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Lithium Sulfur (Li/S) chemistries are amongst the most promising next-generation battery technologies due
to their high theoretical energy density. However, the detrimental effects of their intermediate byproducts,
polysulfides (PS), have to be resolved to realize these theoretical performance limits. Confined approaches
on using porous carbons to entrap PS have yielded limited success. In this study, we deviate from the
prevalent approach by introducing catalysis concept in Li/S battery configuration. Engineered current
collectors were found to be catalytically active towards PS, thereby eliminating the need for carbon matrix
and their processing obligatory binders, additives and solvents. We reveal substantial enhancement in
electrochemical performance and corroborate our findings using a detailed experimental parametric study
involving variation of several kinetic parameters such as surface area, temperature, current rate and
concentration of PS. The resultant novel battery configuration delivered a discharge capacity of 700 mAh
g~ ' with the two dimensional (2D) planar Ni current collectors and an enhancement in the capacity up to
900 mAh g™ has been realized using the engineered three dimensional (3D) current collectors. The battery
capacity has been tested for stability over 100 cycles of charge-discharge.

further bolstered by their potential applications for plug-in hybrid and electric vehicles. Intercalation

materials employed in conventional Li-ion batteries impose limitations on the energy density that can be
achieved. These shortcomings have stimulated research in alternative chemistries labelled beyond lithium ion
batteries'. Among several re-visited chemistries, rechargeable lithium/sulfur (Li/S) batteries have gained attrac-
tion due to their high theoretical capacity of 1675 mAh g™' of sulfur cathode, wide range of temperature operation
and low cost®™"". In spite of several research efforts on this subject, key issues related to “redox shuttle reactions”
between sulfur cathode and Li anode have not been fully addressed yet'>". Poor understanding and lack of
control on the series of intermediate lithium polysulfides (PS) are commonly identified problems in all Li/S
battery configurations such as solid, liquid and flow cells>'*"'®. Though the overall redox reaction is primarily
driven by the dissolution of lithium polysuflides into the electrolyte, the insulating nature of the polysulfides and
its predisposition to corrode the lithium anode results in low charging efficiency, short cycle life and high self-
discharges.

In order to retain power density and cycle life of the device in the face of insulating nature of dissolved
polysulfides, it is necessary to substantially increase the contact of active sulfur with the conductive matrix.
Though several carbonaceous materials modified at the nanoscale are extensively used as electronic conductors,
problems of processing nano/micro porous carbons, binders and achieving high sulfur loading have not yet been
thoroughly addressed®'*~*°. In spite of some success on effective sulfur loading in variety of porous carbon
structures, the intrinsic issues of pore clogging due to deposition of lower order polysulfides (Li,S, and Li,S)
remains to be unaddressed. Deposition of such solid insulating blocks on electrochemically active surfaces
increases internal resistances resulting in substantial raise in overpotential and capacity fade upon extended
cycling of the cell*”*®. Recent research reports have bypassed the sulfur loading step by incorporating intermediate
polysulfides (catholyte) in the electrolyte itself”'**. Irrespective of the nature of the starting cathode, i.e. either C-
S composite or liquid catholyte, it is recognized that Li/S battery configuration eventually morphs itself into a
liquid electrochemical cell due to the formation of intermediate polysulfides at the very beginning of the discharge
step. Hence, understanding and controlling kinetics of thus formed intermediate polysulfides plays a key role in
commercializing Li/S battery technology.

P ast decade has witnessed a renewed interest in development of high energy storage devices, the interest is
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It is well known that the insulating nature of polysulfides causes
poor reaction kinetics and hence influences overall redox process. On
the other hand, use of electrocatalytic electrodes has found to enhance
the reaction kinetics of aqueous polysulfides in photoelectrochemical
solar cells’>* and redox flow cells®>. However, to the best of our
knowledge, there have been no reports on utilizing electrocatalysis
concept in non-aqueous polysulfides redox reactions. For the first
time, here we have conducted detailed investigations on electrocata-
lyst effect on Li-polysulfides redox reactions and developed a novel
Li/S battery configurations without use of any carbon matrix.
Different electrocatalyst such as Pt, Au and Ni have been coated on
conventional current collectors such as aluminum and stainless steel
(SS) foils and used them to serve the dual role of current collector and
electrode for Li/S battery configuration. Further, an engineered por-
ous SS and Ni foils itself were found to act as efficient current col-
lectors and electrodes thereby resulting novel battery configuration
called “Metal/PS/Metal” battery (Figure 1). We believe the electro-
catalyst concept in emerging Li/S chemistries will open a new avenue
for developing efficient energy storage technologies.

Results

To understand the effect of electrocatalyst on polysulfides redox reac-
tions and hence overall electrochemical properties of this novel con-
cept of using current collectors itself as carbon free electrodes for Li-S
battery configuration, we have considered different traditional elec-
trocatalysts such as Pt, Au and Ni and a non-electrocatalyst Al (for
control experiments). All these metals were separately coated
(~50 nm) on two different substrates such as Al and stainless steel
(SS) foil and used them as working electrodes to fabricate standard
2032 type coin cells. Crystal structures of coated thin films were con-
firmed from X-ray diffraction studies (Supplementary information
Figure S1). Coin cell fabrication is performed under inert atmosphere

(Ar filled glove box) using Li metal anode and catholyte (10 pl) as an
active material and quartz membrane as a separator. Galvanostatic
measurements conducted at a constant current rate of 0.1 C (based on
sulfur mass in the cell) and obtained results have been monitored for
50 cycles of charge/discharge. From Figure 2a and 2b, well defined
plateaus of charge/discharge and reduction in polarization at any
depth of discharge (DOD) are clear evidence for electrocatalysis of
PS. Though Al electrodes were found to be inactive for polysulfides
conversion reaction due to their ultra-low capacity and huge polar-
ization of charge-discharge profiles, other electrodes (Pt, Au and Ni)
show enhanced performance with plateaus of charge-discharge
around 2.4 and 2.0 V respectively, which is similar to conventional
carbon electrode’. Such trend has been observed to be consistent over
the long cycles of charge-discharge on both Al and SS substrates
(Supplementary Information Figure S2 and Figure S3).

Among different electrocatalysts studied, Ni and Pt electrodes are
promising to use as electrocatalyst in lithium-polysulfide battery as it
exhibits comparable discharge capacity of 370 and 395 mAh g™ at
the end of 50™ cycle respectively (Figure 2c). With the inherent
electrochemical activity of Pt electrode exhibits good cycle life over
50 charge-discharge cycles but it shows larger polarization in charge-
discharge curves compared to Ni electrode (Figure 2a). On the other
hand, despite of its great promise as an electrocatalyst for polysulfide
conversion process, thermally evaporated Ni films of 50 nm thickness
were found to be partially oxidised due to their high sensitivity
towards ambient atmosphere. However, surface oxidation issues of
50 nm Ni films were resolved by increasing its thickness to 200 nm
(Supplementary Information, Figures S4, S5 & S6). Further, the thick-
ness of thermally evaporated Ni film (200 nm) has been confirmed
experimentally using cross section SEM study (Supplementary
Information, Figure S7) and hence is used for further fundamental
electrochemical investigations.
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Figure 1| Schematic representation of conventional carbon cathode based Li/S battery configuration and novel Metal/PS/Metal battery configuration
with majority of PS shuttling mechanism confined on the surface of three dimensional current collectors.
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Figure 2 | Screening of different metals for Li/S battery configuration. (a) Comparison of charge-discharge plateaus, (b) cycling behavior for Ni, Au

and Pt electrocatalysts with 50 nm thickness on Al substrate (foil) vs. Li/Li*

towards lithium polysulfide conversion reactions in the potential range

3.0 ~ 1.5 Vat 0.1 C rate and (c) tabulation of discharge plateau voltage values for electrocatalysts and corresponding capacity values at the end of 50 cycle.

Cyclic voltammetry (CV) studies have been carried out on Ni
(200 nm) electrocatalyst and compared its performance with con-
ventional carbon electrode. Figure 3a shows that representative CV
of Ni electrode vs. Li/Li* at a scan rate of 0.05 mV s~' with 10 pl of
Li,Sg in TEGDME solvent containing 1 M LiTFSI and 0.1 M LiNO;
as catholyte. Recorded CV consist of two reduction peaks at 2.43 and
1.94 V corresponding to conversion of elemental sulfur to higher
plysulfides (Li,Sg) and subsequent disproportion in electrolyte and
further reduction to lower lithium polysulfides respectively.
Electrochemical potential and corresponding current were moni-
tored as a function of cycle number. (Supplementary Information,
Figure S8). The constancy of redox peak currents upon increasing
number of CV scans indicates the overall stability and activity of
electrocatalyst towards long cycling performance.

Further, CVs of Ni electrode were recorded at different scan rates
ranging from 0.2 to 1.0 mV s™' with an increment of 0.2 mV s™' in
order to understand the kinetics of Ni electrocatalyst towards poly-
sulfides conversions (Supplementary Information, Figure S9). Shift
in the anodic and cathodic peaks of CV with increase in scan rate is a
general trend in any carbon based Li-S battery configurations, which
is considered as an evidence for quasi reversible reaction of polysul-
fides*. As expected, conventional carbon electrode shows shift in the
anodic/cathodic peak positions towards positive/negative potentials
respectively indicating quasi reversible process of polysulfides.
Interestingly, Ni electrode showed almost stable peak position with
increase of scan rate, thereby indicating its suitablility towads higher
current rates of charge/discharge process. Further, we have observed
the rate of increase in peak currents of both anodic and cathodic
peaks as a function of applied scan rate. The cathodic and anodic
peak potentials of conventional carbon electrode and Ni electrode are
summarized along with exchange current density values in Figure 3b.
The lower oxidation potential and higher reduction potentials are
always indication for efficient electrochemical system as it reflects in
low polarization in the cell configuration. Herein, the Ni electrode

shows the lower oxidation potentials of 2.51 and 2.54 V (vs2.79 V of
carbon) and higher reduction potentials of 2.43 and 1.94 V (vs 2.40
and 1.84 V of carbon). In addition, exchange current density values
calculated from Tafel plot reveals that Ni electrode has better kinetics
than that of carbon electrode (Supplementary Information, Figure
S§10). Therefore, newly designed lithium polysulfide battery system
containing electrocatalyst (Ni film) as electrode is expected to result
in superior charge/discharge characteristics due to its better reaction
kinetics towards PS conversion process.

To evaluate specific capacity, cycleability, coulombic efficiency
and rate capabilities of Ni electrode based Li-S battery, galvanostatic
charge/discharge measurements were performed. The cycleability vs.
specific capacity and coulombic efficiency plots of 200 nm thick Ni
electrode at 0.1 C rate are described in Figure 3c. Fascinatingly, Ni
film acting as both current collector and electrode delivered a steady
state capacity up to 700 mAh g~ over 100 cycles of charge/discharge
with an excellent coulombic efficiency of <98%. Further, to invest-
igate its suitability for high power applications, rate capability tests
were also performed on Ni electrocatalyst (Figure 3d). Ni electrode
based Li-S cell was first subjected to low C-rate of 0.1 C to obtain
stable nominal capacity. Subsequent cycling was conducted at higher
current rates 0of 0.2 and 0.5 C for each 10 cycles. At the end of the high
C-rate (0.5 C) test, the cell was operated at 0.1 C rate in order to
understand the capacity retention. Observed specific capacity values
of 780, 605, and 510 mAh g~" at 0.1, 0.2 and 0.5 C rates respectively,
clearly supports its suitability towards high power applications.
Hence, good cycle life with the negligible capacity fade over 100
cycles, excellent coulombic efficiency and rate capability were found
to be appealing feaures of electrocatalysis driven Li-S battery.

It is well known that the energy density per unit area of Li-S cell
can be increased by increasing the amount of sulfur content in cath-
olyte. However, such increase in sulfur loading drastically reduces
electrochemical properties of the cell. In order to understand the
effect of polysulfide concentration on electrochemical performance
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Figure 3 | Electrochemical characterization of Ni thin film electrodes. (a) Representative cyclic voltammogram of newly designed Li-polysulfide battery
contains Ni film (200 nm) electrocatalyst as an electrode to lithium polysulfide conversions vs. Li/Li* at scan rate of 0.05 mV s™' between 1.5 to 3.0 V,
(b) CV derived electrochemical parameters to understand the electro-catalytic activity of Ni film towards polysulfide conversions, (c) cycling
behavior and coulombic efficiency of Ni film (200 nm) as an electrode in Li-polysulfide battery for 100 cycles and (d) rate capability behavior of newly
invented electrode/electrocatalyst (Ni, 200 nm) towards lithium polysulfide conversions.

of electrocatalyst, different catholytes having 100, 200 and 600 mM
concentration of Li,Sg were prepared and tested against Ni (200 nm
film) electrode. Specific capacity vs. cyclic number shown in
Figure 4a was a result of galvanostatic charge/discharge measure-
ments conducted constant current rate of 0.1C. The decrease in
overall specific capacity of the Li-S cell with increase in the concen-
tration of polysulfides was due to increase in viscosity of the electro-
lyte. However, it is interesting to note that at any given concentration
of the polysulfides, all cells showed very good cyclic stability over 50
cycles. Especially, cells with 100 mM and 200 mM concentrations of
Li,Sg show the specific capacity of 650 and 500 mAh g™' respectively
are evidence of extending this electrocatalysis concept to higher con-
centration of polysulfides.

Another interesting property of an efficient electrocatalyst is its
positive response towards temperatures as kinetics of catalytic pro-
cess is expected to enhance with increase in temperature. In the
present scenario, it is also expected that Ni electrocatalyst should
show enhanced battery performance with increase in temperature
due to increase in kinetic energy and molecular motion of polysul-
fides. Figure 4b reveals the effect of temperature on electrochemical
performance of lithium-polysulfide battery whose capacity values
were found to be enhanced by 10% when the cell is heated to 40°C
from room temperature (Supplementary Information, Figure S11).
More importantly, the polarization between the charge and discharge
plateaus was found to be reduced drastically with increase of cell

temperature, which is most important and beneficial point in view
of battery applications. The plateau region at 2.4 V associated to the
conversion of elemental sulfur to Li,Sg was also found to be enhanced
at 40°C. Such enhancement in plateau region may be related to
efficient conversion efficiency of insoluble end products to elemental
sulfur upon charging since the plateau depends on available ele-
mental sulfur'®,

Further, it is also well known that electrocatalytic activity of any
electrocatalyst depends on its accessible surface area*'. Hence, by
increase in the surface area of Ni electrocatalyst (electrode) should
result in enhanced polysufides conversion properties. To prove this
hypothesis in Li-S configurations, we have chosen two different Ni
structures with high surface area namely microporous 3D Ni (pre-
pared by electrodeposition at —10 mA cm™> **) and commercially
available 3D Ni foam and compared their electrocatalytic properties
with that of planar 2D Ni electrode and as well as with conventional
carbon electrode. Figure 5a—c are the SEM images of 2D planar Ni
film, microporous 3D Ni and macroporous 3D Ni foam respectively
and Figure 5d depicts their electrochemical properties. As expected,
specific capacity values of Ni electrode were found to increase with
increase in surface area. Microporous 3D Ni exhibits the discharge
capacity of 800 mAh g™ for 50 cycles, whereas macroporous 3D Ni
foam shows further improvement, reaching stable discharge capacity
value of 900 mAh g™' (Supplementary Information, Figure S12).
Conversely, the conventional cell with carbon as working electrode
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showed significant reduction in capacity values upon cycling due to
its intrinsic issues of pore clogging by lower polysulfides (Li,S) and
poor adsorption of electrophilic PS on carbon electrode®. It is noted
that, in general, electrocatalysis surface accessibility is maximum
with meso or macroporous structure than that of microporous struc-
tures*"**. Hence, the observed superior performance of macroporous
3D Ni over microporous 3D Ni structures is in good agreement with
traditional electrocatalysis process. Further, stability and morpho-
logical integrity of substrates after long cycling were confirmed by
conducting post SEM analysis (Supplementary Information, Figures
S§13, S14 and S15).

Discussion

The concept of using metallic current collectors as electrodes is novel.
Hydrophilic, catalytic, and porous nature of current collector has
three fold advantage over conventional carbon electrodes, it can (i)
adsorb intermediate PS on current collector due to hydrophilic nat-
ure, (ii) efficiently convert higher PS to lower PS and vice versa due to
catalytic nature and (iii) host the insulating solid precipitates at the
end of each discharge cycle due to porous nature”'®**. Reduction in
polarization and increase in discharge capacity of Au, Pt and Ni
coated current collectors over conventional Al substrate is an evid-
ence of electrocatalysis process (from Figure 2). Stability over 100

cycles of charge-discharge and capability to withstand high current
rates (C-rate test) further supports the argument (from Figure 3).
Tests on evaluating some of catalytically sensitive properties such as
concentration, temperature and surface area showing (i) good
stability towards converting high concentration of PS (from
Figure 4a), (ii) fast electron transfer and hence low polarization with
increase of temperature (from Figure 4b) and (iii) increase in specific
capacity with increase in active surface area of the electrode (from
Figure 5), clearly proves the electrocatalysis in this novel Li-S battery
configuration.

In summary, a carbon free Li-S battery configuration has been
demonstrated using concept of electrocatalysis. Lithium polysulfide
conversions reactions have been found to take place on electrocata-
lytic surfaces such as Pt, Au and Ni. Use of Ni in Li-S battery con-
figuration has found to be two folded, acting as current collector and
also as electrode, thereby eliminating the traditional tedious process
of synthesis and fabrication of highly porous micro/nano carbon
structures. Detail electrochemical studies involving specific capacity,
cyclic stability, rate capability and coulombic efficiency as a function
of polysulfides concentration, temperature and surface area of elec-
trode/current collector revealed that Ni based electrodes were cap-
able of delivering stable capacities up to 900 mAh g='. Thus, we
believe this novel concept of electrocatalysis of lithium polysulfides,
a carbon free cathode, will open up a new avenue for developing most
awaiting Li-S battery technology for both stationary and portable
applications.

Methods

Preparation of different polysulfides. Polysulfide solutions used in this study were
prepared by heating the stoichiometric amounts of Li,S and S to attain Li,Sg in
tetraethylene glycol dimethyle ether (TEGDME) at 90°C with effective stirring for
12 h. Such prepared polysulphides used directly as active material along with an
electrolyte consists of 1 M lithium bis (trifluoromethanesulfonyl) imide (LiTFSI)
and 0.1 M lithium nitrate (LiNOs) in TEGDME. The polysulfide concentrations
used here as 60, 100, 200 and 600 mM and these are calculated based on the sulfur
content in the polysulfide solutions

Preparation of different electrocatalytic electrodes. Ni, Pt, Au and Al metal thin
films were deposited using e-beam evaporator on Al foil and SS foil substrates
individually with the film thickness of 50 nm (50 & 200 nm for Ni films) to use
them as electrode materials towards lithium polysulfide conversions. In e-beam
evaporation process, a high intensity electron beam was used to vaporize the
desired metal sources, which are placed on sample holder. Upon e-beam focusing,
the metal atoms evaporated and condense on the surface of the Al and SS substrate
positioned in face of the precursor source material. Thickness monitor placed in front
of the substrate would permit us to control and monitor desired thickness of the
evaporated thin films. Temescal FC/BJD2000 deposition system was used to
depositing all thin-films with different thickness at 250°C under vacuum system
with base pressure of 5 X 107° Torr. Two types of 3D Ni electrodes were used, one
of them is commercially available 3D Ni foam (MTI Corporation) and other is
prepared by galvanostatic electrodeposition method. Firstly, the Ni—Cu alloy films
were deposited on surface roughened stainless steel (SS) foils and then remove Cu
component from alloy. The electrodeposition of Ni-Cu alloy was carried out using
three-electrode cell consisting of 4 ml aqueous solution of NiSO, (1 M), CuSO,4
(0.05 M) and citric acid as an electrolyte, stainless steel foil (Type 304, 0.1 mm
thick, Alfa Aesar) as working electrode, Ag/AgCl reference electrode (CH
Instruments) and the stainless steel strip as counter electrode. Electrochemical
deposition was typically conducted under galvanostatic conditions of —10 mA
cm™? at room temperature for 2 h using GAMRY potentiostat/galvanostat.

Cell fabrication and characterizations. Coin cells of standard 2032 were constructed
to evaluate the electrochemical performance of the different electrocatalysts towards
polysulfide conversions or as a cathode for Li-polysulfide batteries. The coin cell
fabrication was carried out in an argon-filled glove box using 10 pl Li,Ss
polysulfide place on elecrocatalyst, metallic lithium anode and an electrolyte along
with quartz separator. In the present study, we have fixed the volume of catholyte (per
cell) and varied the concentration of catholyte from 0.06 M to 0.6 M, which translates
to sulfur loading from 0.152 to 1.52 mg/cm™> Coin cells were tested for cyclic
voltammograms (CV) in the potential range 1.5 ~ 3.0 V with different scan rates
from 0.2 to 1.0 mV s~ ' and impedance (EIS) studies from 100 KHz to 200 mHz using
Bio-logic electrochemical work station. Charge- discharge studies for different
electrocatalysts at 0.1 C rate and rate capability test at different current rates (0.2
and 0.5 C rate) were carried out in the potential range of 1.5 ~ 3.0 V using ARBIN
charge-discharge cycle life tester. The capacity values were calculated using mass of
sulfur in polysulfide solution and corresponding current rates are considered based
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0.1C rate in the potential window of 1.5 to 3.0 V and (e) demonstration of Metal/PS/Metal battery.

on 1674 mAh g~' (1C) equivalent to full discharge or charge in 1 h. The morphology
of the samples were characterized by a JSM 401F (JEOL Ltd., Tokyo, Japan) SEM
operated at 3.0 kV and a JEM 2010 (JEOL Ltd, Tokyo, Japan). X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 Advance diffractometer at 40.0 kV
and 120 mA with Cu-Ko radiation.
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