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Faradaically selective membrane for liquid metal
displacement batteries

Huayi Yin'?, Brice Chung', Fei Chen®'3, Takanari Ouchi’, Ji Zhao', Nobuyuki Tanaka"* and

Donald R. Sadoway ®™

In the realm of stationary energy storage, a plurality of candidate chemistries continues to vie for acceptance, among them
the Na-NiCl, displacement battery, which has eluded widespread adoption owing to the fragility of the 3”-Al,O, membrane.
Here we report a porous electronically conductive membrane, which achieves chemical selectivity by preferred faradaic reac-
tion instead of by regulated ionic conduction. Fitted with a porous membrane of TiN, a displacement cell comprising a liquid Pb
positive electrode, a liquid Li-Pb negative electrode and a molten-salt electrolyte of PbCl, dissolved in LiCI-KCI eutectic was
cycled at a current density of 150 mA cm~2 at a temperature of 410 °C and exhibited a coulombic efficiency of 92% and a round-
trip energy efficiency of 71%. As an indication of industrial scalability, we show comparable performance in a cell fitted with a

faradaic membrane fashioned out of porous metal.

tency of renewable sources of energy such as wind and photo-

voltaic solar. Furthermore, the existing grid would benefit from
stationary storage in terms of greater resiliency and lower emis-
sions as well as better utilization of assets (generation, transmission
and distribution)'~*. An attractive candidate in this regard is the
Na-NiCl, chemistry whose origins can be traced back to the dis-
covery by Kummer and Weber that p”-ALO; is a Na-ion conduc-
tor, which meant that liquid sodium could function as a negative
electrode in a battery, the first being sodium-sulfur’. Subsequently,
Coetzer paired liquid sodium with an electrode of NiCl, sup-
ported by Ni metal and flooded the space between it and the
B”-Al,O; membrane with molten NaAICl, (ref. ¢). In spite of its fine
attributes, this battery has not achieved widespread market penetra-
tion’"'°. The fragility and brittleness of the f”-Al,O, combined with
its vulnerability to attack by transition-metal ions in a chloroalu-
minate melt put severe constraints on cell design, which, in turn,
limit performance'. This seems to be the case for U-shaped tube
configurations of p”-ALO, as well as for large-area planar configu-
rations of this material'>-'%.

In a departure from the classical ceramic single-ion conductor,
here we report the use of a porous electronically conductive mem-
brane (Fig. 1), which achieves chemical selectivity by preferred
faradaic reduction of vulnerable transition-metal ions (here Pb** is
reduced to liquid metal to prevent Pb from entering the negative
electrode) while at the same time the pores of the membrane allow
for transport of cations of the active metal of the negative electrode
(Li* here) as well as anions of the molten-salt electrolyte (Cl- here).
The electrons that reduce the Pb** are produced by the oxidation of
Li (labelled anode reaction). As needed, a fraction of such electrons
traverse the electronically conductive membrane in order to drive the
faradaic protection reaction on its lower surface. With this farada-
ically active membrane, we have unlocked both the choice of the neg-
ative electrode (not bound to liquid Na) and the choice of the positive
electrode (not restricted to solid metals that form solid halides). The

E ; tationary storage is a technology that mitigates the intermit-

result is an operative all-liquid (metals and salts) displacement chem-
istry that we name the liquid displacement battery (LDB).

The thermodynamics of the liquid displacement battery

The example of a Li-Pb||PbCl, cell (Fig. 1), comprising a liquid
Li-Pb negative electrode where Li is the active metal and Pb is a
host metal, a molten-salt electrolyte of LiCl-KCl eutectic with dis-
solved PbCl, and a liquid Pb positive electrode, was chosen based
on the thermodynamics of the binary liquid Li-Pb system'* and on
our own measurements of the electrochemistry of Pb/Pb** displace-
ment reactions in molten LiCl-KCl. The half-cell reactions are:

2 Ll(Pb(l)) +2 Cl_(LiCl—KCl(l))(_) 2 LiCl(LiCl—KCl(l))+ 2e” (1)

PbClyici-kaiay+2 €~ < Pb(D) +2 Clic1_kai) (2)

The overall cell displacement reaction is:

2 Li(Pb(1)) + PbCly;c1 ke <> Pb(D) +2 LiCl 1501 -kaiqy) (3)

On charging, Pb in the positive electrode oxidizes to Pb** ion,
which dissolves in the LiCl-KCl electrolyte. In parallel, on the nega-
tive electrode, Li* ions in the electrolyte are reduced to Li metal,
which alloys with the Pb host. The problem is that direct contact
between the dissolved Pb** and the Li-Pb negative electrode would
result in a spontaneous reaction (2 Li ;, y, +Pb** — Li-Pb+2 Li*)
and permanent transfer of Pb into the negative electrode with
attendant loss of energy storage capacity. It is for this reason that
ZEBRA resorts to the choice of Ni for the positive electrode, as
NiCl, is insoluble in NaAICl,. Coetzer himself wrote ‘A crucial fea-
ture of the positive electrode reaction is that it requires the electro-
chemically active species to be effectively insoluble in the molten
salt electrolyte. The electrochemically active material must always
remain “pinned” to the electronically conductive backbone matrix,
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Alloy (/), such as Li-Pb (/)

LiCI-KCl,, + PbCl,
L]

2 Li~Pb (/)=2Pb + 2 Li* + 2e~
Anode reaction

Electronic conductor lonic channel le-

PbCl, (/) +2 e =Pb (/) +2CI”
Faradaic protection reaction

PbCl,(/)+2e =Pb(/)+2CI”
Cathode reaction

Fig. 1| Schematic of displacement cell discharging. A Li-Pb||PbCl, cell fitted with a porous faradaically selective membrane. Depicted are the anode
reaction at the interface between the liquid Li-Pb and the top surface of the membrane, the cathode reaction at the interface between the liquid Pb and the
electrolyte, and the faradaic protection reaction at the membrane/electrolyte interface.

which can be unreacted metal itself’*. The consequence of the latter
is that, on charging, the positive electrode becomes coated with an
ever-thickening solid layer of insulating metal halide, which ulti-
mately halts current flow and prevents full utilization of the positive
electrode. On discharge, when the cell is near a full state of charge,
this same solid insulating halide layer constrains power delivery. To
permit the use of a liquid metal positive electrode that converts to
a metal halide that is soluble in the molten-salt electrolyte, we fit
the cell not with an ion-selective ceramic membrane but rather with
a porous electronically conductive membrane, so that the arrival
of Pb** at the lower surface of the membrane is accompanied by
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Fig. 2 | Performance of a Li-Pb||PbCl, cell. a, Voltage-time traces, charge
and discharge. b, Discharge capacity, energy efficiency and coulombic
efficiency as a function of cycle number. Operating temperature, 410 °C.
Current density, 150 mA cm=2
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faradaic reduction to Pb metal before it can alloy with the negative
electrode. On discharge, electron transfer to Pb** is supported by the
oxidation of Li from the Li-Pb negative electrode. Li* ions enter the
electrolyte in the pores of the membrane (serving as ionic channels),
while the electrons have two pathways. The dominant pathway is the
external circuit taking more than 90% of the total current, which,
in turn, is reflected in the measured value of coulombic efficiency.
The second pathway is through the electronically conductive mem-
brane, which facilitates faradaic reduction of Pb** at the interface
of the electrolyte/membrane, blocking the transport of Pb** to the
Li-Pb pool above, and confining the liquid Pb to the positive elec-
trode chamber. The newly reduced Pb coalesces into droplets that
fall to the Pb pool at the bottom of the cell. It is this faradaic reac-
tion that blocks permeation of Pb** through the membrane, thereby
vitiating metallothermic reduction and consequent irreversible loss
of cell capacity. The difference in concentration of Pb** at oppo-
site levels of the electrolyte (that is, highest adjacent to the positive
electrode and zero at the lower surface of the faradaic membrane)
ensures that the magnitude of this blocking current remains accept-
ably small so as not to render cell operation impractical. The use of
Pb host metal in the negative electrode serves to limit the concen-
tration of Li so as to avert on the lower surface of the membrane the
generation of pure Li metal and the formation of solid intermetallic
compounds of Li-Pb. Admittedly, such use of a host metal in the
anode reduces the cell voltage. The open-circuit voltage for equa-
tion (3) is the difference between the potentials of Li-Pb and Pb/
PbCl,. The potential on the negative electrode spans the range from
0 to 0.8V versus pure Li, varying with the concentration of Li in Pb
(ref. ). The standard potential on the positive electrode, Pb/PbCl,
versus Li, is 2.31V at 410°C (HSC Chemistry 6.0). Depending on
the concentration of Pb?* in the electrolyte, the positive electrode
potential varies from 0.8 to 2.31 V. Under the operating conditions
in this work, the nominal open-circuit voltage of the cell was around
1.5V, as indicated in Supplementary Fig. 1. There is room for opti-
mization of cell voltage by regulating the concentration of Pb in the
negative electrode and the concentration of Pb** in the electrolyte.
This shift in selectivity from ionic mobility to faradaic reaction
unfetters the chemistry of the displacement battery in two signifi-
cant ways. First, such a displacement cell can operate with a liquid
metal positive electrode that converts to a halide that is itself soluble
in the molten-salt electrolyte. This means that the interface between
the positive electrode and the molten-salt electrolyte remains unob-
structed at all times. Accordingly, the mass transport kinetics at
such a liquid/liquid interface are dramatically faster than those at
a three-phase liquid/solid/solid interface, resulting in much higher
current rates throughout the cycle on both charge and discharge'.

NATURE ENERGY | VOL 3 | FEBRUARY 2018 | 127-131 | www.nature.com/natureenergy

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/natureenergy

NATURE ENERGY

ARTICLES

(-9

0.03

0.02 A

0.01 A

wt.% Pb in Bi

0.00 A

Capacity fade rate
— + 0.0020
(@)
r 0.0015 %
Pb concentration Q.
F0.0010 =
Q
o
1]
[ 0.0005
F 0.0000

20 30
Operation time (day)

40

Fig. 3 | Chemical analysis of a Pb droplet on the lower surface of the membrane and of the Pb permeation rate through the membrane. a,b, Images of
the bottom view of a porous TiN membrane before (a) and after (b) 100 cycles. ¢, SEM image of the area indicated in b. d, EDS mapping of ¢, showing the
presence of Pb (in red). e, Pb concentration and the calculated capacity fade rate as a function of service lifetime.

Secondly, the negative electrode need not be liquid Na. This gives
access to a large array of choices without relying on the discovery of
concomitant ion-selective ceramic membranes. The overall reaction
of the A-M||BX displacement cell can be written as follows:

a/b A(in M) (I)+BX, ()=B()+a/b AX,(I) 4)
where A is a low-melting, strongly electropositive metal or alloy of
the same (for example, Li, Na, Mg, Al), M and B are low-melting,
strongly electronegative metals or alloys of the same (for example,
Sn, Sb, Pb, Bi, Zn), X is a strongly electronegative non-metal or solu-
tion of the same (for example, F, Cl, Br, I), a is the valence of the
electronegative metal jon and b is the valence of the electroposi-
tive metal ion. The porous membrane is electronically conductive
and resistant to chemical attack by the molten salt containing ions
of the electronegative metal (positive electrode). Furthermore, we
show that the faradaic membrane can be fashioned out of metal so
as to be mechanically durable, which suggests that it may be easily
mass-produced at large scale with a thin cross-section for minimal
ohmic drop in cell voltage.

Charge-discharge cycle testing of LDB chemistries

Figure 2 shows the performance of an LDB cell comprising a Pb
positive electrode, a Li -Pb negative electrode and a molten-salt
electrolyte of PbCl, dissolved in LiCl-KCl eutectic. The negative
electrode is contained in a closed-one-end graphite tube, the bot-
tom of which has 16 3-mm holes that contain sintered TiN powder
(Fig. 3a), a material selected for its known resistance to chemical
attack by Li but an unlikely choice owing to the fact that TiN is an
electronic conductor. Figure 2a shows the voltage-time traces on
charging and discharging at a current density of 150 mA cm™ and a
temperature of 410 °C. Figure 2b shows charge—discharge cycle test-
ing. With a nominal cell voltage of 1.3V over the duration of the
test, which exceeded 100 cycles, the cell exhibited a coulombic effi-
ciency of 92% and a round-trip energy efficiency of 71%. Moreover,
this cell showed excellent rate capability, cycling at current densities
as high as 500mA cm™ (Supplementary Fig. 1). Figure 3b,c shows
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the underside of the negative electrode container. Plainly visible
are droplets of metal identified by electron dispersive spectroscopy
(EDS) to be Pb (Fig. 3d and Supplementary Fig. 2). This is clear
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Fig. 4 | Performance of a Mg-Pb||PbCI2 cell. a, Voltage-time traces, charge
and discharge. b, Discharge capacity, energy efficiency and coulombic
efficiency as a function of cycle number. Operating temperature, 420 °C.
Current density, 100 mA cm=2.
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evidence of the faradaic reaction that prevents irrecoverable loss of
Pb into the negative electrode.

To quantify the effectiveness of the electronically conductive
porous membrane, in a Li-Bi||PbCl, cell designed purposely to
allow for easy detection of the presence of Pb in the negative elec-
trode, the permeation rate of Pb** was measured by direct-current
plasma chemical analysis (Supplementary Fig. 3a). The nominal
cell voltage was 1.1V (Supplementary Fig. 3b), and the coulombic
efficiency was measured to be 92.8%, similar to that of a cell fit-
ted with a Li-Pb electrode. After different periods of continuous
cycling, the concentration of Pb in Li-Bi was measured to deter-
mine the rate of Pb** transport through the TiN faradaic membrane
(Supplementary Table 1). If the loss of cell capacity were attributed
solely to the permeation of Pb into the negative electrode, based
on our measurements the corresponding capacity fade rate would
be in the range of 0.00157% to 0.00192% per cycle, and the aver-
age capacity fade is 0.00172% per cycle (Fig. 3e). Of note is the
observation that no Pb was found inside the TiN membrane in
spite of the fact that its pore size is on the order of 10 to 20 um
(Supplementary Fig. 4), which is very large relative to the molecular
scale. Clearly, steric hindrance is not the explanation for the exclu-
sion of Pb. Instead, this is added proof that the TiN acts faradaically
as an jon-selective membrane capable of blocking Pb** while allow-
ing transport of other ions (Li*, Cl-, K*). Put another way, elec-
tron transport through the matrix of TiN and charge transfer to
Pb** at the lower surface of the membrane are much faster than
movement of Pb** through the pores of TiN. The loss of capac-
ity due to the blocking reaction is acceptably small as shown in
Supplementary Fig. 5. If this battery were cycled daily, for example,
to store solar energy harvested during the daytime for discharge
during the night-time, 12h rest time is representative. As loss of
coulombic efficiency is directly linked to self-discharge, reducing
the charging rate or increasing the charge capacity results in more
severe self-discharge (Supplementary Tables 2 and 3). In fact, the
blocking reaction can be shut off completely by slightly decreasing
the operating temperature to freeze the electrolyte (Supplementary
Fig. 6). In a demonstration of scalability, a membrane was fabri-
cated of porous stainless steel and coated with TiN (Supplementary
Figs. 7 and 8). This metal membrane was tested in a Li-Al||ZnCl,
cell (Supplementary Fig. 9), which exhibited the same performance
metrics as cells fitted with sintered TiN.

As proof of the applicability of the faradaically selective porous
TiN membrane to a plurality of chemistries, we present test
results of two other displacement batteries: Mg-Pb||PbCl, (Fig. 4)
and Li-Al||ZnCl, (Supplementary Fig. 9), both configured identi-
cally to the Li-Pb||PbCl, cell described above. The Mg-Pb||PbCl,
cell has a nominal cell voltage of 1.0V and exhibits a coulombic
efficiency of 90% and a round-trip energy efficiency of 70% over
400 cycles. Advantageously constructed of cheaper and environ-
mentally friendlier metals, the Li-Al||ZnCl, cell has a nominal
cell voltage of 1.3V with a coulombic efficiency of 90% and a
round-trip energy efficiency of 70%. After cycling, the TiN-
coated porous stainless-steel membrane shows good chemical
compatibility with molten salt and liquid metal in all instances
(Supplementary Fig. 10).

Conclusions

The use of a porous electronically conductive membrane, which
achieves chemical selectivity by preferred faradaic reduction of
vulnerable transition-metal ions rather than by regulated ion con-
duction, has been demonstrated successfully with a plurality of
all-liquid displacement battery chemistries. It has not escaped our
notice that the faradaically selective membrane reported here may
have potential utility in other electrochemical devices (beyond
energy storage) where delicate, ion-selective ceramic membranes
are currently deployed.

130

Methods
Preparation of the membrane. A porous TiN membrane was prepared by
sintering TiN powder mixed with 2wt% MgO powder into a graphite crucible
(OD: 2.54cm, ID: 2.3 cm, height: 4.4 cm) with 16 holes (3-mm diameter) in the
bottom. First, 5.8 g TiN powder (Alfa Aesar, 99.7%, < 10 pm) and 0.2g MgO
nanopowder (Inframat Advanced Materials) were mixed thoroughly by a pestle in
an agate mortar for 30 min, and then the mixed powder was transferred into the
perforated graphite crucible sitting on a flat stainless-steel plate to hold the powder
in place. The powder mixture was then hand-pressed by a graphite rod to fill the
graphite holes and confer some mechanical strength. In a second step, the assembly
was transferred to a stainless-steel test vessel, and the test vessel was evacuated and
purged with ultrapure Ar (99.999%) three times. Finally, the stainless-steel test
vessel was blanketed with Ar and heated in a tube furnace to 1,100°C at a ramping
rate of 6 °C min~'. The temperature was maintained at 1,100 °C for 6h. The
specimen was then taken out of the furnace and cooled to room temperature.

A porous stainless-steel disc with a pore size of 20 um (316 type, McMaster-
Carr) was welded with a stainless-steel tube to make a crucible, and the TiN
coating was applied by physical vapour deposition (Surface Solutions).

Battery test. A graphite crucible (OD: 3.8 cm, ID: 3.2 cm, depth: 4cm) containing
78 Pb (99.9%, Sigma Aldrich) was used as the positive electrode, and 15g Pb
contained in the TiN-fitted graphite crucible was employed as the negative
electrode. A Pyrex glass or MgO ring (OD: 3.8 cm, ID: 2.6 cm, thickness: 0.5cm)
was positioned on top of the positive graphite crucible to support the negative
graphite crucible and insulate the two electrodes from each other. The electrolytes
were prepared with anhydrous lithium chloride (LiCl, 99.9%, ultradry, Alfa Aesar),
sodium chloride (NaCl, 99.99%, ultradry, Alfa Aesar), potassium chloride (KCl,
99.95%, ultradry, Alfa Aesar) and magnesium chloride (MgCl,, 99.9%, ultradry,
Alfa Aesar). The distance between the bottom of the TiN membrane and the inner
bottom of the positive graphite crucible was 2 cm, and 35 g LiCI-KClI eutectic salt
(Li/K=0.592:0.408, atom ratio) was contained in the larger graphite crucible as
electrolyte in between the electrodes. The cell was sealed in a test vessel filled

with ultrapure Ar and heated by a tube furnace. The operating temperature of the
cell was 410°C measured by an ASTM type-K thermocouple. Galvanostatic
charge/discharge testing was conducted with a battery test system (Arbin).

A Mg-Pb||PbCl, cell had the same cell body, TiN membrane and positive electrode
as the Li-Pb||PbCl, cell. The electrolyte composition was NaCl-KCl-MgCl,
(Na/K/Mg=0.271:0.221:0.508, molar ratio, eutectic temperature: 380 °C).

A Li-Al||ZnCl, cell was assembled with a TiN-coated porous stainless-steel
membrane as a separator (crucible diameter: 2.5 cm, pore size: 20 um), LiCl-KCl
molten-salt electrolyte, Al powder (particle size: 149 um, 99%, Alfa Aesar) as the
negative electrode, and Zn ingot (99.8%, Alfa Aesar) as the positive electrode. The
cell was operated at 440 °C.

Chemical analysis. The permeation rate of Pb** in the porous TiN membrane
was measured in a Li-Bi||PbCl, cell. Except for the negative electrode, all cell
components, such as cell body, TiN membrane and molten salt of the Li-Bi||[PbCl,
cell, were the same as that of the Li-Pb||PbCl, cell. The negative electrode of

the Li-Bi||PbCl, contained 20 g of Bi. The Pb concentrations of the Bi electrode
after being cycled for 8, 23 and 41 days were measured by direct current plasma
emission spectrometry by Luvac Laboratories.

Materials characterization. The microstructure of the sintered TiN membrane
was characterized by a scanning electron microscope (SEM, JEOL 6610LV) fitted
with an energy-dispersive spectrometer (EDS, IXRF systems, model 55i).

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files.
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