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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

In this manuscript, the author used acetamide/e-caprolactam (CPL) eutectic solvent in electrolyte for
K-Na/S batteries. I think the characterizations of the reactions are insufficient and the practical
application value is lacking. I do not recommend this paper for publication in Nature Communications.
There are several issues that should be clarified.

1.The cost of the battery is not just the price of the components, the cost of the preparation and
operation process should also be considered. For example, K and Na is much more active than that of
Li, so the safety cost is much higher. Also, the operation temperature is 75°C, which is much more
stringent than room-temperature Na/Li-S battery. Thus, the cost of the K-Na/S battery system should
be more carefully instead of simply sum up the components price.

2.When the cell was tested in eutectic solvent electrolyte and TEGDME electrolyte, the capacity raised
in the first few cycles. What exactly happened?

3.The eutectic solvent electrolyte did increase the capacity of the battery and the author indicated that
the kinetics was boosted, however, the kinetics enhancement process should be more detailed. What
reactions happened during the charge/discharge process? Which transformation steps were
accelerated? More evidence should be provided.

4.In the cycling performance, the capacity in TEGDME electrolyte was lower than in eutectic solvent
electrolyte, but showed a better capacity retention. Also, the capacities of 4 MS and 8 MS TEGDME are
almost the same. Does it mean that the TEGDME electrolyte has better stability? How to balance the
cell capacity and the cycle stability?

5.Rate performance of cells with 4 M sulfur in TEGDME electrolyte was lacked.

6.The author indicated that the eutectic solvent electrolyte enhanced the solubility of short-chain
polysulfides, however, the high dissolution might lead to a more serious shuttle effect. This might be
one of the main reasons that why the cell in eutectic solvent electrolyte showed worse cycle stability.
What's the influence of the shuttle effect on the anode (such as dendrites) and how to balance the
solubility and shuttle effect? Does higher solubility necessarily mean a better electrochemical
performance?

7.The operation temperature of the cell is 75°C, which is much higher than the room-temperature.
Recent years, there are so many reports of the room-temperature Na-S batteries, which have lower
operation temperature, larger working current and higher safety than that of K-Na alloy. It is well-
known of the high risk of K-Na alloy (especially at 75°C). Why the author chooses K-Na/S batteries?
What's the superiority of the K-Na/S batteries?

8.During the cycle process, what'’s the reactions between S and K-Na? What'’s the priority between Na
and K in these reactions?

9.The universality of the electrolyte should be provided. What's the performance of this electrolyte in
Na-S batteries?

Reviewer #2 (Remarks to the Author):

The paper reports on a strategy to increase the kinetics and thereby the capacity/energy density by
using a new electrolyte with an increased solubility of short chain polysulfides. In this way the slow
kinetics of electrochemical reactions due to precipitation of short chain polysulfides at end of discharge
can be avoided. This strategy is demonstrated mainly by comparing the performance of the new
electrolyte to an electrolyte where the solubility of short chain polysulfides is low. With the new
electrolyte the performance is enhanced showing high specific capacity. From this respect the paper
has merits and could be of interest.



However, an actual understanding of the role of the new electrolyte is lacking and the results of the
paper thus provide no general insight that could open new directions for design of electrolyte systems.
The electrolyte is termed a deep eutectic solvent but the significance of this concept is not explained,
neither is it in fact demonstrated that this electrolyte system is a deep eutectic system (note that also
the added polysulfides should be part of this analysis). There, is an attempt to add some insight from
molecular dynamics simulations but the relevance of this part is rather low. The simulations are done
solely based on the solvents and the analysis is done on just on the RDF and interaction energy. In the
electrolyte, which also contains KTFSI salt, the anion of the salt will for sure be part of the solvation of
the cations and thus the conclusions now drawn are not necessarily correct.

The work does also not really show what the physical effect on the electrochemical processes really is
of the new electrolyte. No precipitates are found at end of discharge, but this conclusion is drawn from
an optical experiment which would not capture precipitates on the carbon paper supporting the
electrochemical reaction if they are micron size or smaller (which is what one would indeed expect).
Thus, insight into the actual mechanism behind the enhanced performance is not obtained.

With respect to the performance also raises significant questions. Capacity and cyclability is generally
good. However, there are significant fluctuations in the coulombic efficiency which raises questions and
there is significant capacity fade in the cell. In the manuscript it is suggested that it is due to
evaporation of the electrolyte but why this would be the case in these types of cells is not clear. Also,
the authors in fact claim that this electrolyte has a low vapour pressure which is in direct
contradiction. Instead, a more likely explanation is some passivation in the system, e.g. continuous
(but slow) build-up of insoluble products (e.g. MS2) or continuous degradation of some component.
Furthermore, while the capacity improves with the new electrolyte the rate capability is not impressive
and could have been expected to be better if the kinetics is indeed faster with this system. Altogether,
this shows that there is in fact very little understanding of what goes on in this system.

In addition, the claims of energy density in the article are not well justified. It is good that the details
of the calculations are included but the analysis is based on an idealised cell not the actual cell used in
the experiments. In these kind of systems the performance is strongly dependent on the ratio of the
different components and one can not easily extrapolate results obtained from these experiments to
an optimised cell.

Thus, the paper can not be recommended for publication in Nature Communications. It is rather suited
(after revision addressing cur) for a more specialised journal in the field of batteries.
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Reviewer #1

In this manuscript, the author used acetamide/e-caprolactam (CPL) eutectic solvent in electrolyte for
K-Na/S batteries. I think the characterizations of the reactions are insufficient and the practical
application value is lacking. I do not recommend this paper for publication in Nature Communications.

There are several issues that should be clarified.
Question 1

The cost of the battery is not just the price of the components; the cost of the preparation and operation
process should also be considered. For example, K and Na is much more active than that of Li, so the
safety cost is much higher. Also, the operation temperature is 75°C, which is much more stringent
than room-temperature Na/Li-S battery. Thus, the cost of the K-Na/S battery system should be more

carefully instead of simply sum up the components price.

Response:

We thank the reviewer’s comment. While room-temperature (RT) Na-S battery is attractive, we
think a more reasonable baseline for this study is high-temperature (HT) Na-S batteries working at
300-350 °C, since intermediate-temperature (IT) Na-S batteries and HT Na-S batteries both use B"-
Al>Os3 solid electrolytes and share similar configurations. HT Na-S has already been deployed at a
scale of ~500 MWh!, which indicates that costs on safety and manufacturing are within the reasonable
range. On the other side, dendrite issues are more challenging for RT Na-S batteries, and RT Na-S
batteries also require a more precise control of electrode uniformity, so the safety cost of RT Na-S

batteries also remains to be evaluated.

Regarding system cost, we follow the protocol developed by Prof. Zheng Li, an expert on Na-S
batteries, and the analysis includes costs of packaging®. We agree that manufacturing cost should be
added. However, it should also be noted that IT Na-S batteries do not require complicated slurry-
based coating and the removal of solvent, which is a major part of manufacturing cost in Li-ion
batteries®. To caution readers about manufacturing, we add the following sentences in the manuscript

on page 17.

In addition, manufacturing cost should also be considered. Although this is difficult to evaluate,
it is likely to be on pair with or less than Li-ion batteries®. This is because no slurry coating, drying
and calendaring is needed for alkaline metal sulfur batteries, which count for the majority part of
manufacturing cost in Li-ion batteries.’ On the other side, Na and K need to be handled in an air-free

environment.



Question 2

When the cell was tested in eutectic solvent electrolyte and TEGDME electrolyte, the capacity raised
in the first few cycles. What exactly happened?

Response:

This is probably due to better wetting between the catholyte and the carbon substrate upon
cycling, leading to fast kinetics and lower resistance. This is supported by electrochemical impedance
spectroscopy (EIS) measured at a discharge capacity of 800 mAh/g in the CPL/acetamide eutectic
solvent, which is close to 882 mAh/g, the maximum specific capacity of the cathode with 4 M [S].
We find that the charge transfer resistance of the cathode (the semi-circle at the lower frequency)

decreases continuously upon cycling (Supplementary Fig. 8).
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Supplementary Fig. 8. Impedance results in the first 20 cycles of 4M [S] K-S cells running at 75°C.
All measurements are done at the same state of discharge (discharge to 800 mAh/g).

We add the following sentences in the manuscript (page 13):

The gradual capacity increase in CPL/acetamide upon cycling probably comes from better

wetting between the catholyte and the carbon substrate, which is supported by decreasing charge

transfer resistance upon cycling (Supplementary Fig. 8).



Question 3

The eutectic solvent electrolyte did increase the capacity of the battery and the author indicated that
the kinetics was boosted, however, the kinetics enhancement process should be more detailed. What
reactions happened during the charge/discharge process? Which transformation steps were

accelerated? More evidence should be provided.

Response:

First, as we used K*-conducting B"-AL,Os, the ions moving to the cathode are only K*.°
In a conventional TEGDME electrolyte, the reaction is:
2837 (1) + 2e + 6K = 3K2S; (s), and K»S; (s) + 2e” + 2K = 2K5S ()

Where 1 and s represent liquid and solid phases, respectively. K" diffuses very slowly in K2S, and
K>S, as evidenced by the long diffusion tail in EIS in Fig. 3e, which corresponds to a diffusivity of
8x10716 cm?s™!. This is the limiting step in the TEGDME electrolyte.

In contrast, as KoS> and K»S are soluble in the CPL/acetamide electrolyte, the reactions are:
2837 (1) + 2e = 3S2* (1), and S»* (1) + 2e = 2S8* (1)
As ion diffusion in liquid is very fast (about 3x1077 cm? s™! from Fig. 3e), this is no longer a limiting
step and the kinetics is significantly boosted.

When [S] is higher than the solubility of K,S, and K5>S, there are reactions of 253> (1) + 2e” +
6K = 3K>S: (s) and K»S (1) + 2™ + 2K = 2K,S (s), but these reactions are in parallel with 283>
(1) +2e = 3S,% (1) and S2* (1) + 2e = 2S* (1), which just further contributes to the enhanced specific
capacity.

We add the following sentences in the manuscript (page 5):

The cathode is polysulfides dissolved in a mixture of CPL and acetamide (1:1 molar ratio, Fig.
la). Therefore, the cathode reaction in the range of S3°/S°" is 285> (I) + 2e” 2 382> (1) and S>> (I) +
2e” 2 257 (1) instead of 2S5° (I) + 2¢” + 6K+ 2 3K>S> (s) and K>S> (s) + 2¢” + 2K+ 2 2KJS (s) in

conventional ether electrolytes.
And the following sentence on page 13:

We further test samples with 4 M and 8 M [S] to enhance energy density of K/S batteries. As [S]
is higher than the solubility of K2S2 and K>S, the cathode reaction involves solid formation such as
28557 (1) + 2e + 6K* 2 3K1S: (s) and K>S> (1) + 2e + 2K* 2 2KS (s), which further contributes to
cell capacity in parallel with liquid/liquid transformation among S3°/S°/S”".



Question 4

In the cycling performance, the capacity in TEGDME electrolyte was lower than in eutectic solvent
electrolyte but showed a better capacity retention. Also, the capacities of 4 MS and 8 MS TEGDME
are almost the same. Does it mean that the TEGDME electrolyte has better stability? How to balance
the cell capacity and the cycle stability?

Response:
Regarding better stability in TEGDME, there are three possible reasons:

1) Cycling time. As TEGDME and acetamide/CPL cells were cycled at the same current density
(mA/g sulfur), the much higher specific capacity of acetamide/CPL cells means that the period of one
cycle is 2-3 times that of TEGDME, which will result in more degradation.

2) Vapor pressure. TEGDME has a high boiling point of 275 °C, while acetamide and CPL have
boiling point 0f 220 °C and 270 °C, respectively. The formation of eutectic solvent may further reduce
the mixture’s boiling point. The vapor pressure also shows the same trend. The vapor pressure of
CPL/acetamide is much higher than TEGDME. While we cannot find data on CPL/acetamide itself,
acetamide has a vapor pressure of 10.25 kPa at 100 °C °, while TEGDME has a vapor pressure of 132
Pa at 100 °C’. Therefore, the evaporation of acetamide/CPL could be more significant than TEGDME.

3) Low K>S> solubility in TEGDME. In TEGDME, although solid K>S is formed at the end of
discharge, most specific capacity is attributed to soluble S/K>S3 redox, so there is very limited amount

of solid precipitation, and thus degradation due to solid formation and volume change is very low.
We add the following sentences in the manuscript (page 15):

In contrast, the TEGDME cell only has an initial specific capacity of 378 mAh g~ at 2 mA cm™2,
which remains at 343 mAh g~ ! after 1000 cycles. The reason for better retention of TEGDME cells
are discussed in Supplementary Note 6.

And we also add the discussions above as supplementary note 6.

Regarding the almost the same specific capacity of 4M [S] and 8M [S] cells in TEGDME, this is
because most specific capacity is in the range of soluble S/K»S3, so the corresponding kinetics is very
fast and thus concentration has a small effect on the discharge capacity. For example, 4 M [S] and 8
M [S] in TEGDME have ionic conductivities of 1.6 and 1.9 mS/cm at 75 °C, respectively, and the
charge transfer resistance at 400 mAh/g are both ~200 Ohm (Fig. 5f).

To balance the cell capacity and cycle life, besides further enhancing the performance of
CPL/acetamide by optimizing carbon substrate and concentration, and better sealing, another solution
is to mix TEGDME and CPL/acetamide together. We are still working on optimizing the receipt of

catholyte and that would be reported in our further research.



Question 5

Rate performance of cells with 4 M sulfur in TEGDME electrolyte was lacked.

Response:

The rate performance of cell with 4M sulfur in TEGDME electrolyte is provided and add to Fig.
5c in the main text (page 16).

The K/S cell with 4 M [S] in CPL/acetamide also shows reasonable power capability. At 0.5 mA
cm™2 (0.09 C), the discharge capacity is 1025 mAh g, and it remains at 895 and 765 mAh g ' at 1.5
mA cm™? (0.26 C) and 2.5 mA cm™2 (0.51 C), respectively (Fig. 5c and e). For comparison, the specific
capacities of TEGDME catholyte counterparts are around 430 mAh g between 0.5-2.5 mA cm™.
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Fig. S: Electrochemical performance of K/S batteries with 4 M and 8 M sulfur in catholytes

a, Charge/discharge voltage profiles of cells with 4 M sulfur in CPL/acetamide eutectic solvent (ES) and
TEGDME catholyte. The current densities are 0.5 mA cm 2 (0.09 C). b, Cycling performance of cells with
sulfur concentrations of 4 M and 8 M [S] in the cathode. The current densities are 0.5 mA cm 2. ¢, Rate

performance of cells with 4 M sulfur in ES electrolyte and TEGDME electrolyte. d, Cycling performances of
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cells with 4 M sulfur in the cathode at 2 mA cm 2. The first 5 cycles are at 0.5 mA cm™. e, Charge/discharge
voltage profiles of cells with various C-rates. f, Electrochemical impedance spectroscopy of cells with 4 M
sulfur in the cathode at the fully charged state (C) and at a discharge capacity of 460 mAh g! sulfur (DC). The
electrolytes are ES and TEGDME, respectively. g, Eutectic solvent with separator (ES, left) and conventional
Li-ion battery electrolyte with separator (LP40, right) on fire. Samples with polysulfides inside can be found
in Supplementary Video 5.

Question 6

The author indicated that the eutectic solvent electrolyte enhanced the solubility of short-chain
polysulfides, however, the high dissolution might lead to a more serious shuttle effect. This might be
one of the main reasons that why the cell in eutectic solvent electrolyte showed worse cycle stability.
What’s the influence of the shuttle effect on the anode (such as dendrites) and how to balance the
solubility and shuttle effect? Does higher solubility necessarily mean a better electrochemical

performance?

Response:
We used a B""-Al>0s solid electrolyte (BASE) as the solid electrolyte, which completely avoids

the shuttle effect. This shares the same principle as high-temperature Na-S batteries. The elimination

of shuttle effect is also supported by the nearly 100% Coulombic efficiency, as shown in Fig. 5d.
We also revised our article in page 4 to make the explanation clearer:

To addpress this issue and substantially enhance discharge capacity, here we propose a new family
of amide electrolytes which have reasonable solubility of M>S2/M>S (e.g., 1-2 M), which drastically
enhances ionic diffusivity and reaction kinetics in the cathode. We apply this new design principle to
IT K/S batteries in this work because 1) BASE can completely stop shuttle effect caused by such higher
solubility.

Question 7

The operation temperature of the cell is 75°C, which is much higher than the room-temperature.
Recent years, there are so many reports of the room-temperature Na-S batteries, which have lower
operation temperature, larger working current and higher safety than that of K-Na alloy. It is well-
known of the high risk of K-Na alloy (especially at 75°C). Why the author chooses K-Na/S batteries?
What’s the superiority of the K-Na/S batteries?

Response:

Room-temperature Na-S batteries have challenges in the following aspects.®? (i) Formation of

Na dendrites, which is even easier to form than lithium dendrites. (ii) Shuttle effects. (iii) Low specific
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capacity of 400-500 mAh/g due to sluggish ionic diffusion in Na>S; and Na,S phases'®!!. Although
the low-capacity issues can be solved by using sulfur-polyacrylonitrile (SPAN)'? or small molecule
sulfur'®, the corresponding voltage decreases from 2.1 V to 1.6 V, which substantially reduces energy

density.

Our intermediate temperature K-Na / S batteries successfully address these challenges by 1) No
dendrites in liquid K-Na anode. 2) No shuttle effect due to the solid B"-Al,Os electrolyte. 3)
Substantially increased specific capacity (800-1500 mAh/g) and moderate voltage (2.1 V).

Supplementary Table 1. Reported works on RT Na-S/K-S batteries

. Current | Average Initial Normalized
Na-S Design 5 _ Cycle .
(mA cm™ | voltage | Capacity capacity decay
battery strategy ¥ number
/mA g) V) (mAh/g) (%/100 cycles)
= SPAN NA /267 1.32 1510 100 6.5
1 Mo2N- 0.90
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W2N@PC /1000
15 FeS2@
NA /100 1.25 770 300 12.0
NCMS/S
. small sulfur 1.68/
- 1.20 700 2000 0.3
molecules 1675
6 NA/
-2 3D-PNCV 5000 1.38 561 800 2.9
u Co@PCNFs/S | 1.64 /830 1.45 530 600 4.6
0 NA/
= S/MoS2/NCS 1000 1.40 427 2800 0.6
. Current | Average Initial Normalized
K-S Design 5 , Cycle
(mA/cm~/ | voltage | Capacity decay (%/100
battery strategy number
mA/g) V) (mAh/g) cycles)
17 small sulfur
0.02/20 1.00 1198 150 19.3
molecules
18 S-N-Cos—C | NA/200 1.25 463 150 16.2
This Amide
' ' 2/600 2.10 830 1100 3.2
work electrolyte




Supplementary Table 2. Reported works on Intermediate Temperature (IT) Na-S/K-S

batteries
Normalized
. Average | Initial capacity Operation
Na-S Design Current .
,. | voltage | Capacity | Cycles decay Temperature
battery | strategy | (mA/cm?)
V) (mAh/g) (%/100 (°C)
cycles)
19 TEGDME
2.33 1.80 428 60 44.8 150
catholyte
20 Na-Cs
2.33 1.88 420 100 3.0 95
alloy
LAT heat-
2 . 4.67 1.92 339 1000 <0.1 120
treating
.. Normalized )
. Average | Initial Operation
K-S Design Current ) decay
,. | voltage | Capacity | Cycles Temperature
battery | strategy | (mA/cm?) (%/100 o
(V) | (mAh/g) 0
cycles)
K-S
> 1.33 2.0 312 1000 <0.1 150
battery
. | Dissolving
This
K>S and 2 2.10 830 1100 3.2 75
work
KaS2
Question 8

During the cycle process, what’s the reactions between S and K-Na? What’s the priority between Na

and K in these reactions?

Response:

There are two types of B"-Al,O3 solid electrolyte (BASE). Na-BASE only conducts Na™ and
passing K* will cause cracks of Na-BASE. K-BASE only conducts K+, even with the presence of Na
in the Na-K anode. > So we are using K-BASE and only K+ passes BASE and moves to the cathode
side. Therefore, the full cell reaction is S + 2 K — K;S.

We have mentioned this reaction in the first paragraph in the Results part (line 9 on page 5).



Question 9

The universality of the electrolyte should be provided. What’s the performance of this electrolyte in
Na-S batteries?

Response:
We demonstrated Na-Cs | Na-BASE | NaxSg coin cells. Here the Cs is used to decrease the melting

temperature of Na and increase the wetting between anode and BASE sheet®.
In the manuscript, we add the following sentences in page 17,

Beside K/S batteries, the same design principle can also be applied to Na/S batteries as Na>S
and Na>S> also have solubilities of 1.85 M and 2.80 M in CPL/acetamide at 75 °C, respectively. We
also see a high discharge capacity of 940 mAh/g in the first cycle (Supplementary Fig. 11). The cycling
performance needs to be improved due to poor interfaces between Na metal and BASE at 75 °C. We

will report this in the future.

And the following figure as supplementary figure,

5 4] 4M [S] Na-S cell
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Q
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Supplementary Fig. 11. The voltage profile of the first cycling in 4M [S] Na-S cells running at 85 °C. 10%

molar ratio of Cs metal is used as an additive to improve wetting towards Na-BASE sheet.

10



Reviewer #2

The paper reports on a strategy to increase the kinetics and thereby the capacity/energy density by
using a new electrolyte with an increased solubility of short chain polysulfides. In this way the slow
kinetics of electrochemical reactions due to precipitation of short chain polysulfides at end of
discharge can be avoided. This strategy is demonstrated mainly by comparing the performance of the
new electrolyte to an electrolyte where the solubility of short chain polysulfides is low. With the new
electrolyte the performance is enhanced showing high specific capacity. From this respect the paper
has merits and could be of interest.

Question 1

However, an actual understanding of the role of the new electrolyte is lacking and the results of the
paper thus provide no general insight that could open new directions for design of electrolyte systems.
The electrolyte is termed a deep eutectic solvent but the significance of this concept is not explained,
neither is it in fact demonstrated that this electrolyte system is a deep eutectic system (note that also

the added polysulfides should be part of this analysis).

Response:

We apologize for the confusion in our original submission. We have revised our paper to clarify

these points, which are discussed below.
1) General insights on opening new direction.

The new insight is to develop electrolytes that can dissolve M2S> and M2S (M=K, Na) to enhance
kinetics and increase capacity. This is distinct from conventional studies which tried to minimize the
solubility of M>Sx as they cause shuttle effect and uncontrollable precipitation. The reason why our
new strategy works is the use of f"-Al>Os solid electrolyte to completely eliminate shuttle effect, and
B"-Al2Os is well established in high-temperature Na-S batteries and it is made of only earth-abundant

materials.
2) Eutectic Solvent

We mentioned eutectic solvent as this effect substantially reduces melting point of the solvent
and thus decreases viscosity and increases conductivity. Fig. R1 shows the dependence of melting
point on the composition of CPL/acetamide?*. CPL and acetamide have melting point of 71 °C and
82 °C, respectively, and the melting point at CPL/acetamide = 1:1 (eutectic temperature) is -8 °C.
With 1.2 M K;S inside, the solution remains liquid at 20 °C (Fig. R1).

The reason why we use this CPL/acetamide eutectic solvent instead of only CPL or only
acetamide is that the lower eutectic point not only decreases the operating temperature, but also
reduces the viscosity of the solvent. The viscosity is CPL/acetamide is tested to be 6.9 mPa s at 75

°C. On the other hand, CPL has a higher viscosity 10.8 mPa s at the same temperature and acetamide
11



is solid until 82 °C. In addition, as polysulfides are corrosive and sensitive to air, we are not allowed

to measure the viscosity of solution at our institution.

The decreased viscosity of solvents clearly justifies the use of CPL/acetamide mixture instead of
each component. Such reduction in viscosity also leads to an attractive ionic conductivity. 1 M KoS
in CPL/acetamide eutectic solvent gives a conductivity of 1x1073 S cm™ at 75 °C, which indicates

that the solution has a low viscosity.

—— br@ons acid
—B— acetamids
—— mmidainis
—t— o-foliag acid

—8— furode acid

Melting Poimts’ G

CPL/mol%

Figure R1. Melting points for CPL mixed with different organic chemicals.

Question 2

There, is an attempt to add some insight from molecular dynamics simulations but the relevance of
this part is rather low. The simulations are done solely based on the solvents and the analysis is done
on just on the RDF and interaction energy. In the electrolyte, which also contains KTFSI salt, the
anion of the salt will for sure be part of the solvation of the cations and thus the conclusions now

drawn are not necessarily correct.

Response:

The goal of simulation is to understand why K>S; and K>S have better solubility in
CPL/acetamide than TEGDME, but not to simulate the real catholyte used in the cells. KTFSI does
not affect the results since all solubility tests were done without KTFSI. Moreover, the concentration
of KTFSI added is only 0.5 M, which is much less than the solubility.

12



Question 3

The work does also not really show what the physical effect on the electrochemical processes really
1s of the new electrolyte. No precipitates are found at end of discharge, but this conclusion is drawn
from an optical experiment which would not capture precipitates on the carbon paper supporting the
electrochemical reaction if they are micron size or smaller (which is what one would indeed expect).

Thus, insight into the actual mechanism behind the enhanced performance is not obtained.

Response:

We further carry out SEM and synchrotron experiments. They are incorporated into the main article
as Fig. 4a, b and Fig. 4c, d. The SEM images have spatial resolution of ~10 nm, which excludes the

possibility of forming nanosized precipitates. The following sentences are added on page 11.

To verify the absence of solid precipitation in CPL/acetamide, several characterization methods
were applied to elucidate the precipitation dynamics. First, ex-situ scanning electron microscope
(SEM) images of cathode at 1.5 V revealed a smooth carbon surface without noticeable solid
precipitates in CPL/acetamide (Fig. 4a). Moreover, S and K signals are very weak in Energy
Dispersive Spectroscopy (EDS) spectrum and correspond to K>S1.0, proving the full transformation
Jfrom sulfur to K>S. In contrast, in TEGDME cells, there is plenty of micron-sized particles, and EDS
indicates that their compositions are K>S»s (Fig. 4b, Supplementary Fig. 7), corresponds to the
discharge ending capacity of 562 mAh g (K2Ss0). The same results are also observed by ex-situ
Synchrotron-based X-ray Absorption. Near Edge Structure (XANES) mapping of sulfur, which shows
that the intensities of sulfur signals in CPL/acetamide after 1 and 10 cycles are less than 1/10 of those
in TEGDME, indicating no or very little solid precipitation (Fig. 4c).
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Fig. 4: Observation of K2Sx particles in cathode side of K/S batteries

a, b Scanning Electron Microscope (SEM) imaging and Energy Dispersive Spectroscopy (EDS) spectrum
results of carbon paper from cells after first cycle with 1M [S] CPL/acetamide eutectic solvent (ES) (a) and
TEGDME (b). ¢, d X-ray Absorption Near Edge Structure (XANES) mapping of sulfur element for carbon
paper from cells after 1 or 10 cycles with ES (¢) and TEGDME (d). e, f Operando optical microscope imaging
of catholyte at room temperature in e, ES where no precipitation is observed even at the end of discharge and
f, TEGDME where precipitation starts to appear in the middle of discharge. Precipitates are marked by red
dashed circles. Specific capacities are counted from sulfur in c-e and Na,Ss in f-g. [S] in the catholyte and

temperature are all 1 M and 75 °C in a-d, and 0.5 M and 25 °C in e and f.
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Question 4

With respect to the performance also raises significant questions. Capacity and cyclability is generally
good. However, there are significant fluctuations in the coulombic efficiency which raises questions
and there is significant capacity fade in the cell. In the manuscript it is suggested that it is due to

evaporation of the electrolyte but why this would be the case in these types of cells is not clear.

Response:
We check coulombic efficiencies (CE) of the cell with 1500 cycles in Fig. 5d. The “significant amount”

of fluctuation in CE is an artifact caused by a high number of cycles in this figure. As shown in
Supplementary Fig. 9, the frequency of “abnormal” CE (> 102% or < 98%) is about once every 50
cycles (roughly 10 days). And typically, a high CE > 102% is followed by a low CE < 98%, so the
excessive discharge capacity and the deficient discharge capacity cancel out. Consequently, the
fluctuation is unlikely to come from the system’s intrinsic properties, and could come from the
external perturbation (e.g., disruptions of connecting wires, sharp temperature change due to opening

the oven).
We add the following sentence in the manuscript in page 15:

The variation in CE comes from environment disturbance, which happens averagely once every

~50 cycles (10 days, Supplementary Fig. 9).

We also add the figure below as Supplementary Fig. 9 in the supplementary information:
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Supplementary Fig. 9 Irregular coulombic efficiency (<98% or >102%) for 4 M CPL/acetamide cells with
the current density of 2 mA/cm? during 1500 cycle. The frequency of “abnormal” CE (> 102% or <98%) is
actually about once every 50 cycles (roughly 10 days). And typically, a high CE > 102% is followed by a low
CE < 98%, so the excessive discharge capacity and the deficient discharge capacity cancel out. As a
consequence, the fluctuation is unlikely to come from the system’s intrinsic properties, and could come from

the external perturbation (e.g., disruptions of connecting wires, sharp temperature change due to opening the
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oven).
Question 5

Also, the authors in fact claim that this electrolyte has a low vapor pressure which is in direct
contradiction. Instead, a more likely explanation is some passivation in the system, e.g. continuous

(but slow) build-up of insoluble products (e.g. MS2) or continuous degradation of some component.

Response:

The statement of low vapor pressure is to compare with conventional solvents®® (e.g., FEC, DME).
However, the vapor pressure of CPL/acetamide is much higher than TEGDME. While we cannot find
data on CPL/acetamide itself, acetamide has a vapor pressure of 10.3 kPa at 100 °C ®, while TEGDME
has a vapor pressure of only 132 Pa at 100 °C’. Such higher pressure may lead to more evaporation
than TEGDME. Moreover, such evaporation could also result in passivation as the concentration of

K>Sy gradually increases upon solvent evaporation and finally precipitates out to some extent.
We add the following sentences on page 15 in the manuscript:

The reason for better retention of TEGDME cells are discussed in Supplementary Note 6.
And we also add a new section in Supporting Information as Supplementary note 6, which says:

Vapor pressure. The boiling points of the solvents show notable differences: TEGDME has a high
boiling point of 275°C, while acetamide and CPL boil at 220°C and 270°C, respectively. The
Jformation of a eutectic solvent in the mixture could further reduce its boiling point. Correspondingly,
the vapor pressure trends align with boiling point data. CPL or acetamide exhibits higher vapor
pressure compared to TEGDME. For instance, acetamide alone has a vapor pressure of 10.25 kPa
at 100°C® whereas TEGDME's vapor pressure is substantially lower at 132 Pa’ at the same
temperature. This disparity suggests that evaporation could be more pronounced in eutectic solvent
than in TEGDME.

Question 6

Furthermore, while the capacity improves with the new electrolyte the rate capability is not
impressive and could have been expected to be better if the kinetics is indeed faster with this system.

Altogether, this shows that there is in fact very little understanding of what goes on in this system.

Response:

The C rate seems not impressive since we have a high areal mass loading of ~ 4 mAh/cm?, but actually
0.5 C corresponds to a relatively high current density of 2 mA/cm?. Compared to room temperature
Na-S batteries with typical current densities of 0.5 -1.5 mA/cm? (Table S1 on page 10 of this response),
our current density is higher. Moreover, our current densities are also comparable to other
intermediate Na-S batteries reported at a higher temperature of 100-150 °C, as shown in Table S2 on

page 11 of this response.
16



Question 7

In addition, the claims of energy density in the article are not well justified. It is good that the details
of the calculations are included but the analysis is based on an idealized cell not the actual cell used
in the experiments. In this kind of systems, the performance is strongly dependent on the ratio of the
different components and one cannot easily extrapolate results obtained from these experiments to an

optimized cell.

Response:

We agree that claims on energy density of practical cells should be treated more carefully. Our
calculations are based on N/P ratio of 1. In reality, more Na-K alloy is likely to be needed due to
volume change. Supplementary Fig. 1 shows how energy density depends on N/P ratio. This should
be carefully studied for practical studies. To caution readers on this, we revise the manuscripts as

follows on page 17:

1t should be noted that the calculation is only for materials only and the N/P ratio of 1, and the
dependence of energy density on N/P ratio is shown in Supplementary Fig 1.

We also add the figure below as Supplementary Fig. 1 in the supplementary information:
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Supplementary Fig. 1. The Negative electrode active material/Positive electrode active material

-
o

molar ratio dependence of theoretical energy density for K/S battery with 4 M [S]. The mass of solvent

and active material is considered in the calculation.
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

The revised form of manuscript has addressed the comments from the reviewers, and I therefore
recommend it be published in its present form.

Reviewer #3 (Remarks to the Author):

The authors showed a K-Na/S battery with higher capacity due to the use of the an acetamide/CPL
electrolyte that has higher solubility of KxS. The authors have answered some of the reviewers’
comments, but a few areas of the paper that is still confusing, including the calculation of the energy
density and cost. In addition, some additional evidence are needed. Please see detailed comments
below

Detailed comments:

1. What is meant by 1M [S] and 4M [S] in the abstract? Please elaborate

2. Explain why IT K/S battery has higher average voltage than RT K/S batteries? What is the
difference in reaction mechanism?

3. Fig. R1 in the rebuttal should be added to the manuscript to explain why acetamide/CPL = 1:1 is
used in this experiment

4. How much electrolyte do you need? What is the maximum solubility of S in the electrolyte?
Elaborate on how the solubility of S and K2Sx changes with acetamide and CPL ratio

5. What is the ionic conductivity of BASE?

6. For the theoretical capacity of S, is it calculated based on S going to S2-? Please specify clearly

7. How do the authors know that the K-BASE separator does not conduct Na+? What is the reason for
the ionic selectivity of K-BASE if it is still alumina-based?

8. For Fig. 1b, what is the current rate? What is the concentration of the KxS in the electrolyte after 1
day or 1 week discharge?

9. Describe how is the solubility test of K2Sx in the electrolyte conducted.

10. For SEM and XANES tests, if the electrodes were washed by solvents, then wouldn’t the solid, if
there are any, be washed away as well?

11. In Fig. 3b, the authors attribute the low capacity to solid K252/K2S formed in TEGDME. If there is
limited solubility in TEGDME, then would increasing the amount of electrolyte allows higher capacity?
Please show.

12. For 4M [S] and 8M [S] tests, the capacity seems to be limited by the formation of solid phases. If
that is the case, show how the capacity changes with electrolyte amount

13. Elaborate on what is the cause of capacity fading of the cells with CPL/acetamide?

14. The energy and cost calculations are confusing and need clarification. First of all, why the
discharge time is 24 h? In addition, clear calculation of the amount of S and K should be shown, and if
the authors increase the discharge time to one week, how the actual amount of S and K changes.

15. K/Na alloy should be a liquid at room temperature. Comment on the performance of your battery



at room temperature.

16. Elaborate if Super C65 is suspended in the catholyte?

17. Why is Na2S added into the catholyte, as written in the materials preparation section?

18. What is the actual thickness of the K-BASE separator? Please add to experimental section.

19. Please state clearly the test temperature during electrochemical measurements.

20. Please add vendor of K258

21. What is the role of KTFSI and why it is not added for the SEM/EDS tests?

22. In some cases, the author refers to K/S and other cases K-Na/S. Since the anode contains Na, the
authors should standardize to K-Na/S for consistency.



Question 1:
What is meant by 1M [S] and 4M [S] in the abstract? Please elaborate

Response:
We appreciate the reviewer’s comment. [S] is defined as the overall concentration of sulfur
atoms in the solution in the unit of mol/L (M). It counts sulfur from all polysulfides and sulfides.

For example, if there are 1 mol K>S and 1 mol K2S2 in a 1-liter solution, the concentration of sulfur
iIs1x1+1x2=3M.

We have added the definition to the manuscript as follows (line 22 on page 4):

Note that [S] counts sulfur from all polysulfides and sulfides inside the solution.

Question 2:

Explain why IT K/S battery has higher average voltage than RT K/S batteries? What is the

difference in reaction mechanism?

Response:

Thank the reviewer for pointing out this issue. We assume that the reviewer refers to references
3 and 4 in Supplementary Table 1, which is copied below. In these two references of RT K/S
batteries, the average voltages are 1.00 and 1.25 V, respectively, which are much lower than IT K/S
batteries (2.10 V in our report and 2.00 V in reference 7). This arises from that they use small
molecule sulfur, where sulfur exists as Sx (x = 1-4), which is known to have a lower voltage than Ss,
the common form of S cathode (e.g., ~1.7 V vs. 2.1 V), in Li-S batteries!>. When Ss is used, the
voltage of RT K/S batteries is also around 2.0 V, as shown in references 5 and 6, which is similar to

our IT K-Na/S batteries. These two references are also added in the updated Supplementary Table 1.

We also add voltage profiles from reference 3 (small molecule sulfur) and reference 5 (Ss) in
K-S batteries as Fig. R1a and Fig. R1b below, respectively. Clearly, when Ss is used, the voltage is
~2.0 V.

To remind readers about this, the discussion above is added after Supplementary Table 1 in the

supplementary information.

Supplementary Table 1.
Reported works on RT Na/S and K/S batteries
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Supplementary Table 2.

Reported works on Intermediate Temperature (IT) Na/S and K/S batteries
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Fig R1. a) Galvanostatic charge-discharge profiles of microporous C/S composite 20 mA g ' in K-S
batteries®, where S should exist in small molecule sulfur status (S1-S4) b) The selected galvanostatic
discharge and charge curves at 0.48C for the first 200 cycles for K/S cells with metal catalyst at

room temperature®, where sulfur is Ss.



Question 3:

Fig. R1 in the rebuttal should be added to the manuscript to explain why acetamide/CPL = 1:1 is

used in this experiment

Response:

Fig. R1 in the previous rebuttal is redrawn and added in the supplementary information as
Supplementary Fig. 1.
100
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Supplementary Fig. 1. Melting points for CPL/acetamide with different mixing ratios. The figure

is redrawn from Liu et al.®

We also adapted the manuscripts as follows (line 7 on page 5):

The cathode is polysulfide dissolved in a mixture of CPL and acetamide (1:1 molar ratio, Fig.
la), which has the lowest melting point among CPL/acetamide mixtures (Supplementary Fig 1).

Question 4:

How much electrolyte do you need? What is the maximum solubility of S in the electrolyte?

Elaborate on how the solubility of S and K2Sx changes with acetamide and CPL ratio.

Response:

We appreciate that you brought up this concern. 13.4 pL catholyte was used in our coin cell
configuration. Sulfur is almost insoluble (<0.1M) in the CPL/acetamide catholyte since sulfur is
nonpolar. However, once it is slightly reduced (e.g., the sulfur particles in contact with the current
collector), sulfur is converted to K2Ss, which is highly soluble, so the kinetics of sulfur is not a
limiting factor. This is similar to the case of conventional DOL/DME electrolytes, where sulfur also

has a solubility much lower than polysulfides’.

We measured the solubility of K2S and K2S2 in CPL/Acetamide mixtures with different mixing

3



ratios. It is clear that the solubilities of K>Sz and K:S increase along with the increasing amount of
acetamide, indicating that there is a stronger interaction between acetamide and K2Sx. The figure is
added in the supplementary information as Supplementary Fig. 3.
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Supplementary Fig. 3. Solubility of K2S and K:S: for CPL/acetamide mixtures with different
acetamide fractions.

Question 5
What is the ionic conductivity of BASE?
Response:

Based on our K-Na/K-BASE/K-Na symmetry cell results (Supplementary Fig. 6), the
resistance of BASE is ~10 ohm, and thus the conductivity of K-BASE is 16 mS/cm at 75 °C. Such
a high conductivity enables long cycling and low overpotential due to electrolyte resistance. The
BASE resistance is obtained by using the equivalent circuit shown below.
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— 40
= | _
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Supplementary Fig. 8a Impedance results of symmetry cell with K-Na/C or K-Na alloy as
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electrode in both sides.

Question 6

For the theoretical capacity of S, is it calculated based on S going to S**? Please specify clearly

Response:
Yes, the theoretical capacity of S is based on S to S?* (S + 2e- = S%), which corresponds to
1675 mAh/g sulfur.

Question 7

How do the authors know that the K-BASE separator does not conduct Na+? What is the reason for
the ionic selectivity of K-BASE if it is still alumina-based?

Response:
Your vigilance on this matter is greatly appreciated. The fact that K-BASE does not conduct

Na" is validated by both thermodynamic simulations and experimental results in the literature.

In thermodynamic simulations, K* in K-BASE has a Gibbs free energy of 65 kJ mol™! lower
than Na* in K-BASE!'?, so K" prefers to stay in K" - BASE than Na*.

Experimentally, Baclig et al'! used two experiments to show that Na" cannot replace K" in K-
BASE. First, electron microprobe analysis (EPMA) is used to detect the polished surface of K-
BASE after exposure to K-Na alloy at 300 °C for 140 hours. The results show that the exchange of
K" and Na" in K-BASE is less than 1.5%. Since we only run cells at 75 °C, the exchange of ions
would be minimal. Second, they used inductively coupled plasma optical emission spectrometry
(ICP-OES) to measure the Na ion concentration in a cell with K-Na alloy anode, K-BASE separator,
and a catholyte of 0.1 M K3[Fe(CN)s], 0.1 M Ka4[Fe(CN)s], and 1 M KOH. After 75 mAh
discharging, the concentration of sodium ion in the cathode side is still at the same level as the

baseline, and the calculated transference number of potassium is >0.99.

B”-Alumina is actually just a popular name for this material, but it is not pure Al2Os3. The exact
composition is Na2O-nAl203 (n=5~11) for Na-BASE, and it is K20-nAl203 (n=5~11) for K-BASE'?.

Therefore, it contains the ions to transport.

Question 8
For Fig. 1b, what is the current rate? What is the concentration of the KxS in the electrolyte after 1
day or 1 week discharge?

Response:

Thank you for spotlighting this concern. In Fig. 1b, the current rates are 2 mA c¢cm 2 for both 1-
5



day-discharge and 1-week-discharge curves. The concentrations of [S] are always the same during
charging and discharging, which equals the values on the x-axis. Only the valence of S is changed.
For example, it is always 4 M [S] for the case with an x-axis value of 4 M. What is changed
between the two curves is the capacity per area (mAh/cm?). The amount of catholyte for the 1-week

case is seven times that for the 1-day case.

For example, there is 1 M K2Ss (8 M in S) before discharge. After discharging, it will transform
into 1.6 M K2S+3.2 M K232 (8M in S), which corresponds to 1000 mAh g™! specific capacity (the

value used in calculating specific energy).

Question 9

Describe how is the solubility test of K2Sx in the electrolyte conducted.

Response:

Your attention to this detail is highly appreciated. Take K2S> as an example. Firstly, KoS is
mixed with sulfur with a 1:1 molar ratio in a glass vial with 500 puL solvent. Then the mixture is
stirred on a hot plate at the set temperature. If the solution becomes clear, then we will add some
extra KoS and sulfur (with a 1:1 molar ratio). Otherwise, we will add a certain amount of extra
solvent. After repeating this process, if we find that a certain concentration of Co of K2Sz is soluble,
which is defined as no solid inside the vial after 2 hours of sediment and Co+ 0.05 M is not soluble,
which is defined as the existence of solid precipitates after 2 hours, then we can say that the

solubility of K2Sz is Co at this temperature.

We have added the above description to the experiment section in the main text (line 2 on page
19).

Question 10

For SEM and XANES tests, if the electrodes were washed by solvents, then wouldn’t the solid, if

there are any, be washed away as well?

Response:

We are grateful for your careful consideration of this issue. In SEM, the washing procedure
aims to remove the original catholyte along with K2Sx dissolved in the solvent so we can get a clear
image of insoluble residues (i.e., insoluble K2Sx) on the carbon substrate. If we only evaporate the
solvent, then both soluble and insoluble K2Sx (if any) will remain on the surface of carbon paper,

and we cannot distinguish them.

To dispel the misgiving on this problem, we further do a SEM test with no solvent washing, but
using Kimwipes paper to absorb and remove the catholyte on carbon paper. The SEM results show

that there is no particle left on the carbon substrate when the CPL/acetamide catholyte is used. We
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have replaced the original SEM results of CPL/acetamide in Fig. 4 by the new image below.

Fig. 4a Scanning Electron Microscope (SEM) imaging results of carbon paper from cells after the
first cycle with 1M [S] CPL/acetamide eutectic solvent (ES).

In XANES tests, we did not wash away the solvents. The carbon paper was retrieved from coin
cells and sealed in a plastic bag directly, so the carbon paper was immersed in the catholyte, and

there was no issue caused by washing away.

Question 11

In Fig. 3b, the authors attribute the low capacity to solid K2S2/K2S formed in TEGDME. If there is
limited solubility in TEGDME, then would increasing the amount of electrolyte allows higher

capacity? Please show.

Response:

We are grateful for your meticulous feedback. First, we assume that the reviewer means adding
more solvent but not more catholyte, since adding more catholyte will not reduce the amount of
solid K2S2/K>oS formed. If so, as shown in Fig. 2d in the main text, KoS, K2S2, and K2S3 all have
solubilities less than 0.1 M (based on S) in TEGDME. As a consequence, adding extra TEGDME
will not help increase the dissolution of K2S/K2S2/K2S3 substantially and thus the specific capacity
of the sulfur cathode.

Moreover, increasing the amount of solvent is equivalent to reducing the concentration of
sulfur in the electrolyte. In the paper, we measured the electrochemical performance for 1 M /4 M/
8 M in TEGDME in Fig. 3 and Fig. 5. Here, we overlapped them together as Fig. R3. The specific
capacities of 4 M and 8 M cells do not differ much, but when [S] is reduced to 1 M, the specific
capacity indeed increases to 603 mAh/g. However, such specific capacity is still less than that for 8
M S in CPL/acetamide (672 mAh/g). Moreover, with 1 M [S], the specific energy at the cell level is
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only 37 Wh/kg for 603 mAh/g, which is too low for practical applications.

If the reviewer means adding more catholytes (solvent and polysulfides), please let us know,
and we will be happy to run the experiments, although we think more catholytes will only increase
the mass of active materials per area and the transport distance, which lead to lower specific

capacity.

2.64
2.4 4
S 55
]
o
8
S 2.0
>
184 — 1M [S] TEGDME
: —— 4M [S] TEGDME
—— 8M [S] TEGDME
1.6 1

0 200 400 600
Specific Capacity (mAh/g)

Fig. R3a Discharge-charge curves for TEGDME K-Na/S cells at the 50" cycle, which has similar
or higher capacity than the first cycle, adapted from Fig. 3 and 5 in the main text.

Question 12

For 4M [S] and 8M [S] tests, the capacity seems to be limited by the formation of solid phases. If

that is the case, show how the capacity changes with electrolyte amount.

Response:

Similar to the answer to question 11, increasing the amount of solvent is equivalent to reducing
the concentration of sulfur in the electrolyte. Therefore, 1 M [S] is the same as increasing the
electrolyte amount in the 4 M case by 4 times. To answer this question quantitatively, Fig R3b
shows the overlap of the voltage profile of 1 M /4 M/ 8 M [S] at cycle 50. We can see that a lower
concentration of [S] indeed increases the specific discharge capacity significantly, from 604 mAh/g
at 8 M to 1100 mAh/g at 4 M, and 1584 mAh/g at 1 M. Therefore, the dilution with electrolyte
indeed increases the discharge capacity since more K2S: and K:S can be dissolved in
acetamide/CPL.

Again, If the reviewer means adding more electrolytes (both salt and solvent), please let us
know, and we will be happy to run the experiments, although we think more electrolytes will only
increase the mass of active materials per area and the transport distance, which lead to lower

specific capacity.
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Fig. R3b Discharge-charge curves for K-Na/S cells in acetamide/CPL electrolyte at the 50t cycles,
adapted from Fig. 3 and 5 in the main text.

Question 13

Elaborate on what is the cause of capacity fading of the cells with CPL/acetamide?

Response:

Thank you for drawing our attention to this issue. We think that the capacity fading in
CPL/acetamide is mainly caused by the evaporation of this solvent since CPL/acetamide has a
much higher vapor pressure than TEGDME. This is elaborated in the Supplementary Note 6.

Vapor pressure. The boiling points of the solvents show notable differences: TEGDME has a
high boiling point of 275 °C, while acetamide and CPL boil at 220 °C and 270 °C, respectively. The
formation of a eutectic solvent in the mixture could further reduce its boiling point.
Correspondingly, the vapor pressure trends align with boiling point data. CPL or acetamide
exhibits higher vapor pressure compared to TEGDME. For instance, acetamide alone has a vapor
pressure of 10.25 kPa at 100 °C, whereas TEGDME's vapor pressure is substantially lower at 132
Pa at 100 °C. This disparity suggests that evaporation could be more pronounced in
CPL/acetamide than in TEGDME.

Besides vapor pressure, there are two other possible reasons why CPL/acetamide has worse
cycling than TEGDME, which is also discussed in Supplementary Note 6:

1. Cycling duration time. TEGDME and acetamide/CPL cells are cycled at an identical current
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density. However, due to the significantly higher specific capacity of acetamide/CPL cells, the
duration of one cycle is approximately 2 to 3 times longer than that of TEGDME. This extended
cycling period likely contributes to greater degradation in the acetamide/CPL cells (e.g. aging
of coin cell gaskets and PTFE sealing O rings).

2. Solubility of K2S>. During the discharge process, solid K2S> is formed. However, the majority of
the specific capacity is attributed to the soluble S/K2S3 redox reaction. Since the transformation
mostly happens from S to K2S3, a small amount of solid precipitation will not lead to the

irreversibility of reaction.

Question 14

The energy and cost calculations are confusing and need clarification. First of all, why the
discharge time is 24 h? In addition, clear calculation of the amount of S and K should be shown,
and if the authors increase the discharge time to one week, how the actual amount of S and K

changes.

Response:

We appreciate you highlighting the area of energy and cost calculation. For the discharge time
problem, since the purpose of IT Na/S or K/S batteries is large-scale energy storage for the grid, 24

hours and 7 days are reasonable time scales. This is mentioned in the introduction part (line 4 on

page 3):

Long-duration energy storage (LDES) with an operational period over one day is of particular
importance as it enables stable power output at extreme conditions and leverages seasonal
variations. However, LDES is highly challenging due to the demanding requirement on low cost,
since it is operated for a limited number of cycles, such as ~1,500 times for weekly operation and
~400 times for monthly operation in 30 years, much less than short-term energy storage with

everyday cycling and thus ~10,000 cycles in 30 years.

Besides, we have rewritten the calculation of energy density and cost (Supplementary Note 2
and Supplementary Note 7) as follows to make it clearer. For example, we add more tables to

clarify the values of each component.

Supplementary Note 2. Calculation of specific energy

The theoretical specific energy is calculated based on the stoichiometric ratio of sulfur and K,
and the theoretical capacity of sulfur (1675 mAh g ') and K (687 mAh g !). Only the mass of sulfur,
K, and CPL/acetamides are considered. Therefore, as shown in Table S3 below, for 1 Ah cell, the
mass of sulfur and K are 0.597 g and 1.46 g, respectively (Supplementary Table 3). The mass of
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CPL/acetamide depends on [S], and it is calculated to be 18.6 g, 4.66 g, and 2.33 g for 1 M, 4 M,
and 8 M, respectively. Hence the total mass for 1 Ah cell is 20.7 g, 6.71 g, and 4.38 g, respectively.
Given that the average voltage of K-Na/S cells is 1.98 V, the theoretical specific energy of K-Na/S
batteries is 95.8, 295, and 452 Wh/kg for 1, 4, and 8 M [S]. The specific energy of other

concentrations is calculated with the same procedure.

Supplementary Table 3.
Calculation of theoretical energy density for K-Na/S cells

. Average . . Specific
S] (M) Cz?:;lc)lty voltage n?:slsfltr) P;t;::l(un)n CPL/a(ce)tamlde m’l;(s);a(l) energy
V) & & & & (Whikg)

1 1 1.98 0.597 1.46 18.6 20.7 95.8

4 1 1.98 0.597 1.46 4.66 6.71 295

8 1 1.98 0.597 1.46 2.33 4.38 452

The calculation of practical specific energy at the cell level is shown in Supplementary Table 4,
we use the practical capacity of electrodes (e.g., 1000 mAh g ! sulfur and 600 mAh g! for K).

Moreover, the masses of BASE and packaging are taken into account.

For BASE, we assume that its thickness is 0.5 mm and its density is 3.31 g cm™ '3 so its mass
is 1.66 kg m2. The electrode mass per area depends on the current density and discharge time. Take
2 mA cm™ and 24-hour discharge as an example, the areal capacity is 48 mAh cm™, so the mass of
sulfur is 48 mAh cm™ / 1000 mAh g'!' = 0.48 kg m™. Similarly, the mass of K is 0.80 kg m™. The
mass of CPL/acetamide is 15, 3.75, and 1.88 kg m™ for 1 M, 4 M, and 8 M [S] respectively. For
packaging, we assume that the packaging is Al with a thickness of 0.05 mm, so the mass of Al on

the two sides together is 0.27 kg m 2.

Take a footprint area of 100 cm?, 4 M sulfur and a discharge time of 24 hours as an example,
the total energy is 48 mAh cm 2 x 1.98 V x 100 cm? = 9.50 Wh. The total mass is 4.80 g + 8.00 g +
37.5g+16.6 g+2.7 g=69.6 g, and thus the specific energy is 136 Wh kg™".

When the discharge time increases to one week, the mass of each component above can be

calculated similarly, and we summarize the data in Supplementary Table 5 below.

Supplementary Table 4.
Calculation of practical energy density for 24-hour discharge at 2 mA cm and 100 cm?
area
Capacit Average Sulfur Potassiu CPL{ac BASE Packagi Total Specific
[S] (M) v (Ah) voltage mass (g) m mass etamide mass (g) ngmass oo (@ energy
%) ® mass (g) ® (Wh/kg)

1 4.80 1.98 4.80 8.00 150 16.6 2.70 182 52.1
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4 4.80 1.98 4.80 8.00 37.5 16.6 2.70 69.6 136

8 4.80 1.98 4.80 8.00 18.8 16.6 2.70 50.9 186
Supplementary Table 5.
Calculation of practical energy density for one-week discharge at 2 mA cm2 and 100 ¢cm?
area
Capacit Average Sulfur Potassiu CPL{ac BASE Packagi Total Specific
[S] (M) (Ah) voltage mass () m mass etamide mass () ng mass mass (g) energy
Y ) ¥ @ ms@ ¥ @ ¥ (Whikg)
1 33.6 1.98 33.6 56.00 1050 16.6 2.70 1160 57.3
4 33.6 1.98 33.6 56.00 263 16.6 2.70 372 179
8 33.6 1.98 33.6 56.00 132 16.6 2.70 241 276

Supplementary Note 7. Material Cost estimation of K-Na/S battery system

In material cost estimation, we take the cost of sulfur, K, CPL/acetamide, BASE and
packaging into account, and we use the practical specific capacities for generating the 1-day
discharge and 1-week discharge curves in Fig. 1b (see Supplementary Note 2). The cost of these
materials per weight is listed in Supplementary Table S13.

Supplementary Table 13. Reactor Components Cost per Area

Components Price ($ kg™)
Sulfur 0.2
CPL/acetamide 6.5
K metal 12.1
BASE 10
Aluminum 2.3

Based on these prices, we can calculate the cost of each component in K-Na/S batteries for the

same configurations in Fig. 1b. Here we use 1-day discharge as an example, and the results are
12



shown in Supplementary Table 14. Again, we assume the current density is 2 mA cm™ and the

footprint area is 1 m?.

Supplementary Table 14.
Calculation of cost of K-Na/S batteries for 1-day discharge at 2 mA cm™ and 1 m? area

. . Cost

Capacit Average Sulfur Potassiu CPL{ac BASE Packagi Total per
[S] M) v (Ah) voltage cost ($) m cost etamide cost ($) ng cost cost($)  energy
%) ® cost ($) ® ($/kWh)

1 480 1.98 0.096 9.68 97.5 16.6 0.621 124.5 131

4 480 1.98 0.096 9.68 24.4 16.6 0.621 514 54.1

8 480 1.98 0.096 9.68 12.2 16.6 0.621 39.2 41.2

Question 15

K/Na alloy should be a liquid at room temperature. Comment on the performance of your battery at

room temperature.

Response:

We are grateful for your insight in identifying this potential application. We only discharged
one cell at room temperature for the operando optical observation where ~1200 mAh g™! is obtained
(Fig. 4e), but the cell is with only 0.5 M [S] and 0.25 mA/cm?. Reasonable long-term cycling of K-
Na/S cells is difficult to achieve at RT due to the significantly larger impedance at RT (~ 1700 ohm)
than that at 75 °C (~160 ohm, Fig. R4). Such higher impedance arises from:

1) The RT conductivity of catholyte is only ~10% of that at 75 °C. For example, the ionic
conductivity of 4 M [S] in CPL/acetamide is 1.5 mS/cm at 75 °C, but only 0.14 mS/cm at 25
°C.

2) The catholyte is very viscous at RT, which also leads to sluggish reaction kinetics. As shown
in Fig R4, the charge transfer resistance (part II) increases from ~ 80 ohm at 75 °C to ~ 1400
ohm at 25 °C, indicating bad kinetics at RT. We identify the semicircle at low frequency

represents the charge transfer process at the cathode side.

3) The wetting between K-Na alloy and K-BASE sheet becomes a problem at RT. Although K-
Na alloy is a liquid at RT, its high surface energy leads to poor contact with K-BASE. The
corresponding charge transfer resistance (semicircle at higher frequency in Fig. R4)
increases from ~40 ohm at 75 °C to 400 ohm at RT.
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Fig. R4. EIS of IM [S] in CPL/acetamide cells at 75 °C and RT. Part 1 corresponds to charge
transfer at the K-Na/BASE interface, and part 2 corresponds to the catholyte.

Question 16

Elaborate if Super C65 is suspended in the catholyte?

Response:
We appreciate the reviewer’s comment. Super C65 is nanopowder (~30 nm in diameter) and

will suspend in catholyte after a long time of stirring. Then the mixture is added to the carbon paper.

We have revised the description in the experimental parts (line 17 on page 18) as follows:

To form a catholyte, 0.125 M/0.5 M/1 M of anhydrous Na:S (98%, Sigma Aldrich), 0.5 M
potassium bis(trifluoromethanesulfonyl)imide (KTFSI, 97%, Sigma Aldrich), and 1.25 wt% (of
solvent) Super C65 carbon black were mixed with CPL/acetamide and stirred at 80 °C until a

homogeneous mixture is formed.

Question 17

Why is Naz2S added into the catholyte, as written in the materials preparation section?

Response:

We appreciate your careful reading in pointing out this concern. At the beginning, we tried to
prepare K2Ss in the catholyte so [S] is homogeneous in the catholyte. K2Sg in catholyte can be
prepared by adding K2S and S in the solvent through the reaction KoS + 7 S = KaSs. However,
unfortunately we could not purchase K2S with a high purity during most time of our research, so we
used NaxS instead, and thus the starting material is Na2Ss. Therefore, the corresponding [Na'] in the
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electrolyte was 0.25 M, 1 M, and 2 M for cells with 1 M, 4 M, and 8 M [S]. In our electrolyte, we
also have 0.5 M KTFSI to enhance ionic conductivity, as discussed in the answer to question 21.

During the discharge, since only K* can pass K-BASE as shown in the answer to question 7,
the sulfur redox is accompanied by the addition of K* in the electrolyte. So, the final discharge
product is M2S, where M is a mixture of ~85-95% of K and 5-15% of Na.

Towards the end of the manuscript preparation, we find a vendor that can provide K2S with a
high purity. Therefore, all the characterization tests (including SEM, synchrotron, solubility, Raman
etc.) were performed with K2Sg (K2S + 7 S) as the starting material.

We are sorry for such confusion. The method section accurately describes what has been done
in our experiments so others can easily repeat our experiments. On the other hand, as shown in Fig.
RS, there is almost no difference in discharge/charge curves when starting with K2Sg or NaxSs.
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Fig. RS. Discharge-charge curves in the first cycle with K2Ss or NaxSs as the starting material in the
cathode side.

Question 18
What is the actual thickness of the K-BASE separator? Please add to experimental section.

Response:

We are thankful for your keen observation of this detail. The thickness of K-BASE sheet is 1
mm. We added it into the experimental section as follows (line 15 on page 19):

Potassium-p"-alumina (K-BASE) with 1 mm thickness was purchased from lonotec Inc. and cut

into disks with 15 mm diameter.
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Question 19
Please state clearly the test temperature during electrochemical measurements.

Response:

All electrochemical tests were done at 75 °C in an oven. The only outlier is the cell for
operando optical imaging, which was done at room temperature since the heating element is not

compatible with our optical microscopes.

We added the testing temperature in Method parts as follows (line 9 on page 20):

All cells were kept at 75 °C in convection drying ovens (MTI Corp.).

We also added the testing temperature into figure captions to make it clearer:

All tests are done in a 75 °C oven. ((Fig. 3, line 10 on page 10)

[S] in the catholyte and temperature are 1 M and 75 °C, respectively, for a-d, and 0.5 M and 25
°C, respectively, in e and f. (Fig. 4, line 5 on page 13)

All electrochemical tests for a-f are done at 75 °C in an oven. (Fig. 5, line 10 on page 15)

Question 20
Please add vendor of K2Sg

Response:

Thanks for pointing this out. We added the vendor in the method part of the main text (line 9
on page 21):

K>Ss catholyte is formed by mixing K>S (Thermal Fisher Scientific) and S (Sigma Aldrich) with
the stoichiometric ratio in either CPL/acetamide or TEGDME and stirred at a 75 °C heat plate

overnight.

Question 21
What is the role of KTFSI and why it is not added for the SEM/EDS tests?

Response:

Thanks for asking this question. KTFSI acts as a salt additive in the catholyte to increase the
ionic conductivity of the catholyte. For example, without KTFSI, then at the fully charged state, all
K" ions in the catholyte move to the anode and get reduced, so there is no ion left in the catholyte,
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and the catholyte conductivity will be very low. The addition of KTFSI can solve this problem.

For the SEM/EDS test, we want to observe K2Sx particles as precipitation on the carbon paper
substrate. For this target, only discharging is needed so there is no worry of K ion depletion.
Besides, since K and S both exist in KTFSI, it is not added to avoid interference with K and S

signals from K2Sx.

Question 22
In some cases, the author refers to K/S and other cases K-Na/S. Since the anode contains Na, the
authors should standardize to K-Na/S for consistency.

Response:

We appreciate the reviewer's note that the expression might be confusing. To avoid such
confusion, we change K/S to K-Na/S when we discuss our experiments and cells. When we talk

about K/S and Na/S batteries in general, we keep them as K/S and Na/S for accuracy.
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REVIEWERS' COMMENTS
Reviewer #3 (Remarks to the Author):

The authors have answered all the enquiries satisfactorily
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