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Abstract

Liquid ammoniates, which are highly conductive electrolyte (more than 100 mS.cm™ at
20 °C), are proposed as solvents for a redox battery working around room temperature,
and up 80 °C. In the negative compartment, the anolyte is Nal ® 3.3NH;, and the
Na'/Na couple is proposed. It is reversible, as determined by cyclic voltammetry and
galvanostatic cycling.

In the positive compartment, the catholyte Nal ® 3.3NHj enriched in silver cations is
proposed too. The cathodic material is merely this compound and the cathode is the
silver metal. The couple Ag'/Ag is reversible too, as determined by cyclic voltammetry
and galvanostatic cycling.

Metallic sodium is extremely stable in this electrolyte; therefore Nal ® 3.3NH; could be
used in a redox battery of high energy density and high power density. The maximum
working temperature, which is proposed, 70 °C, is lower than the melting point of
sodium (98 °C), and avoids high pressures of ammonia.

Keywords: rhodium microparticles, electrocatalysis, carbon monoxide, formic acid,
FTIR study.

Introduction

Oxidation of small organic molecules on bulk noble metals has been extensively
studied [1]. Recently, some researchers have been dealing with highly dispersed
metal microparticles on graphite, glassy carbon, as well as on conducting
polymer films [2-9], by reduction of metal ions with consecutive potential
cycling as the favourite method suitable for the desired electrodeposition.
Platinum microparticles have been used for the electrooxidation of carbon
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monoxide, methanol and formic acid [5, 6, 8, 9], while palladium microparticles
were used for electrooxidation of CO [8], and gold microparticles for oxidation.
Here we propose to use as anodic material, solid sodium, in large excess, and to
use as cathodic material silver iodide. During the discharge, the sodium anode
yields Na" ions, while Ag" ions are reduced to Ag at the silver cathode. During
the charge Na' ions yield sodium while Ag yields Ag" ions. Sodium iodide as
well as silver iodide gives liquid ammoniates at room temperature under a low
ammonia pressure [1]. For sodium iodide, the addition compound between Nal
and NH3, NalexNHj3 is liquid for 3 <x < 3.5.

The electrochemical window of the electrolyte is 2.5 V, and is rather low when
compared to the well-known carbonates such as propylene carbonate. However,
to date no electrolyte is disadvantage-free: Nal ¢ 3.3NH; provides major
advantages, namely high conductivity and high chemical compatibility with
sodium. Here we chose to use Pt as backing material for sodium deposition, but
other metals less expensive than Pt could be used (copper, nickel).

At low temperature (T < -33 °C), alkali metal/alkali cation redox couples in
liquid ammonia are completely reversible at a smooth platinum and at a smooth
gold electrode. Although all alkali metals are soluble in large amounts in liquid
ammonia [1], up 16 M, leading thus to discharges, electrochemical cells which
have a negative electrode (anode) including an alkali metal dissolved in liquid
NHj;, have been proposed and patented. These inventions were used in the field
of reversible high-power electric cells operating at low temperatures.

Sammels et al. [2,3] proposed the configurations:

Li,NHy/Li. WO, (ceramic membrane)/PC, 0.4MLiTrif/TiS,,

Li,NHy/Li. WO, (ceramic membrane)/SO,/C
Thus, the positive material is dipped in a non aqueous solvent, different from
ammonia, e. g., propylene carbonate [2], SO, [2], and also 2-methyltetra-
hydrofuran [3]; supporting electrolyte: LiCF;SO; or LiAsFg.

Lelieur et al. [4,5], proposed the configuration:

Li,NH;/Lil, NH3y/Membrane/Sulfur (or another chalcogen), NH;.

Concentrated lithium iodide solution in NH; leads to the demulsibility of the
Li,NHj; phase, avoiding thus the contact of solvated electrons with the membrane,
which can be consequently made of many materials chemically compatible with
ammonia.
All cells show reversibility and open circuit voltage up to 3.4 V with Li. Such
cells need a separator, which must be efficient and chemically stable toward
solvated electron on the one hand, and the chemical stability of alkaline metals in
solution in liquid ammonia during long periods is an important problem which
has not been solved on the other hand, although the purification of the alkali
metals improves the stability, since the impurities catalyze the formation of
amides,

M" +e + NH; ->MNH, + % H,

This is why no commercial solvated electron battery has been made until now.
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At room temperature a solvated electron battery would be hazardous since the
ammonia pressure could be very high (up to 7 bars) and since the decomposition
reaction of ammonia into amides could take place quickly in the presence of
impurities, such as metallic oxides and hydroxides, yielding high amounts of
hydrogen [6].

This is why we investigated the electrochemical behavior of sodium, in the liquid
ammoniate Nal ® 3.3NH;. This liquid ammoniate looks like a fused salt, and
since the concentration of sodium ions is very high, 7 M, the formation of the
solvated electron does not occur. This allows the use of solid sodium as anode.
We proposed already this metal as anode for primary batteries [7,8], but we did
not check the possible reversibility of Na'/Na, in anhydrous conditions as well as
in the presence of water traces.

Alkali metals are very electropositive, which makes them good materials as
negative electrodes for high energy density batteries. However, they present in
general several drawbacks, mainly: high reactivity with liquid electrolytes and
low cyclability (for example due to dendrite growth). Lithium is very reactive but
has the highest specific capacity of all alkali (3860 mAh.g™"), so it is the most
studied.

Sodium has less specific capacity than lithium, (1166 mAh.g"'), but is
nevertheless a good candidate for a battery, especially considering the fact that so
far, the theoretical capacity of lithium has not been exploited. Na has been
studied for a few batteries with liquid electrolytes such as DME with NaPFg or
NaClO4 in PC [9]. Solid electrolytes were tested with liquid sodium for high
temperature primary batteries [10]. Several compounds have a structure
admitting Na' intercalation or displacement reactions, such as sulfur [11,12]
chalcogenides (TiS, [13], TaFe;,sTe; [14], vanadium bronzes [15],
phosphomolybdates [16], cobalt oxides [17], polymers [18], NiCl, [19]). To our
knowledge, no commercial secondary batteries using sodium exist (even if
prototypes such as ZEBRA batteries are in development Na/NaAlCly in -
ALLO;/NiCl, [20,21,22]).

Obviously, the issue of conductivity and temperature can be avoided with a
liquid electrolyte, to the detriment of reactivity with Na. However, one ammonia-
based electrolyte combines all the advantages and none of the drawbacks of
liquid and solid electrolytes, which is Nal ® 3.3NHj3. Since I' is not reducible,
sodium metal is extremely stable in this electrolyte and keeps a shiny surface for
months, provided the electrolyte is pure enough [23]. Moreover, the ionic
conductivity is very high, e.g. 103 mS.cm™ at 20 °C. For a working temperature,
inferior to 70 °C, lower than the melting point of sodium (98 °C), high pressures
of ammonia can be avoided (only 2 bars at T = 70 °C).

Lithium halides are not very soluble in NH;3 and do not yield liquid ammoniates
at room temperature under a low ammonia pressure. Consequently, lithium,
which can reduce all other anions, is not stable in other ammoniates [24]. This is
why this paper deals with the use of Nal ® 3.3NH; as anolyte in the negative
compartment with sodium as anode. Recently, this ammoniate has been
successfully used in electrochromic devices [25]. Although sodium has already
been proposed as an anode in primary batteries [7,8], its reversibility has not
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been studied. Here we studied its reversibility in anhydrous conditions, and in the
presence of water. The purpose is to finalize a redox battery whose sodium anode
could be prepared by sodium deposition before the first use, thus avoiding the
setting up of sodium electrodes which can be difficult and hazardous.

The potential window of ammoniates containing I” anions is inferior to 3 V, a
value which needs a positive electrode with a redox potential about +2 V/Na. It
is why we chose as positive electrode the couple Ag'/Ag. Ag  ions are very
soluble in liquid ammonia, and in Nal ® 3.3NH;. Agl gives also a liquid
ammoniate at room temperature [26]. Here we studied solutions of Agl up 1M.
When the composition of the ammoniate Nal ® xNH; changes, the pressure
changes too. If x increases, p(NHj3) increases. If x decreases, p(NH3) decreases. It
is easy to equalize the pressures by a valve between the anolyte and the catholyte
compartments during charge and discharge cycles. See the scheme of the redox
battery.

Only the Na/Na" and the Ag'/Agredox couples are studied here.

4—
NH;
\
1+ Iions
Na" !
ions | L
't Ag’ ions
' T jons
sodium silver
Discharge

Scheme of the redox battery during discharge.
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Figure 1. Cyclic voltammogram with a current threshold of 1 mA.cm™ corresponding to
stationary state in anhydrous conditions. Smooth Pt electrode.
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Figure 2. Cyclic voltammogram with a current threshold of 100 mA.cm™, in the
presence of a large added amount of water (10> M). Reduction of Na* to Na occurs at
about —2 V/SRE. Smooth Pt electrode.

Experimental

Electrolyte synthesis and purification

The liquid ammoniate was synthesized by condensing an excess of ammonia (Air
Liquide, electronic quality) on Nal (dry Nal, Prolabo) at —50 °C. The resulting
solution is colorless. The purification procedure involves the use of solvated
electrons: metallic sodium was added in large excess referred to the estimated
water concentration, essentially due to Nal. The blue color characteristic of
solvated electrons immediately appeared. These electrons are strong reducing
agents that reacted with impurities such as O, or H,0, as well as excess NHj
(yielding NaNH,). After bleaching, this solution was warmed at + 20 °C. After
decanting the solution and pumping the excess of ammonia, the electrolyte was
stored in a glove box. The chosen composition was Nale 3.3NH;. The
composition is easy to follow by successive weighing.

For Agl solutions in this liquid ammoniate, Agl additions were done in
Nale3.5NHj3, to obtain Ag/Nale3.3NH;. Ammonia was added if necessary.
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Electrochemical measurements

Electrochemical measurements were performed with a potentiostat/galvanostat
AUTOLAB PGSTAT20 (Ecochemie). For the study of the Na/Na" couple, the
working electrode was a disk of polished nickel or platinum (respectively 6 and 2
mm diameters); the counter electrode was a sodium sheet wrapped on a silver
wire, and the reference electrode was a silver wire (SRE: Silver Reference
Electrode). Cyclic voltammetry was typically performed with scans starting in
reduction, with the onset of the reverse scan determined by a threshold in current.
Galvanostatic cycling was performed with a cut-off value of 2.0 V and a charge
density of 1 C.cm™. The coulombic efficiency Q. was recorded as a function of
cycle number N. Q. is defined as the ratio of the charges measured during a
single step of oxidation and reduction, respectively.

S0md em™

il 100 200 Joo ‘oo so0
Cycle number M

Figure 3. Coulombic efficiency Qs as a function of cycle number N, for different
values of the current density i.

Results
1. Half-cell for a sodium secondary battery using sodium iodide liquid
ammoniate as electrolyte

Na/Na" couple. —Cyclic voltammetry.— Fig. 1 displays a cyclic voltammogram
corresponding to stationary state, with a current threshold of 1 mA.cm-? in
anhydrous conditions. Fig. 2 displays a cyclic voltammogram with a current
threshold of 100 mA.cm™, in the presence of a large added amount of water (107
M). Reduction of Na“ to Na occurs at about —2 V/SRE. Note that the upper
potential was limited to 0 V in order to avoid oxidation of I" ions, which occurs at
about 0.5 V. During the reverse scan, an anodic current is immediately observed,
even in the presence of water. Integration of both peaks reveals a ratio of
coulombic efficiency equal to 1 in the absence of water, even for the low current
threshold, and close to 0.97, accounting for the baseline, in the presence of water.
The Na/Na' couple therefore behaves reversibly in Nale3.3NHs.
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Na/Na" couple—Galvanostatic cycling.— Galvanostatic cycling imposes more
brutal perturbations at the electrode surface, which allow getting a clearer picture
of the behavior of the Na/Na" system in a real battery with the chosen electrolyte.
In the absence of water, Q. is always equal to 1. In the presence of 102 M water,
a very large amount, Fig. 3, shows the evolution of the coulombic efficiency Q.
as a function of cycle number N, for different values of the current density i. As i
increases, the shape of the curve becomes more and more erratic, but for high
current densities, as soon as water is reduced, the deposition of sodium takes
place. Since the volume of our cell is large, it leads to a large water reservoir and
the H,O reduction needs several cycles before sodium deposition can occur (see
Fig. 3). The higher the current densities, the higher Q..

These results mean that sodium could be deposited during the first charge cycle
in anhydrous conditions, whatever the electrolyte volume would be. In presence
of water traces, even for 107 M, for small electrolyte volumes, as soon as water is
reduced, sodium can be deposited. In practical cells, the electrolyte volume is
small since the electrolyte is located in the separators. In these conditions it is
obvious that water could lead to a loss of capacity, but this impurity should be
reduced during the first cycle and its presence does not prevent sodium
deposition. Qg could be as high as 80% at 50 mA.cm™. 70-80% yield only for
the first charge cycle is typically an excellent value of coulombic ratio, when
compared to Li cycling in PC, for example [27]. When possible, anhydrous
conditions lead to 100% efficiency.

Discussion

Sodium has excellent chemical stability in Nal ® 3.3NH;. This can be explained
by the nature of the anion (I' is not reducible) and by the structure of the
electrolyte: the concentration of Nal is very high (6-7 M), and as a consequence
the electrolyte has a structure akin to a molten salt. The plating of sodium does
not imply any surface film formation, as is so often the case with lithium plating.
Of course, neither moisture nor oxygen are present, and the iodide ions are
known to strongly adsorb at electrode surfaces, thus avoiding reduction of NH;
[28,29,30].

The Na'/Na couple behaves quasi reversibly in the ammoniate-based electrolyte.
Moreover, in the presence of water, the Na'/Na couple presents an interesting
feature: the coulombic efficiency rises when the current density is raised. In these
experiments, the charge density is kept constant, so the higher is the current
density, the shorter is the duration of a given step. However, in most systems a
high current density is detrimental to cycling. This means this electrolyte could
be well adapted for applications demanding high power output, at least from the
point of view of conductivity and negative electrode.

2. Half-cell for a secondary battery using Ag/sodium iodide liquid ammoniate
as electrolyte

Cyclic voltammetry

The voltammograms for 1 mV.s™ are presented for two Ag” concentrations. See

Fig. 4. One can see a hysteresis for the Ag’ reduction: for the reverse scan, the
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reduction of silver ions is easier. As soon as the Pt electrode is coated by silver,
its electrochemical behavior is changed. The peak areas are almost identical.

2
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Figure 4. Current-tension curves for Agl in Nal ® 3.3NHj; for a scan rate of ImV.s™.
The sweep was stopped for li|> ImA.cm® WE: Pt, CE: Pt, RE: Ag. Agl
concentration: (a) 1M, (b) 4M.

Chronopotentiometry

A typical chronopotentiogram is represented in Fig. 5. The deposition of silver
leads to a plateau at —18 mV vs. SRE. During dissolution steps, the potential
increased progressively from 3 to 34 mV. The overpotentials were symmetrical.
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Figure 5. Chronopotentiogram of Agl + Nal, in Nale3.3NHj3 , for a Agl concentration
of 1M, corresponding to cycles 21 to 25. WE: Pt, CE: Ag, RE: Ag. Q, = 1C.cm?,
Qs = 1C.cm™, Ecoy) = 0.5V/RE, i = ImA.cm™,

Influence of the Ag" concentration

The evolution of the faradic yield vs. the cycle number is represented on Fig. 6
for two Ag  concentrations. The efficiencies become equal for less than 20
cycles. The yield which is obtained is good at a Pt electrode. Its evaluation is
difficult at a silver electrode.
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Figure 6. Q.+ = f(N) curves for Agl in Nal e 3.3NH; for different concentrations in
Agl. WE : Pt, CE : Ag, RE : Ag. Q, = 1C.cm™, Q= 1C.cm™. E(0x=0.V. i=ImA.cm™.

Influence of the current density

Fig. 7 shows the results of the chronopotentiometric measurements for a current
density of 50 mA/cm?. The higher the current density, the higher the silver
deposition efficiency. The over potential is only 5 times higher than for 1
mA/cm?, but the curve Q. = f(N) becomes erratic. This may be due to silver
islands which grow on small areas.
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Figure 7. Cycling in Agl + Nal ® 3.3NHj for a Agl concentration of 4M. WE : Pt, CE :
Ag,RE:Ag. Q,=1 C.cm?, Qy=1C.cm™. Ec¢ox) = 0,5V.1=50 mA.cm™. (a) curve E =
f(t) corresponding to cycles 51 to 55. (b) curve Q.= f(N).

Discussion

The results of the cyclic voltammetry, and the results of galvanostatic cycles at a
Pt electrode show a good reversibility of the Ag/Ag" couple. The increase of
deposition current density by 50 leads only to an over potential of 5: this
indicates that the electrode interface is not perturbed. The coulometric efficiency
is reliable. SEM observations show that the electrode surface is not homogeneous
on Pt after deposition of Ag, while when a silver electrode is used the
morphology is regular. This can explain that the efficiency is not close to 100%
at a Pt electrode.
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Conclusion

Compared with other redox batteries, the cell voltage, 2 V, is convenient but less
than that obtained with the plurion zinc/cerium battery, which has a superior cell
voltage (2.4 Volts). But Nal ¢ 3.3NH; is an electrolyte providing good ionic
conductivity and excellent chemical stability with respect to sodium. The Na'/Na
could be used as active material for a sodium battery. So far it is the first time
that an alkali metal leads to a fully reversible redox couple in any solvent except
for molten salts. This behavior seems being due to the presence of high
concentrations of sodium ions which prevent the sodium dissolution on one hand,
and to the presence of high concentrations of iodide ions, on the other hand, that
adsorb strongly on the sodium interface and prevent the formation of sodium
amide. These properties allow the deposition of sodium on the anode before the
first use, merely by cathodic reduction, thus avoiding the setting up of sodium
electrodes, which can be hazardous. Our redox battery needs an anionic
membrane, which is not yet found.

There are clear incentives to identify alternative electrochemical strategies which
will permit long cycle life to be achieved in secondary batteries. We found that
solid Na'/Na system is fully reversible in the liquid ammoniate Nal ® 3.3NHj.
Discussed here is a new strategy which may be of merit for achieving higher
reversibility in sodium based non aqueous cells. Although sodium has a
molecular weight heavier than the one of lithium, its possible use as reversible
solid anode material is interesting compared to Li. This last alkali metal reacts on
all anions except halide anions (which are poorly soluble, e.g., CI', F, or easily
oxidized, e.g., Br, I') on the one hand, and yields dendrites and poor cycling
efficiency during recharge steps on the other hand: it is used as intercalation
compound, thus one loses the advantage of the low molecular weight of this
metal. But the true advantage of Li is the high cell voltages which can be
delivered, and consequently the high volume energy. This means that another
advantage is needed for using sodium. Here this advantage is the very high
conductivity of Nal ® 3.3NH;. The use of silver salts leads too to a reversible
system whose molar mass is less favorable, but although it is costly, it is not
toxic.
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