PbO) achieved a limiting current density of
575 mA cm 2 and limiting power up to 2.53 W whereas the rem-
edy experiment (with PbO) achieved a limiting current density of
831 mA cm~2 and a limiting power of 3.66 W. Moreover, the polar-
ization curve was obtained while discharging the cell from the
SOC = 80% to SOC = 20%, which is the range of varying the poten-
tials from 1.8 to 0.3 V. The activation overpotential is negligible
because of the fast kinetics at liquid-liquid interfaces. Ohmic resis-
tance values obtained from EIS were used to get iR-free curves
which help to quantify the ohmic overpotential (7,); the remaining
curve is the effect of the mass-transport overpotential (7,,). The
values of the various overpotentials are shown in Fig. 8. The gains
in the performance of the cell are also evident through these
results.

4. Conclusions

A formulation involving Faraday’s law and the Nernst-Planck
equation leads to a relationship that indicates that the self-
discharge current density is directly proportional to the diffusion
coefficient. It directs this study to the solution of adding lead oxide
(PbO) to the electrolyte so as to reduce the diffusion coefficient as
well as the Pb ion concentration by initiating two additional side
reactions. The limiting current density and power were improved
from 575 to 831 mA cm~2 and from 2.53 to 3.66 W, respectively.
The addition of PbO decreases the ohmic losses, but the mass
transport overpotentials increased due to the effect of PbO on the
diffusion of Pb®" in the electrolyte. The equivalent circuit model
estimated the contribution of impedance by contacts and inter-
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faces. The remedial actions reported here resulted in the highest
reported coulombic efficiency for liquid displacement batteries,
i.e., an increase from 91% to 97% without affecting the voltage effi-
ciency. The addition of PbO slows the diffusion-controlled self-
discharge process by complementing the faradaic function of the
membrane with additional reversible side reactions.
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