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Abstract: Potassium-based batteries represent one of the emerging classes of post-lithium elec-
trochemical energy storage systems in the international scene, due to both the abundance of raw
materials and achievable cell potentials not far from those of lithium batteries. In this context, it
is important to define electrodes and electrolytes that give reproducible performance and that can
be used by different research groups as an internal standard when developing new materials. We
propose molybdenum disulfide (MoS;) as a valid anode choice, being a commercial and easily pro-
cessable material, the 2D layered structure of which is promising for large potassium ions reversible
storage. It has been proven to work for hundreds of cycles, keeping a constant specific capacity
around 100 mAh g~! while also preserving its electrochemical interphase and morphology.

Keywords: potassium battery; post-Li battery; molybdenum disulfide; anode; 2D electrode

1. Introduction

A suitable energy storage system is necessary to store the intermittent electricity pro-
duced by renewable resources and provide energy during down moments [1-5]. Nowadays,
lithium-ion batteries (LIBs) are the best-known electrochemical energy storage systems in
the market [6-10], due to their lightness, high operating voltage, high energy density and
fast charge rate [11-15]. For these reasons, they currently dominate the market of electric
vehicles and portable devices [16-20].

However, lithium is a limited resource, with a natural abundance of 0.0017% in
the Earth crust [21] and this could threaten the further development of LIBs, due to the
high cost. On the other hand, sodium and potassium are much more abundant in the
Earth crust (2.3% and 1.5%, respectively) and can also be extracted from seawater [5]. In
particular, potassium shows a potential value close to that of lithium in common cyclic
carbonate-based organic solvents (-2.93 V vs. =3.04 V, referring to the standard hydrogen
electrode) [22,23]. Conversely, sodium presents a more positive potential (i.e., -2.71 V);
therefore, the exploitation of this alkaline metal in secondary batteries would bring to a
300 mV potential loss [24]. A second intriguing feature of potassium is that its cation (K*)
shows a weaker Lewis acidity than those of its Na* and Li* counterparts, therefore resulting
in a smaller Stokes radius, higher ion mobility and lower desolvation energy in ester-based
electrolytes [25-27]. On the other hand, K* possesses a bigger ionic radius than Li* and
Na*; thus, the materials developed for LIBs suffer from a huge structural reorganization
when K" is intercalated /inserted [28]. For example, graphite, commonly used as an anode
for LIBs, can reversibly host K* during the intercalation/deintercalation process, leading
to the formation of KCg and a reversible capacity of 279 mAh g~! [29-31]; however, it
undergoes a severe volume expansion of 63%, six times higher with potassium than lithium,

Batteries 2022, 8, 242. https:/ /doi.org/10.3390/batteries8110242

https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries8110242
https://doi.org/10.3390/batteries8110242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-0441-6647
https://orcid.org/0000-0002-9946-5865
https://orcid.org/0000-0003-4369-317X
https://orcid.org/0000-0002-2282-9667
https://doi.org/10.3390/batteries8110242
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries8110242?type=check_update&version=1

Batteries 2022, 8, 242

2 0f 10

leading to its detachment from the electrode surface after some cycles [32-34]. The huge
expansion is also responsible for the exfoliation of the graphene layers and, consequently,
the fast capacity decay. In this case, the ester-derived solid electrolyte interphase (SEI) layer
is composed of a large fraction of organic species; it is not stable, is nonuniform and does
not have the proper passivation effect on the graphite anode [35,36].

Nowadays, the research on suitable electrode materials for potassium-ion batter-
ies (PIBs) is still at its infancy [37—40]. Up until now, carbon-based electrodes, alloying
materials and transition metal dichalcogenides have been reported by different research
groups [5,41-43]. Alloying anodes are elements of the V group (such as P, Sb and Sn) and
show high theoretical capacity, since multiple electron reactions are often involved. How-
ever, they are subjected to a huge volumetric expansion, which causes the pulverization
of the electrode material and capacity fading [44]. On the other hand, layered transition
sulphides present an open 2D diffusion pathway, similar to that of graphite, but with a
wider and tunable interlayer distance [20]. In this scenario, molybdenum disulfide (MoS;)
could represent a valid dichalcogenide anode for PIBs. In fact, it has a layered structure, in
which the layers are stacked together by Van der Waals’ interactions, its interlayer distance
(0.62 nm) is suitable for alkali ion intercalation [45-47] and it ensures a theoretical capacity
of 670 mAh g~! [48]. In addition, in preliminary studies, it demonstrated a remarkable sta-
bility upon cycling, with more than a 95% retention efficiency after 150200 cycles [20,21,25].
To the best of our knowledge, Ren et al. were the first who proposed MoS, for PIBs, show-
ing that K* can be easily intercalated/deintercalated in the MoS; interlayer spaces, with the
formation of Ky 4MoS, during the discharge process [20]. This hypothesis was subsequently
confirmed by theoretical calculations [49]. In terms of electrochemical performances, the
preliminary values of initial specific capacity were close to 98 mAh g~!, of which only a con-
tribution of 73 mAh g~! was reversible, due to the formation of the SEI layer. Later on, the
hybridization of MoS, with carbon-based materials was proposed as a simple strategy to
solve the issue of low conductivity within the electrode matrix [21,25]. For example, Zhang
et al. hybridized MoS, with carbon nanosheets grown onto nitrogen-doped graphene to
avoid particle aggregation and boost conductivity values [21]; overall, they obtained a
remarkable initial specific discharge capacity of 820 mAh g~!, even if the initial Coulombic
efficiency was still low due to the non-optimized SEI layer formation. Chong et al. reported
a nanorose-like MoS; active material anchored onto the reduced graphene oxide, achieving
a higher electrochemical performance with respect to the pristine counterpart [25].

Apart from the preliminary studies listed above, the scientific literature lacks a sys-
tematic investigation focused on the use of MoS; as an anode for PIBs. Indeed, when
developing an emerging battery technology, it is necessary to define references for an-
odes, cathodes and electrolytes. In this paper, we show why MoS; could be a reasonable
choice for PIBs by investigating the electrochemical performance of this active material
and studying the mechanism behind its working principle through cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) experiments. We anticipate that
MoS, showed a stable specific capacity of ~100 mAh g~! after a few cycles, while the
initial phase of the galvanostatic test was characterized by an irreversible capacity loss
attributed to the SEI layer formation and to parasitic reactions. The stability of the MoS,
anode was remarkable and reproducible, with a 97.4% retention efficiency between the
100th and the 200th cycles. Overall, we hope that this paper can offer a benchmark for
further investigations into transition layer dichalcogenides as anodic materials for PIBs.

2. Materials and Methods

MoS,, potassium, potassium hexafluorophosphate (KPF), ethyl carbonate (EC) and
diethyl carbonate (DEC) were purchased from Merck. Super C45 conductive carbon black
(CB) and carboxymethyl cellulose sodium salt (Na-CMC) were purchased from Timcal and
Daicel, respectively. All chemicals were used without any further purification step.

Electrodes were fabricated by mixing MoS;, CB and Na-CMC (this latter was in a
5 wt% solution in Milli-Q water) at a weight ratio of 80:10:10. The latter was ball-milled at
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30 Hz for 15 min in a ball mill (MM 400 Retsch), in order to obtain a homogeneous slurry.
The obtained formulation was deposited onto a copper foil by doctor blade technique,
using a 200 um thick blade and an automatic film applicator (TQC Sheen B.V.) at a speed
of 50 mm s~ 1. The deposited paste was dried in air overnight. Disks with 15 (or 10 mm)
diameter were cut by a die cutter and dried at 120 °C under vacuum for 4 h. The mass
loading was ~1.86 mg cm 2. The X-ray diffraction (XRD) patterns of the electrode is shown
in Figure S1 in the Supplementary Material. XRD was performed with a high-resolution
Philips X"pert MPD powder diffractometer, equipped with Cu Ko radiation (V = 40 kV,
I =30 mA) and a curved graphite secondary monochromator

Electrochemical cells were assembled in an argon-filled glove box. The liquid elec-
trolyte consisted of KPF4 0.80 M in EC:DEC (1:1, v/v). For galvanostatic charge/discharge
cycles, the half-cell was assembled in coin architecture (LIR2032), using a potassium foil
as a counter electrode. The two electrodes were separated by a glass microfiber separator
(Whatmann, A/L, 0.64 mm thick), activated with ~13 drops of the electrolyte solution
and the cell was sealed by an automatic crimper (MSK-160E, MTI Corporation). A T cell
configuration was employed for CV and EIS electrochemical characterization. In this case,
electrode disks of 10 mm (diameter) were prepared, while potassium foils were used as
both counter and reference electrodes; a glass microfiber separator (Whatmann, GF/A,
0.26 mm thick) was placed between the counter and the working electrodes.

CV was carried out between 0.01 and 3.0 V for five cycles, at a scan rate of 0.1, 0.05
and 0.5 mV s~ 1. EIS was conducted in the frequency range between 100 kHz and 10 mHz,
by applying an oscillating potential of 10 mV. CV and EIS experiment were carried out on
a VSP3-e Biologic electrochemical workstation and data were processed by the EC-Lab®
software. Galvanostatic charge/discharge tests were performed on an Arbin BT 2000 battery
cycler instrument. Here, current density was varied between 0.05 and 5 A g~ !, considering
the mass of the active material (MoS,). All the above-mentioned electrochemical tests were
performed at room temperature.

Field emission scanning electron microscopy (FESEM) was performed on an Auriga
Zeiss Instrument (Carl Zeiss, Oberkochen, Germany). The cycled electrode was recovered
from the cell and washed with the same solvent of the electrolyte solution to remove salts
and any other product that would have compromised the quality of the images.

3. Results and Discussion

To investigate MoS; as an anodic material for PIBs, electrodes were fabricated by
mixing the active material, a conductive additive (CB) and a binder (Na-CMC) in Milli-
Q water. The carbon additive was necessary to provide electrical conductivity to the
electrode. We decided to use CB C45 since it can be used in water-based formulations,
thus avoiding the use organic solvents and lowering the environmental impact of the
post-lithium batteries production.

With the aim of better evaluating the electrochemical behavior of the MoS, electrode,
CV experiments were carried out. In the first cycle, the voltammogram (see Figure 1A)
shows a cathodic branch featuring three peaks at 1.00, 0.28 and 0.01 V. In agreement with
MoS,-related studies in the field of post-lithium batteries [50,51], the peak at 1.00 V can be
attributed to the intercalation of potassium ions into the MoS, interlayer space. This led to
the formation of the KyMoS, compound, with a theoretical capacity of 67 mAh g~ [23].
The storage mechanism below 0.80 V was ascribed to the conversion reaction of MoS,,
being reduced to metallic molybdenum and K;S. In the anodic branch of the CV trace, only
one small broad peak was detected at around 1.60 V, which could be interpreted as the
depotassiation process, also being present in the subsequent cycles. The anodic peak at
0.50 V could be related to the conductive carbon additive. The subsequent cycles (2nd-5th)
almost overlapped the first one, indicating the rather good reversibility of the electrochem-
ical process. Figure S2 in the Supplementary Material shows CV traces measured under
different scan rates.
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Figure 1. (A) Cyclic voltammogram (scan rate: 0.1 mV s~!) obtained with a T cell configuration,
using potassium metal foil as counter and reference electrodes and MoS; as working electrode. (B)
Galvanostatic charge/discharge cycling of a coin cell based on the MoS, anode.

The electrochemical performance of the MoS, electrode was assessed by galvanostatic
charge/discharge cycling, carried out at different current densities ranging from 0.05 to
5 A g~1. The initial specific capacity was 200 mAh g~! and reached 100-125 mAh g~ ! in
the first ten cycles, as reported in Figure 1B. The Coulombic efficiency of the first cycle was
around 63%, which is similar to the values found in the literature for other PIB anodes [24];
then, it stabilized to 100% in a few cycles.

This initial irreversible capacity loss was mainly attributed to the formation of the SEI
layer. Indeed, it has to be considered that we used a standard liquid electrolyte to make
our results comparable with those present in the literature; moreover, the PIBs field has
not yet defined an optimized electrolyte formulation (additives included) in the way it
has already been established for LIBs, even if many studies are just starting to address
this issue [52-55]. Upon cycling, specific capacity values stabilized and, when the current
density was increased, these values slightly decreased, reaching 20 mAh g~ at5A g 1. In
a later stage, when the applied current was shifted back to the initial value of 0.05 A g™,
the cell fully recovered the initial specific capacity exceeding 100 mAh g~!, highlighting
the great electrochemical behavior of the MoS, electrode. When comparing the 100th and
200th cycles, the stability of our lab-scale cell is obvious, with an overall specific capacity
retention of >97%. The stability of the electrochemical performance can also be noted in
Figure 2A, in which charge/discharge profiles, i.e., potential vs. specific capacity curves,
remain very close upon cycling, with a rather stable working potential window suggesting
poor polarization phenomena. Figure 2B shows the charge/discharge profiles under the
previously mentioned current regimes.

To get further insight, Figure S3 in the Supplementary Material shows charge-discharge
profiles obtained at different current densities, while Figure 54 focuses on profiles related
to the first 5 cycles at 0.05 A g~ 1.

The morphology of the MoS; electrodes was investigated before and after 150 charge/
discharge cycles; moreover, it was also carried out to know more about the SEI layer formation
in the first cycles. Since the cycling performances are stable after the first few cycles, it can
be realistically stated that the SEI layer does not vary in composition and thickness during
charge/discharge process; therefore, post mortem FESEM could be a potential technique
to investigate its morphology. The FESEM micrograph of the fresh electrode is shown in
Figure 3A. It highlights the particle size in the micrometer range (lower than 5 pm, as
confirmed in the commercial product datasheet and as also found in other literature studies
using this material). The morphology showed a layered geometry, clearly visible in the
micrograph. In regards to the conductive additive, it resulted in quite a homogeneous
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distribution. On the other hand, the electrode obtained after cell disassembly was recovered
and washed with the same solvent used for liquid electrolyte preparation (i.e., EC:DEC 1:1v/7),
with the aim of removing salts that would have compromised the quality of the images. The
resulting micrograph (Figure 3B) shows similarities with those relative to the fresh electrode
material. Indeed, MoS, particles remained in the micrometric size range and the morphology
of the surface did not show any relevant difference. This is rather noteworthy, since the
prolonged insertion/disinsertion of large potassium ions in the MoS,-based anode could
have damaged the electrode structure, as often occurs when studying anodes for post-lithium
batteries [56,57].
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Figure 2. Potential vs. specific capacity profiles for a coin cell based on the MoS, anode: (A) Data
collected at cycles no. 15, 100 and 200 and at a current density of 0.1 A g~!; (B) Data collected at
different current regimes and cell life.

Figure 3. FESEM images at 10,000 x of (A) fresh and (B) cycled MoS,-based electrodes.
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The forming stage was evaluated by recording the EIS spectra before and after
the charge/discharge cycles. Figure 4A,B shows a first cycle profile typical of an elec-
trode/electrolyte interphase that can be described—at first reading—by a semicircle and
a straight line in the low-frequency region, which depicts the diffusion behavior; in any
case, considering the slope quite different with respect to the theoretical 45°, it is not clearly
excludable that the second part of the curve could be a wide semicircle. Starting from
the second cycle, a depressed semicircle appeared at high and medium frequencies and
another semi-circle was detected at the low-frequency region. Upon cycling, a straight line
started to become evident, in particular at cycles 9-10. Overall, the shape of the EIS curves
we recorded in a reproducible way is not so common for battery anodes; this will push us
to carry out further studies, maybe coupled with in operando approaches to better clarify
the occurring phenomena.
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Figure 4. Nyquist plot for cells based on the MoS, anode: (A) Complete spectrum; (B) High frequency
area. (C) Equivalent circuit used to fit the EIS spectra of MoS,-based PIBs during the forming stage.

The equivalent circuit shown in Figure 4C was exploited to fit the obtained EIS spectra.
The two semicircles detected in the spectra corresponded to the circuital elements R1-CPE1
and R2-CPE2. The third element represents the behavior at low frequencies. The values
given by the fitting process are listed in Table 1. The bulk resistance, indicated with Ry, was
rather stable and close to a value of 2.2-4.0 Q). The R1 and R2 resistances increased, while
R3 decreased. It is not straightforward to pinpoint the physical phenomena behind this
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trend. Upon cycling, two interphases are formed: one was attributed to the SEI layer and
the other to the conversion product. R3 could describe the charge transfer resistance, due
to the semi-conductor material in the crystalline phase 1H-MoS,. Our hypothesis is that
the increase in R1 and R2 accompanies the gradual increase in the solid-state diffusion on
potassium ions in the active material, while the decrease in R3 upon cycling indicates the
lowering of charge transfer resistance during the cell operation. This finding has also been
confirmed in a recent study dealing with MoS;-based composite anodes for post-lithium
batteries [58].

Table 1. R1, R2 and R3 values upon cycling.

Cycle R1[Q] R2[Q] R3[Q]
3 4.11 9.41 5490
4 4.38 15.13 4320
7 9.02 11.58 2193
8 10.88 10.89 2259
10 13.31 40.18 1646

4. Conclusions

In conclusion, layered MoS; was tested as anodic material for PIBs and the resulting
lab-scale prototypes proper functioning was investigated. The cells evidenced an irre-
versible loss of efficiency during the first cycles, due to the formation of the SEI layer and
parasitic reactions. The use of an electrolyte additive to control this process is necessary and
further analyses are required. Furthermore, after the initial loss, the specific capacity was
~100 mAh g~!. After the rate capability test in the range 0.05-5 A g~ !, the cell recovered
its initial specific capacity and the stability was remarkable, with a 97.5% retention effi-
ciency between the 100th and 200th cycles. CV, EIS and FESEM experiments supported the
analysis of the electrochemical phenomena occurring with this electrode and its evolution
upon time.

This preliminary investigation could offer a benchmark for the use of MoS; as an
anode for PIBs: since the scientific literature is still in its infancy in this field, it is important
to identify a cheap, stable and reproducible material that can be used as a reference when
research groups develop new PIB electrodes and electrolytes. Moreover, further studies
are needed to ameliorate the use of layered transition sulphides and, especially, their
interaction with electrolytes (for which the introduction of specific additives is urgently
required). Overall, upscalable, cheap and reproducible PIB materials will be a milestone
to developing a reliable electrochemical energy storage system ready for integration with
already-established sustainable photovoltaics [59-63].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/batteries8110242/s1, Figure S1: XRD pattern of commercial MoS, powder and MoS; after ball
milling with C45 carbon additive, Na-CMC binder and water solvent; Figure S2: Cyclic voltammo-
gram at different scan rates obtained with a T-cell configuration, using potassium metal foil as counter
and reference electrodes, MoS, as working electrode and KPFg in EC:DEC 1:1 as the electrolyte; Fitted
lines calculated from CV curves; Figure S3: Charge-discharge profiles at different current densities;
Figure S4: Charge-discharge profiles in the first 5 cycles, obtained at 0.05 A g_l. Reference [64] has
been cited in Supplementary Materials.
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