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Room-temperature sodium-sulfur (RT Na-S) batteries have attracted ever-increasing attention because of their enhanced energy
density and low price. Although the performance of RT Na-S batteries is obtained in many other research, the basic mechanism and
kinetics have not involved yet, especially in discharge product growth, which affects electrochemical performance. Meanwhile,
designed additional redox activities (in the presence of oxygen) could simultaneously suppress sodium polysulfide shuttling and
enhance energy density according to our group reported. However, the kinetic study of the intermediate has not been explored. In
this work, we discussed the deposition of low-order sodium polysulfide (Na,S,, x < 2) in different potentials and types of glyme-
solvents in Na-S and Na/(O,)-S system. The results show that the morphology of deposition Na,S, (x < 2) is affected by interfacial
energy barrier controlled by overpotentials and the radius of sodium ions, which produced the precipitation of particle shape rather
than film. Potentiostatic experiments show the kinetics are elevated in the presence of oxygen. In addition, the exchange current
density of different sodium polysulfides was studied. The high-order sodium polysulfide has a lower exchange current density than
that of low-order sodium polysulfide in Na-S system, requiring greater driving force, while transformation of the intermediate from
high-order oxy-sulfur to low-order oxy-sulfur species require less impulse in Na/(O,)-S systems. This paper provides new
understandings of the deposition mechanism and kinetics of Na,S, (x < 2) Na-S and Na/(O,)-S system in and to choose the
appropriate solvent and potential.
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Low cost, high energy-density electrochemical energy storage
technology is critical for development of electric vehicles (EVs)
and power grids.! The development of lithium-sulfur (Li-S)
batteries with a lithium-metal anode and a sulfur cathode has
received a lot of attention over the past ten years because of their
high theoretical capacity of 1675 mA h g™!. However, due to a
paucity of lithium resources (0.0065% of the Earth’s crust), Li-S
batteries are prohibitively expensive and especially impractical
for grid-scale energy storage applications.>”!® Therefore, it is
urgent to explore and develop a new alternative battery system.
Room-temperature sodium-sulfur (RT Na-S) batteries are gar-
nering more attention due to their low price ($50—-100 kWh™"),
abundant source of elements (2.7% of the Earth’s crust is
sodium), and same theoretical capacity (1675 mAh g™' when
Na-S battery is fully converted to NasS).!'-!* RT Na-S and Li-
S batteries are chemically similar, but not identical. Both of them
mainly undergo multi-step reactions between the metal anode and
S cathode, which is a typical multi-platform phenomenon in the
discharge profile. However, the discharge behaviors are actually
different, which might be due to the inherent differences between
sodium and lithium. Compared to the lithium ion, sodium ion has
a larger radius, which means that the kinetics is more sluggish,
especially in solid-phase conversion reaction, and volume expan-
sion is significant (260% from S to NazS). Moreover, discharge
products of high-order sodium polysulfides are more soluble in
liquid electrolytes.!>"!7 Therefore, in the past decades, people
have been trying to find electrode and electrolytes suitable for
sodium ion embedding, and have successfully develop many new
Na-based materials and solvents, achieving high energy-density.
For instance, Jiang et al. developed sulfur-doped disordered
carbon. The advantageous inclusion of sulfur into the carbon
structure may offer more reaction sites for Na* accommodation.
Benefiting from this design, the Na-S batteries exhibited out-
standing performances with a specific capacity of 271 mAh g™ at
1A g! after 1000 cycles.'”® Our group proposed a new hybrid
strategy using oxygen in sodium sulfur system, which alter the

“E-mail: zhengli@vt.edu

underlying reaction pathway, achieving a high discharge capacity
of over 1400 mAh g.'° Although these mentioned RT Na-S
batteries show better electrochemical performance, NaxSx (x < 2)
growth in RT Na-S battery has not been systematically elucidated.?*-
b)

Herein, the kinetics and morphology of electrodeposition of
NazSx (x < 2) on carbon surface with three glyme-based polysulfide
solutions in Na-S and Na/(O2)-S batteries were studied. For Na-S
system, the deposition mechanism of Na>Sx (x < 2) was determined
by kinetic analysis and direct observation of the morphology of
NazSx (x < 2) in different deposition times. The results show that the
morphology of electrodeposited NaxSx (x < 2) depends on the
nucleation density and the relative rate of nucleation and growth,
which can be controlled by the selection of overpotential and solvent
in Na-S system, and the sediment is shaped as a particle rather than a
film. However, the deposition of discharge products is solvent-
sensitive but seems to be less sensitive to overpotential in system
Na/(02)-S system. In addition, the exchange current densities of
different high-order polysulfide compounds were also evaluated. The
results show that the exchange current density of high-order sodium
polysulfide solution is lower than that of low-order sodium poly-
sulfide solution for system in the absence of oxygen, which means
that the driving force required is larger. Meanwhile, we found,
compared with the Na-S system, when the high-order goes to the
low-order sodium polysulfide, less drive is needed in Na/(O2)-S.
This work provides a way to understand the deposition of NaxSx
x<2).

Experimental

Preparation of materials.—Sodium polysulfide (Naz2Sx, 4 < x <
8) solution was prepared by stirring 0.5 M sodium trifluorometha-
nesulfonate (NaSO3CFs, Alfa Aesar) in Diglyme, Triglyme, and
Tetraglyme electrolyte first, and then 1.5 M sodium sulfide (NaxS,
99%, Alfa Aesar) and 4.5, 6.0, 7.5, 9.0, 10.5 M sulfur (Alfa Aesar),
respectively were added into electrolytes at 60 °C for 8 h. The total
sulfur concentration in the polysulfide solution was 1.5 M. The
electrolyte was dried on molecular sieves for 7 d. The NaSO3;CF3
salt was dried under vacuum at 120 °C for 8 h.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ad14cb
https://doi.org/10.1149/1945-7111/ad14cb
mailto:zhengli@vt.edu
https://orcid.org/0000-0002-6842-9052
https://doi.org/10.1149/1945-7111/ad14cb
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ad14cb&domain=pdf&date_stamp=2024-01-03
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ad14cb&domain=pdf&date_stamp=2024-01-03

Journal of The Electrochemical Society, 2024 171 010503

(2)

[N
-
o
o
@

S20 \ L0.06
s
S 19+
=z +0.04
O T T S e -
4 ! |
o 181 1
=4 I
el | +0.02
=] : |
>17F
=
e i i 10.00
1'5 1 ' 1 1 L 1
0 10000 20000 30000 40000 50000 60000 70000

Time (s)

(T

In (In [1-Y()])

Avrami slope: 2.998

.8 'l 1
8.5 9.0 9.5 10.0 10.5 11.0 1.5
In (t)

Current density (mA/cm?)

®) .

08

0.6

04}

Fraction transformed

0.2

— ]

0.0 . ! ) M L .
0 10000 20000 30000 40000 50000 60000 70000
Time (s)

(d)

Na metal

S 4
Na,Sy (x<2)

A

Graphite felt

Figure 1. (a) Voltage and current density vs time for a baseline Na-S cell, which was first galvanostatically discharged to 1.70 V and then potentiostatically
discharged at 1.68 V. (b) Transformation vs time plot for potentiostatic current peak (enclosed in red in (a)). (¢c) Avrami plot resulting from the boxed portion of

(b). (d) Proposed mechanism for the reduction of sodium polysulfides.

Potentiostatic experiments.—Graphite felt with a diameter of
14 mm and thickness of 1-1.5 mm was used as a working electrode.
Na polysulfide (nominal NaxSe) solution of 40 uL was uniformly
dropped on the graphite felt. The sulfur loading was calculated to be
around 1.25 mg cm™. Na metal was used as a counter/reference
electrode, and glass microfiber filters (GF/D, Whatman) were used to
separate the electrode. All Na-S cells were performed in CR2032-
type coin cells in an argon-filled glovebox (O2 < 0.1 ppm, H20 <
0.1 ppm). The Na/(Oz2)-S cell, the coin cell with 4 side holes, was
assembled and tested in the oxygen-filled box. The cells were
first discharged galvanostatically. Subsequently, a potentiostatic
experiment was carried out where the potential was held at
different voltages (1.64, 1.66, 1.67, and 1.68 V) for the reduction
of polysulfides.

Electrochemical impedance spectroscopy measurements.—EIS
measurements were performed by Bio-Logic SP-150 potentiostat.
All sodium polysulfide solution was taken within Tetraglyme with
0.5 M NaSO3CFs supporting electrolyte. Na-S cells were measured
using a 5-mV amplitude over a frequency ranging from 100 kHz to
10 mHz.

Exchange current density measurements.—In the galvanostatic
polarization experiment, a specified current was drawn from the H-
cell using a 3 mm glassy carbon working electrode (CH Instruments,
Inc.). The corresponding potential was determined as the average
during the 30-minute galvanostatic step. For the Na/(O2)-S cell, the
H-cell was tested in the oxygen-filled box.

Microscopy characterization.—SEM of the graphite felt was
carried out using JSM-ITS00HR SEM (JEOL, Peabody, MA, USA).

Results and Discussion

Mechanism and kinetics in Na-S systems.—In the potentiostatic
experiment, a constant driving force (i.e., overpotential) was
provided, and the time evolution of sulfur reduction was monitored

by constant current so that the potential was kept below the
equilibrium potential (determined at 1.805 V in the electrolytic
cell; see Fig. S1, supporting information). Starting solutions con-
sisted of 1.5 M NazS¢ as the sulfur source, dissolved in three
different solvents (Diglyme, Triglyme, and Tetraglyme, respec-
tively) with 0.5 M sodium trifluoromethanesulfonate (NaSO3CF3)
as a supporting sodium salt (glyme-based ether solvents are typically
used in electrolytes, which provide the exceptional reversibility in
Na-S batteries). When the Na-S battery was discharged, several
polysulfides can coexist in the electrolyte in a balanced and reduced
state. To distinguish the electrodeposition of NaxSx (x < 2) from the
reduction of NaxS4 or higher order sodium polysulfides (i.e., Na2Se)
in solution, each cell was initially discharged with a continuous
current at a C/24 rate to a potential of 1.7 V. The potential was then
sustained at various voltages (between 1.64 and 1.68 V vs Na/Na‘)
for the reduction of polysulfides in a subsequent potentiostatic
experiment.

Figure S2 depicts the change in voltage and current as well as
how the evolution of polysulfide reduction through time was
captured via the current flow. Using Tetraglyme electrolyte as an
example, the progressive conversion of higher-order polysulfide
(Naz2Sx, x > 4) into NaxS4 in the solution causes the voltage to fall
monotonically throughout the initial galvanostatic discharge process.
Around 12000 seconds into the potentiostatic discharge, a sharp
reduction in current is observed. This is a result of lowering the
remaining higher-order sodium polysulfides (NaxSx, x < 4). The
nucleation of NaxSx (x < 2) and its growth to impingement cause a
current peak to follow that.>* The reduction of NaxS¢ and Na2Ss
(blue and red, respectively), as well as a peak brought on by the
electrodeposition of NaxSx (x < 2), are represented by the curve (in
red) in Fig. S3. Because Na2Se has a higher equilibrium potential for
reduction than Na2Sa, the former species has a greater overpotential
for reduction and, as a result, a larger initial current. Additionally,
because of the relative lower concentration, the decrease current of
the former species quickly diminishes. The current then asymptoti-
cally approaches zero, which is attributable to the deposition of
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Figure 2. (a) SEM image of pristine graphite felt. SEM images after (b) 1 h, (¢) 2 h, and (d) 3 h.

NazSx (x < 2) effectively ceasing. Next, the behavior characteristics
of the two-dimensional island nucleation and growth (precipitation)
process were releveled. The background fitting of the current-time
curve was performed using the sum of two exponential functions,
and the peaks were isolated by the subtraction of the exponential
functions (Fig. 1a). The current peak value is a sigmoidal cumulative
distribution function (Fig. 1b), and its distribution obeys Avrami
form (Eq. 1):%

Y(t) =1 — exp (-mAK?/3) ]

where Y is the fraction of the material that has been transformed, » is
the Avrami exponent, and 4 and k are the nucleation and growth
rates, respectively. Both Ak and n are related to the dimensionality
of growth.? Fitting the data with Eq. 1 (Fig. 1c) gives an Avrami
exponent of 2.998 (close to 3), consistent with progressive
nucleation.?

The dimension and deposition morphology anticipated from
kinetic analysis were confirmed by direct scanning electron micro-
scopy (SEM) imaging. Figure 2a shows the measured potentiostatic
deposition curve and the image of the pristine carbon fiber.

The discharge products are relatively tiny and evenly dispersed
due to a minimal initial overpotential. The overpotential increases
continuously with the addition of deposition time, resulting in a
higher surface energy barrier to absorb S~ and the formation of new
nuclei. Thus, the growth of NazSx (x < 2) is restricted. When the
deposition time is 2 or 3 h, deposition of Na:Sx (x < 2) is mainly
development, accompanied by other new nuclei formed. Chiang’s
group studied the morphology of LizS electrodeposited on carbon-
based materials by glyme-based non-aqueous polysulfide solution.?”
They discovered that the electrodeposited Li>S has the shape of a
thin 2D film. Unlike the deposition of lithium sulfide, the radius of
sodium ion is much larger than that of lithium-ion, and the
insufficient surface area also makes the deposition of deposition of
Na:Sx (x < 2) not as uniform as that of lithium sulfide.?®?° Thus, the
precipitation of particle shape to the Na2Sx (x < 2) rather than film. It

is also worth noting that the incomplete Na>Sx (x < 2) transforma-
tion also affects the precipitation, but the kinetics of the surface
reaction mainly limits this. Meanwhile, additional experiments were
performed to verify that the chemical transformation of Na2Sx (x <
2) must be limited by the kinetics of the surface reaction rather than
by the supply of sulfur or mass transfer to the growth interface.
Cyclical voltammetry (CV) was utilized to examine the possibility of
a mass transport constraint. In the 19000 s experiment, where the
diffusion length is more than 1 mm, the diffusion coefficient of
NazSx is 9.37 1077 ¢m? s7!, as shown in Fig. S4. Mass migration of
the polysulfide to the deposition site cannot be prevented if the
distance between electrode fibers is about 20 uym (Fig. SS,
supporting information).

Based on the above morphological and kinetic observations, we
proposed the possible growth mechanism of NaxSx (x < 2), as shown
in Fig. 1d. We believe the Na,S, (X < 2) deposition was
characterized by relatively tiny and homogeneous particles because
of the initial nucleation density and minimal overpotential. However,
the interfacial energy barrier starts to increase as precipitation time
increases. Since the surface area is confined and the sodium ion is
large, more new locations cannot be found to continue depositing
and expanding. Therefore, particles comprise most of the NaxSx (x <
2) deposition. Additionally, because NaxSx (x < 2) has a very low
conductivity, it is difficult for the reaction to proceed when deposited
on the graphite felt surface. As a result, the final current decreases
until it almost reaches zero.

By performing the potentiostatic discharge at different voltages
in tretaglyme electrolytes, the nucleation-growth rate constant could
also be calculated at different voltages. In Fig. 3a, the initial Na-S
cells were galvanostatically discharged to 1.70 V at a rate of C/24,
and subsequently they were potentiostatically discharged at 1.68,
1.67, 1.66, and 1.64 V. The reduction of current provides a greater
overpotential for the electrodeposition process. Therefore, the
deposition rate of NaxSx (x < 2) is significantly increased.
Meanwhile, potentiostatic discharge at different voltages using two
other ether-based solvents were also performed as shown in Figs. 3b
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and 3c. When the solvent was changed to Triglyme or Diglyme, the
deposition rate of Na2Sx (x < 2) increases significantly, which may
be due to the chain lengths of Triglyme and Diglyme significantly
decreasing compared with the Tetraglyme. As the length decreases,
the number of oxygen molecules decreases, as well as the viscosity.
In addition, the viscosity of the solvent also affects the diffusion rate
of sodium ions. CV curves of 1 M NaxSg in three different solvents
with different sweep speeds were obtained in Fig. S6. The diffusion
rate of sodium ions in three different solvents is Diglyme >
Triglyme > Tetraglyme. This demonstrates sodium ions can con-
tinuously replenish themselves in the solvent Diglyme and react on
the graphite felt surface. Subsequent deposition occurs at a faster
rate as a result. It is worth noting that the Diglyme electrolyte
showed two current peaks. Tetraglyme is about four times as viscous
as Diglyme, it is thought that the first peak was caused by the
electrodeposition of NaxSx (x < 2) from higher-order polysulfides
that had not yet completely reduced to Na2Ss during the galvano-
static discharge process.’” Therefore, the second current peak in the
curve was used for fitting and calculating the nucleation-growth rate
constant. Figure 3d shows the nucleation-growth rate constants at
different voltages. Increased nucleation-growth rate constants are
seen because the electrodeposition process has a greater over-
potential due to the voltage drop. When the voltage drops to
1.64 V, this rise is extremely apparent (even two orders of magnitude
greater). This resembles the pattern of LizS deposition on the surface
of carbon. ¥’

Furthermore, different concentrations of NaxSe (1.5, 2.0, and
2.5 M respectively) into the three electrolytes to evaluate deposition
kinetics were also discussed, and the results were shown in the
Fig. 4. As the concentration of sodium polysulfide in Tetraglyme
electrolyte increases, it is clear that the deposition rate increases as
well. This might be the case because concentration increases the
chance of a direct collision between the reactants, which speeds up
the reaction’s rate and process. In the meantime, due to the distinct
properties of the two additional ether-based solvents used in place of

Tetraglyme for potentiostatic discharge, the deposition rate of NaxSx
(x < 2) increased. It is noteworthy that, in contrast to the other two
ethers, Diglyme does not appear to exhibit a clear rise in rate with
concentration.

The exchange current density measurement was used indepen-
dently to test the Butler-Volmer kinetics at the carbon-solution
interfaces, helping us understand the impedance contributions of
various polysulfides and calculate overpotentials.’! Figure 5 depicts
using three-electrode cells in Tetraglyme solvent to perform
galvanostatic polarization at a glassy carbon macroelectrode to
study the kinetics of NaxSe at “model” carbon surfaces. By retracing
the linear segment of the Tafel diagram back to the intercept at the
equilibrium potential, the exchange current density was calculated.
The exchange current density of NaxSe is calculated to be
0.019 mA cm™. Table I and Fig. S7 summarize the exchange
current densities measured from NaxSgs to NaxSs solutions. The
exchange current densities of NaxSs, NaxS7, NaxSe, NazSs, and
NazS4 are 0.011, 0.014, 0.019, 0.021, and 0.024 mA cm™ respec-
tively. An increasing exchange current indicates a rapid exchange of
substances, which means the reaction encounters little resistance as
it changes. We performed EIS tests to verify the above interpretation
(Fig. S8). The results of the measurements of the exchange of
current density agree with the conclusions that Na>Ss has the highest
impedance. The lowest exchange current density is seen in Na»Ss,
which has more reaction steps than lower-order NaxSx. As a result,
the reaction requires the most energy (i.e., driving force).

Kinetics in Na/(O)-S systems.—According to our previous
research,'” NaO2-NaxSs (4 < n < 8) was formed through combining
Na*, 0>, and S 2~ (4 < n < 8) at the stage of the discharge process
when the oxygen was present, which may prevent the polysulfides
from diffusing to the sodium side, improving the electrochemical
performance. However, the kinetic study of the intermediate has not
been explored. In this part we investigate interfacial kinetics during
the electrochemical reactions in the Na/(O2)-S system using
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potentiostatic and exchange current density experiments. The results
are shown in Fig. 6. There is no significant difference in the shape of
the curves at the same voltages compared with Na-S system. The
biggest differences are in the deposition time and the magnitude of
the current density. The deposition time and current intensity of
Na/(02)-S systems are greater than those of Na/S systems in

different three solvents, indicating that the kinetics are elevated in
the presence of oxygen (this was proved by calculating nucleation-
growth rate constants at different voltages shown in Fig. 6d). It is
also noted that the intermediate appears to be more dependent on the
viscosity, while it does not seem sensitive to the increase in voltages.
When the solution was changed from Triglyme to Diglyme at
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(d) Combined nucleation-growth rate constants.
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Figure 7. (a) The Tafel plot of galvanostatic polarization measurements of electrochemical kinetics in 1.5 M Na,Se, Na,S;, and Na,Sg solutions in Tetraglyme.
The linear extrapolations are shown as the dashed lines, and the open-circuit voltage is indicated by the position of the dashed vertical line.
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Table I. Summary of measured exchange current densities in Na/S

systems.

Composition Exchange current density (mA cm™)
1.5 M NaySg 0.011

1.5 M NayS; 0.014

1.5M N3285 0019

1.5 M Na,Ss 0.021

1.5 M NaS, 0.024

Table II. Summary of measured exchange current densities in
Na/(02)-S systems.

Composition Exchange current density (mA cm™)
1.5 M Na,Sg 0.024
1.5M NaZS7 0.025
1.5M Na286 0.027

1.66 V, the constant’s value increased by a factor of 100 in the
Na/(02)-S system as opposed to simply by a factor of 10 in the Na/S
system. When we reduced the voltage at Diglyme solution from
1.66 V to 1.64 V, we discovered no appreciable change in the
constant but a 100-fold rise in comparison to the Na/S system.
Exchange current density measurement was also conducted to
understand estimate overpotentials. Figure 7 shows the galvanostatic
polarization of different sodium polysulfide measured in Tetraglyme
solvent when the oxygen exists. The exchange current density was
also calculated. TablegII summarizes the excl%ange current densities
from NaxSs to NaxSe¢ species. The exchange current densities of
NazSs, NazS7, and NazSe are 0.024, 0.025, and 0.027 mA cm
respectively. Compared with the Na/S system, the exchange current
density is greater than the based one, which indicates a fast exchange
of substances NaO2-NaxS» formed, meaning that less resistance is
required for the reaction. It is important to note that when the sulfur
source was changed from Na2Sg to NaSe, the exchange current

ﬁfa‘?iy iShangss onlyslishiy, This means thab in gomparison o
intermediate from high-order (NaO2-NaxSn, 4 < n < 8) to low-order
(NaO2-NaxSn, n < 4) species.

Conclusions

In summary, we studied the deposition of NaxSx (x < 2) in
different potentials and solvents with/without oxygen. The results
show that the deposit of Na2Sx (x < 2) was mainly controlled by
overpotential and solvent in the Na-S system. The effect of the
interface barrier regulated by overpotentials and the larger sodium
ion radius compared with lithium-ion cause the electrochemical
deposition to take the shape of a particle rather than a film. For the
Na/(O2)-S system, oxy-sulfur species are mainly affected by solvent.
In addition, the effect of different sodium polysulfides on the
exchange current density is also discussed. The results showed
that the higher-order sodium polysulfide had the lowest current
density, meaning that it needed a more significant push to react.
Transformation of the intermediate from high-order oxy-sulfur to
low-order oxy-sulfur components needs lesser driving force in
DY Qalatian N R s TH RIS R 5 S I,
selecting suitable solvents and potentials.
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