RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 4

Journal Name

COMMUNICATION

RSC Advances

RSCPublishing

A lithium/polysulfide semi-solid rechargeable flow

Cite this: DOI: 10.1039/x0xx00000x

battery with high output performancef

Kang Dong,* Shengping Wang*“ and Jingxian Yu”

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

The feasibility of a semi-solid flow battery with polysulfide as
catholyte is demonstrated, which gives a power density of 1.823
mW cm™ at 4 mA cm™. Compared to Li-S batteries with sulfur
as cathode, the feasibility and flexibility using polysulfide as
catholyte in flow-through mode create new potential for the
practical application of conventional Li-S batteries.

The rapid exhaustion of fossil fuel resources and the need to limit
greenhouse gas emissions urge researchers to develop new
renewable energy resources to meet the urgent and increasing
demands of portable electronics, electric vehicles (EV) and large-
scale energy storage.'™ Lithium-sulfur (Li-S) batteries, with a high
theoretical energy density of 2600 Wh Kg' which is about 5 fold
higher than the traditional Li-ion batteries based on intercalation
electrodes, are regarded as one of the most promising candidates for
the next generation of high-energy rechargeable batteries.”’ In
addition, the advantages of low-cost, environmental friendliness and
wide operating temperature range are also appealing for large-scale
energy storage.

However, Li-S batteries have been restricted from further
commercialization by several hindrances,*” including (1) low
utilization of active material due to the inherent poor electrical
conductivity of sulfur and the fully discharged product Li,S; (2) low
coulombic efficiency and rapid capacity fading mainly because of
the high solubility of the intermediate polysulfides (i.e., Li,S,, x= 8,
6, 4, and 3) in electrolyte and the shuttle of polysulfides (PS), which
refers the long-chain polysulfides generated during the charging
process can travel to the lithium anode and be reduced to short-chain
polysulfides, which can then diffuse back to the cathode and be re-
oxidized to long-chain polysulfides;'®'" (3) large volume expansion
(~ 80%) of sulfur and the deposition of Li,S, and Li,S on the
electrodes which may lead the cracking or disintegration of
electrodes and the degradation of the overall cell performance.

To overcome these issues, numerous strategies have been
developed to improve the discharge capacity, cyclability, and
coulombic efficiency. Various approaches such as carbon
matrix,>>'>'® surface coating,'”'® novel electrolytes'*?* and carbon
interlayer’** have been used to confine sulfur in the cathode and
thus improve the discharge capacity and cyclability. In addition, with
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the addition of LiNOj in the electrolyte, a passivation layer can form
on Li metal, which can prevent the “shuttle phenomenon” and
improve the coulombic efficiency.”*** Improvements have been
achieved on the electrochemical performance of Li-S batteries,
particularly on the decay of the discharge capacity during cycling.
However, it must be admitted that most of the reported capacities
have low sulfur loading of no more than 2 mg cm™ in the cathode. It
to some extent offsets its high energy density, which is regarded as
the most prominent advantage of Li-S batteries.

Considering the fact that the diffusion of polysulfides from the
confined matrixes is unavoidable and it is even essential for sulfur
cathode. Therefore, polysulfide as cathode active material for Li/PS
battery was proposed.”?” Cui Yi et al. reported a Li/PS battery with
appropriate amount of polysulfide infiltrating into carbon paper and
gave a proof-of-concept trial by using a narrow voltage window to
avoid the volume expansion for polysulfide’s further large scale
energy storage.”>*® Compared to the previous reported literatures, a
semi-solid polysulfide flow cell (SSPFC) was introduced here,
which also employs polysulfides but in flow-through mode, giving
more realistic response. As shown in Fig. 1a, a laboratory-scale cell
was designed and constructed employing carbon as the reaction
matrix of cathode with polysulfides as catholyte continually flowing
through its surface. Herein, we give a brief but systematic study on
the electrochemical performances, reaction kinetics, and morphology
of electrodes of a semi-solid polysulfide flow cell in flow-through
mode. Polysulfide catholytes (see ESIf for experimental details)
with different concentrations and nominal molecular formulas of
Li,S¢ and Li,Sg were also studied.

A schematic of lithium/semi-solid polysulfide flow cell is shown
in Fig. la. Lithium plates are employed as anode and lithium
polysulfide solution is used as catholyte with carbon as the reaction
matrix of cathode. A Li/Li symmetric cell with blank electrolyte (BE)
stored at 25 °C was used to investigate the solid electrolyte interface
(SEI) growth on the Li electrode (ESI, Fig. S17). The passivation
resistance of the Li electrode gradually increases with the storage
time. In addition, the effect of the LiNO; additive was examined by
the energy-dispersive X-ray spectroscopy (ESI, Fig. S27), which
further demonstrated that an insoluble oxide passivation layer had
generated on the surface of Li electrodes.”>* It is worth noting that
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the passivation layer not only protects the lithium from the chemical
reaction with polysulfides and the “shuttle phenomenon” but also
makes it possible to build the SSPFC. This protection effectively
improves the utilization of the active materials on both sides of the
electrodes and the cycling efficiency, avoiding the tremendous waste
of energy during the charging progress in practical application for
the SSPFC.

Journal Name

mostly due to the electrochemical polarization. With the increase of
the current density, the potential of the battery give good linear
response. Compared to the linear increase at the charge progress, the
slight shift of the discharge potential of 0.05 M Li,Sg catholyte at
high current density must be ascribed to the concentration
polarization due to its relatively low concentration. The
corresponding output and electrolytic power are shown in Fig. 2b. In
the galvanic direction, the 0.2 M Li,Sg catholyte can offer the power
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a) P density of 1.823 mW cm (for the 30 um thick carbon electrode) at 4
mA cm” and obviously, the output power densities can be further
je"m‘"’ improved by increasing the thickness of the carbon electrode or
T using carbon with higher specific surface area.
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The UV spectroscopy results are displayed in Fig. 2b. As the
Gibbs free-energy of each polysulfide anion are so close that
different types of polysulfides are co-existent in the solution through
a series of reversible disproportionation reactions (Eq. (1)-(3) in
ESD).3® A pure polysulfide solution with single polysulfide chain
length cannot be obtained. Therefore, the solution in the form of
Li,Sg and Li,S4 is likely to be a compound of several types of
polysulfides and dissolved sulfur, corresponding to the peaks (Fig.
1b) around 232 and 264 nm.>'*?

The proper electrochemical window was prior investigated by
cyclic voltammetry using BE cycling on carbon cathode to avoid the
undesired reduction of the electrolyte (Fig. S41). The working
potential window should be limited between 1.8 V to 3.2 V to avoid
the reduction of LiNO; around 1.5 V.** The potential-current
response (Fig. 2a) and the power-current relationship (Fig. 2b) of
four types of polysulfide catholytes at different current densities
were studied.

As shown in Fig. 2a, the open-circuit potential (OCP) of all the
four lithium polysulfide catholytes are about 2.37 V, corresponding
to the first discharge plateau and the generation of the long chain
polysulfides in Li-S batteries. The potential deviate from the
equilibrium potential upon current is applied to the battery, which is
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Fig. 2 a) Cell potential versus current density at different current
densities. b) The galvanic power density and electrolytic power
density versus current density.

As mentioned previously, there are a series of disproportionation
reactions between Sg, Li,S¢, LiSg and Li,S. In addition, the
insoluble Sg and Li,S are unstable in the polysulfides catholyte,
which could react with soluble polysulfide as shown in Equation (4)
and (5) in ESI. Hence, with a lot of long chain polysulfides existing
in the catholyte and continuous updating on the cathode’s surface,
the reaction at the cathode electrode could still be maintained within
the liquid phase region, even though some solid Sg and Li,S may
generate at deep depth of charge and discharge at high current
density. The initial cyclic voltammograms of the Li/dissolved
polysulfide cell at a narrow window between 2.5 and 2.2 V are
shown in Fig. 3a. The two types of Li,S¢ and Li,Sg prepared by
different stoichiometric amounts both give an oxidation peak at 2.26
V and a deoxidization peak around 2.36 V. This couple of reversible
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redox peaks corresponds to the reaction between Sg and the linear
high order lithium polysulfides (e.g. Li,S4 and Li,Sy).
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Fig. 3 a) Cycle voltammograms of Li/dissolved polysulfide cell at a
sweep rate of 0.1 mV s using a type of Swagelok-type cell. b) The
polarization curves of four kinds of lithium polysulfide catholytes.

Low overpotential was further applied to the SSPFC to compare
the reaction kinetics of the four PS catholytes. The polarization
curves (Fig. 3b) indicate a good linear relation around the
equilibrium potential due to the low overpotential and the continuous
update of PS on the surface of cathode. During the weak polarization
region, the polarization resistance can be easily obtained through the
slopes of the polarization curves. It is obviously to find that 0.2 M
Li,Sg had the minimum polarization resistance (R, = 243.1 ohm cm?)
and thus had the maximum exchange current density j°, while 0.05
M Li,Sg had the minimum jo. The large j” of 0.2 M Li,Sg reflects a
fast kinetic during the charge and discharge progress, which
indicates a good electrochemical performance at high current density
and a bright future for its application in the lithium/polysulfide semi-
solid flow cell.

Figure 4a displays the charge and discharge profiles of Li,S4
polysulfide at different current densities. All the voltage profiles
remained steady and do not show any obviously decline even after
several one-hour discharges at high current density, which implies a
steady output power under a certain current density. At low current
densities, the voltage profiles are almost straight lines parallel to the
X axis. But when the current density is higher than 1 mA cm™, there
is a slight voltage drop at the initial discharge stages and the voltage
fluctuation appear during the charge stages as shown in Fig. 4a,
which should be attributed to the large concentration polarization
due to the severe consumption of Li,Sg and the rapid accumulation
of product. The voltage fluctuation can be further optimized by
optimizing the flow rate, the concentration of the PS catholyte as
well as the stirring velocity in the cell. After the voltage undergoes a
short-time decline at the initial stage of discharge progress, the
discharge voltage keep steady for the subsequent about 55 minutes,
which indicates a superior electrochemical performance of the
lithium/polysulfide semi-solid flow cell.

Further efforts were put on the cycling performance of the
constant-current. Curves of 0.2 M Li,Sq4 and 0.2 M Li,Sg catholyte
cycling at short time (10 minutes for charge and discharge,
respectively) but high current density (2.5 mA cm™) are shown in
Fig. 4b and Fig. 4c. With the limit of the charge and discharge time,
the voltage profiles and the cutoff of the voltage are almost same
during 50 cycles. Cycling performance for 200 cycles and some
selected voltage profiles are shown in Fig. 4c. Compared to the
initial 3 cycles, the voltage profiles of the final 3 cycles do not show
obviously changes except for the decrease of the voltage platform,
which should be mainly attributed to the constant growth of the
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passivation layer on the Li electrode. Although the presence of the
passivation layer could protect lithium from the possible chemical
reaction and suppress the shuttle phenomenon and thus makes it
possible to build the SSPFC, the composition and thickness of the
passivation layer should be further optimized e.g. by controlling the
concentration of LiNO; in catholyte. Extended cycling performance
for 500 cycles is displayed in Fig. S5 . Moreover, the steady energy
efficiency of the 0.2 M Li,S4 and 0.2 M Li,Sg demonstrate the good
reversibility of the SSPFC, which should be partly ascribed to the
positive effect of LiNO; on suppressing the shuttle phenomenon. In
addition, unlike Li-insertion compounds and the conventional
lithium sulfur batteries, the lithium/polysulfide semi-solid flow cell
would not cause a severe volume change of the cathode by
controlling the depth of reaction. Obvious morphology changes of
the carbon matrix before and after cycling, as shown in Fig. 4d,
could not be observed, which further indicates a good stability of the
cathode structure during the cycling.
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Fig. 4 a) The voltage profile of 0.2 M Li,S4 catholyte cycling for
long time at different current densities; b) The voltage profiles and
energy efficiency of 0.2 M Li,S, catholyte cycling at 2.5 mA cm™
for 50 times; To show clearly, only 20 cycles of the voltage profiles
are given. ¢) The energy efficiency and comparison of the initial 3
cycles (open circles) and final 3 cycles (line) of 0.2 M Li,Sg
catholyte cycling at 2.5 mA cm™ for 200 times. d) SEM images of
carbon cathode before and after cycling. The scale bar in d) equals
500 nm.

Therefore, with polysulfide in flow-through mode, the
predominant electrochemical reactions could be confined in liquid
phase region, which can nearly solve the challenges that facing Li/S
batteries, including the poor electrical conductivity, large volume
expansion and rapid capacity fading mostly due to the dissolution of
polysulfides. The SSPFC combines the high energy density of Li/S
batteries with the modularity and flexible operation of flow cell.
Moreover, compared to conventional lithium sulfur batteries using
sulfur as the cathode active material, energy is stored in the flowing
polysulfide catholyte and the output energy is no longer limited by
the sulfur loading on the cathode.

Conclusions

In summary, the feasibility of lithium/polysulfide semi-solid flow
cell utilizing soluble polysulfides solution as catholytes in flow-
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through mode have been demonstrated, which could offer a power
density of 1.823 mW cm? at 4 mA cm™ The solubility, cycling
stability and reversibility of polysulfides bring hope to the
development of lithium/polysulfide semi-solid flow cell. However, it
should be emphasized that the cell can be further improved.
Optimization of the material of cathode, the concentration and
composition of the catholyte, as well as the design and operating
parameters could lead to significant performance improvements in
the future. The semi-solid polysulfide flow cell proposed here could
create new potential for the commercialization of conventional Li-S
batteries and provide a wide range of opportunities to be applicable
for cost-effective, large-scale energy storage.
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