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Abstract

The superior properties, such as large interlayer spacing and the ability to host large alkali-metal

ions, of two-dimensional (2D) materials based on transition metal di-chalcogenides (TMDs)

enable next-generation battery development beyond lithium-ion rechargeable batteries. In

addition, compelling but rarely inspected TMD alloys provide additional opportunities to tailor

bandgap and enhance thermodynamic stability. This study explores the sodium-ion (Na-ion) and

potassium-ion (K-ion) storage behavior of cation-substituted molybdenum tungsten diselenide

(MoWSe2), a TMD alloy. This research also investigates upper potential suspension to overcome

obstacles commonly associated with TMD materials, such as capacity fading at high current

rates, prolonged cycling conditions, and voltage polarization during conversion reaction. The

voltage cut-off was restricted to 1.5 V, 2.0 V, and 2.5 V to realize the material’s Na+ and K+ ion

storage behavior. Three-dimensional (3D) surface plots of differential capacity analysis up to

prolonged cycles revealed the convenience of voltage suspension as a viable method for

structural preservation. Moreover, the cells with higher potential cut-off values conveyed

improved cycling stability, higher and stable coulombic efficiency for Na+ and K+ ion half-cells,

and increased capacity retention for Na+ ion half-cells, respectively, with half-cells cycled at

higher voltage ranges.

Supplementary material for this article is available online

Keywords: sodium ion batteries, potassium ion batteries, 2D materials, TMDs, TMD alloys,

MoWSe2
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1. Introduction

Investigations of transition metal di-chalcogenides (TMDs)

that include MoS2, MoSe2, WS2, and WSe2 as electrodes in

electrochemical energy storage devices have increased in

recent years, encompassing practical research of traditional

Li+ ion-based rechargeable batteries and next-generation,

Earth-abundant sodium-ion batteries (NIBs) and potassium-

ion batteries (KIBs) [1–3]. However, TMD’s inherent draw-

backs (low electronic conductivity and severe volume change

during electrochemical redox reaction) yield undesirable

outcomes, such as menial reaction kinetics, capacity fading,

and intense polarization that decreases energy inefficiency

[4]. Strategies such as the interlayer expansion of lamellae to

enhance the intercalation reaction [5, 6], improve reaction

kinetics via conductive skeleton materials [7–9], and dis-

tinctive nanostructure formation to amplify rate capability and
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cycling efficiency [10–12] have been widely investigated.

However, these modification procedures usually require a

complicated synthesis route with convoluted parameters.

Nevertheless, several intercalating agents introduce impurities

within the material, further sacrificing the conductivity of

TMDs [13], while other utilized techniques induce regional

atomic disorder and generate a 1 T phase [6, 14]. In addition,

coupling with conductive materials such as graphene paper

and carbon additives supplementally reduces energy density.

Therefore, future research should include deterministic

methodical strategies.

Doping and alloying have been shown to effectively

tailor the intrinsic properties of TMDs, and a substitutional

alloying strategy can engineer TMD bandgaps. For example,

the substitution of anion and cation sites within MoS2 to

fabricate MoxW1−xS2, MoS2xSe2(1−x) has resulted in a tuned

bandgap of 1.8–2.0 eV and 1.6–1.9 eV, respectively [15, 16].

In addition, an informed choice of transition metal alloying

potentially increases the thermodynamic stability of ordered

materials with a wide bandgap tuning ability of approx. 1 eV

[17]. Because TMD materials have many atomic species, the

versatile chemistry of TMD alloys increases their potential for

engineering nanoscale applications. Consequently, TMD

alloys have already been utilized in a wide range of practical

devices, such as water splitting [18], photovoltaics [19], and

gas sensing [20].

Overall, current research regarding electrochemical

energy storage devices has focused on the application of

TMD alloys, but most of the research has highlighted their

usage in Li+ ion-based storage technologies [21–24], with

only a few investigations of Earth-abundant, beyond lithium-

ion (Li+ ion)-based storage opportunities. For example,

Mudgal et al investigated MoSeTe as an anode for NIBs, but

the study only investigated up to 10 cycles. Furthermore, few

studies have utilized anion-substituted TMD alloys, such as

MoSSe, with carbon additives, such as N-doped carbon [25],

rGO [26], and carbon nanotubes [27]. The aforementioned

techniques potentially decrease the energy density in a full

cell, thereby significantly affecting the charge transport due to

variations in bonding and relative position of TMD and car-

bon [28]. Hanna et al created anion vacancies to investigate

MoSSe in KIB storage applications by tediously optimizing

the Se:S ratio during alloying to tailor particular properties

[29]. Although a plethora of literature addresses anion-sub-

stituted TMD alloy for electrochemical energy storage devi-

ces, only a few investigations focus on cation-substituted

TMD alloy and even less focus on NIBs and KIBs. For

example, MoWSe2 has been investigated as a potential LIB

electrode, but the study considered using a three-electrode

system, which exceeds the scope of practical application [30].

This report investigates the applicability of MoWSe2, a

cation-substituted TMD alloy, beyond Li+ ion storage

application, specifically the Na+ and K+ ion storage proper-

ties of the MoWSe2 alloy and subsequent internal reactions.

This study also investigated the promise of MoWSe2 in Na-

ion and K-ion half-cells by reducing the upper potential

values to prevent structural distortion of the MoWSe2 alloy.

Although TMDs utilize both intercalation and conversion

reactions during alkali-metal ion storage and their structural

distortion occurs during prolonged cycling, previous studies

have indicated that structural integrity preservation plays a

decisive role in reaching the goal of stable capacity [31, 32].

The structural disintegration is even more prominent beyond

Li-ion storage technologies as Na+ and K+ ions are bulkier in

size and possess slower diffusion kinetics than Li+ ions. For

cation-substituted TMD alloys such as MoWSe2, a com-

paratively higher conversion reaction rate was expected than

the neat TMDs, potentially leading to severe structure pul-

verization, as proven by broadened peaks of the differential

capacity curves for both MoSe2 and WSe2. Therefore, the

upper potential suspension strategy was utilized to preserve

the crystal structure within the material-restricting pulveriza-

tion of the MoWSe2 alloy to achieve stability during rate

capability and the long-term cyclability test. The upper

potential cut-off approach revealed that MoWSe2 electrodes

cycled in a range of 0.01–1.5 V, with approximately 29%

higher capacity retention for Na+ ion half-cells due to the

restriction of specific reactions. Moreover, higher coulombic

efficiency was observed, reaching near 100% for a half-cell

cycle at 0.01–1.5 V. Therefore, the upper potential restriction

could be vital for studying Na+ and K+ ion storage in TMD

alloys to improve cycling stability.

2. Materials, methods, and characterization

2.1. Morphologic and spectroscopic characterization

This study carried out transmission electron microscopy

(TEM) and energy-dispersive x-ray spectroscopy on an FEI

Tecnai Osiris 200 kV. Selected area electron diffraction

(SAED) image was obtained using Phillips CM100 TEM.

Raman spectrum of the sample utilized a LabRAM ARAMIS

Jobin Yvon Raman spectrometer with a HeNe laser

(λ = 633 nm) as an excitation source. X-ray photoelectron

spectroscopy (XPS) data were obtained using a thermo sci-

entific equipped with a monochromatic Al anode Kα

(hν = 1486.6 eV) with in situ sputtering of Ar+ at 3.0 keV for

120 s. Scanning electron microscopy (SEM) images of the

disassembled cells were collected using Hitachi SU8010. The

IXRF system obtained the corresponding x-ray fluorescence

(XRF) spectrum.

2.2. Electrochemical characterization

The preparation of electrodes included 70 wt% of MoWSe2
powder as received (Ossila, 99.9%), 15 wt% of carbon black

(Alfa Aesar, 99.9%), and 15 wt% poly(vinylidene fluoride)

(Alfa Aesar) mixed with a few drops of 1-Methyl-2-pyrroli-

dinone (Sigma Aldrich) until a homogenous slurry was

achieved. The obtained slurry was coated onto a copper foil

with a thickness of 9 μm and dried at 80 °C overnight. The

obtained coating on the copper foil (125 μm thick) was cut

into circular sections with diameters of 14.29 mm, which were

used as working electrodes in Na+ ion and K+ ion half-cells,

where the counter electrodes were Na and K metal,
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respectively. The electrolytes for Na+ ion and K+ ion half-cells

were 1.0M NaClO4 (Alfa Aesar) in (1:1 v/v) Ethylene Car-

bonate (EC): Dimethyl Carbonate (DMC) (anhydrous, 99%

Sigma Aldrich) and 1.0M KPF6 (Alfa Aesar) in (1:1 v/v) EC:
DMC, respectively. All the half-cell assemblies utilized a high-

precision argon atmosphere with O2 and H2O contents below

0.1 ppm. An Arbin BT 2000 test unit was used to investigate

the electrochemical behavior of the assembled CR-2023 coin

cells under potential ranges of 0.01–1.5 V, 0.01–2.0 V, and

0.01–2.5 V. A rate capability test was done under asymmetric

cycling, in which sodiation and potassiation were carried out in

100mA g−1 current density, and desodiation and depotassia-

tion were carried out with stepwise increase and varying

current densities. In addition, the cycling stability of electrodes

was investigated under symmetric cycling conditions of

100 mA g−1 current density.

3. Results and discussion

3.1. Microscopic and spectroscopic analysis

Figure 1(a) shows the low-resolution TEM micrograph of the

MoWSe2 sheets with a 120° edge angle, which is typical for

TMD nanosheets. Figures 1(b) and (c) further illustrate the

sheet-like stacked structure of the MoWSe2, confirming the

existence of the bulk sheets. The fringes observed in

figure 1(c) were further analyzed to investigate the distance

between them. Specifically, the fast Fourier transform (FFT)

of figure 1(c), inverse FFT from the brightest spot, and finally,

the fringe intensity profile (figures S1(a)–S1(c), respectively)

were analyzed. The inter-fringe distance was found to be

approx. 0.28 nm—in agreement with the interlayer lattice

spacing value regarding (100) and (101) planes of hexagonal

MoSe2 and WSe2 [33]. Figure 1(d) shows the SAED pattern

of bulk MoWSe2 powder. TEM micrograph on the inset of

figure 1(d) shows the flake from where the SAED was

obtained. Specifically, the six-fold symmetrical spot pattern

reflection from the SAED indicates the polycrystalline nature

of the MoWSe2 flake. Individual spots were assigned to the

combination of (010), (220) planes of MoSe2 [34, 35] and

(001), (008) planes of WSe2 material [36].

Raman spectroscopy was used to characterize the bulk

MoWSe2 powder to confirm the presence of both Mo and W

species bonded with Se. In addition, Raman spectra of the

bulk MoSe2 and WSe2 powders were obtained and analyzed

for comparison with bulk MoWSe2 powder. The detailed

analysis of the bands originating from the Raman spectra of

MoSe2 and WSe2 bulk powders is provided in the supple-

mentary information figures S2(a)–(c). Figure S2(c) shows

Figure 1. (a) Low-resolution TEM images of the MoWSe2 flakes; (b), (c) high-resolution TEM images of MoWSe2 nanosheets; (d) six-fold
symmetrical SAED spot pattern generated from the MoWSe2 bulk flake shown in the index; (e) Raman spectrum of bulk MoWSe2 alloy
depicting different vibrational modes.
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the schematic of various vibration modes originating from

typical TMD materials. The A1g vibration mode arises from

the out-of-plane relative motion of the Se atoms concerning

the Mo/W atom being stationary. In contrast, the E1
2g vibra-

tion mode dictates the in-plane opposing vibration of Mo/W
and Se atoms, and the E1g mode defines the in-plane relative

vibrational motion of the chalcogen atoms (Se) [37].

The as-obtained Raman spectrum of MoWSe2 powder is

illustrated in figure 1(e), which shows the intense and pro-

minent out-of-plane A1g mode of Mo bonded with Se [38].

For the MoWSe2 alloy, the A1g mode shifted from 240.1 to

249.3 cm−1, depending on the composition of W ranging

from 0 to 1 in Mo1−xWxSe2. This shift in A1g mode origi-

nating due to linear dependence of W atoms indicates that the

examined sample typically possesses x = 0.5 fraction—fur-

ther indicating that the Mo : W ratio was 1:1 in the bulk

material [39]. Noticeably, this peak may look broader due to

the proximity of the A1g and E1
2g modes of WSe2 [40]. Peaks

at 171.27 cm−1 and 292 cm−1 were also observed due to the

E1g and E1
2g modes of MoSe2, respectively [41, 42]. Addi-

tionally, one weaker peak at 144.3 cm−1 originated from the

A1g-LA (longitudinal acoustic) mode of WSe2 due to single

degenerate vibrations of the lattice [43]. Modes such as E1g +

A1g, E1
2g + LA(M), and E1

2g + E1g, which are typically

observed in monolayer and bilayer materials, were noticeably

absent in the bulk MoWSe2 with the Mo and W ratio of 1:1

[39]. Moreover, in the bulk material, the B2g
1 mode was not

visible for being Raman inactive, typically originating due to

increased symmetry in the monolayer or bilayer materi-

als [44, 45].

Figure 2(a) shows the XPS survey scan of the MoWSe2
powder, and figures 2(b)–(d) present high-resolution scans of

the Mo 3d, W 4f, and Se 3d spectra, respectively. In addition

to the desired Mo, W, and Se elements, other peaks were

observed in the survey scan due to the sample preparation

process. The atomic wt% of the elements in the sample,

specifically Mo (7.96), W (10.61), and Se (26.57) maintain

close to a 1:1:2 stoichiometric ratio. The deconvolution of Mo

3d high-resolution spectra in figure 2(b) shows three distinct

peaks: the Mo 3d3/2 peak in the 231 eV region due to ele-

mental Mo species [46] (possibly due to the sputtering pro-

cess before XPS measurement) and two Mo 3d5/2 peaks in the

Figure 2. (a) XPS survey scan depicting the presence of different materials within MoWSe2; high-resolution (b) Mo 3d; (c) W 4f; (d) Se 3d
XPS spectra of the MoWSe2 material illustrating the chemical bonding states.
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230 eV and 228.3 eV regions, indicating the oxidized Mo

species [47] (due to the sample preparation process) and Mo

bonded with Se, respectively [48]. The peak-fitted W 4f

spectra revealed three peaks at 38.07 eV, 34.5 eV, and

32.3 eV (figure 2(c)), with the first peak being the W 4f5/2
peak from the oxidized WOx/W species [49] and the W 4f5/2
and W 4f7/2 peaks from the WSe2 species [50], respectively.

Finally, the deconvoluted Se 3d spectra (figure 2(d)) show

two Se 3d3/2 peaks at 55.7 eV and 55.3 eV, with the former

from the di-selenide moiety of MoSe2 [51] and the latter from

the WSe2 [52].

3.2. Electrochemistry

3.2.1. Na+ ion storage. This study investigated Na+ ion

electrochemical reactions during sodiation/desodiation in

the MoWSe2 electrode using characteristic galvanostatic

charge–discharge curves. The derived differential capacity

curves from the charge–discharge curves provided the

plateau regions of the charge–discharge curves as specific

peaks at 100 mA g−1. Figure 3(a) illustrates the sodiation/
desodiation within the potential range of 0.01–2.5 V. As

shown in the derived differential capacity curve in

supplementary figure S3(a), several peaks indicate a

mixture of reactions with MoSe2 and WSe2 within the

TMD alloy (MoWSe2) during the first-cycle sodiation. The

first-cycle sodiation curve has major peaks at 0.59 V,

0.53 V, 0.16 V, and 0.01 V, possibly due to the Na/Se
conversion reaction and the formation of the irreversible

solid electrolyte layer (SEI) (0.01 V), as shown in figure

S3(a) with an intense peak only in the first cycle. Previous

studies ascribed peaks near the approx. 0.5 V region to the

irreversible conversion reaction of MoSe2, and peaks

<0.25 V were ascribed to the conversion reaction from the

WSe2 conversion product [53–55].

Although both reactions of the MoWSe2 electrode

appeared in the first-cycle sodiation curves, peaks in the

1.48 V and 1.87 V regions began to appear in the second

cycle due to possible intercalation of Na+ ions into the

layers of MoWSe2, as visible up to the 50th cycle

(figures 3(b) and S3(a)). As mentioned, the peak intensity

decreased from the first to the 50th cycle, potentially

indicating fewer sites of MoWSe2 to facilitate the gradual

intercalation of Na+ ions. A notable peak shift of the 1.48 V

and 1.87 V reactions was observable in subsequent cycles to

lower potential values, as shown in the surface plot

(figure 3(b)) and the 2D plot (figure S3(a)). The shift for

the 1.48 V peak was 0.03 V, while the observed shift for the

1.87 V peak was 0.06 V for the 0.01–2.5 V electrode (figure

S3(a)). Noticeable peaks were observed at 0.1 V, 1.73 V,

and 2.1 V (figure S3(a)) in the first-cycle desodiation curve,

of which the 1.73 V and 2.1 V peaks may be due to the

reverse conversion and intercalation reactions, respectively.

Previous literature has attributed the approx. 1.7 V peak to

the extraction of Na+ ions from WSe2 electrodes or the

reverse conversion reaction, but the 2.1 V is due to the

reverse Na–Se reaction or the reverse intercalation reaction

[56]. Although a shift of 0.04 V was observed for the 1.73 V

peak up to the fifth cycle, the 2.1 V peak showed no such

phenomenon (figure S3(a)). Previous studies have sug-

gested that the shift of peak locations to higher potential

values during charge and lower potential values during

discharge are due to resistive and diffusive polarization

effects [57]. Because a lower voltage shift of peaks was

discerned for the intercalation reaction, the conversion

reaction may cause the most polarization effect. Moreover,

the three-dimensional (3D) differential capacity curves of

the desodiation cycle in figure 3(c) show that the 0.1 V peak

continues up to 140th cycle with slight polarization from the

100th cycle. In addition, the surface plot shows that the

2.1 V and the 1.73 V merge into one 1.73 V peak up to the

75th cycle and then eventually decrease in intensity,

indicating a permanent structural change after the specific

cycle.

The MoWSe2 electrode was cycled within the potential

range of 0.01–2.0 V in similar conditions. The characteristic

differential capacity curve (figure S3(b)) derived from the

galvanostatic charge–discharge curve (figure 3(d)) of the half-

cell showed the same peaks, indicating no unique reactions

due to upper voltage cut-off values. For the 0.01–2.0 V cell,

several peaks typically due to conversion and intercalation

reactions appeared at 1.25–2.0 V, with the center peak at

1.73 V (figure 3(e)). The 1.73 V peak was visible up to the

90th cycle, as shown in the surface plot (figure 3(e)) with a

green peaked contour profile, comparatively better than the

0.1–2.5 V cell, indicating the advantage of upper voltage

suspension for structural stability. Although the peak shift of

the desodiation curve (figure 3(f)) showed values similar to

the 0.01–2.5 V cell, higher values of the shift were observed

for the peak at 1.73 V, indicating a change in 0.06 V up to five

cycles.

When the MoWSe2 electrode was cycled in the potential

range of 0.01–1.5 V (figure 3(g)), the derived differential

capacity curve (figure S3(c)) showed no prominent peaks

except the conversion reaction peaks of the first-cycle

desodiation, indicating that voltage restriction prevents most

of the redox reaction. However, a low intense peak was

observed in the 1.5 V region in the desodiation curve,

potentially due to a partial intercalation reaction at a lower

voltage that does not fade away until the 50th cycle. Although

the peaks in the sodiation (figure 3(h)) and desodiation

(figure 3(i)) curves originating from the cell cycled at

0.01–1.5 V range were less intense than the other two cells

cycled within different potential ranges, they were apparent

up to the 140th cycle with consistent height (yellow for the

sodiation curve and red for the desodiation curve in

figures 3(h) and (i), respectively), indicating possible structure

retention in harsh and prolonged cycling. Furthermore, the

conversion reactions (<0.7 V region in green in the 3D

surface plot in figure 3(h)) inside the material were also

visible up to the 140th cycle, with high intensity (shown in

red in figure 3(i)) for the first 20 cycles and lower intensity

(shown in green in figure 3(i)) for the remaining 120 cycles.
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The performances of the three electrodes at different

voltage ranges were tested in gradually increasing current

densities of 100, 200, 400, 600, and 800 mA g−1 for five cycles

and then returned to original current densities, as shown in

figure 4(a). Both the 0.01–2.5 V and 0.01–2.0 V cells showed

higher charge capacity (353 mAh g−1 and 372 mAh g−1,

respectively) than the 0.01–1.5 V cycled cell (149 mAh g−1
) in

the initial cycles, but as shown in figure 4(a), in higher current

densities, the 0.01–2.5 V cycled cell and the 0.01–2.0 V cycled

cell showed gradual capacity fading. Less capacity fading was

observed in the 0.01–1.5 V cycled cell. In the 5th, 10th, 15th,

20th, and 25th cycles, the 0.01–1.5 V cell showed 70%, 86%,

91%, 93%, and 95% capacity retention, respectively, con-

stantly approx. 20%–30% higher than the other two electrodes,

indirectly suggesting that the upper cut-off voltage significantly

restricts capacity fading, leading to increased capacity retention

and decreased structural distortion of the MoWSe2 material.

Following the rate capability test, the same cells were cycled at

100 mA g−1 current density for 100 cycles. As illustrated in

figure 4(a), the capacity of the 0.01–2.5 V, and 0.01–2.0 V cells

almost overlapped with the 0.01–1.5 V cell showed robust

capacity up to the 140th cycle. In order to further emphasize

the merits of voltage cut-off technique, three additional cells

were assembled and cycled at 100 mA g−1, for performace

evaluation at fixed cycling current. All three cells displayed

low coulombic efficiency at the initial cycle, possibly due to

the side reactions from electrolyte reduction in the initial

cycle [58].

Figure 4(a) also shows that the high coulombic efficiency

of the 0.01–1.5 V cycled cell exceeded 90% during the rate

capability test at the seventh cycle for the Na+ ion half-cell,

while the coulombic efficiency was 4%–5% lower for the

other two cells. A similar trend of coulombic efficiency was

observed for the newly assembled cells cycled at three

potential ranges during the stability test (figure S4). In such

conditions, the merit of upper voltage cut-off experiment was

more apparent as the 0.01–2.5 V cell showed the most

capacity degradation (starting from second cycle onwards),

Figure 3. Investigation of Na+ ion storage behavior: (a) Galvanostatic charge–discharge curves of MoWSe2 electrode cycled within
0.01–2.5 V; differential capacity curves of (b) 1st–140th sodiation cycles, (c) 1st–140th desodiation cycles of 0.01–2.5 V MoWSe2 electrode;
(d) Galvanostatic charge–discharge curves of MoWSe2 electrode cycled within 0.01–2.0 V; differential capacity curves of (e) 1st–140th
sodiation cycles, (f) 1st–140th desodiation cycles of 0.01–2.0 V MoWSe2 electrode; (g) Galvanostatic charge–discharge curves of MoWSe2
electrode cycled within 0.01–1.5 V; differential capacity curves of (h) 1st–140th sodiation cycles, (i) 1st–140th desodiation cycles of
0.01–1.5 V MoWSe2 electrode.
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while the 0.01–1.5 V was relatively stable. Figure 4(b) shows

capacity retention (derived from figure S4) during the

prolonged cycling period, where the cells with lower cut-off

values (0.01–2.5 V) degrade fast—reaching 6.98% capacity

retention in the 100th cycle. On the other hand in the 100th

cycle, the capacity retention of the 0.01–1.5 V cell was 16%

and 29% higher than the 0.01–2.0 V cell and 0.01–2.5 V cell,

respectively, highlighting the benefits of the upper voltage

cut-off for stable cycling conditions. Noticeably, capacity

fading was also observed in case of the 0.01–1.5 V cell till the

14th cycle.

3.2.2. K+ ion storage. K+ ion storage behavior within the

MoWSe2 electrodes was investigated similarly. The

differential capacity curve (figure S5(a)) derived from the

charge–discharge curve (figure 5(a)) of the MoWSe2
electrode cycled within the potential range 0.01–2.5 V

indicated a combined reaction of MoSe2 and WSe2
material. Noticeably in figure 5(a), two prominent voltage

plateaus were observed for KIB cells, while in NIB cells, one

prominent plateau existed. The differential capacity curves

further highlight the assignment of such plateaus. As shown

in figure S5(a), the first cycle potassiation differential capacity

curve reveals four prominent peaks and broad features below

the 1 V region. These four peaks, which occur at 0.19 V,

0.36 V, 0.4 V, and 0.79 V and then disappear in subsequent

cycles, were likely due to the irreversible conversion reaction

associated with structural change and SEI layer formation.

The peak at 0.79 V was attributed to K+ ions interacting with

MoSe2 within the MoWSe2 alloy [3]. In comparison, the

broadening of the peak at 0.36–0.5 V was correlated with the

K+ ion interaction with the WSe2 layer of the MoWSe2 alloy.

The peak at 0.17 V was ascribed to an irreversible conversion

reaction of WSe2 regions within the MoWSe2 alloy and the

formation of the SEI layer [59, 60]. Therefore, all the metals

were assumed to participate in different electrochemical

reactions with K+ ions. After the first-cycle reactions, one

peak at 1.24 V appeared from the second cycle onwards

Figure 4. (a) Rate capability and consecutive cycling stability tests for investigating Na+ ion storage behavior of half-cells cycled within
different potential ranges; (b) capacity retention (%) during Na+ ion storage of different half-cells cycled at various potential ranges
throughout cycling stability test derived from figure S4.
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primarily due to the reduction of Se from the MoWSe2 to

K2Se (figure S5(a)), otherwise known as the reduction of

metal selenide particles to form ultrafine crystals [61].

However, this peak shifted 0.05 V from the last place in the

fifth cycle, potentially leading to polarization (figure S5(a)).

The peak at 0.79 V continued until 0–20 and 40–60 cycles

with decreasing intensity (shown in blue in figure 5(b)),

thereby skipping the harsh current rates. Similar behavior was

observed in the 1.24 V peak, in which a broad peak from

1.3 to 2.0 V was observed in the first to the fifth

depotassiation cycle (figure S5(a)), with a prominence at

1.59 V in the first cycle, indicating a multistep reaction.

Previous studies have identified peaks at 1.68 V and 2.06 V as

phase transformations of K2Se to K2Sen and Se [60], and the

high voltage 1.73 V peak has been associated with the

oxidation reaction of metallic Mo to reform MoSe2 [62]. The

prominent 1.73 V peak showed a shift of 0.02 V up to five

cycles (figure S5(a)), and peaks at 1.3–2.0 V became less

prominent as the cycling continued, partially disappearing

midway during high current density cycling (shown in blue in

figure 5(c)), losing their prominence in the 90th cycle (red to

yellow on figure 5(c)), and continuing as a single, less intense

peak up to the 140th cycle, as shown in figure 5(c). The

0.36 V peak showed polarization behavior moving up to

0.5 V at the end of the cycling.

For the half-cell cycled in the 0.01–2.0 V potential range

(charge–discharge curve of figure 5(d) transformed into the

differential capacity curve in figure S5(b)), all the same

reactions as 0.01–2.5 V cell occurred since no other reactions

were observed, thereby confirming the logic of restricting the

potential range to 2.0 V for K+ ion storage. A similar

behavior was observed in the potassiation cycle (figure 5(e))

for the 0.01–2.0 V cell compared to the 0.01–2.5 V cell

(figure 5(b)), where, for the depotassiation cycle, the 3D

differential capacity curve in figure 5(f) shows that the 0.36 V

curve maintains its intensity to the 140th cycle while

Figure 5. Investigation of K+ ion storage behavior: (a) Galvanostatic charge–discharge curves of MoWSe2 electrode cycled within
0.01–2.5 V; differential capacity curves of (b) 1st–140th potassiation cycles, (c) 1st–140th depotassiation cycles of 0.01–2.5 V MoWSe2
electrode; (d) Galvanostatic charge–discharge curves of MoWSe2 electrode cycled within 0.01–2.0 V; differential capacity curves of (e) 1st–
140th potassiation cycles, (f) 1st–140th depotassiation cycles of 0.01–2.0 V MoWSe2 electrode; (g) Galvanostatic charge–discharge curves
of MoWSe2 electrode cycled within 0.01–1.5 V; differential capacity curves of (h) 1st–140th potassiation cycles, (i) 1st–140th depotassiation
cycles of 0.01–1.5 V MoWSe2 electrode.
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undergoing a slight voltage shift and reaching 0.5 V.

Although the peaks at the 1.3–2.0 V region survived the

harsh cycling conditions, shown by the reactions up to the

140th cycle in figure 5(f) which highlights the benefit of

upper voltage suspension, the peaks narrow in size at

1.6–2.0 V in the last cycles.

For the cell cycled in the potential range of 0.01–1.5 V

(figure 5(g)), the potassiation differential capacity curve

presented the conversion reactions in the first cycle. The

potassiation curve for cycles 2–140 contained only one peak

at 1.06 V and then gradually became less intense, indicating

the possible continuation of the intercalation reaction and

subsequent preservation of the crystal structure (figure 5(h)).

In the depotassiation curve (figure 5(i)), the peak at 1.5 V

occurred until the 140th cycle, indirectly proving that upper

voltage suspension leads to longer reaction preservation in

TMD alloys. The 0.36 V depotassiation peak also maintained

uniform intensity throughout the harsh and prolonged cycling,

showing hysteresis behavior during cycling at high current

densities in which the peak moved to 0.5 V at the highest

current density of 800 mA g−1, implying that hysteresis may

also increase at higher current densities (figure 5(i)).

The performances of the three electrodes were tested at

different voltage ranges in gradually increasing and decreas-

ing current densities of 100, 200, 400, 600 and 800 mA g−1

for five cycles up to the 25th cycle and then returned to the

original current densities, as shown in figure 6. In the initial

five cycles, both the 0.01–2.5 V and 0.01–2.0 V cells showed

higher charge capacity (291 mAh g−1 and 227 mAh g−1,

respectively) than the 0.01–1.5 V cycled cell (168 mAh g−1
).

However, as shown in figure 6, in higher current densities, the

0.01–2.5 V cycled cell and the 0.01–2.0 V cycled cell showed

gradual capacity fading. In comparison, less capacity fading

was observed in the 0.01–1.5 V cycled cell. In cycles 26, 31,

36, and 41 the cell cycled up to 1.5 V showed 76%, 91%,

93%, and 95% capacity retention, respectively, consistently

approx. 10%–20% higher than the other two electrodes,

suggesting that upper cut-off voltage restricts capacity fading.

Higher voltage cut-off values may also decrease structural

distortion of the MoWSe2 material for K+ ion storage.

After the rate capability test, the cells were cycled at

100 mA g−1 current density for additional 100 cycles. As

illustrated in figure 6, although the charge capacity of

0.01–2.5 V and 0.01–2.0 V cells overlapped, the 0.01–1.5 V

cell showed stable and slightly higher charge capacity.

However, the benefits of upper voltage restriction were more

apparent in coulombic efficiency chart, where the 0.01–1.5 V

cell demonstrated high cycling efficiency (near 100%) during

stability test after the rate capability. In contrast, the 0.1–2.0 V

cell constantly showed much lower (approx. 80%) coulombic

efficiency during rate capability and consequent stability test,

while the coulombic efficiency of the 0.01–2.5 V cell was the

lowest at approx. 70% (figure 6). This can be correlated with

possible electrolyte consumption and structural degradation of

the cells cycled at lower cut-off voltages.

4. Post-cycling analysis

To investigate the possible reasons for capacity fading of cells

cycled at certain voltage range and consecutive higher capa-

city gain of cells cycled at higher cut-off voltages, selective

spent cells were disassembled in an inert atmosphere, washed

with DMC solvent for separator fiber and electrolyte con-

taminant desolvation. Digital camera images of electrodes

cycled in 0.01–1.5 V and 0.01–2.5 V range are shown in

figures S6(a)–(d). The recovered electrodes for the 0.01–2.5 V

range (figures S6(a), (b) showed signs of significant damage.

This damage can be correlated to the substantial volume

change experienced by traditional TMD during alkali-metal

ion accommodation, conversion reactions, and subsequent

loss of adhesion (peel-off) of active materials from the current

Figure 6. Rate capability and consecutive cycling stability tests for investigating K+ ion storage behavior of half-cells cycled within different
potential ranges.
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collector [63–65]. Hence, SEM analysis of such electrodes

was avoided.

On the other hand, the electrodes cycled in the

0.01–1.5 V range experienced significantly less damage

(figures S6(c), (d))—the active material was still retained on

the copper current collector. The above electrodes were fur-

ther analyzed using SEM and XRF (elemental analysis) and

compared with the uncycled MoWSe2 electrode. As can be

seen in figures 7(a)–(c), the neat electrodes possessed smooth

geometrical features with somewhat homogeneous dispersion

of micron-size MoWSe2 particles. The XRF spectra of the

electrode (figure S7(a)) showed the presence of Mo, W, Se,

and C (originating from the binder and conductive agent

particles) elements. The SEM micrograph (figure 7(d)) of the

disassembled electrode, cycled in the 0.01–1.5 V (v/s Na+)

range, shows a relatively smooth surface geometry similar to

the uncycled electrode. Insertion of Na+ ions into the

MoWSe2 sheets may be realized from figures 7(e), (f), which

resembles textbook page-like puffy flakes with dimensions in

the micrometer range. The corresponding XRF spectrum in

figure S7(b) shows the presence of Mo, W, and Se peaks

(elemental composition similar to the neat electrode for the

alloy TMD)—the Na and O peaks and traces of Cl and C are

mainly attributed to NaClO4 salt in organic electrolyte.

Compared to the Na+ ion half-cells, the K+ ion disassembled

half-cell electrodes showed surface cracks (marked in

figure 7(g))—approximately micrometer in dimension

(marked in figure 7(h)), with traces of separator fibers on the

surface. These surface cracks can be correlated to the strain

induced within the MoWSe2 flakes during prolonged cycling.

The XRF spectra in figure S7(c) of 0.01–1.5 V cycled K+ ion

half-cells show the Mo, W, and Se elements along with large

amounts of K (due to K+ ion insertion into the material) and

traces of electrolyte elements (e.g. P and F arising from the

salt, and C arising from the solvent, conducting agent and

binder). The lower capacity of K+ ion half-cells at different

voltage ranges in comparison with Na+ ion half-cells can be

well correlated with the higher ionic radius of K+ ions and the

surface cracks visible from the post-cycled electrodes likely

originating during repeated potassiation and depotassiation.

Overall, the usefulness of the voltage cut-off technique in

determining the optimum charge/discharge voltage potentials
(for maximum capacity retention for a given class of electrode

materials) is further emphasized by post-cycling analysis. The

electrodes charged to 2.5 V reveal significant damages in

contrast with the electrodes charged to 1.5 V, which main-

tained the stoichiometry and layered morphology of MoWSe2

Figure 7. SEM micrographs of (a)–(c) Neat MoWSe2 electrode showing smooth surface with MoWSe2 sheet dispersion; (d)–(f) disassembled
MoWSe2 Na

+ ion half-cell electrode cycled within 0.01–1.5 V showing exfoliated flakes; (g)–(i) disassembled MoWSe2 K
+ ion half-cell

electrode cycled within 0.01–1.5 V showing microcracks generated due to cycling.
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even after harsh (high C-rate) and prolonged cycling

conditions.

5. Conclusion

This research is the first work to study the Na+ and K+ ion

storage behavior of cation-substituted MoWSe2 alloy.

Because traditional TMDs experience side reactions and

significant volume changes that lead to capacity fading and

instability during prolonged cycling in LIB, similar or more

significant material degradation for long cycling for beyond

lithium alkali metal-ions was expected from cation-sub-

stituted TMD alloys such as the MoWSe2. Therefore, this

study restricted the potential range for charge–discharge to

prevent structural disorientation. When cycled at potential

ranges of 0.01–2.5 V, the MoWSe2 showed continuous

capacity degradation during rate capability and cycling sta-

bility tests, indicating structural and chemical degradation, as

confirmed by 3D differential capacity surface plots and

electron microscopy. Suspension of the potential range to

0.01–2.0 V led to 16% better capacity retention for Na+ ion

half-cells, and additional potential range restriction to

0.01–1.5 V resulted in approx. 29% higher capacity retention

than the 2.5 V cycled cell. High coulombic efficiency was

observed in the cell with voltage potential range of

0.01–1.5 V, especially in the K+ ion half-cells. Reaction

analysis of the differential curve showed that high upper

voltage suspension restricts specific undesirable reactions

during sodiation/desodiation or potassiation/depotassiation

and therefore helps preserve the crystal structure of the TMD

alloy. The intercalation and conversion reaction occurred for

the cells cycled within high potential ranges (0.01–2.0 V and

0.01–2.5 V), and crystal structure distortion occurred at the

initial cycling stages, leading to capacity fading, shown in the

3D differential capacity curve. Noticeably, the benefits of

upper voltage cut-off were more apparent in case of Na+ ion

half-cells in contrast to the K+ ion half-cells during long term

cycling. SEM micrographs of cycled cells with higher voltage

cut-off showed smooth geometry retention in the case of Na+

ion half-cell electrodes and microcracks evolution due to

potassiation/depotassiation, which is indirect evidence of

strain-induced within. Therefore, this study demonstrated that

regulating the operating potential range strongly influences

structural preservation, thereby expediting electrochemical

performance, specifically cycling stability, capacity retention,

and coulombic efficiency of layered MoWSe2. Although full

capacity retention from higher voltage cut-off (or cycling

within a lower potential range) was not realized, this study

nevertheless lays the ground for utilizing the upper voltage

cut-off technique combined with composite electrode forma-

tion for future investigations regarding the search of next-

generation NIB and KIB anodes.
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