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Abstract

Rechargeable sodium metal batteries constitute a cost-effective option for energy
storage although sodium shows some drawbacks in terms of reactivity with organic
solvents and dendritic growth. Here we demonstrate that an organic dye, indanthrone
blue, behaves as an efficient cathode material for the development of secondary sodium
metal batteries when combined with novel inorganic electrolytes. These electrolytes are
ammonia solvates, known as liquid ammoniates, which can be formulated as
Nal-3.3NHj; and NaBF,-2.5NHj;. They impart excellent stability to sodium metal, and
they favor sodium non-dendritic growth linked to their exceedingly high sodium ion
concentration. This advantage is complemented by a high specific conductivity. The
battery described here can last hundreds of cycles at 10 C while keeping a Coulombic
efficiency of 99% from the first cycle. Because of the high capacity of the cathode and
the superior physicochemical properties of the electrolytes, the battery can reach a
specific energy value as high as 210 Wh kg™!jp, and a high specific power of 2.2 kW
kg lig, even at below room temperature (4 °C). Importantly, the battery is based on
abundant and cost-effective materials, bearing promise for its application in large-scale

energy storage.
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1.Introduction

The demand for energy storage is on the rise in the last years due to both the increasing
energy consumption and the need to satisfy it with renewable sources. There are different
ways of storing energy, among which batteries offer several advantages such as high
energy efficiency, fast response, flexibility, and low maintenance [1,2]. During the last
decades, sodium batteries have been intensively investigated as a promising alternative
to lithium batteries as sodium shows similar physicochemical properties to those of
lithium and, in addition, it is a highly abundant element resulting in a lower device cost
[3-6]. So far, a few sodium metal batteries (SMBs) have been commercialized, such as
the Na-S battery and the ZEBRA battery. However, these operate at high temperature
(300 °C or higher), which implies safety hazards. Currently, the scientific community is
making great efforts to develop low- and room-temperature SMBs [7]. One of the main
drawbacks of this technology is the high reactivity of sodium metal with most of the
organic electrolytes together with its dendritic plating. In this respect, over the last years,
extensive studies have been carried out to optimize the electrolyte and electrode
formulation, which have entailed (i) changes of salt, solvent and incorporation of
additives in the electrolyte [8,9], (i) building an artificial SEI (solid electrolyte interface)
[10,11], and (iii) designing sodiophilic 3D host materials [12,13]. In this context, we have
proposed that novel sodium-metal batteries could be developed using highly concentrated

electrolytes based on ammonia, known as liquid ammoniates. Two of the most



representative among them can be formulated as Nal-3.3NH; and NaBF,-2.5NH;. Their
use for sustaining highly reversible and non-dendritic sodium stripping/deposition was
recently uncovered [14]. These liquids show exceedingly high sodium ion concentration
(>7.6 M), low viscosity, and a high specific conductivity (up to 85 mS-cm™! at 25 °C). In
addition, they confer high stability to sodium metal. A piece of the metal does not show
any sign of reactivity when stored for several weeks in the electrolyte, remaining shiny.
These liquids have already shown promising results in the context of both SMBs and SIBs
[15,16]. In addition, due to both the cost-effectiveness of the sodium salts employed in
comparison with others such as sodium triflate or NaTFSI, and the low price of ammonia,

the ammoniates are attractive electrolytes from an economic viewpoint.

On the other hand, the development of SMBs at room and/or low temperature is not only
limited by the high reactivity of sodium metal with the typical organic electrolytes, but
also by the requirement of finding active cathode materials compatible with the
electrolyte. In the last years, organic compounds have received great attention as they
may show several advantages in comparison with inorganic compounds [17,18]. For
instance, they can exhibit multielectron redox processes, thus possessing high theoretical
capacities [15,19-21]. In addition, their syntheses typically do not imply high energy
consumption and even they can come from natural sources [22-27]. Therefore, organic-
based cathodes can be considered as eco-friendly in comparison with their inorganic-

based counterparts [28—34].

A series of organic compounds have already been studied as active materials [35-39].
Among them, carbonyl compounds tend to show high capacity and fast kinetics. During
the charge-discharge process, each carbonyl group is reduced to form the corresponding
alcoholate, and subsequently reverted to the carbonyl form [40-44]. However, the

organic-based cathodes also present some limitations such as a relatively high solubility
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in non-aqueous solvents and low conductivity [21]. As a result, the capacity rapidly
decays and the cyclability is poor. To increase the chemical and electrochemical stability
of organic-based cathodes, different strategies, such as polymerization or immobilization
of the organic molecule on stable conductive matrices (formed, for instance, by carbon
nanotubes), have been proposed [45-49]. In addition, the carbon nanotubes constitute a
conductive host offering effective pathways for electrons, and helping to overcome the

low conductivity of the organic compounds [50,51].

We present here an innovative SMB concept based on both ammoniates as electrolytes
and a widely available and cost-effective organic compound as a cathode active material.
Specifically, we describe the use of a commercially available vat dye, indanthrone blue
(IB) or Vat Blue 4 (formulated as C,3H4N,0,), reported here for the first time as an active
material in the battery context, to the best of our knowledge. In addition, it is
commercially available, and no specific synthesis procedure is needed, thus avoiding in
this way the use of organic solvents, in contrast to other organic-based cathodes
[12,29,42,43]. The IB molecule possesses four carbonyl groups and it can thus exchange
four electrons in its redox processes, achieving a theoretical capacity of 242 mAh g!
[52]. The battery described here provides excellent rate performance with a specific
capacity of at least 120 mAh g'ljg at 10 C (1.2 A g '1g) over 1000 cycles, and a specific

power above 2 kW kg!jz at 20 °C.

2.Experimental

2.1.Preparation of the IB-based cathode

The cathode for the battery presented here was prepared by a simple solvothermal
recipe, first described by Chen et al. [53], that promotes the connection through m-n
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interactions between IB molecules and carbon nanotubes (NTs), used as a conductive
additive. The composite IB/NT has a weight ratio 7/5. Namely, 0.64 g IB and 0.46 g NTs
(Sigma Aldrich, D x L 6-9 nm x 5 pm, >95%) were mixed in N-Methyl-2-pyrrolidone
(NMP) as a solvent. The mixture was magnetically stirred under ambient conditions for
at least 4 h to form a homogeneous slurry. The viscosity of the mixture increased over
time to yield a paste. Then, the paste was transferred to a Teflon-lined stainless-steel
autoclave and heated at 180 °C for 12 h. The IB/NT product was filtered and washed with
deionized water and acetone several times. Finally, the IB/NT composite was dried in a
vacuum oven at 100 °C overnight. In the cathode formulation, PVDF (10 wt%) was also

used as a binder.

2.2.Characterization

The IB particles and the IB/NT composite were characterized by X-ray diffraction
(XRD) using a Bruker D8 Advance, KRISTALLOFLEX K 760-80F. The morphology of
the different samples was characterized by means of both field-emission scanning
electron microscopy (FESEM) (ZEISS, Merlin VP Compact coupled with a EDX system

Bruker Quantax 400) and transmission electron microscopy, TEM (JEOL, JEM-1400

plus).

2.3.Electrochemical measurements

All the electrochemical experiments were performed by means of a two-electrode split
cell, using a Whatman 934-AH glass microfiber separator, and sodium metal foil as an
anode (electrode to which all potentials are referred). The cells were assembled in a
nitrogen-filled glovebox with the concentration of moisture and oxygen below 0.5 ppm.
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Nal-3.3NHj; and NaBF,-2.5NH; were used as ammonia-based electrolytes. The working
electrodes were prepared by drop casting from a slurry. Typically, the IB/NT composite
and the PVDF binder were mixed in a weight ratio 9:1 in NMP and the mixture was
magnetically stirred for at least 4 h at room temperature to form a paste. Then, an average
of 2.1 mgp cm? was deposited on a carbon-coated aluminum foil substrate, unless
otherwise stated. The electrodes were dried at 60 °C overnight inside the glovebox. Cyclic
voltammograms were recorded at different scan rates from 20 to 5 mV s!, and
galvanostatic charge-discharge experiments were performed at different currents (C
rates). Electrochemical impedance spectroscopy (EIS) measurements were conducted in
the range from 100 kHz to 10 mHz using a perturbation amplitude of £10 mV. All the
electrochemical measurements were carried out using an Origalys potentiostat-
galvanostat (OGF-500). The cell was located inside the glovebox when the measurements
were carried out at room temperature, or in a fridge when it was measured at below-room

temperature (4 °C).

3.Results and discussion

The molecular structure of IB is depicted in Fig. 1(a). As observed, full sodiation of the
IB molecule implies the exchange of 4 electrons and the reduction of its four carbonyl
groups. Fig. 1(b) shows the XRD pattern, which resembles that of the anthraquinone
crystals. It is characterized by relatively broad reflections, indicating that the IB
molecules form molecular crystals with a rather low degree of crystallinity. The
diffraction peaks at 10°-15° and 25°-30° are presumably due to the n-n stacking of the

aromatic moieties [54]. Fig. 1(c) shows representative electron microscopy (FESEM and



TEM) images for IB samples, in which the crystals show a needle-like elongated shape

with lengths from 0.5 to 1 um and diameters around 100 nm (up to 200 nm in some cases).
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Fig. 1. Redox process showing the structure of the indanthrone-blue molecule prior and
after being sodiated IB (a), XRD pattern for the IB powder (b), and representative FESEM
image for the IB powder (c). Inset in (¢): TEM image in which the crystal morphology is
clearly defined.

Fig. 2(a) shows the XRD patterns for the IB/NT composite together with those of the
carbon NTs and the IB sample for the sake of comparison. The carbon NT diffractogram
shows a broad peak at 25° [55]. The diffractogram for the composite shows much sharper
IB reflections than that of the untreated IB sample, which indicates the formation of IB
crystals with a high degree of crystallinity, together with a broad signal at around 25°
coming from the NTs and seen as a deviation of the baseline. Fig. 2(b) shows SEM images

for the IB/NT composite confirming that the IB particles are well dispersed with the
7



carbon NTs after the solvothermal synthesis [56]. Importantly, the IB crystals have now
a much sharper size distribution, with an average length of 2 um and diameters ranging
from 150 to 200 nm. There is thus a significant increase in crystal size upon the
solvothermal treatment, which indicates that it does not only lead to a well-dispersed
mixture, but also to IB recrystallization. This, in turn, would explain the sharpening of

the IB diffractogram.

The IB-based cathode was engineered using PVDF as a binder in the formulation to
obtain an IB/NT(7/5):PVDF 90:10 electrode composition. The electrochemical
characterization was performed in a two-electrode split cell using Na metal foil as an
anode and Nal-3.3NHj as an electrolyte. Fig. 2(c) shows the initial and several subsequent
cyclic voltammograms (CVs) for an IB/NT(7/5):PVDF 90:10 electrode at 20 mV s™!. The
first cycle (CV in red) shows a wide peak at 1.45 V, which disappears in the subsequent
scans. This could be considered an activation process for the IB electrode, as reported by
other authors [54,57-59]. It is likely related to a sodium transport barrier that there exists
for the first electrode sodiation, associated with achieving the wetting of the IB particles
in the inner part of the film. The electrode wetting would be attained to a great extent
during the first negative-going voltammetric scan, which also leads to cathode sodiation.
From scan 2 on, two anodic and three cathodic voltammetric peaks can be distinguished
for the redox response of the IB molecule. The redox processes observed in the negative-
going scan correspond to the reduction of C=0 groups of the IB molecule to C-ONa. The
re-oxidation of C—ONa to C=0 takes place in the subsequent positive-going scan. The
stationary CV recorded at 5 mV s™! clearly demonstrates that the charge storage
mechanism for the IB electrode is predominantly Faradaic in nature (Fig. 2d) [58]. Note
that the peak potentials have slightly changed with respect to those in Fig. 2(d), because

different scan rates were used in each case.
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Fig. 2. XRD pattern for the IB/NT composite, the carbon NTs, and an untreated IB sample
(a), FESEM images for the IB/NT composite (b), initial CVs for an IB electrode
(IB/NTs(7/5):PVDF 90:10) at 20 mV s! in Nal-3.3NH; (red curve corresponds to the
first cycle) (¢), and stationary CV for an IB electrode (IB/NTs(7/5):PVDF 90:10) at 5 mV
s ! in Nal-3.3NH; (d).

With the aim to determine the maximum capacity and the operative potential window
for the IB electrode, a series of CVs was recorded for different values of the negative
potential limit (see Fig. S1). The cathodic charge (Q.) was then evaluated for each
voltammogram by integrating the area under the curve. In the potential window between
0.4 and 2.6 V, it was found that full sodiation of the IB sample likely takes place as the
theoretical capacity of 242 mAh g™! for IB is achieved. However, full sodiation of the IB

electrode leads to a significant mechanical destabilization of the electrode, resulting in



partial delamination of the active material film from the substrate, which is probably
related with large volume changes of the IB particles upon cycling [19,40,60]. Such a
volume change is probably accompanied with partial dissolution/recrystallization of the
IB particles, whose size distribution and morphology experience a significant change.
Aiming to mitigate this drawback, charge-discharge experiments were limited to the
window between 1.3 and 2.5 V vs. Na"/Na, which sacrifices half of the gravimetric
capacity, but it strongly increases IB stability. Furthermore, the effect of the window

narrowing on the specific energy is relatively minor.

Fig. 3(a and b) shows a comparison of the CVs at 20 mV s™! in the sodium ammoniate
electrolyte for IB-based and AQ-based electrodes (AQ: 9,10-anthraquinone). As
expected, the electrodes show similar electrochemical behavior as both active materials
have an anthraquinoid structure. There exist some differences, though, related to the fact
that each molecule has different substituents in the condensed rings [22]. The CVs for
both AQ and IB show two anodic redox peaks. However, while for the AQ electrode,
there are two cathodic peaks, in the case of IB, three cathodic peaks are clearly
distinguished (at 2.0, 1.60 and 1.35 V). As shown in Fig. S2, the charge under the 1B
reduction peaks at 1.60 and 1.35 V (blue colored area) is approximately the same as under
the peak at 2.0 V (orange colored area). It is thus likely that the anodic peak at 2.15 V
corresponds to the cathodic peaks at 1.35 and 1.60 V, while the anodic peak at 2.45 V is
associated with that at 2.00 V. As observed, the voltammetric response for the AQ
electrode is better defined, which is probably linked to the simpler structure of the
electroactive compound. The higher complexity of the IB molecule could underlie the
appearance of three reduction peaks in Fig. 3(a). As more sodium enters the electrode to
counterbalance the negative charges in the alcoholates being produced, kinetic barriers

would appear, which would be at the origin of the splitting of one of the reduction peaks.
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In any case, the potential separation between the two quasi-reversible redox processes in
both cases can be attributed to a larger Coulombic or steric repulsion for the incorporation
of the second Na* ion within the same anthraquinone unit [61,62]. From the comparison
of the CVs in Fig. 3(a and b), it can be concluded that the redox process at more positive
potentials is kinetically more favorable for IB than for AQ, as the separation of the anodic
and cathodic peak potentials is smaller by 0.1 V, while the redox process at less positive

potentials is more sluggish in the case of IB.

20
| (a) 215V 245V
I
= 10- ! |
‘_.'_ |
oo | 1
< I :
= |
|
“ 10- | :
| |
130y, ! N !
. | 1 2.0V : |
'20 T v' |v *I +' |v
20
| (b) 1-|90V 230V
|
:é 104 : :
(<Y I I
< I I
= 0 ' I
c 1 I
o I
5 : I
(@)
-10- : :
| | : !
135V, 175V, | !
-20 T " T v' +| T *I T
1.2 16 2.0 2.4 2.8

Potential vs. Na*/Na (V)

Fig. 3. Cyclic voltammograms at 20 mV s' in Nal-3.3NH; for the electrodes
IB/NT:PVDF (60:30:10) (a), and AQ/NT:PVDF (60:30:10) (b).
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To achieve the maximum performance of the IB-based cathode, a preliminary
optimization of the electrode composition was carried out. Attention was paid to both the
type of conductive additive (carbon NTs or C Super P) and the type of binder (PVDF,
PTFE or Na-CMC). The mass fraction of NTs in the electrode formulation was also
relevant in this study, as well as the procedure followed to mix IB particles and additives.
Further information on the electrochemical behavior for each cathode composition can be
found in the SM (Figs. S3 and S4). After the optimization process, the formulation

IB/NT(7/5):PVDF 90:10 was chosen as the most promising.

Fig. 4(a) shows some of the initial ten consecutive charge-discharge curves at 10 C for
a Na|Nal-3.3NHj;|IB battery at 4 °C. They are characterized by two plateaus in both the
charge and the discharge, which are related to the peaks observed in the CVs. The
gravimetric capacity of the electrode has a value of 120 mAh g1, keeping a Coulombic
efficiency of 99%. In addition, an estimate of the energy efficiency leads to a value of
92% for a system based on IB and Nal-3.3NHj at 4 °C, which is significantly higher than
the values reported for related systems at room temperature [21,58,63]. The energy
efficiency has been calculated as the ratio between the average discharge and charge
voltages [64]. The excellent electrochemical behavior and the high energy efficiency
obtained for this battery are directly connected to using a liquid ammoniate as an
electrolyte. It should be stressed that this performance is achieved at 4 °C, enabled by the
high specific conductivity of the liquid ammoniate, even at below-room temperatures

[14].
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Fig. 4. The 1st, 5th and 10th charge-discharge cycles for an IB electrode
(IB/NT(7/5):PVDF 90:10) in Nal-3.3NH; at 1.1 A gp™' (a), gravimetric capacity
retention and Coulombic efficiency for an IB electrode at 2.4 A gig™! (b), gravimetric
capacity and Coulombic efficiency for an IB electrode at different C rates (c), and charge-

discharge cycles for an IB electrode (IB/NT(7/5):PVDF 90:10) at 0.1 A gig™! (d).

Fig. 4(b) shows that the capacity retention is remarkable for 200 cycles, while the
Coulombic efficiency is 99%. These results have been obtained at a fast charge-discharge
rate (2.4 A gg!). These data highlight the advantages of the liquid ammoniate as an
electrolyte for SMBs, because even operated at high current densities, the cell does not
short internally. This is directly connected to the non-dendritic growth of sodium in this

electrolyte [45].

Fig. 4(c) shows the evolution of the specific capacity of the Na|Nal-3.3NHj;|IB system

for several C rates. Initial cycling has a favorable effect on capacity as concluded from
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the values obtained prior to cycling and after 60 cycles at 22 C (see below). On the other
hand, a slight increase in capacity is observed for low C rates. Usually, lower C rates
allow for more extensive Na™ intercalation and, therefore, there is a better use of the active
material. However, a rate of 2 C does not trigger an increase in the IB electrode capacity
compared with a rate of 4 C because the electrode has already attained its maximum
theoretical capacity assuming the exchange of 2e” per molecule (121 mAh g 'ig) in the
potential range being used. As observed, for a rate of 1 C, both the gravimetric capacity
and the Coulombic efficiency significantly decrease, suggesting the existence of a
parasitic reaction during charging. The diminution of the Coulombic efficiency is already
discernible at 4 C. This is clearly shown in Fig. 4(d), which displays an extra time in the
potential vs. ¢ plot at 0.1 A g™!jz during the charge process, implying overoxidation at the

cathode.

As commented previously, volume changes during cycling could lead to a partial
delamination of the IB film and to exposure of the substrate, which could get oxidized
(corroded) during the charge process (see Figs. S5 and S6). Further work is ongoing to
both clarify the origin of this problem and find the way to overcome it. In any case, the
capacity reached for the IB electrode in Nal-3.3NHj3 is comparable with that for other
related systems based on organic electrolytes, less cost-effective than Nal-3.3NH;

[50,58,65].

The long-term stability of the Na|Nal-3.3NHj;|IB system was tested at 10 C between 1.3
and 2.6 V. The active material loading was 1.4 mg;g cm™2 instead of the 2.1 mg cm™
employed in previous experiments to both improve the mechanical stability of the
working electrode and show the effect of the mass loading on the electrode performance.
Fig. 5(a) illustrates the cyclability at 10 C for an IB electrode that shows an initial

discharge capacity of 110 mAh gz which increases gradually during the initial 25
14



cycles up to a value of 125 mAh g!jg. This capacity enhancement can also be considered
an activation process for the IB electrode, as reported by other authors [54,57-59]. Such
a process is likely related to an increase of the interfacial area of the electrode caused by
a progressive wetting of the IB particles in the inner part of the film. The capacity is stable
until cycle 100-150 and then it starts decreasing. A sharp small drop can be seen at around
500 cycles (a similar behavior was observed in Fig. 4(b) after 150 cycles), which is
probably related to a partial loss of contact among the particles and/or between the
particles and the substrate due to the size and morphological changes of the IB particles
during cycling. In any case, the IB electrode achieves 1000 charge-discharge cycles while
retaining a 67% of its maximum capacity even when using high C rates [50,51,54]. In
addition, the data obtained during the charge/discharge cycles indicate that this battery
can attain values for the specific energy and specific power as high as of 210 Wh kg™'jp
and 2200 W kg™ g, respectively, maintaining a Coulombic efficiency of 99% along the
experiment. It is worth noting that the capacity reached for the IB electrode in Nal-3.3NHj;
is comparable with that for other systems based on organic electrolytes less cost-effective
than Nal-3.3NHj; [50,58,65]. It is important to highlight the use of Nal-3.3NH; as an
electrolyte for SMBs, as it enables applying high C rates while keeping high specific
capacities, energy and power densities, and Coulombic efficiencies thanks to its very high

values of sodium concentration and specific conductivity.

Fig. 5(b) shows CVs for an IB-based electrode before and after 1000 charge-discharge
cycles. The morphology of the CV was strongly affected by cycling as the characteristic
redox peaks for IB are no longer distinguishable. The existence of a substantial series
resistance (slope of the CV) is also apparent, which is likely related to the loss of contact
between substrate and active material referred to above. Fig. 5(c) shows a representative

SEM image for an IB particle after 1000 charge-discharge cycles. As deduced from a
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comparison of Figs. 5(c) and 1(c), upon cycling, there is a significant increase in particle
size, which is probably connected to the capacity loss and the delamination of the

electrode active material from the substrate.
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Fig. 5. Gravimetric capacity vs. number of cycles for an IB electrode (IB/NT(7/5):PVDF
90:10) in Nal-3.3NH; at 10 C (a), CVs at 20 mV s ! for an IB electrode before (blue) and
after (red) 1000 charge-discharge cycles (b), and SEM image of a representative 1B
particle after 1000 charge-discharge cycles (c).

The possibility that the reduced IB species becomes partly dissolved in the electrolyte
cannot be discarded. In this respect, a very slow discharge of the IB electrode at 20 pA
cm 2 was carried out in a three-electrode cell using two Na metal pieces as reference and
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counter electrodes in Nal-3.3NH;. After the discharge of the electrode down to 1.3 V, just
a very slight electrolyte coloring was observed (see Fig. S7). This experiment confirms
the very low solubility of the reduced IB species, indicating that the capacity decay is not
mainly due to a dissolution of the active material during cycling, but to film delamination

and particle detachment, associated with the large volume changes of the IB particles.

Fig. 6(a) shows the Nyquist plots obtained after the IB-based battery was submitted to
different numbers of cycles. The impedance spectra are characterized by a relatively well-
defined semicircle in the high frequency range and by a line with a slope well above one
in the low frequency range. The behavior observed at low frequencies does not seem to
be mainly related to the Warburg element (processes under diffusion control), but rather
to a pseudo-capacitive behavior [66,67]. Some minor changes of the semicircle radius are
observed with the number of charge-discharge cycles. After 50 cycles, the radius
diminishes, followed by a progressive increase after 100 and 150 cycles. In the latter case,
two semicircles can be discerned in the high frequency region. At very high frequencies,
complex impedance appears in the second quadrant, indicating the existence of an
inductive contribution, probably coming from cell connections. In any case, the stability
of the electrochemical impedance spectra upon 150 cycles is remarkable, indicating that

no significant degradation of the IB cathode occurs.

Fig. 6(b) shows a simple equivalent circuit that allowed us to obtain quantitative
information for the interpretation and discussion of the EIS (by employing the software
EIS Spectrum Analyser [68]). The circuit is composed of seven elements: (i) L1, which is
an inductance, likely related to cell connections; (ii) R1, which corresponds to the
electrolyte resistance; (iii)) R2 associated with the charge transfer resistance at the Na
electrode; (iv) CPE1 and CPE2 are the constant phase element for the Na and IB

electrodes, respectively. Finally, W1 is the Warburg element representing Na* diffusion
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within the cathode. Another charge transfer resistance was initially included in series with
W1, but EIS simulation and fitting showed that its contribution to the spectra was
negligible. The proposed circuit allows for a satisfactory fit of the experimental EIS data
as can be seen in Fig. S8. The parameters resulting from the fitting are gathered in Table
S1. It is worth noting that the elements L1, R1, and CPE1 do not change with the number
of cycles, which supports that they are assigned to contacts, electrolyte, and Na electrode.
However, R2 grows slightly with the number of cycles, from 3.5 Q cm™2 initially to 4.4
Q cm™? after 250 cycles. Spectra simulation shows that the low frequency region is
dominated by CPE2 rather than by WI1. It is worth noting that the exponent that
characterizes the CPE2 impedance, ncpg,, (see Table S1) is initially as high as 0.91 and it
even increases to 0.95 after 100 cycles. These values indicate that CPE2 can be considered
a quasi-ideal capacitor, particularly after 100150 cycles. It is also interesting to point out
that the overall appearance of the Nyquist plots in Fig. 6(a) is close to that of a capacitor,
while those obtained for systems based on common organic electrolytes [35,50,56,69]
have a more important resistive component. These results and the general features of the
EIS indicate that the Nal-3.3NHj is a superior electrolyte to develop sodium metal

batteries.

On the other hand, due to the large morphological changes that the IB particles suffer
upon cycling and the ensuing expected change in the electrode structure, the Nyquist plot
is markedly different after 1000 charge-discharge cycles, indicating a dramatic increase

of resistive contributions (see Fig. S9).

Admittedly, the EIS data could be fitted to other more elaborated circuits with elements
capturing more precisely the nature of the electrode. In this respect several models have
been considered for porous electrodes [70]. The electrodes typically employed in batteries

should not be considered as composed of pores of equal size. For instance, models based
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on capacitive pore walls, assuming a lognormal pore radius distribution with constant
pore volume leads to Nyquist plots virtually identical to those shown in Fig. 6(a).
Accepting such a model [71] one can interpret the way in which the low frequency region
evolves with the number of cycles. The fact that upon 100-150 cycles the straight line
observed at low frequencies is more vertical would mean that the radius distribution gets
narrower. The initial effect of the charge/discharge cycles would thus be to homogenize
the particle and pore size, which, on the other hand, is also reflected in an increase in the
gravimetric capacity.

EIS experiments were also performed for applied potentials of 1.3 and 2.6 V with the
aim of testing the effect of the state of charge on the electrode-electrolyte interphase. In
this way, at 1.3 V the IB electrode is completely discharged, while at 2.6 V, it is fully
charged. The open circuit potential of the battery is around 2.2 V, being the 1B electrode
mainly in its oxidized state. As observed in Fig. 6(c), at 1.3 V the Nyquist plot shifts to
higher impedance values and a flattened high-frequency semicircle can be clearly
distinguished. In addition, the slope observed in the linear region at low frequencies is
lower, indicating an evolution in the character of the CPE2 element, which would change
from an almost purely capacitive character to a more resistive behavior. This result agrees
with the fact that, at 1.3 V, the electrode is sodiated and the capacitance is low as deduced
from the CV in Fig. 3(a). As the capacitive component of the CPE diminishes, the overall

CPE behavior is more resistive.
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Fig. 6. Nyquist plots for an IB (IB/NTs(7/5):PVDF 90:10) electrode in Nal-3.3NH3; in the
frequency range from 100 kHz to 10 mHz at 2.2 V, initially and upon the application of
different number of cycles (a), equivalent electric circuit used for analyzing the
experimental spectra (b), Nyquist plots for the IB electrode in Nal-3.3NH; at different
applied voltages (c) and at 2.2 V at 25 °C and 4 °C (d). Insets in (a), (¢), and (d): details
of the high frequency region.

One of the potential advantages of the ammoniate electrolytes is that they could be
employed favorably at below-room temperatures. For illustrating this aspect,
electrochemical impedance spectra were also acquired at 4 °C. Fig. 6(d) shows Nyquist
plots for the battery Na|Nal-3.3NH;|IB/NT(7/5):PVDF 90:10 at 4 and 25 °C for the sake

of comparison. As expected, temperature does not alter in a significant way the Nyquist
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plots. In particular, the close-to-capacitive behavior observed in the low frequency region
is virtually the same in both cases. This is coherent with the fact that the specific capacity

attained by the cathode is the same regardless of the temperature value (Fig. S9).

The following results point to the fact that other liquid ammoniates may also have an
excellent behavior as electrolytes for SMBs. Specifically, experiments with the IB
electrode (IB/NTs(7/5):PVDF 90:10) were also carried out in the sodium
tetrafluoroborate ammoniate (NaBF,-2.5NHj3). The use of this alternative ammoniate is
interesting as NaBF, is markedly more cost-effective than Nal and it may potentially lead

to systems with voltage windows wider than for the Nal ammoniate.

Fig. 7(a) shows a stationary voltammogram at 5 mV s! obtained after stabilization of
the electrode (by performing ten cycles at 20 mV s!). Three anodic peaks can be
distinguished at 1.6, 2.5 and 2.9 V as well as four cathodic peaks at 2.6, 1.75, 1.55 and
1.2 V vs. Na/Na. The fact that three redox peaks are observed in the working potential
window suggests that three distinct sodiation processes of the IB may be occurring,
although additional experimental or theoretical information is needed to clarify this
question. In addition, the IB redox peaks appear at more positive potential than for an
analogous experiment in Nal-3.3NH; (see Fig. 3a). This indicates that the
tetrafluoroborate anion can stabilize the sodiated IB electrode to a larger extent than
iodide does. Such stabilization could come from the ability of tetrafluoroborate anions to
favorably interact simultaneously with the sodium cation and the NH moieties in the dye
molecule. On the other, the high concentration of ions in the electrolyte and the relatively
low dielectric constant of ammonia should favor the formation of ionic pairs in the
electrolyte. In fact, the formation of aggregates between sodium and tetrafluoroborate in
ionic liquids has been reported [ 72]. In any case, these observations point to the possibility

of designing higher energy density devices using the NaBF,-based electrolyte.
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Fig. 7. Electrochemical behavior of an IB-based electrode in NaBF,-2.5NH; evaluated
through CVs at 5 mV s7! (after ten cycles at 20 mV-s™!) (a), and charge-discharge cycles
at 8 C (2.3 mA-cm2) (b). The experiments were performed in a two-electrode split cell

at 4 °C using a Na metal piece as a counter electrode.

Fig. 7(b) displays several charge-discharge cycles for an IB electrode at 8 C in the
NaBF,-2.5NHj electrolyte. It shows an initial discharge capacity of 163 mAh g !jg and it
reaches its maximum value of 188 mAh g !jg after only 5 cycles. The electrochemical

behavior of this battery is nearly stable for close to 90 cycles, retaining a 90% of its
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maximum capacity at the end of the cycling. These values are consistently larger than for
the Nal ammoniate. This fact is related to the wider potential window employed in this
experiment (0.3 V wider than for the Nal ammoniate), allowing for a higher average
number of electrons exchanged per dye molecule. Other factors that may contribute to the
enhanced capacity are the higher (i) specific conductivity of NaBF,-2.5NH; (70 mS cm™!
vs. 55 mS cm™! for Nal-3.3NH3, both at 4 °C) and (ii) sodium ion concentration (8.7 M
vs. 7.6 M). Probably, the tetrafluoroborate-induced stabilization of the sodiated dye
contributes to a more extensive utilization of the active material in the cathode. The
apparently shorter activation process in this electrolyte is a result from the longer system

conditioning applied prior to the charge/discharge cycles (see the SM for further details).

Finally, it is worth noting that the NaBF,-2.5NHj electrolyte is not only cost-effective
in comparison with the Nal ammoniate, but also in comparison with conventional organic
electrolytes (cheaper roughly by a factor of 5). Admittedly, the use of this ammoniate
presents a constraint due to its high vapor pressure at room temperature. Studies on

electrolyte modification to mitigate this risk are underway in our laboratory.

4.Conclusions

This work reports on the use of an easily available and cost-effective organic vat dye as
a cathode material to develop sodium metal batteries based on liquid ammoniates as
electrolytes. These electrolytes show several advantages such as high ionic conductivity,
cost-effectiveness in comparison with organic and ionic liquids, and low flammability.
Indanthrone blue has also been shown to present several advantages such as a high
theoretical capacity, cost-effectiveness, and non-toxicity. In addition, the quinone groups
in the IB molecule are chemically labile, and the activation process takes place largely

during the first discharge. The redox processes of an IB electrode in the liquid ammoniates
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used here (Nal-3.3NH; and NaBF,-2.5NHj3) show a rather reversible behavior, even at
high C rates, which is not only due to their relatively fast kinetics, but also to the fact that
the electrolytes have exceedingly high sodium ion concentration and specific conductivity
(even at low temperature). As a result, the use of rates as high as 2.5 A g !jz does not
cause a significant depletion of Na* in the porous structure of the electrode. This feature

could enable the development of novel devices with high energy and power densities.

The experiments indicate that achieving IB full reduction requires applying potentials
as low as 0.4 V. This involves considerable mechanical destabilization of the IB electrode,
probably due to large volume changes during Na intercalation-deintercalation. By setting
the negative potential limit at 1.3 V, an IB electrode can perform at least 1000 charge-
discharge cycles at 10 C (1.8 A g™'1p), retaining 67% of its maximum capacity at the end
of the cycling with a Coulombic efficiency of 99%. In addition, the Na|Nal-3.3NHj;|IB
system is characterized by specific energy and specific power values of around 210 Wh
kg 'igand 2200 W kg™ !jp, respectively, comparable to those of Li-ion analogous systems
[21,37,50,51,63].

In summary, through a combination of IB as an active cathode material, liquid
ammoniates as electrolytes and sodium metal anodes, new room temperature
rechargeable sodium metal batteries can be devised, which can be from 3 to 5 times more
cost-effective (materials-wise) than those based on conventional organic electrolytes or

ionic liquids.
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Sodium metal batteries based on ammoniates as electrolytes and a widely available and cost-

effective organic compound (indanthrone blue) as a cathode material, provide superior rate

performance even at below-room temperatures.
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