Electrode behaviors of Na-Zn liquid metal battery
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Abstract

The electroreduction processes on a Mo electrode in a Na-Zn liquid metal battery cell with a molten
NaCl-CaCl,-ZnCl, electrolyte were investigated at 565 °C. The effect of the battery operating parameters
on the loss rate of Na was determined by using electrochemical techniques. The results indicated that the
chemical reaction of the reduced Ca and Na with ZnCl, takes place very quickly, and the electroreduction
of Zn (II) to Zn is controlled by mass-transfer. The diffusion coefficient of Zn (II) ions was found to be
approximately 3x107° cm?/s. Moreover, the results revealed that most of the reduced metals stick to the Mo
electrode during charging. The increase of cell temperature and open-circuit time led to increase in the loss
of Na. Volatilization is mainly responsible for the loss of Na, and a high current density during charging led

to the severe competitive deposition of Zn with Na.
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1. Introduction
Since the 1970s, Europe, the United States, and other developed countries have expedited their

investigation into renewable energy sources because of the shortages of conventional energy sources and
global environment stress. Solar and wind energy has particularly attracted significant attention because of
the abundace of these natural sources. However, solar and wind are not constant and reliable sources of
power in a grid as it is affected by weather. To overcome the intermittency of renewable energy production
and maintain a constant power output, electrical energy storage (EES) is crucial [ 1, 2]. Currently mechanical,
electrochemical, chemical, electrical, and thermal methods have been reported for storage of electric energy.

Meanwhile, with respect to broad market penetration, cost-effectiveness is probably the most
important and fundamental issue of EES for a broad market penetration. Pumped-storage hydroelectricity
is an economical route for large-scale energy storage. However, it requires special sites for energy storage.
Previously, the use of rechargeable batteries in EES has been limited because of their relatively small
capacity and high cost. Nevertheless, none of the existing technologies can offer sufficient flexible storage
at a sufficient low cost.

In 2009, Sadoway proposed a molten salt battery known as a liquid metal battery, comprising three
liquid layers as electroactive components. These liquid layers float over each other because of differences
in their density and immiscibility. The all-liquid battery construction confers advantages of extremely high
current density, long cycle life, and simple manufacture of large-scale storage systems [3, 4]. The Sadoway
research group has developed several liquid metal batteries, such as Mg//Mg-Sb[5], Li//Sb-Pb [6], Li//Sb-
Sn [7], calcium-based [8], and sodium-based liquid metal battery [9]. Among these reported liquid metal
batteries, Li//Sb-Sn and Li//Sb-Pb batteries exhibit better properties with a flat discharge potential of
approximately of 0.8V at 200-300 mA/cm?[6,7]. However, its self-discharge property has not been reported
yet.

Recently, a new liquid metal battery was developed by the authors of this paper [11]. This battery
employs liquid sodium and zinc as electrodes, with an equimolar mixture of CaCl, and NaCl as the
electrolyte. During charging, Zn ( the positive electrode) loses electrons to form ZnCl; in the electrolyte,
while Na* ions in the electrolyte get electrons forming Na metal as the negative electrode. The overall cell
reaction for this Na-Zn liquid metal battery is as follows:

ZnC|2+2Na$>#Zn +2NaCl (1)

Zn could be co-deposited to a certain extent at the negative electrode during charging. The competitive
deposition of Zn with Na can be restricted using an appropriate diaphragm and controlling the concentration
of ZnCl; in the electrolyte. Even though Zn is produced at the Na electrode during charging, it sinks to the
bottom, and may then be recovered in the Zn pool due to Na-Zn immiscibility at temperature greater than
556 °C.

In addition, Ca can be deposited at the negative electrode during charging. However, a eutectic 66.8
wt% CaCl; - 33.2 wt% NaCl electrolyte can be used to produce sodium by electrolysis. Only approximately
4 wt% of Ca has been reported to be deposited at the cathode in this mixture!'"l. Moreover, even though Ca
is deposited with Na at high current density during charging, it does not decrease the discharge property as
Ca has a lower electrochemical equivalent compared to Na.

Meanwhile, the Na-Zn liquid metal battery can be assembled in the fully discharged state, which
exhibits high safety as Na metal is not handled during assembly. The discharge flat voltage is greater than
1.5 V during discharge at 20 mA/cm?, while these values are approximately 1.0 V and 0.8 V during



discharge at 100 mA/cm? and 200 mA/cm? respectively as shown in Fig.1. Compared with the reported
sodium zinc chloride batteries [12-14], sodium B~ alumina solid electrolyte was substituted by molten
CaCl,-NaCl mixture in our reported Na-Zn liquid metal battery, which make the battery more economical
and increasing the possibility of charging and discharging at high current density. However, a severe self-
discharge rate is a technical issue that needs to be addressed.

The self-discharge rate depends on the battery chemistry, electrode composition, current collector,
electrolyte formulation, and storage temperature [15]. At a given temperature, there are three major
contributions for the loss of Na. One is the dissolution of Na in the electrolyte. Na dissolves in NaCl-CaCl,
electrolyte, forming Na" and releasing electrons. The excess electrons form so-called F-centers by
occupying empty anion sites in the lattice. These electrons have high mobility, and a component of
electronic conduction will be established. Another contribution for the loss of Na is its high sodium vapor
pressure of Na at the operating temperature. High sodium vapor pressure leads to the loss oas Na gas, which
will not be in contact with the electrode and hence not available for the discharge reaction. Besides these
factors, the reaction of Na with ZnCl, is mainly related to a high self-discharge rate. High concentration of
zinc chloride in the electrolyte results in a high self-discharge rate. Moreover, a high zinc chloride
concentration will lead to increased deposition of zinc instead of sodium, and decrease the cycle coulombic
efficiency. As the concentration of zinc chloride in the electrolyte depends on the charging time, it is crucial
to select an appropriate charging time at a certain current density to decrease the co-deposition of Zn with
Na. Accordingly, the co-deposition of Zn with Na during charging in the Na-Zn liquid metal battery cell
was investigated, and the effects of the battery parameters, such as cell temperature and charging time on
the loss rate of Na were studied in this paper.

2. Experimental

The Na||Zn battery cell was assembled in an argon-filled glove box in the fully discharged state. A 1
mm Mo wire was used as negative electrode current lead, which was inserted approximately 2 cm into the
electrolyte. NaCl-CaCl; (1:1 mole ratio) was used as the electrolyte. Zinc was placed at the bottom of the
graphite cell with an Al,Os insulating sheath tube, and the NaCl-CaCl, salts were then added above the
zinc. The cell was placed inside a quartz container and introduced in a vertical tube furnace attached to a
glove box filled with Ar, and it was heated to 565 °C. Fig.2 shows the schematic cell used for
electrochemistry tests.

All chemicals were dried before they were transferred into the glove box. NaCl (Alfa Aesar, 99.95 %
purity) was dried at 120 °C for several days. CaCl, (Alfa Aesar, 99.95 % purity) was dried at 250 °C for 10
h. All tests were conducted at 560 °C using an Autolab/PGSTAT30 potentiostat controlled with GPES2
software. An Ag*/Ag (0.75mol of AgCl in the equimolar NaCl-CaCl, mixture) reference electrode was used
for the electrode behavior studies. However, a Zn (11)/Zn reference electrode was used to investigate the
competitive deposition of Zn with Na in NaCl-CaCl,- ZnCl; electrolyte as this reference electrode provides
a well-defined zero for the potential scale. Zn (11)/Zn reference electrodes consisted of a pool of liquid zinc
in an alumina tube. To avoid an undesirable junction potential, a slot was cut about 1 cm above the metal
surface, which permitted the flow of the molten electrolyte into the alumina tube. A molybdenum wire was
used as the electrical lead.

3. Results and discussion
Figure 3 shows the cyclic voltammograms obtained on Mo electrode in a fresh cell at different cathodic

limits in the equimolar NaCl-CaCl, melt at 560 °C at a scan rate of 20 mV/s. As shown in Fig. 3, the



cathodic current density starts to increase after the potential reached -2.1 V vs. Ag"/Ag. However, no anodic
peak at around -2.1 V was observed when the direction of the potential sweep was switched to positive
before -2.2 V. A clear anodic peak was observed by switching the direction of potential sweep after -2.3 V.
These results suggest that the deposition of Na or Ca metal starts at about -2.3 V. Moreover, as no reduction
peak was observed before -2.3 V as shown in Fig. 3, no reduction process occurred before -2.3 V on the
Mo wire in a fresh cell.

Figure 4 shows a cyclic voltammogram obtained for the Mo electrode in the NaCl-CaCl, bath at 560 °C
at a scan rate of 100 mV/s after the cell was subjected to two charge-discharge cycles at 0.18 A. The cyclic
voltammogram started at open circuit potential of -0.49 V, initially scanning in the cathodic direction.

Compared to that observed in Fig. 3, several new small cathodic peaks (peaks A, C1, C2 and C3) were
observed at about -0.9 V, -1.9V, -2.2 V and -2.4 V, respectively, and oxidation peaks were clearly observed
during the anodic scan at -2.0 V (peak F), -1.8 V( peak D1) and -0.5 V (peak B) as shown in Fig. 4. The
possible electrochemical reactions are summarized in Table 1. The standard electrode potentials were
calculated by using the decomposition voltages of the corresponding chlorides. The Gibbs energies for
calculating the potentials in the table were obtained using the thermodynamic software programme HSC.
As shown in Table 1, the reduction potential of Zn?*"/Zn is -0.65 V (vs. Ag'/Ag), while those of Na*/Na and
Ca?"/Ca are very similiar, corresponding to -2.58 and -2.59 V (vs. Ag'/Ag), respectively. By the comparision
of the standard potentials with the cyclic voltammogram, it is reasonable to deduce that A and B peaks in
Fig. 4 correspond to the Zn (II)/Zn electrochemical system, indicating that Zn (II) is not completely reduced
to Zn during discharge. As the standard potentials of Ca?*/Ca and Na*/Na are quite close, both Ca and Na
are most likely deposited at the same potential near -2.58 V vs. Ag*/Ag. Cathodic peaks C1, C2 and C3,
which were observed at about -1.9 V, -2.2 V and -2.4 V, respectively, corresponded to the formation of the
Ca-Zn alloy because of the immiscibility of Na and Zn at temperature greater than 556 °C. The potential
for the deposition of Ca and Na metals after charge is more positive than that for the deposition of Ca and
Na metal deposition before charging. The potential shift is related to the decrease of activity of metals (Ca
and Na) during the deposition on a foreign substrate. Moreover, a small anodic peak at approximately 0.5
V was observed as shown in Fig. 4. This anodic peak may be caused by the anodic dissolution of Mo wire.

To investigate the competition of Zn (II) with Na® at different charge current densities,
chronopotentiometry and chronoamperometry tests were carried out. Some ZnCl, was added into the cell,
with an initial ZnCl, concentration of 1.91*10* mol/cm?, and the cell was subjected to several charge-
discharge cycles before performing chronopotentiometry and chronoamperometry tests. Fig. 5 shows the
typical chronopotentiometric curves for the Mo electrode during charging with different charge current
densities. As shown in Fig. 5, when the applied current density is lower, there is a potential plateau at around
-0.1 V vs. Zn**/Zn, which is caused by the reduction of Zn (II) to Zn. This plateau potential is reduced with
time which is caused by the lower Zn (II) concentration in solution as Zn is plated onto the negative
electrode. Once the surface concentration of Zn (II) ions reaches zero, there is a sudden potential drop to a
level corresponding to the reduction of Na® and/or Ca?’. The transition time became shorter with the
increase of applied charge current. Moreover, other potential plateaus at around -0.8 V and -1.0 V were
observed when the applied current density is less than 0.5 A/cm?. These potential plateau were not observed
anymore when the applied current density was as high as 5 A/cm?. However, new potential plateaus at

around -1.4 V and -1.7 V were observed under this high current density. These different potential plateaus



maybe caused by the different contents of Zn in the produced metals as the standard potential is about -1.9
V for Na*/Na or Ca**/Ca vs. Zn>"/Zn as seen in Table 1.
The Sand’s equation [16] is expressed as follows:
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where I is current density, t is the transition time, F is Faraday’s constant, n is the number of electrons
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involved in the electron transfer reaction, C is the bulk concentration of the electroactive species, and D is
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its diffusion coefficient. The current density is linearly related to the inverse of the square root of time (¢ 2),

and the diffusion coefficient of Zn (II) ions may be determined from the slope.

Moreover, the time dependence of the potential for a metal deposition is [17]:
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where Er, is given by the Nernst equation. The number of electrons involved in the electron transfer
reaction is readily calculated from the slope of the regression line according to the relation shown in
equation (3).
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Figure 6 shows the relationship of the applied current density with ¢ 2 which was obtained

according to Fig. 5. It can be seen that the square root of the transition time linearly increased with the
applied current density, and the diffusion coefficient of the Zn (II) ions was calculated as 3.6*107¢ cm?/s.

Figure 7 shows the plots of potential vs. -log (t"2-t?)/1'?), and the number of electrons involved in
the reduction process is readily calculated from the slope of the regression line. The time region used for
the linear fit is on the interval of 0.01t <t <0.971. The data of T and n obtained from the chronopotentiometry
study (Fig. 5 and Fig. 7) are summarized in Table 2. These slopes gave n = 1.81+0.08 for the number of
electrons transferred in the overall electrode reaction, indicating that some Na co-deposited with Zn, and
the ratio of plated Zn to Na is between 3 and 9 according to the n value listed in Table 2.

The major issue with chronopotentiometry lies in the accurate determination of the transition time.
Hence, the diffusion coefficients are also determined using chronoamperometry. The chronoamperograms
obtained show a constant current for the time values greater than 1s due to diffusion controlled process as
shown in Fig. 8(a). The values of the diffusion coefficients obtained at various applied potentials can be
determined by using Cottrell’s equation as shown in equation (4). Fig. 8 (b) shows the plots of current
density vs. the inverse of the square root of time, and the diffusion coefficient obtained by linear fitting at

small value region of t'2

are summarized in Table 3. The average diffusion coefficient of the Zn(II) ion
was calculated as 3.0x107° cm?/s. The value is 17% less than the value of 3.6x10°¢ cm?/s obtained from the

chronopotentiometry experiments.
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As mentioned in the introduction, the high self-discharge rate of the battery is related to the loss of
Na. The content of sodium can be measured by linear sweep voltammetry (LSV) after charging as the
quantity of electricity (Q) for the oxidation process reflects the amount of metals which is electrodeposited
and remained on the Mo electrode during charging. Fig. 9 shows the influence of charge time, charge current,
temperature, and open circuit time on the quantity of oxidation electricity of Na and Zn (Qnaand Qzn).

Not all of Na was oxidized before the potential reached the Zn oxidation potential at a scan rate of 2
mV/s, while the Na and Zn oxidation peaks were completely separated at a scan rate of | mV/s as shown
in Fig. 9(a). Therefore, when examining the effects of cell parameters on the contents of Na and Zn
remained on the Mo electrode, experiments were carried out at a scan rate of 1 mV/s.

Fig. 9 (b) shows the LSV curves acquired on a Mo electrode under different experimental conditions
(charging current, charging time, cell temperature, and open circuit time before doing LSV experiment ).
The quantities of electricity for the oxidation process of Na and Zn (Qna and Qz, ) obtained from Fig.9 (b)
are summarized in Table 4. It could be seen that Qna, and Qz, obtained from experiment (1) were both greater
than those obtained from experiment (2) although the same columbic during charge was input. The lower
Qna of (2) is mainly related to the higher volatilization loss of Na with the increase of charging time. The
higher Q. of (1) revealed that a higher amount of Zn is deposited on the Mo electrode at a high current
density because of the more rapid diffusion rate and content of Zn(II) at high current density during charging.

By comparing the results obtained from experiments (2) and (3), it was found that the Qz, in (3) was
less than that in (2), which seems atypical as a higher amount of Zn should be deposited with the increase
of charge time. This atypical character of Qz, was also observed via the comparison of the results of (3)
and (4). Theoretically, the increase of open-circuit time leads to the increase of Qz, because of the prolonged
chemical reaction of Na with ZnCl,. The lower Qz, in these cases is possibly related to the accumulation of
small Zn grains which possibly sink to the bottom of the cell.

Moreover, the increase of cell temperature leads to the rapid decrease of Qna, While Qz, was almost
the same by the comparison of the results obtained from experiment (3) and (5), revealing that volatilization
is the main reason for the loss of Qna. The selection of an appropriate electrolyte to decrease the operating
cell temperature may be the main issue to be addressed in future studies.

In experiment (5), LSV was carried out using the same Mo wire electrode during charging, while the
Mo wire was removed just after charging was completed, the finish of charge process, and a fresh Mo wire
was inserted into the cell for the LSV experiments of (6). The data of Qna and Qz, obtained from experiment
(6) were considerably less than those obtained from experiment (5), suggesting that most of the produced
metal sticks to the Mo electrode. A bright gray metal was observed on the Mo wire surface after charging
as shown in Fig. 10.

4. Conclusions

Electrode reactions on a Mo electrode in a Na||Zn liquid metal battery cell with a molten NaCl-CaCl,-
ZnCl, electrolyte were studied by electrochemical methods, and the following results were obtained.

(1) The potential for the deposition of Ca and Na metals after charge is more positive than that for

the deposition of Ca and Na metal deposition before charging. The potential shift is related to the

decrease of the activity of metals (Ca and Na) during the deposition on a foreign substrate.



(2) The electroreduction of Zn (II) ions is controlled by mass-transfer, while the reduction of Na* is
controlled by change-transfer in the equimolar NaCl- CaCl, molten salt mixture. The diffusion
coefficient of Zn (II) ion is determined to be approximately 3x107° cm?/s.

(3) Most of the reduced metals stick to the Mo electrode. The increase of cell temperature and open
circuit time increase the loss of Na. Volatilization is the main reason for the loss of Na, and higher

current density of charge results in more severe co-deposition of Zn with Na during charge.
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