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Electrochemical Study of Prussian White Cathodes with
Glymes - Pathway to Graphite-Based Sodium-lon Battery

Full Cells

Sai Gourang Patnaik,*™ < Ines Escher,” Guillermo A. Ferrero,” and Philipp Adelhelm*®®!

Prussian white (PW) cathodes exhibit extremely fast rate kinetics
for sodium ion (Na*) insertion/de-insertion at relatively high
potentials. However, one of the major bottlenecks is to pair
them with appropriate anode materials having similar rate
kinetics. Herein, the combination of graphite anodes and
several glyme-based electrolytes as appropriate building blocks
for PW cathodes to achieve high power density without
compromising on energy density is reported. Low defect,
Na-rich PW is synthesized, and its electrochemical behavior is

Introduction

Sodium-ion batteries (SIBs) are widely viewed as a more
sustainable counterpart to current day lithium-ion batteries
(LIBs) but are yet to catch up in terms of their energy and
power density. High performance and environmentally benign
materials in electrodes, coupled with safe electrolytes are thus
need of the hour for SIB technology to evolve as a game
changer. In this pursuit, Prussian blue (PB) and its analogues
(PBAs) have emerged as a feasible technology with commercial
promise, evinced by successful large and small industrial
enterprises like CATL, Natron energy, and Altris. PBAs are
coordination polymers consisting of metal hexacyanometallates
having the general formula, A,TIM(CN)],- (1,_,-zH,Owhere A is
the mobile cations (Li*, Na*, K*); M is the carbon-coordinated
transition metal ion (Fe, Mn, Cr); T is the nitrogen-coordinated
transition metal ion (can be changed by utilizing appropriate
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studied with conventional carbonate-based electrolytes as well
as with diglyme (2G), tetraglyme (4G) and a 1:1 mixture of 2G
and 4G. The stability of the electrolytes is also monitored via
in situ (operando) pressure cell measurements. Graphite | elec-
trolyte | PW cells are then studied in both two and three
electrode configurations. It was found that glymes are compat-
ible with the graphite/PW electrode pair and the resulting cells
exhibit very good cyclability and rate capability.

precursors); [J is [M(CN),] vacancies occupied by coordinating
water; 0<x<2; 0<y< 1" The hexacyanoferrate based Na
rich Fe analogue, represented as Na,Fe[Fe(CN)¢]-[1;_,-zH,0 or
commonly termed as Prussian white (PW) is a case in point
with the vacancy free congener, i.e., Na,Fe[Fe(CN);] possessing
a theoretical capacity of 171 mAhg™". Their open framework
structure has pore size perfectly matching Na™,"” as a result,
they exhibit very less volume expansion during reversible Na™
storage. Compared to Na®™ o-bonding with O 2p orbitals in
metal oxide-based cathodes, the relatively weaker Na™ inter-
action with C=N" allows for high-rate capability and facilitated
diffusion through the PBA matrix during intercalation/dein-
tercalation. For instance, Wang etal. observed only ~4%
volume expansion with rhombohedral Na,_,Fe[Fe(CN)s] during
a single charge-discharge cycle.” Moritomo et al” reported a
cation diffusion coefficient (D) of 0.9x107°cm?s™" for
Nag gsNilFe(CN)lo4s5- 5.0H,0 and Pasta et al.® reported D values
in the range of 107 cm?s™" for Na, osMn[Fe(CN)glyo- 1.88H,0.
They are also electrochemically active within the stability
window of the commonly utilized carbonate-based organic
electrolytes and have been studied extensively in both half (Na
metal as anode) as well as full cell (anodes other than Na metal)
configurations.

However, there have only been limited reports on the
electrochemical behavior of PW cathodes in conjugation with
glyme (linear ethers) based electrolytes. Glymes have been
extensively utilized in metal-air and metal-sulfur battery
chemistries.”® The wide liquid range, low volatility, and relative
stability towards reduced O, species of certain ethers like
diethylene glycol dimethyl ether (2G), tetra ethylene glycol
dimethyl ether (4G) make them well suited for application in
Li-O, and Na—O, batteries.” Similarly, compared to cyclic
esters, ethers are more stable towards sulfur and are not
susceptible towards nucleophilic attack from polysulfides,
hence are also favorable for lithium-sulfur and sodium-sulfur
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battery chemistries."®'" More recently, glymes have received

renewed research interest owing to their ability to coordinate
to active alkali metal ions, thus enabling a reversible solvent
co-intercalation behavior with Na® in graphite*'® forming
ternary graphite intercalation compounds (t-GIC). This behavior
is interesting, as graphite is largely inactive for Na storage in
cells with conventional carbonate-based electrolytes as binary
Na-GICs are energetically unfavorable."” Moreover, glymes also
exhibit very high first cycle Coulomb efficiency (ICE) with
graphite™ due to a probable “SEl free” interface,"®'” compared
to hard carbon anodes utilizing carbonates for Na* cycling, and
hence are advantageous for fabrication of full cells. The large
volume change during cycling may be mitigated by choosing
different binders or adding additional co-solvents.”” In the
cathode side, the high voltage anodic instability of glymes is
debatable, but there have been many reports on successful
utilization of glymes in conjugation with high voltage cathodes
for both Li and Na ion chemistries.?'"? In a related context, the
open framework PW cathodes can also be expected to
accommodate solvent coordinated Na™ ions and hence provide
an interesting stage for solvent dependent electrochemical
properties as exhibited by graphite. This will also bring forth
the idea of utilizing graphite as a mainstream anode option for
SIBs, which has been primarily dominated by hard carbon,
alloys/metals, or chalcogenides.” In addition, the high-rate
capability of graphite anodes with glymes will also complement
the existing research efforts to find appropriate high-rate
capability anodes for PBA based cathodes.

In this pursuit, we examined the electrochemical behavior
of Na-rich PW cathodes in various cell configurations using
different electrolytes (carbonates as well as glymes). We first
study and draw comparison between performance of PW
cathodes with carbonates and glymes in their half-cell config-
uration with Na metal. Taking advantage of high ICE of both
graphite and PW electrodes, stepwise fabrication of full cells in
both three electrodes (W.E.: PW cathode, R.E.: Na metal, C.E.:
graphite anode) as well as two electrode configurations is then
demonstrated with high-rate capability and long-life cycle. The
advantage of utilizing two high-rate capability electrodes in
compatible solvent systems is then clearly exhibited by
decoupling of the inverse relationship of energy/power density
in the final full cells (between 0.1 and 1 Ag™).

Results and Discussions
Synthesis of Prussian white

Fully reduced and sodiated form of PB (also known as PW) are
advantageous owing to their applicability in full cells without
the need for reactive sodium loaded anodes as reservoirs for
the active ion. Perfectly sodiated PW would also lead to a
vacancy free framework and ensures preservation of the
intercalation sites for Na™ during the high temperature vacuum
drying process required to obtain moisture free PW particles.
Single precursor synthesis originally reported by Guo et al.””!
achieved vacancy free PB albeit with very low sodium content
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because of Fe’™ oxidation. Brant etal.”® later reported a

systematic study on the evolution of structural properties of
PW cathodes with modification to the synthetic procedure to
include increased sodium content and obtained an initial
charge capacity of 158 mAhg™" by suppressing Fe?* oxidation
through constant N, purging during synthesis. More recently,
Tan etal® synthesized PW in a two-step mild and low
temperature process, where they first synthesized PB and then
reduced it with NaBH, to achieve PW with near theoretical
capacity of ~169 mAhg™". For the current work, we adopted
the single precursor PW synthesis by Brant et al. with certain
modifications. Notably, we increased the reaction time to 48 h
under constant Argon purging in 1M NaCl solution. The
extended time was chosen to grow micrometer sized particles
whereas constant Ar purging was done to prevent Fe?*
oxidation. The introduction of NaCl in the reaction mixture was
to increase the amount of Na* in the final PW framework.”®
The color of the reaction flask at the end of the reaction was
still white (suggesting presence of large amount of intercalated
Na")?! with slight blueish tinge and turned light blue after
work up (Figures 1a and S1, perhaps because of loss of some of
the sodium ions due to presence of surface water). The ratio of
Na/Fe (=0.648) was determined by Inductively coupled plasma
atomic emission spectroscopy (ICP-OES) measurements. Scan-
ning electron microscope (SEM) images (Figures 1b and S2)
show micrometer-sized homogenous particle distribution. The
XRD pattern of the dried PW (120°C, 12 h, Figure 1c) exhibited
a monoclinic (P21/n) phase with high crystallinity. The Raman
spectra (Figure 1d) of the dried PW showed two clear v(CN)
stretching modes at 2130 and 2094 cm™', respectively with a
small shoulder at 2111 cm™, which can be assigned to A, E,
and T, vibrations owing to the local O, group symmetry with
an inversion center as reported earlier.”?**" The IR spectrum of
PW (Figure 1e) exhibited two narrow bands at 3547 and
3613 cm™' which correspond to symmetric and asymmetric
O—H stretching vibrations and an H-O—H bending vibration at
1614 cm™" which can be either because of crystal or surface
water. The average valence state of Fe can alter the prominent
v(CN) band at 2072 cm™ leading to peak splitting in case of
different chemical environment around FeP?. Appearance of a
single prominent peak in case of PW thus indicates a uniform
chemical environment around Fe in case of PW. The narrow
peaks between 3500-3650 cm™' compared to broad peaks for
the starting precursor indicate a low water content. This was
also confirmed from thermo gravimetric analysis (TGA) (Fig-
ure 1f). In case of PW, water can exist either adsorbed on the
surface, or as coordinating water in the framework (in place of
[Fe(CN)]*~ vacancies to maintain the cubic lattice).*® Majority
of the surface adsorbed water content can be removed by
vacuum drying. Hence, negligible amount of remaining
adsorbed water is released at ~100°C and most of the crystal
water is released between 150-240°C and leads to cracking of
the particles as reported earlier.®® Further heating >400°C
leads to stepwise decomposition of the entire framework.
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Figure 1. Characterization of dried PW: a) Digital images of the reaction mixture in the beginning and upon completion of reaction, b) SEM images at different
magnifications, c) XRD pattern after drying. d) Comparison of Raman spectra with starting precursor. €) Comparison of IR spectra with starting precursor.

f) TGA curve (under N, atmosphere, at a ramp rate of 5°C min™").

Electrochemical studies with sodium-metal anode

Electrodes were fabricated with PVDF as binder and Super P as
carbon additive. NaPF, was adopted as the salt of choice. These
were obtained from reports from previous optimizations with PB
analogues®” The behavior of the PW electrodes was first
evaluated in different conventional carbonate-based electrolytes
and with diethylene glycol dimethyl ether (2G), tetraethylene
glycol dimethyl ether (4G) and a 1:1 mixture of 2G/4G in two
electrode half-cell set up with Na metal as the counter electrode.
The sodium rich nature of PW was conspicuous during the first

de-sodiation cycle in different electrolytes with an average of
~145 mAhg™" capacity correlating to high initial sodium content
(~1.7 Na per formula unit) in the synthesized PW (Figure 2a). The
galvanostatic charge-discharge profiles showed two-step charg-
ing with plateaus at 3.1V and 3.3V vs. Na*/Na respectively and
contributing almost equal capacity (Figure 2b). A similar two
step trend was also observed during the discharging step. The
discharge plateaus for the high voltage charging counterpart
were also at similar potential of ~3.3V vs. Na*/Na but the low
potential plateau showed some variation. The trend for this low
potential plateau was in the order 4G~2G (~3.02V vs. Na*/

(a) 4.0 4 W.E: PWqeatrode Cell
C.E : Graphite —PW
35 RE:Na —— Graphite

Electrode potential (V) vs. Na*/Na
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Figure 2. Electrochemical characterization in different electrolytes: a) comparison of first charging cycle showing high Na content of the PW electrodes at
0.025 Ag™", b) comparison of galvanostatic charge/discharge profiles at 0.025 Ag~' (2™ cycle), c) comparison of capacity retention at different charging rates,

d) comparison of capacity retention during cycling at 1 Ag™".
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Na) > 2G/4G > EC/PC/FEC (~2.99 V vs. Na*/Na)>EC/PC (~2.94V
vs. Na*/Na). An explanation why this behavior is only found
during sodiation is not straightforward, however, it may relate to
differences in solvation/desolvation kinetics of Na* ions in the
different solvents. It seems not specifically related to differences
in the cathode electrolyte interface, as no such trend was
observed during de-sodiation. The rate capacity retention at
increasing current densities showed a trend in the order 2G>
4G > 2G/4G > EC/PC/FEC > EC/PC. This trend can be understood
by considering studies reported by Vitoriano etal®?. The
superior rate performance of 2G (ionic conductivity, o=
5.64 mScm™' and viscosity 7=2.42 mPas at 25 °C for 1T mol dm™
concentration of NaPFy)?" compared to 4G (viscosity 7=3.39
mPas at 25°C)® can be ascribed to its higher ionic conductivity
(lower viscosity) and higher de-solvation ability (low chelating
strength compared to 4G). The mixture of 2G/4G doesn't lead to
any enhancement in rate performance compared to the
individual solvents in this cell configuration but is still superior to
carbonate-based  electrolytes  (ionic  conductivity,
11.5 mScm™" and viscosity 7= 2.78 mPas at 25°C for 1 mol dm™
concentration of NaPFg in 1:1 EC/DMC).?" Long cycling studies,
however, show better stability with 4G (as a deviation from the
trend of rate studies) than 2G and the rest showing the same
trend as that of rate studies. This can be because highly
chelating 4G shields Na™ ion from possible side reactions with
moisture content (inevitably present in small quantities in PW
cathodes) which has been reported as predominant mode of
failure for these class of cathodes.’” The overall results thus
indicate better stability of the glymes for PW electrodes
compared to carbonates with Na metal anodes. To further
evaluate the compatibility of the PW electrodes with the solvents

g=
3

and probability of gas evolution, we performed pressure
evolution measurements (Figures S3 and S4). As electrolyte
decomposition leads to gas release, this method can provide
clear hints for side reactions. This is especially important as
glymes are generally considered to have a limited stability at
high potentials. From our experience, electrolyte decomposition
can lead to pressure variation of ~1% per cycle. The pressure
changes for all electrolytes were, however, much smaller than
this value. Even over 5 cycles, the relative pressure variation was
within a 1% corridor, a change that is likely only due to signal
drift of the setup. Overall, no signs for electrolyte decomposition
were detected (within the detection limits of the pressure cell),
indicating cycling of the PW cathodes occurs without side
reactions in both ether and carbonate electrolytes.

Full cell studies with graphite anode

One of the major advantages of glymes for SIBs is their
applicability to graphite anodes due to solvent co-intercalation
phenomenon. Figure S5 shows the first charge/discharge
profiles of graphite | Na-metal cells with various glymes used
previously for Na | PW cells. Hence it was imperative to examine
PW cathodes in conjugation with graphite anodes while
studying glyme-based electrolytes. To get better understanding
of the potential window of operation, three electrode measure-
ments were conducted (Figure3). The cell voltage was
controlled between 1.0-4.0 V and the electrode potentials were
monitored with respect to the Na reference during constant
current operation. In case of 2G (Figure 3a), the potential of the
counter electrode never encroached negative potentials where-
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Figure 3. Electrochemical characterization in three-electrode set-up, potential time profile during galvanostatic cycling at 0.1 Ag™" for: a) 2G (anode/cathode
capacity =1.18 mAh), b) 4G (anode/cathode capacity =1.33 mAh).
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as in the case of 4G (Figure 3b), the counter electrode potential
reached —0.005V vs. Na'/Na, indicating possibility of Na
plating. It is important to note here that the potentials
monitored by the potentiostat are an average of the entire
porous electrode, and do not provide a clear picture of
localized potential distributions and electrochemical processes
occurring thereof. In case of 4G (Figure 3b), the cell voltage
(E.ey) coincided with the high voltage plateau of PW during the
first sodiation cycle and an extended reversible low potential
plateau was observed for graphite sodiation (because of some
amount of Na plating as mentioned before). However, this
plateau decreased during the subsequent cycles and was also
not observed during studies in two electrode configurations. In
case of 2G (Figure 3a), no such extended plateau was observed
and E, exhibited a sloping profile without coinciding with W.E.
contrary to that of 4G (in the de-sodiation cycle). This gives an
impression about the relatively labile nature of 4G electrolyte
with respect to Na metal compared to 2G.

After establishing the stable voltage window, coin cells with
PW cathode and graphite anodes were constructed. The
individual electrodes and overall cell reaction can be repre-
sented as follows:

Positive electrode:

Na,Fe[Fe(CN);], < Na,_,Fe[Fe(CN)y], + nNa™ + e~

Negative electrode:
C,+nNa" +e” + ysolv. = nNa*(solv.) , C,~

Overall cell reaction:

Na,Fe[Fe(CN);], + C, + ysolv.
— Na,_,Fe[Fe(CN)4], + nNa*(solv.), C,~

where Na™ ions intercalate together with the solvent molecules
(solv.) into the graphite lattice (C,).

The galvanostatic cycling profiles for all the electrolytes
exhibited two steps charging and discharging profile like that
of Na | PW cells (Figure 4a). The discharge capacity obtained
was like that of half cells with sodium as CE. at the given
current rate, thus showcasing good electrode/electrolyte
compatibility in this configuration. A comparison of the anodic
and cathodic half cells with full cells is provided for better
reference in the supporting section (Figures S6-S8). The
potential positioning of the lower discharge plateau (sodiation)
onset at ~2.5 V followed the same trend as that of half-cells as
4G~2G>2G/4G. The trend in rate capacity retention too
matched that of Na|PW cells as 2G>4G>2G/4G, with 2G
having highest capacity retention upon increasing current
density (Figure 4b). This indicates that the rate behavior is
determined by the PW cathode. The charge discharge profiles
at different rates for the electrolytes in full cell configuration
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Figure 4. Electrochemical characterization of graphite | PW full cells: a) comparison of galvanostatic cycling at 0.1 Ag™', b) comparison of capacity retention at

increasing charging rates for different electrolytes.
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show interesting features (Figure S9). Two distinct plateaus can
be observed for 2G (Figure S9a) but the plateau at higher
potential exhibits much less current dependency compared to
the one at lower potential. The profiles for 4G (Figure S9b) and
2G/4G (Figure S9c) showed the expected two step profiles
having equal contributions even at higher rates. The magnitude
of capacity drop though was slightly higher for graphite | PW
as compared to Na|PW cells, mostly because of limited
availability of sodium in the former case. The graphite | PW
cells were very stable towards cycling with >94% capacity
retained after 1000 cycles at a high current density of 1 Ag™".
This is contrary to Na | PW cells, where 40% capacity drop was
observed in most electrolytes just after 500 cycles at the same
current, which can be explained by the reactivity of organic
electrolytes with Na metal reported previously.?'***” The shift
in Coulomb efficiency was in the order 4G > 2G > 2G/4G, which
further strengthens our assumption of shielding the Na* ions
from water molecules by the highly chelating 4G. To see if
there is any possible dissolution of the electrode materials, the
cycled cells were opened and do not show any severe signs of
electrode degradation (Figure S10). The small dark specs on the
anodic side of the separator were further examined with SEM
and EDX mapping to trace any possible crossover of Fe ions,
but the elemental composition scans clearly confirmed absence
of any Fe content in separators for any of the electrolytes
utilized for graphite | PW full cells (Figures S11-516). Never-
theless, it is also important to realize that reports exist that
show a much longer cycle life for electrode reactions in half cell
geometry. This includes Na | graphite”'*? or Na | carbon-tin*?
which, as anodes, operate at potentials close to Na metal. The
more rapid fading of the PW cathode material in half cell
geometry requires therefore another factor in addition to the
reactivity of Na with the electrolyte, e.g., cross talk between the
electrodes including reactions due to the higher redox
potential of PW.

We finally compare the performance of our Graphite | PW
full cells with different electrolytes in a Ragone plot (Figure 5a).
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The energy density reached was > 157 Whkg™" and the highest
power density achieved was ~553 Wkg™' within the measured
current rates for the active mass only. At a high charging rate
of 1Ag™" both 2G and 2G/4G achieved > 500 Wkg™' while still
retaining > 100 Whkg™' energy density. More importantly, no
drastic decrease in energy density was observed with increase
in power density, which is contrary to many other anode/
cathode combinations for SIBs. This can be attributed to the
choice of the electrodes and electrolytes. Our group has
previously reported on high-rate capability of graphite electro-
des with glyme based electrolytes towards Na* storage based
on co-intercalation phenomenon.* In a similar manner, PW
based cathodes are also well known for their high-rate
capability towards Na®™ owing to their open framework
structure and pore size matching. Hence the combination of
two such electrodes as anode and cathode with fast Na* ion
storage kinetics resulted in superlative power density without
compromising the energy density within the measured current
range. The potential obtained in full cells was ~2.85V and the
highest capacity obtained was ~ 140 mAhg™' which was on par
on with other state of art reports (Figure 5b) even though not
the highest. The most distinguishing feature, however was the
cycling stability of the graphite | PW full cells which was better
than most of the other reports in our comparison.*>*%

Conclusion

In summary, the compatibility of PW-type cathodes was
systematically evaluated with various carbonates and glyme
based electrolytes and a comparison was drawn between the
two. The compatibility of glymes with graphite anodes was
then exploited to construct full cells with energy and power
densities up to 157 Whkg™ and 553 Wkg™' respectively and
exceptional cycling stability (>94% discharge capacity reten-
tion for over 1000 cycles). Compared to half-cell experiments
(with Na metal as counter electrode), the full cells showed a

(b)
4.0+
P2-Nag ¢;Nig 53Mng 5,0,//HC Na,MnCr(PO,),/HC
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3.5+ *
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3.0
'S This work o ,1000 cycles)
(PWI//Graphite)
2.5+ Na, A *
(PWI//HC)
(77%, 25 cycles)
204 Na,V,(PO,),//Graphite
(80%, 400 cycles)
T T T T T T
60 80 100 120 140 160 180 200

Specific capacity (mAh/g)

Figure 5. Comparison of PW | graphite full cells: a) in Ragone plot for different electrolytes used (based on active material weight only), b) with other reports
(Ref. [26]-[34]) in terms of working potential, cycling stability and cathode capacity.
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significantly improved cycle life, indicating that the cycle life of
PW cathodes is underestimated in half cells. Since rational
matching of anodes, cathodes and electrolytes is crucial for
performance enhancement, this is indeed a way forward in
utilization of glymes as promising electrolytes for next gen-
eration SIBs.

Experimental Section

Synthesis of Fe-PBA

Fe-PBA was synthesized by previously reported single precursor
method but with slight modification to maximize the amount of
Na as well to maintain the ratio of Fe’*/Fe* in the in the final
product. Briefly, in a typical synthesis, 2 mmol Na,Fe(CN)g-10H,0
(Merck) was dissolved in 100 mL of 1 M NaCl solution in deionized
water to obtain a homogenous solution. The mixture was
maintained at 80°C for 15 min under vigorous stirring and Ar
(argon) gas purging followed by dropwise addition of 1 mL of 37 %
HCl (hydrochloric acid). The solution was then stirred for 48 h
under constant Ar purging to obtain PW. The composite was
collected by filtration, washed with water several times, and dried
at 140°Cin a vacuum oven for 12 h.

Material characterization

SEM images were taken with a scanning electron microscope
(Phenom Pharos Desktop SEM, Phenom World) using secondary
electron detector. XRD measurements were performed with a D2
Phaser instrument from Bruker. A Cu X-ray tube (30 kV, 10 mA) was
used to conduct the experiments, using a step width of 0.2°
Elemental analysis was measured using a Euro EA 3000 from
EuroVector S.P.A., values shown were the mean values of two
measurements. Raman measurements were performed on a
Renishaw QONTOR equipment, a transparent CaF, cover was used
to avoid air exposure. For ICP-OES measurements, known amount
of as synthesized PW powder was first digested in 3 M HCl solution
and ultrasonicated for few hours to achieve a clear solution.

Electrode preparation

The dried Fe-PBA was then finely ground along with dried Super P
for at least 30 min with mortar pestle and then added to solution
of PVDF (PIKEM Ltd.) in NMP (Sigma Aldrich) and finely mixed using
a Thinky mixer. The ratio of components in the composite was Fe-
PBA/Super P/PVDF (wt%) (70:20:10) with appropriate amount of
NMP (1 ml for 30 mg of Super P) to obtain a thick ink with
appropriate consistency. The graphite electrodes contained 90 w/w
graphite powder (MTI Corp.) and 10 w/w PVDF as binder material
and NMP (Sigma-Aldrich) was used as the solvent to cast electro-
des. Electrodes were casted with an initial thickness of 300 um (for
PW) and 100 um (for graphite), dried overnight under air, punched
to the appropriate size (12- or 10-mm diameter), and dried again at
110°C under vacuum overnight. The average mass loading of
active material for PW electrodes was ~2.0 mgcm™2 and that of

Graphite electrodes was ~2.4 mgcm ™.

Electrochemical measurements

All cell assemblies were performed in an argon-filled glovebox
from MBraun. For cells with sodium metal as counter/reference
electrode in two electrodes set up, pure sodium (BASF) was rolled
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up and punched into disks of equal diameter as that of the working
electrode (12 mm diameter) and a glass fibre (GF) separator
(Whatman) of 16 mm diameter was used to separate the electro-
des. For three electrodes set up, Swagelok type cell was utilised
where a small disc of pure sodium metal served as the reference
electrode. 1M solution of NaPF, (purity >99%, Alfa Aesar)
dissolved in different solvents 2G, 4G, EC/PC (Sigma-Aldrich, pre-
dried using activated 4 A molecular sieves) was used as the
electrolyte. FEC (Fluoroethylene carbonate, Sigma Aldrich) as an
electrolyte additive was used as received. Two GF separator
(diameter of 12 mm) were used as separator and were soaked with
150 pL of the electrolyte. The size of the working and counter
electrodes in this case were of 10 mm diameter each. GCPL
(galvanostatic charge and discharge with potential limitation)
experiments in coin cell set up were conducted on a BCS-805
battery cycler from BiolLogic with 5 seconds of resting period
between charging and discharging cycles. GCPL experiments in
three electrodes set up were performed on an MPG-2 potentiostat
from BiolLogic. The temperature during the GCPL experiments was
maintained at 25°C. The GCPL cycling was performed between
2.0-4.0V vs. Na*/Na for Na | PW cells and between 1.0-4.0 V for
graphite | PW cells. In case of three electrode cells, the potential
limitation was kept only for the PW electrodes and the counter
electrode potential was allowed to evolve without any potential
limitation.

Full cell fabrication: The PW electrodes were used as fabricated
without any prior electrochemical activation. The graphite anodes
were first activated by cycling them four times with metallic
sodium between 2.0 and 0.01 V and then left in a sodiated state in
the fifth cycle at 0.01 V, all in constant current mode with potential
limitation in respective electrolytes. No constant potential sodiation
was employed. The full cells were then fabricated with the
activated graphite anodes, as fabricated PW electrodes with two
glass fibre separators soaked with 150 pL of the electrolyte.
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