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Cost-effective storage remains one of the greatest challenges facing the adoption of renewable energy generation.
Herein we present a cost-effective aqueous rechargeable battery based on MoS,. Increased discharge capacities
are achieved by liquid-phase exfoliation, resulting in a 105% increase in capacity and prolonged lithiation
plateau. Contributing evidence is provided by High Resolution TEM investigation of the expanded van der Waals

gap between adjacent MoS; layers and particle active surface area. Exfoliated MoS2 and a MoSy/graphite
composite cathode is also investigated, resulting in an increase of reversible lithiation levels over 3x that of the
base exfoliated material. The preservation of discharge capacities and voltages indicates the composite is highly
effective in improving reversible lithiation. Further examination of the cost-effectiveness of the composite reveals
vastly superior storage-to-cost ratios relative to other ARB cathodes.

1. Introduction

Aqueous rechargeable batteries (ARBs) are a promising alternative to
conventional lithium batteries for larger scale energy storage applica-
tions. Recent research in ARBs has shown improvements in fabrication
costs and operational safety over lithium batteries yet do not compare in
total storage [1-3]. Despite this, capacity deficiencies may be overcome
with low cost electrode materials making cost competitive storage
achievable. Numerous metal oxides [4], polyanionic compounds [5],
and Prussian blue analogs [6-8] have been explored as cathodes for
ARBs [9,10]. However, they have yet to result in large capacity, high
retention, and low costs. More recently aqueous batteries utilizing
phosphate-based cathodes have garnered attention due to their
increased capacity and cycling stability, but possess sometimes costly or
complicated fabrication procedures that inhibit the materials overall
cost effectiveness [11,12]. Nano-structured cathodes utilized in zinc
aqueous batteries have also captured much recent attention, resulting in
high discharge capacities and long cycle life [13,14], but also suffer from
more complicated or costly fabrication; MoSs is of particular interest in
this regard. MoS; possesses high theoretical capacities relative to other
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ARB electrodes [15,16] and owing to its natural abundance it is uniquely
positioned as a cost competitive alternative [17]. The application of
MoS,, as a cathode material for conventional lithium batteries has been
the subject of considerable research in recent years due to the high
storage potential (1200 mAh g~!) and favorable lithiation its two
dimensional layered structure[18,19]. However the low lithiation
voltage of MoS; (~1.1 V) results in a battery of limited power and as
such is one of the main detriments to utilizing MoS, in conventional cells
[20]. Though considerable effort has been devoted to the study of MoS,
in traditional lithium batteries utilizing organic electrolytes, up to this
point no literature has been published on the application of MoS; to
ARBs. While this is likely due to the low lithiation potential of MoS; vs.
S.H.E., electrolysis of the aqueous electrolyte may be mitigated by
appropriate choice of electrolyte salt and the use of electrode substrates
with significant overpotential to hydrogen evolution.

Due to the limited stability window of all ARBs the low lithiation
voltage of MoSy is less detrimental to performance than it might
otherwise be in a traditional organic electrolyte [21]. Unfortunately a
majority of MoSy's reported discharge capacities are derived from
lithium sulfide formation that occurs below 0.5 V and is irreversible
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within the stability window of ARBs [18-20]. This redox couple is
shown in Equ. 1 and 2.

Li,MoS, + (4 —x)e”—Mo +2Li,S ( 0.6 V vs. Li/Li*") @

S+2Li" +2e"2Mo +Li,S ( 2.2 Vvs. Li/Li") 2

Due to MoSy's semiconducting nature, significant capacity fade
attributed to irreversible lithiation occurs when discharging below 0.5
V, as lithiated Mo dissociates to form metallic Mo and Li,S (Equ. 1)
[20,22]. The ARBs cannot reversibly form LisS (Equ. 2) as charging to
2.2 V would likely lead to electrolysis of the aqueous electrolyte, and
therefore will suffer from higher levels of capacity fade. MoS; is also a
semiconductor and thus shows poor lithiation reversibility due to a
relatively poor electronic conductivity, especially in the direction
normal to the MoS; planes (poor layer-to-layer conductivity) [20].

A comparative study of the bulk and exfoliated MoS, materials is
done both physically as well as electrochemically. Changes in electro-
chemical performance are related to particle active surface area and an
expanded van der Waals gap between adjacent MoS; layers. Lithiation
capacity (capacity due to the insertion and extraction of lithium ions) of
MoS; and the formation of Li,S is also examined with respect to the use
of a conductive graphite additive (ex.MoS,-GC). Lastly, the cost-
effectiveness of the ex.Mo0S,-GC is examined.

2. Experimental procedures
2.1 Material fabrication

MoS; powder (Sigma Aldrich) is suspended in isopropanol (IPA) and
left as obtained (bulk MoS,). Ex.MoS; is fabricated by suspending 300
mg of bulk MoS; powder in 60 ml of IPA, subjecting the mixture to probe
sonication (25 W power) in a water bath for 36 h, centrifugation at
3000 rpm for 30 min and collecting/washing the supernatant with IPA.
The ex.MoS,-GC particles are fabricated by simple mixing of ex.MoSy
supernatant and an excess suspension of graphite flake (Alfa Aesar,
99.8%) in IPA at 500 rpm for 1 h, resulting in a mass ratio 15:1 graphite
to ex.MoS,. Use of excess graphite insures that MoS; wetting in the
composite is not limited by the available graphite surface. A 6 M LiNOg
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aqueous electrolyte is used due to its demonstrated high overpotential to
electrolysis [21] and activated carbon (A.C., Kureha, ground by mortar
and pestle and suspended in IPA) is the chosen anode material due to its
low cost, high surface area (1200 m? g’l), and overpotential to elec-
trolysis [23,24]. Excess anode mass is utilized to insure that MoS; is the
capacity limiting material in all test cases. Cathode and anode fabrica-
tion was accomplished by drop casting each material suspension on
conductive carbon paper substrates (Sigracet, 29 BC) and drying at 50 °C
under atmospheric conditions between coatings.

2.2. Material characterization

SEM, XRD, Particle size analysis (PSA), Raman and UV/Vis spec-
troscopy was done to characterize the bulk and exfoliated materials; PSA
was performed on homogenous IPA suspensions of bulk and ex.MoS,. It
should be noted that the PSA assumes spherical particle morphology.
From Fig. 1A this morphology is known to be inaccurate and represents a
limitation of the measurement. However relative comparisons between
bulk and ex.MoS; particle size are useful to differentiate between the
active surface areas of both materials. To do so we will define the active
surface area to particle volume ratio (SVR) as.

Surface Area _4nr* 6

— pm 3

SVR = =—=
in d

Volume

2.3. Electrochemical testing

Electrochemical testing of the varied MoS; cathodes was performed
using full cells utilizing a 6 M LiNO3 aqueous electrolyte and A.C. anode
(excess mass) assembled in CR2032 coin cells under atmospheric con-
ditions. Cutoff voltages of 0 V and 2 V, a specific current of 200 mA g~
(5C). Reported capacities are calculated with respect to the mass of MoS5
utilized.

2.4. Storage-to-cost ratio calculation

Storage-to-cost ratios presented are calculated using the reported 1st
cycle discharge capacities and dividing by the approximate costs of the
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Fig. 1. SEM images of bulk and exfoliated MoS, particles conglomerates are shown in (A) and (D) respectively, with XRD of the bulk MoS, and important peaks
indexed shown in (B). PSA distributions of the bulk and exfoliated MoS, particle conglomerations is shown in (C) and (F) respectively. Lastly, Raman spectra of the

bulk and exfoliated MoS, particles is shown in (E).
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reported cathodes. Material costs are gathered from Sigma Aldrich to
provide a single reference point for comparison. A summary of discharge
capacity, cycling stability and storage-to-cost ratio of commonly inves-
tigated ARB cathodes and the performance of the novel ex.MoS,-GC
cathode presented in this paper is shown in Table 1.

3. Results and discussion

SEM, XRD, PSA and Raman spectra of the bulk and exfoliated MoS,
particle conglomerates is shown in Fig. 1. A comparison between the
images shown in Fig. 1(A) and Fig. 1(D) highlights the extreme reduc-
tion in particle conglomeration size afforded by LPE. While the thin,
flaky, layer-like structure of the bulk MoS; is readily apparent, the high
alternating pressure of the sonication process has broken up the bulk
particles and resulted in significantly smaller irregular conglomerations
of exfoliated MoS; particles. The exfoliated MoS; particle conglomera-
tion size has reduced to be indistinguishable at 2 pm. Indexed X-ray
diffraction (XRD) peaks of the bulk MoS, (CCDC PDF card 00-002-0132
and 00-002-1133) confirm the as-obtained MoS; to be highly crystal-
line and phase-pure; background peaks of the stainless steel substrate
used during testing have also been identified. Examination of the change
in particle size shows the average particle diameter reduces from 1.9 pm
to 254 nm after LPE, bringing with it a significant increase in active
surface area, while the Raman spectra shown in Fig. 1(E) illustrates that
no changes in chemical composition has occurred during the exfoliating
process. A corresponding red-shift has occurred as a result of a reduction
in layer number attributed to coulombic interactions between the layers
of stacked MoS; sheets, and is in agreement with published literature
[33]. From Equ. 3, the calculated SVR’s of the bulk and exfoliated
sample are found to be 3.1 pm ™! and 23.6 pm?, respectively. Thus LPE
has resulted in a seven-fold increase in SVR over the bulk, thereby
providing significantly improved access to intercalation sites during cell
discharge.

High resolution TEM images (HRTEM) showing the layered structure
of bulk and exfoliated MoS; is shown in Fig. 2(A) and (C) respectively
and an image of the resulting IPA suspensions is shown in Fig. 2(B). After
exfoliation a clear color transition takes place, changing from dark grey
to a bright yellow. This is a result of MoS; transitioning from an indirect
to direct bandgap material as the number of adjacent layers is reduced
[34]. Ultraviolet-visible spectroscopy (UV/Vis) absorbance peaks of the
bulk and ex.MoS; are shown in Fig. 2(D) to highlight this transition. All
XRD, Raman, and UV/Vis data is in agreement with published literature
[35-37]. The same High resolution TEM was used to examine any dif-
ferences in the van der Waals gap between adjacent layers. An example
of this measurement is shown in Fig. 2(E) with the collected data sum-
marized in Table 2.

A reduction in layer number is observed of the ex.MoS, and is typical
throughout. The van der Waals gap of the ex.MoS, was found to be
0.321 A greater than that observed of the bulk, indicating that the
reduction in layer number as a result of LPE has expanded the distance

Table 1

Approx. costs, discharge capacities, cycling stabilities, and storage-to-cost ratio
for cathodes of common ARB full cells and the ex.MoS,-GC presented in this
work [25-32].

Cathode Cost (USD Initial Capacity after Storage-to-cost
material per 25 g) capacity (n) cycles ratio (mAh
(mAhg™) (mAhg™) usDh

LiFePO4 446.00 120 78 (10) 6.73
[29] [26]

LiMn,04 44.80 [27] 45 18 (25) 25.11
[32]

LiMny04 44.80 [27]  55.1 29.5(100) 30.75
[30]

LiCoO» 30.00 [25] 60 42 (12) 50.00
[31]

Ex.MoS; 9.63 [28] 79.8 65.3 (50) 207.17
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between adjacent planes. While this expansion is relatively small (~5%
the initial gap), it is significant at the scale-length of the intercalating
lithium ions. The expanded gap is equivalent to approximately 12% the
diameter of the lithium atom and should provide significantly improved
access to intercalation sites.

A comparison between the discharge results of the bulk and exfoli-
ated materials are summarized in Fig. 3. An initial capacity of
61.9 mAh g~ ! is observed of the bulk MoS, in Fig. 3(A), and owing to the
lack of any clear discharge plateaus we may confidently say is that the
bulk MoS; is a poor intercalating material. Changes in the discharge
profile becomes more noticeable after the 10th cycle, as capacity from
Li,S formation becomes more pronounced and the lithiation capacity of
the material structure deteriorates. After the 20th cycle the discharge
profile of the bulk material has become entirely linear, indicating the
loss of the small amount of lithiation-based capacity the material
initially possessed and that any remaining capacity is likely due to
lithium plating (similar to a capacitor). These observations are rein-
forced by the differential capacity vs voltage measurement shown in
Fig. 3(B). There is very little indication of any lithiation based capacity
owing to the lack of peaks observed near 1.1 V. Similarly, a new
discharge peak develops ca. 0.3 V and is associated with the undesirable
and irreversible formation of LisS.

These observations are in stark contrast to the exfoliated material
results found in Fig. 3(D) and (E), where significant discharge plateaus
and reduction peaks are observed. LPE of the MoS; has increased the
initial discharge capacity of the material to 127.1 mAh g™}, with
considerably more pronounced plateaus ca. 1.1 V (lithiation-based ca-
pacity) and 0.3 V (lithium sulfide formation). More specifically the
lithiation capacity of the ex.MoS; is significantly improved over the
bulk, increasing from 34.5 mAh g ! to 80.1 mAh g~! within this voltage
range. LPE has yielded a significant increase in lithiation capacity
(plateau observed near 1 V) as well as below 0.5 V associated with LisS
formation (ca. 0.3 V). This increase is attributed to two physical changes
evoked by LPE; that a reduction in particle size has increased the SVR of
the MoS; particles and as a result has increased the number of sites
available for lithium intercalation and Li,S formation [38]. Secondly,
LPE has resulted in an expanded van der Waals gap that is especially
significant on the scale of the intercalating species. This increased van
der Waals gap between adjacent MoS, layers has improved access to
interlayer space during lithiation. Additionally, large reduction peaks
ca. 1.1 Vand 0.3V are clearly observable. The increased activity in both
regions indicates that LPE of the material has drastically increased the
lithiation-based capacity and the degree of LiyS formation by providing
greater access to lithium intercalation sites as well active sites for irre-
versible lithium sulfide formation. Similarly, the exfoliated sample
rapidly loses electrochemical activity by the 10th and 20th discharge
cycles but to an even greater degree than the bulk material. This is a
direct consequence of the increased SVR and by extension, the active
surface area of the ex.MoS,.

Capacity retention vs cycling results shown in Fig. 3(C) confirm these
observations. Both materials experience significant capacity fade as they
approach ca. 40%, with the exfoliated sample experiencing the fastest
levels of degradation. This is expected, as material degradation is often
proportional to active surface area [39]. Severe lithiation capacity
reduction observed within the first 20 cycles of the ex.MoSy, as capacity
within this region drops from 80.1 mAh g™! to 20.8 mAh g~ ! equivalent
to a 74% reduction. Because this loss is observed most significantly
within the intercalation region, it is attributed to irreversible lithiation
as a result of MoSy's low conductivity. The coulombic efficiency (C.E.)
results of the bulk and exfoliated materials shown in Fig. 3(F) further
reinforce these observations. Both materials possess initially low
coulombic efficiency due to the excess carbon utilized as the anode,
however both materials continue to show poor C.E. as they are cycled.
While the exfoliated material performs much better than the bulk in this
regard, it too shows high levels of irreversible lithiation and Li,S
formation.
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Fig. 2. HRTEM images of adjacent MoS; planes for (A) bulk and (C) exfoliated MoS,, particles with 5 nm scale bars shown. (B) IPA suspensions of the bulk (left) and

exfoliated MoS; particles highlighting the color transformation after LPE. (D)
surement of the van der Waals gap.

Table 2

Number of samples measured (N), mean interlayer spacing (i), standard devi-
ation (o) and coefficient of variation (C,) resulting from HRTEM analysis of bulk
and ex.MoS, particles.

Material N n A 6 (A) C, (%)
Bulk MoS, 9 6.333 0.191 3.0
Ex.MoS; 13 6.654 0.485 7.3

To improve upon the results obtained by LPE of the MoSy, graphite
particles are introduced to the exfoliated material, forming a more
electronically conductive composite electrode. An SEM image of a
characteristic ex.MoS,-GC particle is shown in Fig. 4(A) with a pristine
graphite particle shown inset. A change in surface roughness is readily
apparent when comparing the two images, indicating that ex.MoS; has
adhered to the smooth graphite surface.

Discharge voltage profiles versus capacity for the ex.MoSy-GC ma-
terial is shown in Fig. 4(B). A first cycle discharge capacity of
175.0 mAh g’1 is observed of the composite (not shown), however
approximately 60 mAh g~ of this capacity is obtained below 0.25 V and
is due to lithium plating on the high-surface-area graphite particles
[40,41]. To remove the influence of low voltage lithium plating on cell
capacity and to examine effects afforded by conductive graphite on
reversible lithiation, only capacities between 1.5 V and 0.5 V are shown
in Fig. 4(B). Focusing in on this region allows for a more appropriate
examination of the effect the graphite has on reversible lithiation in the
composite. 1st and 50th cycle discharge capacities of 79.8 mAh g~! and
65.3 mAh g~! are observed of the composite material in this region.
Relatively little lithiation capacity was sacrificed upon the addition of
the conductive graphite, indicating that the presence of the graphite has
had an extremely positive impact on levels of reversible lithiation and
has not greatly restricted access to MoS; intercalation sites. Examination
of Fig. 4(B) reveals that the majority of retention experienced by the ex.
MoS,-GC cathode occurs at voltages above 0.5 V, and thus the intro-
duction of the conductive graphite to the ex.MoS, has resulted in
significantly higher levels of reversible lithiation. The ex.MoSy-GC
electrode has experienced a relatively minor 11% reduction in capacity
within the intercalation region after 20 cycles, and only 18% after 50

Average UV-vis spectra of the bulk and exfoliated materials and (E) example mea-

cycles. This represents a massive improvement over the cycling stability
observed of the pure ex.MoS,.

Capacity retention results for the composite material within the
lithiation region and across the full tested voltage range is shown Fig. 4
(C) with retention results of the bulk and exfoliated materials shown
superimposed for comparison. While all cell configurations experience a
majority of their capacity fade within the first 10 discharge cycles and
reach a steady state capacity by the 30th cycle, the ex.M0S,-GC has
retained its capacity to a significantly higher degree. The ex.MoS,-GC
cathode exhibits the highest degree of capacity retention, possessing
65% of its total initial capacity (112.3 mAh g~ 1) and 82% of its lithiation
capacity (65.3 mAh g1) by the 50th cycle. This indicates that the vast
majority of capacity loss (77%) experienced by the ex.MoS2-GC occurs as
a result of irreversible LisS formation and not from irreversible lith-
iation. The ex.MoSy-GC also displays superior coulombic efficiency
(96%) when compared to the bulk and ex.MoS; cathodes, reaching a
steady state efficiency higher than that observed of the other two bat-
teries and in fewer cycles (10th cycle). The increased levels of capacity
retention, storage efficiency and reversible lithiation observed of the
composite over the ex.MoS; is attributed to the increased electrical
conductivity of the composite afforded by the addition of the graphite
particles. While the graphite additive was found to be very effective in
reducing irreversible lithiation, it has done little to suppress LizS
formation.

To examine how the ex.MoSy-GC performs relative to other mate-
rials, a comparison of capacity, cycling stability and storage-to-cost ratio
of commonly investigated ARB electrodes and the novel ex.MoSy-GC
cathode presented in this paper is shown in Fig. 4(E). With the exception
of the LiFePQ4 cathode, the tested ex.Mo0S,-GC cathode resulted in an
ARB with initial discharge capacities significantly greater than the ma-
jority of ARB electrodes presented in Fig. 4(E) and Table 1, however the
ex.MoS;-GC electrode has retained its capacity to a much higher degree.
In stark contrast to the 50th cycle lithiation retention rate of 82%
observed of the ex.MoS,-GC, the LiFePO4 electrode (which possesses the
highest initial capacity) retains only 65% of its capacity by only the 10th
cycle. Additionally the ex.M0S,-GC ARB is able to achieve a remarkably
high storage-to-cost ratio of 207.17 mAh USD}, over 4x that of the next
highest material.
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Fig. 4. A characteristic image of an ex.MoS,-GC particle with a pristine graphite particle (inset, 5 pm scale bar) is shown in (A). Discharge profiles of the composite
within the lithiation region of MoS, is shown in (B). Capacity retention results of the composite over the full tested voltage (blue) and just within the lithiation region
(pink) are shown in (C) and coulombic efficiency results relative to the bulk and exfoliated materials is shown in (D). Discharge capacity, capacity retention and
storage-to-cost ratios of the LiCoO, [25,31], LiFePO4 [26,29], and LiMn,04[27,30,32] and the ex.MoS»-GC presented in this work [28] is shown in (E). Numerical
values of approximate cost, discharge capacity, capacity retention and number of cycles run may be found in Table 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

4. Conclusions efficiency were achieved by utilization of a conductive graphite addi-

tive, and was extremely effective in preserving reversible lithiation and

LPE was effective in increasing accessibility to intercalation sites, the storage efficiency of ex.MoSs, resulting in a remarkably superior

thereby providing higher surface area to volume ratios and an expanded storage-to-cost ratio. The tested ex.MoSy-GC cathode has shown

van der Waals gap. This was found to result in a significant increase in extremely promising results as a cost competitive material for ARBs,

discharge capacity and protracted lithiation plateau over the bulk MoS, however before the material can be seriously considered additional
material. Significant improvements in capacity retention and coulombic work aimed at suppressing Li»S formation is required.
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