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Abstract

This study reports a sodium polysulfide catholyte for nonaqueous redox flow batteries
(RFBs). We demonstrate reversible capacities up to 200 mAh/gg with negligible fade over 250
cycles at room temperature for sodium polysulfide|biphenyl full cells containing Na*3”-Al,O5
solid electrolyte (BASE) membranes. Interestingly, formation of insoluble S and Na,S, phases
did not inhibit the catholyte’s cycle life which is likely due to the low concentrations used in
the lab-scale prototypes. 3-electrode galvanostatic AC impedance measurements demonstrate
that voltage losses were dominated by charge transfer at the cathode, and relevant kinetic
parameters (i.e., transfer coefficients and exchange current density) were calculated through a
Tafel analysis. To the best of our knowledge, this is the first report applying such an impedance
approach to nonaqueous RFBs. Overall, the use of low-cost active materials makes sodium
polysulfide|biphenyl RFBs promising for long duration energy storage applications. If
strategies are developed to increase the solubility of S and/or low order polysulfides (Na,Sy, x
<4), specific energies up to 100 Wh/kg (including combined mass of the anolyte and catholyte)

can be achieved.

Keywords: catholyte; electrochemical impedance spectroscopy; redox flow batteries; sodium

polysulfide
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1. Introduction

Long-duration energy storage (LDES) systems are needed to enable widespread
adoption of intermittent energy sources such as solar and wind.!> More specifically, demand
is growing for energy storage systems that operate for 10 - 100 h at rated power. Lithium-ion
batteries have been deployed for short duration applications, but their value proposition
diminishes as the storage duration exceeds 4 h.! On the other hand, redox flow batteries (RFBs)
are particularly well-suited for grid storage because the system’s energy and power densities
can be independently scaled. A wide range of redox couples (e.g., vanadium, quinones,
heterocycles, arenes, and metallocenes)®> have been explored for aqueous and nonaqueous
RFB electrolytes. Despite exciting progress in these areas, a major limitation of RFBs is their
high cost, and developing high energy density electrolytes using earth abundant active
materials is critical to meet cost targets for LDES applications. !

Na-based batteries containing sulfur cathodes are attractive for low cost, high energy
batteries due to sulfur’s earth abundance and high capacity (e.g., 1,672 mAh/gg for complete
reduction to Na,S). Notable examples of S electrodes for reversible Na storage include: (i)
molten S (e.g., high temperature Na/S batteries commercialized by NGK Insulators, Ltd. and
Tokyo Electric Power Company)’, (ii) S-based composites®® containing carbon matrices to
mitigate dissolution of sodium polysulfides (Na,Sy), and (iii)) RFB electrolytes containing
soluble Na,S, species'®!4, While each of these approaches has unique advantages and
challenges as reviewed previously”-'>17, the present work focuses on Na,S, catholytes for
ambient temperature nonaqueous RFBs. Yu et al.!”> recently reported a sodium
polysulfide|biphenyl RFB containing a Na*8” Al,O5 solid electrolyte (BASE) membrane. Their
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lab-scale prototype exhibited outstanding cycling stability in a cylindrical cell format (e.g., 300
mAh/gnass With negligible fade over 700 cycles), but little data in a flow cell configuration
was reported. To further assess the viability of this chemistry for LDES applications, a better
understanding of processes that limit system performance is required.

This report extends the work on sodium polysulfide| BASE[biphenyl RFBs by: (i)
investigating the effects of soluble vs. insoluble reaction products on reversible capacity and
cycling stability and (i1) identifying rate limiting processes using galvanostatic AC impedance.
Full cells exhibited stable capacities up to 200 mAh/gg with high coulombic efficiency (99.7 +
0.4%), and formation of insoluble S and Na,S, during cycling did not inhibit the catholyte’s
reversibility. If restricted to cycling the soluble polysulfides (Na,Ss <> Na,Sg), a
polysulfide|biphenyl system containing 5m electrolytes has a projected specific energy of 55
Wh/kg, and increasing the solubility of lower order polysulfides will further increase the
specific energy. AC impedance measurements demonstrate that voltage losses are dominated
by charge transfer at the cathode, and relevant kinetic parameters (i.e., exchange current density
and transfer coefficients) were calculated through a Tafel analysis. To the best of our
knowledge, this is the first report of such impedance measurements for nonaqueous RFBs. This
technique can be applied in future studies to inform system design and operation to optimize

performance for LDES applications.
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2. Materials and Methods
2.1 Electrolyte Preparation

Sodium polysulfide solutions were prepared by blending Na,S, S, and ZrO, milling
beads (5 mm diameter, Inframat Corp.) in diglyme (anhydrous, 99.5%, Sigma-Aldrich, distilled
on a Schlenk line and stored over 4A zeolite prior to use). Solutions were homogenized on a
roller at room temperature for several days prior to use. For full cell experiments, a sodium
biphenyl solution was used as the anolyte. Na metal was added to the anolyte such that the
molar ratio of the anion radical (Na*B) and neutral (B°) species was 1/1. All experiments used
a supporting electrolyte containing 0.9 m sodium trifluoromethanesulfonate (NaTFS, 98%,

Sigma-Aldrich) dissolved in diglyme.

2.2 XRD

Precipitates were obtained in polysulfide solutions with the nominal compositions
Na,S, and NaS;. The precipitates were rinsed twice with ~5 mL diglyme and dried under
vacuum at 60°C overnight. The resulting powders were mounted on glass slides and covered
with Kapton tape to mitigate air exposure. XRD measurements were performed on a Scintag
XDS 2000 powder diffractometer with Cu Ka radiation (A= 1.5406 A) in the 260 range of 10—80
°. The operating voltage and current of the X-ray generator were 38 kV and 32—35 mA,

respectively.



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

2.3 Electrochemical Characterization

Figure 4b shows a photograph of the flow cell which was housed and cycled in an Ar-
filled glovebox. Graphite felt (1.5 mm thick, Fuel Cell Store) and Ni foam (1.3 mm thick, MTI
Corp) were used as the current collector for the Na,S, catholyte and biphenyl anode,
respectively. A Na-B" Al,O3 solid electrolyte (BASE, 4.5 x 4.5 cm? footprint, 1.0 mm thick,
Ionotec Ltd.) was placed between butyl rubber gaskets, and the cell was torqued to 10 in-Ibs.
Electrolyte solution was pumped ~7 mL/min through the cell stack using peristaltic pumps and
PharMed® BPT and polypropylene tubing (Cole-Parmer). Electrochemical experiments were
performed using a Biologic SP-200 potentiostat/galvanostat.

Galvanostatic electrochemical impedance spectroscopy (EIS) measurements were
performed in a 3-electrode flow cell. The reference electrode consisted of Na metal adhered to
the BASE membrane outside the electrolyte flow field. EIS measurements were performed by
superimposing a small AC current perturbation over a DC bias current. The AC current was
sufficiently small to ensure a linear response approximation was appropriate (i.e., <10 mV
perturbation at the cathode, see Table S1).

The performance of a sodium polysulfide|BASE|biphenyl full cell was also evaluated
in a cylindrical format (see Figure 4a). In this configuration, a BASE tube (18 mm inner
diameter, 1 mm wall thickness, and 80 mm length, Ionotec, Ltd.) separated the inner (Na,Sy in
NaTFS/diglyme) and outer (B%Na*B™in NaTFS/diglyme) electrolytes. Each compartment
contained magnetic stir bars to ensure uniform mixing of the solutions during cycling. Ni foam

current collectors were placed on both sides of the BASE tube. Galvanostatic charge/discharge
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experiments were performed using a Biologic SP-200 potentiostat/galvanostat. All current

densities reported in this study are normalized with respect to the cathode’s geometric footprint.

3. Results and Discussion

Sodium polysulfide (Na,S,, 4 < x < 8) solutions were prepared by blending Na,S and S
in the appropriate molar ratio in diglyme. As shown in Figure 1a, polysulfides with 5 <x <8
completely dissolved, but insoluble precipitates were obtained in solutions with the nominal
compositions Na,S, and NaSg. Lab source X-ray diffraction measurements (Figures 1b and 1¢)
confirmed these precipitates were crystalline Na,S4 and S containing minor unknown impurity
phases. The open-circuit potential of the sodium polysulfides ranged from 1.92 — 2.22 V vs.

Na/Na" (see Figure S1) which makes them suitable for a moderate voltage catholyte.
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Figure 1. (a) Photograph of several solutions containing 0.2m sodium polysulfide in diglyme.
(b-c) XRD patterns of precipitates obtained from solutions with the nominal compositions (b)
NaSg and (c) Na,S4. Minor impurity phases (indicated by *) could not be reliably indexed due
to the low peak intensity and the large Kapton background.

A symmetric flow cell containing a Na™3”’-Al,O; solid electrolyte (BASE) membrane
was constructed to assess the electrochemical properties of the sodium polysulfide catholyte.
Notably, each compartment contained equal amounts of catholyte at 50% state of charge (with
respect to the soluble polysulfide regime, Na,Sg <> Na,Ss), so any irreversible reactions would
result in capacity fade which may not be immediately evident from half cells containing a large
auxiliary electrode. Galvanostatic charge/discharge profiles at different cutoff voltages are
shown in Figure 2a. Interestingly, cell polarization decreased with cycling which is attributed

to various formation processes in the cell. Regardless of cutoff potential, the cell exhibited high
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coulombic efficiency (100% within experimental error, see Figure 2b) and no capacity fade
over 80 cycles (Figure 2c). Cycling over the window +0.30 V yielded a reversible capacity

~144 mAh/gg which slightly exceeded that of the soluble polysulfide regime (125 mAh/gg).
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Figure 2. Galvanostatic cycling results for a symmetric Na,S;|BASE|Na,S, flow cell showing
(a) representative voltage profiles, (b) average coulombic efficiencies, and (c) charge capacity
when cycling over various voltage windows at a current density of £62 pA/cm?. The large
standard deviation in coulombic efficiency in Figure 2b was caused by the cutoff potentials
falling along a sloping voltage plateau. Results were collected using the RFB hardware shown
in Figure 4b.

Figure 3 shows extended cycling results for the symmetric cell cycled between £0.90V.
The voltage profiles and differential capacity plots (Figures 3b and 3c, respectively) contain
two distinct regions related to reactions involving: (i) soluble polysulfides (0 — 125 mAh/gs)
and (ii) insoluble Na,S, and S (125 — 315 mAh/gs). Interestingly, formation of insoluble phases

(S and Na,S,) in the cell stack did not negatively impact cell performance as evidenced by a
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stable capacity ~315 mAh/gs with a coulombic efficiency of 99.9 + 0.5% (average + standard
deviation). This finding is attributed to the low polysulfide concentration in the lab-scale
prototype, and we note that the performance of larger scale systems will likely be hindered by

formation of thick insulating layers on the current collector.
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Figure 3. Electrochemical characterization of a symmetric Na,S;|BASE|Na,S, flow cell cycled
between +0.90 V at a current density of 0.62 mA/cm? showing (a) voltage profiles, (b)
differential capacity plots, and (c) cycling performance over 50 cycles. Results were collected
using the RFB hardware shown in Figure 4b.

Full cells containing a Na,Sg catholyte, BASE membrane, and biphenyl anolyte were
also fabricated and tested. Biphenyl (B°) stores Na through formation of a sodium biphenyl
anion radical pair (i.e., B° + Na" + e- <> Na"~, E® = 0.22 V vs. Na/Na*).!3 As shown in Figure
4, these full cells were cycled in two different configurations including: (i) a cylindrical cell in
which redox species were circulated using magnetic stir bars and (ii) a conventional flow cell

in which electrolyte was circulated using peristaltic pumps. In the cylindrical cell, the catholyte
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was cycled over the following reaction: Na,Sg «» Sg + 2Na* + 2e- which corresponds to a
theoretical capacity of 209 mAh/gs. As shown in Figure 5, these conditions yielded a stable
capacity ~200 mAh/gs and high coulombic efficiency of 99.7 + 0.4% (average + standard
deviation) over 250 cycles. In the flow cell configuration, the catholyte was cycled over the
soluble polysulfide regime (5Na,Sg + 6Na™ + 6e <> 8Na,Ss, theoretical capacity 125 mAh/gs)
and exhibited an initial capacity ~120 mAh/gs with good stability over 50 cycles (see Figure
S2). Collectively, these results demonstrate that sodium polysulfide|biphenyl RFBs have

outstanding reversibility and active material utilization over all testing conditions reported here.

(a) Cylindrical Cell Configuration (b) Flow Cell Configuration

Delrin Cap

——>Glass Stir Bars

28 Na-Biphenyl
_Anolyte

Magnetic Stir Plate

Inner Compartment: Na,S, Catholyte
Outer Compartment: Na-Biphenyl Anolyte

Figure 4. Experimental setups used for testing sodium polysulfide|BASE|biphenyl batteries
including: (a) schematic of the cylindrical cell (adapted from our previous publication'?)
containing magnetic stirrers in the inner/outer compartments and (b) photograph of the flow
cell in which electrolytes were circulated through the cell stack using peristaltic pumps.
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Figure 5. Electrochemical performance of sodium polysulfide BASE|biphenyl cycled in a
cylindrical cell (see Figure 4a). Charge/discharge curves collected at current densities of (a) £1
mA/cm? and (b) £2 mA/cm?. (¢) Long-term cycling stability.

As shown in Figure 6, the specific energy of a sodium polysulfide|biphenyl RFB varies
with the electrolyte concentration and depth of discharge. Even if restricted to the highly
soluble polysulfides (Na,Ss <> Na,Sg), a system containing 5Sm electrolytes has a specific
energy of 55 Wh/kg (approximately twice that of aqueous vanadium RFBs). Developing

electrolytes with highly concentrated S and/or lower order polysulfides can further increase the

specific energy up to 100 Wh/kg.
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Figure 6. Projected specific energy of a sodium polysulfide|biphenyl RFB as a function of the
catholyte utilization and concentration. Calculations include the mass of solvent (diglyme), salt
(NaTFS, 0.9m), and active materials. A S5m biphenyl anolyte was assumed for all calculations.

Despite the outstanding cycling stability of sodium polysulfide/biphenyl RFBs,
identification of rate limiting processes in this system has received little attention in the
literature. Electrochemical impedance spectroscopy (EIS) is a powerful method to study energy
loss mechanisms in batteries. The vast majority of EIS studies reported in the literature focus
on 2-electrode systems tested near open-circuit, and comparatively little work has been
performed to study the impedance of individual electrodes polarized far from equilibrium. F.
M. Delnick and co-workers!®-?! recently demonstrated a galvanostatic EIS method to quantify
overpotentials associated with ohmic, kinetic, and mass transport processes in all-vanadium
RFBs. Briefly, this method decouples different voltage losses by integrating the measured
impedance (a differential quantity describing local polarization) as a function of current density.
To perform these measurements, a reference electrode with a sufficiently fast response time is

required. As shown in Figure S3, the reference electrode in the present study contributed
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negligible error as evidenced by the excellent agreement between 3-electrode and 2-electrode
impedance measurements (e.g., the reference contributed <3% error in |Z| at frequencies < 100
kHz).

Figure 7 shows Nyquist plots for a sodium polysulfide|BASE|biphenyl flow cell when
applying DC bias currents of 0.1-15 mA (corresponding to 0.02-2.33 mA/cm? based on the
cathode’s geometric footprint). The 2-electrode measurements (i.e., cathode vs. anode, Figures
7a/7c for charging/discharging currents, respectively) contained two semicircles. The high
frequency semicircle (ca. 4,200 — 57 Hz, shown more clearly in Figure S4) also appeared in
the anode vs. Na measurements and is thus attributed to a process at the anode. Similarly, the
large, lower frequency semicircle (<57 Hz) was observed in the cathode vs. Na impedance
measurements (Figures 7b and 7d), indicating system performance is primarily limited by the
cathode. The diameter of this semicircle decreased at higher current densities which is
consistent with a redox reaction following a Butler-Volmer kinetic law.?

In Figures 7b and 7d, the high frequency intercept (assigned as ohmic resistance
between the cathode and Na reference) and diameter of the semicircle (assigned as charge
transfer resistance at the cathode) were numerically integrated as a function of current density
to obtain polarization curves which decoupled the ohmic and kinetic overpotentials. The
corresponding fitting parameters are provided in Table S2. As shown in Figure 8a, these two
processes accounted for nearly all the measured voltage losses, indicating that mass transport
limitations were negligible for the current densities investigated here. Figure 8b shows that the
polysulfide catholyte exhibited Tafel behavior at current densities >0.4 mA/cm? which enabled

calculation of relevant kinetic parameters based on the general Butler-Volmer expression
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(Equation 1)?3:

= o[ CEmina) _ o) "
where jg is the exchange current density (mA/cm?), Nyinetic 18 the kinetic overpotential, and oo,
are the transfer coefficients for the oxidation/reduction reactions, respectively. The sum of the
transfer coefficients was 0.906, whereas the expected value is 1 for a reversible one-electron
transfer process. Possible explanations for this discrepancy include: (i) error associated with
extrapolating the low frequency semicircle’s real intercepts, (ii) slight drifting in the catholyte’s
state-of-charge (34 + 2 mV) and open-circuit impedance (see Figure S6) due to application of
DC currents, and/or (iii) a complex mechanism for the sodium polysulfide reactions. To the
best of our knowledge, this is the first report of integrated impedance measurements for
nonaqueous RFBs. Ultimately, this method can be applied to different anolyte/catholyte
chemistries and cell architectures to identify rate limiting processes which can inform system
design (e.g., current collector and flow channel dimensions) and operation (e.g., flow rates and

current densities) to optimize performance for a given application.
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Figure 7. Galvanostatic EIS measurements collected on a sodium polysulfide|BASE|biphenyl
flow cell using DC bias currents up to £15 mA. (a-b) Oxidation measurements showing Nyquist
plots of the (a) cathode vs. anode and (b) cathode vs. Na metal reference. (c-d) Reduction
measurements showing Nyquist plots of the (¢) cathode vs. anode and (d) cathode vs. Na metal
reference. Results were collected using the RFB hardware shown in Figure 4b.
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Figure 8. Integrated galvanostatic EIS analysis showing (a) the contribution of ohmic and
kinetic overpotentials at the cathode as a function of current density. Ohmic and charge transfer
resistance were determined from the high frequency intercept and diameter of the low
frequency semicircle, respectively, in Figures 7b and 7d. (b) Tafel analysis used to extract
relevant kinetic parameters (i.e., exchange current density j, and transfer coefficients os and
a,). Results were collected using the RFB hardware shown in Figure 4b.

4. Conclusions and Outlook

This work reports the performance of a 2V nonaqueous RFB containing a biphenyl
anolyte and sodium polysulfide catholyte. The system exhibited outstanding cycling stability
in both flowing and cylindrical cell configurations. Interestingly, formation of insoluble S and
Na,S, phases in the cell stack did not inhibit cycling performance, and full cells showed
capacities up to 200 mAh/gs with negligible fade over 250 cycles at low current densities (1-2
mA/cm?). Galvanostatic AC impedance measurements demonstrate that the system’s voltage
losses were dominated by charge transfer at the cathode, and relevant kinetic parameters were
calculated through a Tafel analysis.

In this study, BASE was used as a prototypical membrane which limited the current

densities to <2 mA/cm?, and low-cost solid electrolytes which enable high current densities at

room temperature are needed for practical applications. Developing thin solid electrolyte
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separators and/or surface engineering?*?> approaches to reduce interfacial resistance are
promising routes to improve the rate performance of such systems. To increase the system’s
energy density, future work should also focus on developing new electrolytes (e.g., additives

and solvents)!? with higher solubility of sulfur and/or lower order polysulfides.
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Figure S1. Open circuit potential of various sodium polysulfide/diglyme solutions measured
against a Na reference electrode.
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Figure S2. Electrochemical characterization of sodium polysulfide| BASE|biphenyl cycled in a
flow cell geometry (equipment setup shown in Figure 4b). (a) Galvanostatic charge/discharge
curves and (b) cycling performance collected between 1.95 — 2.15 V at a current density of
0.16 mA/cm?.
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Figure S3. (a-b) Nyquist plots for a Ni|BASE|C flow cell containing supporting electrolyte
(0.9m NaTFS in diglyme) flowing on both sides. The impedance of each current collector
(Znickel and Zcapon for the anode and cathode, respectively) was separately measured against a
Na reference electrode. The measured 2-electrode impedance (Z; giectrode) Was then subtracted
from ZyickertZcamon t0 calculate the impedance of the reference electrode (Zgeference)- (€)
Relative error of ZyickertZcarbon VS- Z2 Electrode IMpedance measurements. Measurements were
performed at open-circuit with a voltage perturbation of 10 mV.
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Figure S4. Nyquist plots collected on a sodium polysulfide|BASE|biphenyl flow cell using a
DC bias current of -100 pA. The impedances of the cathode, anode, and cathode+anode are
compared at (a) 1x10% — 0.075 Hz and (b) moderate frequencies which better shows the
semicircle associated with the anode. The distortions at frequencies >4.2 kHz are artifacts from

the reference electrode.

PEIS of Cathode vs. Na

200
—e— Before GEIS
o 150 —— After GEIS
7
4%100-
£
N 50+t

% 50 _100 150 200
real [Q
Figure S5. Nyquist plots for potentiostatic EIS measurements (PEIS, E?* = 10 mV) performed
before/after the galvanostatic EIS measurements (GEIS) shown in Figure 7b. These results
demonstrate that the DC current passed during the GEIS studies had little impact on the

cathode’s impedance at open-circuit.
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Table S1. Summary of key parameters for galvanostatic EIS measurements on a sodium
polysulfide|BASE|biphenyl flow cell. f.x and f,;, refer to the maximum and minimum
frequency probed, respectively. DC and AC subscripts refer to the bias and amplitude,

respectively.
Discharging Currents
IDC IAC fmax fmin Egcghode Efl%thOde Eﬁ%ade Ezrcl'ode
(mA) | (nA) | (Hz) | (Hz) | (Vvs.Na/Na*) | (mV)* | (Vvs.Na/Na") | (mV)*
-100 25 | Ix10%| 75 2.086 4 0.129 3
-250 25 | Ix109| 75 2.058 4 0.133 1
-500 50 | 1x106| 75 2.020 6 0.141 3
-1000 125 | 1x106| 75 1.978 7 0.154 6
-2500 250 | 1x10° | 250 1.925 6 0.179 5
-5000 400 | 1x10° | 500 1.879 6 0.224 7
-10000 | 700 | 1x10°| 500 1.818 8 0.310 12
-15000 | 900 | 1x10°| 500 1.765 9 0.421 15
Charging Currents
IDC IAC fmax fmin Ef)acthode Eﬁ%thode E;l)réode Eﬁ’é"de
(nA) (nA) | (Hz) | (Hz) | (V vs. Na/Na*) (mV)* (V vs. Na/Na*) | (mV)*
100 25 | Ix10%| 75 2.084 3 0.126 3
250 25 | Ix10%| 75 2.103 3 0.123 1
500 50 | 1x106| 75 2.126 4 0.117 3
1000 125 | 1x10 | 75 2.156 6 0.106 6
2500 250 | 1x10° | 250 2.208 6 0.072 5
5000 400 | 1x10° | 500 2.264 7 0.021 8
10000 | 700 | 1x10°| 500 2.348 9 -0.046 12
15000 | 900 | 1x10°| 500 2.408 10 -0.138 15

* Voltage amplitudes are frequency dependent. Maximum values measured during the

experiments are reported.
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Table S2. Fitting parameters for the low frequency semicircle shown in Figures 7b and 7d.
This semicircle (associated with reaction kinetics at the cathode) was fit with an R;-(R;Q)
equivalent circuit consisting of an ohmic resistance (R;) in series with a Faradaic impedance
element containing charge transfer resistance (R,) is in parallel with double layer capacitance
(modeled by a constant phase element Q with a frequency-dependent impedance Zg(w) =

Qo(jlm)a). Slight variations in R; are due to uncertainties extrapolating the high frequency
resistance.
Discharging Currents

Inc (rA) | Ri () [ R (Q) | Qo (mFs™) | «a

-100 5 158 3.5 0.87
-250 5 156 3.6 0.87
-500 6 102 3.7 0.88
-1000 8 46 3.8 0.90
-2500 7 16 4.5 0.85
-5000 6 8 4.8 0.80
-10000 |5 6 8.3 0.58
-15000 |5 4 7.2 0.62

Charging Currents

Inc (rA) | Ri () [ Ry (@) | Qo (mFs™) | «

100 6 125 3.6 0.88
250 6 92 3.6 0.88
500 6 60 3.6 0.88
1000 7 34 3.7 0.89
2500 7 17 3.9 0.87
5000 6 11 4.0 0.84
10000 6 7 5.5 0.72
15000 6 4 4.9 0.71
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