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Nanosized Chevrel phases for dendrite-free
zinc—ion based energy storage: unraveling the
phase transformationsf
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The nanoscale form of the Chevrel phase, MogSg, is demonstrated to be a highly efficient zinc-free anode
in aqueous zinc ion hybrid supercapacitors (ZIHSCs). The unique morphological characteristics of the
material when its dimensions approach the nanoscale result in fast zinc intercalation kinetics that surpass
the ion transport rate reported for some of the most promising materials, such as TiS, and TiSe,. In situ
Raman spectroscopy, post-mortem X-ray diffraction, Hard X-ray photoelectron spectroscopy, and
density functional theory (DFT) calculations were combined to understand the overall mechanism of the
zinc ion (de)intercalation process. The previously unknown formation of the sulfur-deficient Zn, gMo15S19
(Zn16M0gS76) phase is identified, leading to a re-evaluation of the mechanism of the (de)intercalation
process. A full cell comprised of an activated carbon (YEC-8A) positive electrode delivers a cell capacity of
38 mA h g~! and an energy density of 43.8 W h kg™ at a specific current density of 0.2 A g~%. The excel-
lent cycling stability of the device is demonstrated for up to 8000 cycles at 3 A g~* with a coulombic
efficiency close to 100%. Post-mortem microscopic studies reveal the absence of dendrite formation at

rsc.li/nanoscale

1. Introduction

Electrochemical systems, including batteries, supercapacitors,
and hybrid devices (also known as “supercapatteries”), are set
to play an increasing role in storage of electricity generated
from renewable sources such as solar, wind, and tidal
inputs.’™ Lithium-ion batteries (LIB) continue to dominate
the energy storage market, due to their high energy density.*
There are, however, increasing concerns about the sustainabil-
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the nanosized MogSg anode, in stark contrast to the state-of-the-art zinc electrode.

ity of LIBs: the use of highly flammable organic electrolytes
leads to safety challenges. Additionally, the uneven distri-
bution of lithium resources has encouraged the development
of post-LIB systems.? One promising alternative is the use of
zinc-based energy storage devices with mild aqueous electro-
Iytes for grid-level energy storage. These devices have the
advantages of simple manufacturing, high theoretical capacity
(820 mA h g™"), abundant and low-cost raw materials, as well
as higher intrinsic safety.>® In recent years, there has been sig-
nificant progress towards the development of -cathode
materials that deliver high energy density in zinc-based energy
storage devices. In particular, manganese-based materials,
various organic (e.g., quinone derivatives, conductive polymers
and dyes) as well as inorganic (e.g., Prussian blue analogues)
hosts and vanadium-based ionic conductors (e.g., NASICON)
have been reported as highly efficient cathodes for zinc-ion
batteries (ZIBs).>”® In parallel, several types of activated
carbon have been effectively used as cathodes in zinc-ion
hybrid supercapacitors (ZIHSCs). However, all of these devices
require a bulk zinc electrode as anode to compensate for the
issues of dendrite growth and corrosion, which lead to low
columbic efficiency during the zinc plating/striping process.”
As a result, the actual energy and power densities of most zinc-
ion batteries and supercapacitors are significantly lower than

Nanoscale, 2024, 16, 13597-13612 | 13597


http://rsc.li/nanoscale
http://orcid.org/0000-0002-5240-2728
http://orcid.org/0000-0002-1453-5327
http://orcid.org/0000-0003-4037-7331
http://orcid.org/0000-0002-3207-8406
http://orcid.org/0000-0001-5950-1350
http://orcid.org/0000-0002-9335-4451
https://doi.org/10.1039/d4nr01238k
https://doi.org/10.1039/d4nr01238k
https://doi.org/10.1039/d4nr01238k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr01238k&domain=pdf&date_stamp=2024-07-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01238k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016028

Open Access Article. Published on 20 June 2024. Downloaded on 1/23/2026 5:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

their theoretical values. In addition, aqueous zinc-ion energy
storage devices often exhibit poor cycling stability due to the
high rate of hydrogen gas evolution produced by the parasitic
process of water splitting over the zinc metal anode.’
Consequently, it becomes evident that the use of metallic zinc
anodes poses serious challenges. Currently, there are ongoing
efforts to suppress the formation of Zn dendrites by using elec-
trolyte additives, establishing an artificial solid electrolyte
interphase (SEI) layer, and alloying Zn with other transition
metals such as Cu.'”"! However, these approaches have their
own drawbacks, namely increased battery cost and decreased
specific and volumetric energy density in the case of electrolyte
additives, instability issues of the deposited film when using
an artificial SEI layer and reduced specific capacity for Zn-alloy
anodes due to the decrease of the Zn active constituents upon
alloying.

Based on the acquired knowledge from lithium metal bat-
teries, it is of paramount importance to develop a zinc metal-
free anode that can reversibly intercalate/de-intercalate Zn ions
and hence potentially address the Zn dendrite issue.'” Ideal
intercalation anodes should have low intercalation potential
vs. Zn**/Zn, be electrochemically stable during charging/dis-
charging, have good electronic conductivity, and high capacity.
Currently, there are few materials that have shown the ability
to intercalate Zn ions. These include layered-2D titanium di-
sulfide (TiS,) with an intercalation potential of 0.4 V vs. Zn*"/
Zn in aqueous electrolyte,"® TiSe, with a sloping discharge
plateau at +0.35 V vs. Zn>*/Zn and a discharge capacity of
~63 mA h g7' at 0.3 A g7, as well as hexagonal MoOj; that
exhibits a discharge potential of ~0.37 V (vs. Zn**/Zn) and a
discharge capacity of 80 mA h g~ at 0.5 A g~ ".'* However,
potential zinc-ion-free anodes are not limited to inorganic
materials; organic hosts such as carbonyl-rich molecules (pery-
lenetetracarboxylic dianhydride or PTCDA, and perylenetetra-
carboxylic diimide or PTCDI) demonstrate promising charac-
teristics as anodes."® There are major disadvantages associated
with these materials, including their significantly lower electri-
cal conductivity compared to the inorganic alternatives,
limited cycling stability, high discharge potential (vs. Zn>*/Zn)
and/or low discharge capacity, which severely limit their use in
practical systems.

As a host material for different mono/multivalent ions,
Chevrel phases (CPs), M;Mo¢Ts (M = metal; T = S, Se, or Te),
are appealing because of their characteristic chemical interca-
lation properties for lithium, sodium, magnesium, calcium,
manganese, iron, cobalt, nickel, and zinc.'®*® CPs exhibits a
relatively low discharge potential of 0.32 V vs. Zn**/Zn, being
the lowest reported among Zn-free anode candidates. However,
the low cycle stability, possibly due to the micro-sized structure
of the prepared material, impedes its wider use.'® Recently,
our group reported the facile, rapid and highly controllable
synthesis of nanostructured CPs. The unique structural charac-
teristics of the prepared material in combination with its high
electrical conductivity renders it a promising anode material,
exhibiting fast lithium ion (de)intercalation kinetics and high
cycling stability.>*>!
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Inspired by the compelling physicochemical properties of
the nano-sized MogSg, we explore its applicability as a Zn-free
negative electrode for ZIHSC. It is worth mentioning that to
the best of our knowledge, there are no previous reports on
the use of CPs as an anode material in ZIHSC. On this
basis, a complete and systematic physicochemical study of
CPs electrochemistry in zinc electrolytes has been conducted.
Most notably, the formation of the sulfur-deficient phase
Zn, ¢Mo;5S;9 has been identified, providing novel insights
into the long-standing debate of Zn-ion trapping. With this
knowledge, we have developed a ZIHSC with a nano-sized
structure (de)intercalation battery-type anode and activated
carbon (AC) double layer capacitance-type cathode using a
2 M ZnSO, aqueous electrolyte. When compared with the
traditional hybrid supercapacitor where zinc metal serves as
the anode, the developed device has the following merits: (a)
the use of a Zn-free anode prevents dendrite formation
during the charge/discharge process and thus increases the
coulombic efficiency while simultaneously reducing safety
risks, (b) fast zinc ion diffusion into the MogSs cavities as
evidenced by means of the galvanostatic intermittent titra-
tion technique (GITT) renders the MosSg anode compatible
with the AC cathode, (c) the use of aqueous ZnSO, electro-
Iyte is cost-effective and “eco-friendly”, in contrast to the
organic electrolytes commonly used. The MogSg showed a
multistep zinc ion (de)intercalation process with an average
discharge potential of ~0.32 V vs. Zn**/Zn, and reversible
discharge capacity of ~66 mA h g™" at the current density of
0.1 A g '. As a result, the assembled ZIHSC achieves a high
capacity of ~38 mA h g™ (0.2 A g') and a superior energy
density of 43.8 W h kg™'. Notably, the power density
remains as high as 2500 W kg™' and the energy density is
maintained at 25 W h kg™' when the current density is
increased to 2 A g~'. Moreover, the device shows extended
cycle life of up to 8000 cycles at a moderate current density
of 3 A g~'. Furthermore, microscopic studies of the cycled
electrode revealed the complete absence of zinc dendrites.

2. Experimental section and methods

2.1. Materials and methods

Molybdenum(0) powder (1-5 pm, >99.9%), molybdenum(0)
hexacarbonyl (98%), tetraethylthiuram disulfide (>97%), zinc
sulfate heptahydrate (>99%) and zinc chloride(>98%) were
purchased from  Sigma-Aldrich.  Copper(u)  dibutyl-
dithiocarbamate (>98%) was purchased from Tokyo Chemical
Industry (UK) Ltd. The activated carbon (AC, grade YEC-8 A)
was purchased from Fuzhou Yihuan Carbon Co., Ltd (China).
Ultrapure water (resisitivity = 18.2 MQ cm, Milli-Q Direct 8)
was used in all electrochemical studies. All the chemicals were
used without further treatment.

2.2. Synthesis of Cu,Mo0,Sg nanocubes

The synthesis of Cu,Mo4Sg was carried out according to our

previous reports and is schematically illustrated in

This journal is © The Royal Society of Chemistry 2024
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Fig. $1.12%*! Briefly, stoichiometric amounts of tetrakis(di-
ethyldithiocarbamato) molybdenum(wv) (1.4 g, 2 mmol), Mo
(0.2 g, 2 mmol), and copper(u) dibutyldithiocarbamate,
(0.5 mg, 1.3 mmol) powders were thoroughly mixed using a
pestle and mortar. All powders were then compressed into
pellet form, with a diameter of 11 mm, using a hydraulic
press at 20 tonnes to ensure better homogeneity and avoid
phase separation. The pellet was centred in a ceramic boat
inside a tube furnace and the system was purged with argon
gas for 20 minutes. Finally, the temperature was gradually
increased to 800 °C (3 °C min™') and kept under Ar for
7 hours at this temperature. Subsequently, the prepared
Cu,Mo,Sg powder was dispersed and stirred for 10 h in 6 M
HCl solution (Fisher Scientific, Inc.). The solution was
purged with oxygen to facilitate Cu leaching. The solution
was centrifuged, and the resulting material was washed
several times with de-ionized water and dried at 80 °C over-
night to obtain MogSg. Furthermore, it is worth mentioning
that copper can be successfully leached electrochemically
from the neat Chevrel phase (a detailed process can be
found in the ESI (Fig. S27)).

2.3. Material characterisation

The structure of the prepared materials was investigated by
powder X-ray diffraction (P-XRD) using an XRD5-PANalytical
X'Pert Pro diffractometer with Cu Ka radiation (1 = 1.5406 A)
operating at 40 kV. The (26) data were recorded in the range of
10° to 80°. The morphology of the active materials was ana-
lysed with a field-emission scanning electron microscope
(FE-SEM, Quanta 650) equipped with energy-dispersive X-ray
(EDX) at 15 kV. The sample was dried and then placed over a
conductive carbon tape substrate. The Raman spectra were
recorded using a Renishaw inVia Confocal microscope with a
523 nm excitation laser operated at a power of 0.274 mW with
a grating of 1800 lines per mm and 50x objective. The in situ
Raman cell was purchased from ECC-Opto-Std (EL-Cell GmbH,
Hamburg, Germany). The cell comprised of a free-standing
Mo,S;s film (positive electrode) pressed on a titanium foil sub-
strate that contained a small hole in its middle (diameter ca.
1 mm). A glass membrane (7 mm diameter) soaked with 2 M
ZnS0, electrolyte was used as a separator and zinc metal as a
counter and reference electrode. The laser beam was shone
through a small hole in the centre of the Ti substrate that was
covered with a thin glass window on the back of the free-stand-
ing MogSg film. The Raman spectra were collected at various
voltages during the charging/discharging process at 1 mV s~ .
Hard X-ray Photoelectron Spectroscopy (HAXPES) was per-
formed using monochromated Ga Ko metal jet X-ray radiation
(9252 eV, 3.57 mA emission at 250 W, micro-focussed to
50 pm) and an EW-4000 high voltage electron energy analyser
(HAXPES-Lab, Scienta Omicron GmbH); the instrument has a
base vacuum pressure of 5 x 107'° mbar.>>** The entrance slit
width used was 1.5 mm, and the pass energies used for survey
and core level spectra were 500 and 100 eV respectively, with
total energy resolutions of 2.0 and 0.6 eV respectively, as
measured using the FWHM of the Au 4f,, core level on a clean

This journal is © The Royal Society of Chemistry 2024
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gold reference sample.”” The HAXPES instrument also has a
monochromated Al Ka X-ray source (1486 eV, 20 mA emission
at 300 W) for surface-sensitive XPS at the same sample posi-
tion. Charge neutralisation for insulating samples is achieved
using a low energy electron flood source as required (FS40A,
PreVac). Binding energy (BE) scale calibration was performed
using Au 4f;, at 84 eV of a clean gold reference sample, other-
wise C 1s at 284.8 eV BE, if the flood source was used. Analysis
and curve fitting was performed using Voigt-approximation
peaks using CasaXPS.>* Core level relative sensitivity factors
for HAXPES quantification were calculated according to pre-

vious reports.>*?*

2.4. Electrochemical characterisation

The zinc storage performance of the prepared MosSg was
tested in a three-electrode configuration. The working elec-
trode was prepared by mixing 9 mg of active material with
1 mg of carbon black (“Super P”, supplied by Alfa Aesar, 99+
% metals basis). The mixed powder was then dispersed in
1 ml of a 4:1 water/ethanol mixture, followed by addition of
45 pL of Nafion® solution. The suspension was sonicated for
1 h to yield a homogenous ink. A specific amount of this
ink was drop-cast on a polished glassy carbon (GC) substrate
with a geometric area of 0.0707 cm?. The total mass loading
of each electrode was approximately 1.08 mg cm > For
electrochemical testing, Ag/AgCl (3.5 M KCl) and Pt mesh
were used as the reference and counter electrodes, respect-
ively. 2 M ZnSOy(aq.) bubbled, with N, gas for 30 min, was
used as the electrolyte. Note that although the three-elec-
trode measurements were conducted using an Ag/AgCl refer-
ence electrode, for ease of comparison of three-electrode and
coin cell data, all potentials are reported with respect to
Zn**/Zn (both scales are given in the relevant graphs in the
ESIY).

For ZIHSC device assembly, the negative electrode, MogSs,
was prepared by mixing the active material, “Super P” and
polytetrafluoroethylene binder (60 wt% in water, Aldrich) in a
weight ratio of 8.0:1.0:1.0 to obtain a homogeneous free-
standing slurry with the help of ethanol. Then the film was
evenly pressed onto a stainless steel grid (grade 316) and used
as the anode. For the positive electrode, activated carbon
(YEC-8A), “Super P”, and polyvinylidene fluoride were mixed in
2 ml of N-Methyl-2-pyrrolidone (NMP) with a mass ratio of
8.0:1.0:1.0 to obtain a homogenous slurry. After that, the
slurry was coated on a titanium substrate and dried at 100 °C
overnight for further use. The electrochemical performance of
the AC electrodes was tested in half-cell devices, ie., the AC
was used as the working electrode, 2 M ZnSO, was used as the
aqueous electrolyte, and zinc plate (14 mm) was used as the
counter and reference electrode. In a similar design, the galva-
nostatic intermittent titration technique (GITT) was used to
study the solid-state diffusion of zinc ions into the MogSg
crystal structure. The measurements were performed at a
current density of 0.1 A g™ for 15 s and a relaxation of 150 s.
The ZIHSC was assembled in a CR2032-type coin cell using a
hydraulic crimper (MSK-160D) with a MogSg anode (3-5.8 mg
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cm™?), AC cathode (5.3-9.7 mg cm™>), and glass membrane
used as the separator. In all electrochemical experiments,
cyclic voltammetry (CV) measurements were carried out with
Metrohm PGSTAT302N potentiostat, equipped with the
FRA32 module and controlled via Nova 1.11 software. The gal-
vanostatic charge/discharge tests (GCD) were recorded with a
voltage range from 0 V to 1.6 V at different current densities,
and the cyclic stability was carried at a current density of 3 A g™"
for 8000 cycles. Both GCD, and GITT measurements were per-
formed on a Battery Test System (BaSyTec GmbH, Germany) at
room temperature.

2.5. Computational details

The properties of the CP and similar structures were studied
using periodic density functional theory,>® % as implemented
in the Vienna 4b initio Simulation Package.”**' To account for
exchange and correlation, the generalized gradient approxi-
mation in the formulation of Perdew, Burke and Ernzerhof
(PBE)** has been used. The electron-core interactions are rep-
resented by the Projector Augmented Wave (PAW)** method.
Calculations were first performed for the MogSg unit cell of the
CP with the Brillouin zone sampled using a 4 x 4 X 4 k-point
grid. For other unit cells the k-point grid was scaled accord-
ingly in each lattice direction to achieve the same density. The
Zn, ¢Mo;5S;9 was analyzed in its symmetry-reduced unit cell,
which contains two formula units. The electronic structure
was converged to 1 x 107> eV, applying a plane-wave cutoff
energy of 450 eV. All formation energies with respect to the
insertion of the Zn atoms are determined with respect to the
Zn metal bulk energy. Hence a positive formation energy
means that the insertion is not stable with respect to the for-
mation of the bulk metal.

3. Results and discussion

3.1. Synthesis of Mo4Sg

The prepared MosSg phase was confirmed with powder X-ray
diffraction. Fig. S31 shows that the diffraction pattern of the
prepared MogSg is well matched with the standard MogSg
(ICSD#252376). Moreover, the presence of a strong peak at
13.8° associated with the (101) plane and the minimal appear-
ance of the peak at 14.4° being indexed to MoS,, confirms the
high purity of the synthesised MosSg compound. These values
are in good agreement with previous reports,'®** demonstrat-
ing that the material was successfully synthesized. Full charac-
terisation of the Mo4Sg prepared with the molecular precursor
approach, including XRD, Rietveld refinement, Raman spec-
troscopy, and morphological characterisation via SEM and
EDX can be found in our previous work.>*?!

3.2. Storage behavior of zinc ions in MogSg

The electrochemical properties of zinc intercalation into
Mo¢Sg were thoroughly investigated in a three-electrode
system. The MosSg material shows two distinguishable quasi-
reversible reduction and oxidation peaks related to the zinc
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intercalation/deintercalation process (Fig. 1(a and b)) accord-
ing to the following equations:*°

xZn®t 4 2xe” +Mo0gSs = Zn;MogSg 0 <x < 2 (1)

The Zn>" insertion process was found to follow a multistep
intercalation mechanism whereby Zn,Mo¢Ss is initially formed
at a potential of approximately ~0.5 V vs. Zn>*/Zn (eqn (1))
with its subsequent transformation to Zn,MogSg at around
~0.3 V vs. Zn*'/Zn as Zn>" are further inserted into the MogSsg
cavities (eqn (1)). This observation is consistent with previous
work by Cheng et al.,’® as presented in their supplementary
data (Fig. S27 of ref. 35). A noteworthy feature of Fig. 1a is that
during the second cycle, the position of the cathodic insertion
peak shifts from ~0.38 V to approximately ~0.5 V vs. Zn>*/Zn,
and the peak current is significantly reduced. Following that,
as the number of cycles proceeds, the peak position and
current remained roughly unchanged. On first sight, this
might be related to zinc ion trapping during the Zn, for-
mation: this process was reported by Aurbach et al.*® for CPs
prepared with microsized structure, although they did not
thoroughly investigate the composition or properties of the
phase that formed as a result of this process.

The intercalation of zinc into MogSg, was confirmed by
testing bare and modified MogSg GC electrodes in 2 M ZnSO,
(Fig. S4t). It is clear that the redox peaks shown in Fig. S4b,T
and Fig. 1a are due to the zinc intercalation/de-intercalation
process and not due to the zinc plating/striping process. In
order to further investigate the electrochemical kinetics of
MoeSs towards zinc ions, a series of cyclic voltammetry tests
were recorded at different scan rates. Fig. 1b shows that the
cathodic and anodic peaks slightly shift with increase of scan
rate from 0.5 to 5 mV s™, due to increased polarization with
higher sweep rates, a phenomenon that is associated with
battery-type electrode materials.”*® To study the zinc ion
energy storage mechanism in detail, the relationship between
the peak current (I) and scan rate (v) was investigated based on
the power-law formula I = a x 1*, where the value of the expo-
nent b (the slope of log(I) vs. log(v) plot), provides information
about the charge storage mechanism. For a diffusion-con-
trolled process, I is proportional to the square root of v (b =
0.5). However, for processes that involve surface ion adsorp-
tion/desorption, the current response is proportional to the
scan rate (b = 1).>° As seen in Fig. 1c, the results from log(l)
and log(v) show that the calculated b values are ca. 0.50, and
0.58 for zinc intercalation and de-intercalation, respectively,
suggesting that the zinc storage mechanism into nanosized
Mo,S; is controlled by diffusion. The charge/discharge behav-
iour of zinc ions in the electrode was evaluated in a two-elec-
trode coin cell system comprised of MosSg as working elec-
trode, 2 M ZnSO, as electrolyte, and Zn foil as counter and
reference electrode. The observations of the galvanostatic
charge-discharge shown in Fig. 1d were consistent with those
of the CV, in which two voltage plateaus are clearly observed.
In particular, an ill-defined shoulder is recorded in the higher
voltage region at ca. ~0.53 V vs. Zn**/Zn followed by a clear
plateau at ~0.34 V vs. Zn**/Zn. The electrode shows a capacity

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electrochemical studies on Zn-ion intercalation into MogSg electrode in 2 M ZnSO,. (a) Cyclic voltammetry profiles of the 1%t and 2" cycles

recorded at 1 mV s}

, and (b) CV recoded at different scan rates from 0.5 to 5 mV s™. (c) The log(/) versus log(v) plots of the main peak located at

~0.25 V vs. Zn?*/Zn in CV curves. (d) The GCD (voltage—capacity) profiles recorded at different current density. Here, the 1 C rate was calculated as
128 mA g~! based on the theoretical capacity of the four-electron reaction from MogSg to Zn,MogSs.

of 66 mA h g™ at current density of 0.1 A g”* (~0.8 C), which
decreases to 35 mA h g™, as the current density increases to
0.3 Ag " (2.4C).

In order to provide insights into the rather uncharted
phenomenon of zinc trapping, we investigate the effect of
(electro)chemical parameters, ie., electrolyte identity and
applied potential bias, on the overall process. Fig. S5t shows
the CVs derived from the experimental protocol adopted for
the data presented in Fig. 2(a and b), using two other zinc elec-
trolytes, namely 2 M ZnCl, and saturated zinc triflate (Zn
(OTF),). From the observed response, it is evident that zinc
trapping is practically unaffected by the anion identity. The
influence of the cathodic potential limit is shown in Fig. S6.1
It was found that even when the latter is confined to potentials
more positive than the second step in the previously proposed
reaction scheme (eqn (1)), the position and magnitude of the
peak attributed to zinc trapping remains unchanged. Both
findings strongly suggest that trapping of Zn ions in the MosSg
cavities is related to the intrinsic properties of the host
material.

The intercalation of Zn?>" ions into MogSg nanocubes was
investigated with ex situ post-mortem X-ray diffraction (XRD)
on cycled electrodes. Initially, the MogSg electrode was charged

This journal is © The Royal Society of Chemistry 2024

and discharged at a rate of 0.1 A g~'. In the second step, the
electrodes were removed from the Zn/MogSg half-cell, washed
thoroughly with de-ionized water, and dried before the XRD
measurements were recorded. In the XRD pattern of the
charged MoeSg presented in Fig. 2, four peaks of high intensity
can be seen at 26 = 10.7°, 12.4°, 18.2°, and 21.4°: these closely
match the standard XRD pattern of the sulfur-deficient phase
of Zn, ¢9Mo0;5S19 (Zn1 16M06S; .6, ICSD#601649). These peaks are
distinct from the ZnMogSg (ICSD#252375) and Zn,MogSg
(ICSD#252374) phases, indicating the formation of the
Zn; 16M0eS; s phase upon Zn Although
Rietveld refinement was not possible on the data shown in

intercalation.®®

Fig. 2 due to the broad nature of the peaks, we were able to
perform Rietveld refinement of the diffraction data from
another coin cell sample with stronger and sharper X-ray
reflections (Fig. S71). The results indicate that one of the crys-
talline products is Zn;;6M0eS;6, Which is produced as a
mixture with a small side-product of Zn,(OH)4(SO,).5H,0.

In the fully discharged state, the sharp crystalline peaks at
26 =10.7°, 12.4°, 18.2°, and 21.4° resulting from Zn*"* insertion
are still evident, albeit with reduced intensity. This finding
demonstrates that zinc is trapped within the MogSg structure,
and the MogS; structure is not fully recovered.

Nanoscale, 2024, 16,13597-13612 | 13601
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MogSsg electrode, along with the standard pattern of MogSg (ICSD#252376), Zn,4(OH)g(SO4)-5H,0 (ICSD#61114), and Zn, gMo45S15 (ICSD#601649).

It is worth noting that the Zn, ;6Mo0¢S; 6 phase we observe
is distinct from the zinc hydroxide sulfate phases e.g.
Zn,(OH)eS0,4-0.5H,0 and Zny(OH)e(SO,)-5H,0, which are
observed when zinc metal is used as the electrode material in
Zn-MnO, batteries or Zinc hybrid supercapacitors. This
hypothesis is supported by comparing the experimental XRD
data of both the charged and discharged MosSg samples with
the standard XRD diffraction pattern of the zinc basic sulfate
pattern, and the Rietveld refinement on the highly crystalline
sample. Typically, the formation of the zinc hydroxide sulfate
phase is a result of localized pH changes, caused by H' inser-
tion in the MnO, during the discharge process, which leads to
an increase in OH™ concentration and thus, the formation of
flakelike product of zinc hydroxide sulfate hydrate
(Zn4(OH)4(SO4)-5H,0) on the surface of Mn0,.*” It is also
known that the zinc hydroxide sulfate phase undergoes a
reversible precipitation/dissolution process during the charge/
discharge process. On the contrary, this reversibility is not
observed in the Zn; ;6M0¢S; ¢ phase. This is evident as the
peaks corresponding to Zn; 1M0gS; ¢ are consistently identifi-
able in both the fully charged and discharged samples within
the XRD patterns, albeit with different intensity.

The surface and chemical composition of MogSg was exam-
ined with ex situ hard X-ray photoelectron spectroscopy
(HAXPES, 9252 eV) in combination with conventional XPS
(1486 eV) during the zinc ions’ intercalation and (de)intercala-
tion processes (Fig. 3). The higher sampling depth of HAXPES,
being ca. 43 nm based on the Mo 2p core level in the MogSg
sample, enables it to probe the structure of the material more
deeply than conventional XPS (with a sampling depth of ca.
5 nm). Consequently, HAXPES can provide information about
the physicochemical characteristics of the material at deeper

13602 | Nanoscale, 2024, 16, 13597-13612

sampling depth, in addition to the outermost surface layers.
By comparing the data recorded using the two photon energies
we are able to monitor any changes occurring on the surface
and sub-surface of MogSg during the zinc ions’ (de)intercala-
tion process. In addition, HAXPES allows the use of deeper
core levels at relatively higher binding energies, such as S 1s
(~2469 eV BE). Fig. 3(a and b) displays the narrow-window Mo
3d/S 2s core level scans of the blank CP sample (the electrode
where no (de)intercalation process occurred), recorded using
XPS and HAXPES techniques. Mo 3ds,, photoelectron peaks
are present at 228 eV corresponding to the Mo>" oxidation
state, and 229.1 eV corresponding to the Mo®" oxidation state
in MogSs, which agrees with earlier reports.®* Furthermore, the
XPS and HAXPES data shows the presence of an additional
peak ~232.5 eV indicating the presence of an oxide surface
film corresponding to the Mo®" oxide state. These
suggest that the oxides are located on the surface of the
sample, which could be attributed to the exposure of the
sample to ambient air prior to the measurements. However,

results

upon zinc insertion into the MogSg the narrow window spec-
trum of the Mo 3d/S 2s core levels tend to change significantly
as a function of the insertion potential (0.5 V and 0.3 V vs.
Zn**/Zn), indicating the successful insertion of the ions into
the MogSg structure. Furthermore, upon the insertion of Zn>*
ions, the binding energy experiences a shift towards higher
energy levels in comparison to the pristine MogSg. This shift in
both XPS and HAXPES data indicates that the [Mog]™ cluster,
where m represents the number of electrons involved in the
formation of metallic bonds within the pristine Mog cluster, is
oxidized to [Mog]™™", where n with values between 0 and 1
denotes the number of electrons lost. This abnormal oxidation
of Mo differs from the typical reduction of transition metals

This journal is © The Royal Society of Chemistry 2024
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observed in conventional cathode materials upon cation inser-
tion.>® This finding is also consistent with the observation
made when AI** was inserted into MogSs using an ionic liquid
electrolyte.>® The XPS spectra also show another species with
Mo 3ds,, at ~234 eV, which we assign as a higher oxide state
that could include MoO,.*° Upon full discharge the spectrum
almost returns to its original state, with however, a particularly
notable decrease in the concentration of the S 2s peak as
inferred from both photon energies. This finding may be
attributed to the formation of a sulfur-deficient phase of the
type Zn, 16M06S;6, as shown by XRD data (see Fig. 2 and the
discussion, vide supra). As for S 2p and S 1s, we can notice that
the intensity of sulphide (at 226.0 eV and 2469.0 eV) changes
significantly while two different oxide forms emerge (at 235.0 eV
and ~2478 eV) upon zinc insertion/de-insertion (Fig. 3(c and d)),
respectively. Such changes in the subsurface S 1s manifest elec-
tron redistribution between Mo and S and therefore cannot be
attributed to surface oxidation by air as initially speculated. Most
importantly, the fact that Zn still exists on the subsurface follow-
ing full discharge (Fig. 3e) further demonstrates that Zn ions are
trapped in the MogSg in line with the electrochemistry data (see
above).

The zinc elemental composition during Zn** intercalation
staging was further examined by means of EDX (Fig. S8%).
From the derived data it is seen that the Zn atomic %
increased from 8.42 during the first stage of intercalation
(Fig. 1b), to 17.53 at complete intercalation (Fig. S8cft).
Interestingly, the fully deintercalated sample contains almost

This journal is © The Royal Society of Chemistry 2024

the same percentage of Zn ions as the first intercalation
sample, which further confirms zinc trapping. Furthermore, it
is worth noting that the theoretical capacity of the sulfur
deficient phase Zn, 1sM0gS.¢ is ~65.69 mA h g™ a value that
aligns closely with both our experimental results (Fig. 1d) and
the derived discharge capacity recorded following the initial
cycles in previous works at nearly equal discharge current.'®"°

To further confirm the zinc trapping during the intercala-
tion process, we employed in situ Raman spectroscopy experi-
ments. Fig. 4 shows the fully intercalated/de-intercalated
Raman spectra for MogSg in 2 M ZnSO, during the first and
second cycle. The free-standing MoeSg at open-circuit potential
(OCP) showed characteristic peaks at 133, 227, 254, 301, 322,
383 and 404 cm ™" corresponding to various vibrational modes
in MoeSg.>"*! During the zinc intercalation process, the A,
characteristic peak at 404 cm™' becomes broader and the rela-
tive intensity ratio of Alg/El2g decreases from 2.67 to 1.32,
corresponding to the insertion of Zn** into the cavities of
MogS; (Fig. 4b). Furthermore, upon Zn intercalation from +0.7 V
to +0.17 V vs. Zn>*/Zn, the bands soften and the peaks at lower
wavenumber almost disappear. Such softening suggests that
this mode primarily involves motion of the sulfur atoms, since
the force constants between the sulfur atoms are likely to
decrease as the sulfur cubes expand, whereas the force con-
stants between the molybdenum atoms should increase as the
octahedra shrink.*' On the other hand, during the discharge
process (zinc de-intercalation), the A;, characteristic peak
gradually enhances and the relative A,/E',, intensity ratio

Nanoscale, 2024, 16,13597-13612 | 13603
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increases from 1.32 to 2.32 (Fig. 5c). The relative decrease in
A, /E',, intensity after full zinc de-intercalation (2.32) com-
pared to that at the OCP (no zinc intercalation) (2.67), suggests
the zinc is trapped inside the Chevrel phase cavities during the
first charging process. This could be associated with the for-
mation of the new, sulfur deficient Zn,¢M0,55:¢
(Zn;1.16Mo0¢S; ) phase because the force constant between the
cubic sulfur atoms decreased with Zn intercalation as pre-
viously discussed. Following the first cycle we noted a revers-
ible change of the Raman spectrum, where the ratio between
Alg/ElZg after the first cycle is almost the same as that of the
second cycle, Fig. 4(d and e). These results are consistent with
the CV data presented in Fig. 4a in which the CV plots are

13604 | Nanoscale, 2024, 16, 13597-13612

reversible following the first cycle. Overall, the analysis of
Raman spectra further supports the hypothesis of a quasi-
reversible Zn>" ion intercalation/deintercalation mechanism
during the first cycle. This results in a decrease in the specific
capacity for the second discharge cycle due to the trapping of
zinc during the first cycle. It is worth mentioning that, to the
best of our knowledge, no previous studies on zinc ion interca-
lation into MoeS; using in situ Raman spectroscopy have been
reported in the literature.

To further investigate the potential cause of Zn trapping
within the first cycle, we conducted periodic density functional
theory (DFT) calculations. As a first possibility we checked for
agglomeration within the MogSg structure by constructing a

This journal is © The Royal Society of Chemistry 2024
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(2 x 2 x 3) supercell consisting of 12 CP units. This supercell
was filled with either two Zn or two Mg atoms at varying dis-
tances of one, two, or three unit cells apart (equivalent to
approximately 6, 12, and 18 A, respectively), and the system
energies were compared in order to check whether there is any
mutual interaction between the two inserted metal atoms. The
energetic differences for both Zn and Mg at all considered dis-
tances were in the meV range, which is within the typical DFT
accuracy for such systems. Therefore, the DFT calculations
suggest that there is no direct interaction between the charge
carriers within the MogSg structure itself.

We also investigated the possibility of Chevrel phase
decomposition into MoS, in the form of layered sulfides and
compared the formation energies to determine whether the
process is thermodynamically feasible. Both zinc and mag-
nesium were considered as potential charge carriers as zinc
ions are trapped in the anode, while this behavior is not
observed for magnesium. Specifically, we looked at the for-
mation energy per atom of MgMo,S,;, Mg,Mo0,S,;, ZnMo,S,,
and Zn,Mo,S,, as well as their corresponding Chevrel phase
counterparts such as MgMogSg etc. The trends were similar for
both charge carriers at one charge carrier per supercell, with a
small difference of 0.01 eV per p.a., and the Mg,Mo4Sg being

This journal is © The Royal Society of Chemistry 2024

slightly more stable with a difference of 0.05 eV per p.a. These
differences are negligible and unlikely to cause significant Zn
trapping.

Due to the large computational effort associated with the
identification of diffusion barriers and the evaluation of their
energetic height in such large supercells, we did not determine
these barriers. However, in a previous work,*> we found a
linear dependence of the diffusion barrier on the lattice para-
meter for the CP. Using the results of this study, we estimate
that the diffusion barrier in this system with a lattice constant
of 6.43 A should be of the order of 0.6 eV.

The XRD measurements of Fig. 2 suggest the emergence of
a 7Zn, 9Mo0,45S1o phase during cell cycling. This phase has a
different structure from the Chevrel cluster structure, with 4
Zn positions at 100% occupancy (A positions) and 6 positions
at 30% occupancy (B positions) which are split into two layers,
for a visual representation of the different intercalation posi-
tions, refer to Fig. S9.f With a Zn content of 5.8 (2 x 2.9)
spread over 10 possible sites, we model the phase by incremen-
tally filling 1 to 10 Zn atoms per cell. Note that our unit cell
contains two formula units (30 Mo atoms and 38 S atoms), so
that increasing the Zn content by one atom at a time results in
stoichiometries from ZnysMo0,5S:9 tO0 Zns,Mo0;5S:9. The

Nanoscale, 2024, 16,13597-13612 | 13605
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Zn; ¢Mo15S,9 phase is closest to the experimentally measured
Zn content of 2.9 (refer to the XRD data above and the relevant
discussion therein). The formation energies of the phase were
then examined by filling it with Zn atoms and comparing each
phase with n + 1 Zn atoms to its previous most stable phase
with n Zn atoms. When we fill the empty phase by putting the
Zn atoms in the A positions, the formation energies with
respect to adding new Zn are positive, which means that it is
energetically unfavourable to insert the Zn atom at these sites.
This suggests that the B positions are filled first in an empty
phase. Here the formation energy is —1.15 eV for the first Zn
atom, regardless of which B position is occupied. For the
second Zn the formation energy is —1.18 eV if it is located in a
different layer than the first Zn and —0.67 eV if they lie in the
same layer. As Fig. 1 shows the working window of the battery
extends up to ca. 0.8 eV, hence we can surmise that the first
two Zn atoms are too strongly bound to be fully deintercalated
within the operational window of the battery, which likely
results in the observed trapping. For the third Zn atom the for-
mation energy for three Zn atoms in the B positions is only
slightly more stable (—0.72 eV) than putting the third Zn atom
in one of the 4 A positions (—0.67 eV). For 4 Zn atoms the occu-
pations of 2 Zn in A and 2 in B, 3 in Band 1 in A and all 4 Zn
in B are respectively —0.55, —0.68 and —0.78 eV, making it
most favourable for the Zn atoms to be spread equally over the
two layers of the B positions (see Fig. S97). The configuration
with 4 Zn in the B positions and any additional Zn atoms in
the A positions is consistently the most stable for Zn content
ranging from 5 to 8. The formation energy of this phase always
falls within the range of —0.66 to —0.68 eV. The positive for-
mation energies obtained upon attempting to fill the phase
beyond an occupancy of 8 Zn atoms suggest that this is the
maximum capacity of the phase. The optimal occupancy of Zn
atoms in the phase was thus found to be between 1.0 and 4.0
Zn atoms per formula unit, with an equal spread of Zn atoms
over the two layers of B positions being the most favourable.
The Zn atoms in this range bind to the anode with an energy
that enables them to be easily deintercalated within the bat-
tery’s operating range. In conclusion, our theoretical analysis
reveals that during the initial cycle, the Zn, yMo0,5S;9 phase we
examined forms alongside the charged Chevrel phase.
However, the phase cannot compete with the CP in terms of
reversibility, as it traps 1 Zn atom per formula unit in its struc-
ture, while still performing reasonably as an anode by loosely
binding 3 additional Zn atoms.

To investigate the diffusion coefficient of zinc ions (Dzne-)
into the MogSg cavities, the galvanostatic intermittent titration
technique (GITT) was employed (Fig. 5), and the Dy,- values
were calculated according to the following equation:*?

4 (mgVu\’ (AEs\*
Dy = — [ —X ° (2)
%2 MBS AEt
where 7 is the duration of the applied galvanostatic current

pulse, mg, Mg, and Vy are the mass, molecular weight, and
molar volume of MogSg, respectively. S is the contact area
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between electrode and electrolyte, while AEs, and AE, are the
stabilization (quasi-equilibrium) potential and potential
change during galvanostatic current pulse, respectively.

Based on the data derived using eqn (2), the profiles of
Dz.»+ vs. voltage during the intercalation/deintercalation
process are displayed in Fig. 5(b and d). Dg,.. values range
from 4.99 x 1077 to 1.07 x 10~"° em® s™" (Zn*" intercalation)
and 1.92 x 1077 to 1.48 x 10°*° cm? s™* (Zn** de-intercalation).
The diffusion coefficient data can be divided into two charac-
teristics regions: (i) zinc ion insertion/de-insertion processes
and (ii) non-insertion/de-insertion stages. Such phenomena
are typical for an intercalation-type battery electrode
material.** Initially, from the open circuit voltage (+0.95 V vs.
Zn**/Zn) to the start of the first insertion plateau (+0.70 V vs.
Zn**/Zn), the values of Dy.- are in the range of 7.89 x 107% to
2.07 x 108 em? s7%. As the intercalation potential increases to
+0.47 V vs. Zn*'/Zn, D,,- increases to 1.0 x 10~7 cm? s~ due to
the formation of the Zn,MosSg phase. In the next stage, the
Zn,MoeSg phase is gradually being transformed to Zn,MosSg
as Zn®" intercalation advances (+0.43 to +0.32 V vs. Zn**/Zn)
and the determined D, values lie within the range of 9.6 x
107% to 1.07 x 107*° em® s7". The decrease in diffusion coeffi-
cient upon transformation from Zn,MogSg to Zn,MoeSg could
be correlated to the structural differences between the two
phases. In particular, the larger average interatomic distance
of Mo-Mo in Zn,MogSs (2.71 A) compared to Zn,MogSg
(2.61 A) may facilitate Zn>" insertion kinetics. Interestingly in
the reverse de-intercalation scan, Zn>* diffuses back quickly
from the Zn,MogSg phase (1.9 x 1077 em?® s™) to Zn,MogSs,
which could be due to the reversibility of this process
(Zn,MogSg) as inferred from the peak separation in cyclic vol-
tammetry data and the increased stability of Zn,MoeS; relative
to Zn,MogSs.'** Following this, nearly identical evolution of
diffusion coefficients of Zn>* can be observed as compared to
the intercalation process. A detailed list of the calculated
diffusion coefficients values at different intercalation/de-inter-
calation potentials are presented in Table S1T (representative
experimental data is presented in Fig. S107%). It is worth men-
tioning that the calculated diffusion coefficient values of the
nanoscale MogSg during charge/discharge process are higher
than those of most electrode materials previously reported for
aqueous Zn-storage e.g., TiS,,"* 1.33 x 107''-5.71 x 107° cm?
s™%; TiSe,,” 107'°-107° em?® s7%; layered MnO,,*® 107'*-107"?
em? 57 V,05-6H,0* 107'-107"° em? s as well as micro-
sized MogSg-based materials 4.5 x 107'°-1.5 x 107° cm? s7.*8
These findings demonstrate the fast kinetics of the prepared
MoeS; driven by the nanosized structure.

3.3. Characterization of the YEC-8A cathode material in a
half-cell

The structural characterisation and the electrochemical per-
formance of activated carbon (YEC-8A) was examined in 2 M
ZnSO,. The XRD pattern (Fig. 6a) shows a broad diffraction
peak at 43.39° associated with the (101) plane reflection.*® The
broad peak feature of the XRD pattern is indicative of the
amorphous structure of the YEC-8A sample. The surface mor-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Structural characterisation and electrochemical performance of YEC-8A. (a) XRD pattern; (b) SEM image; (c and d) Cyclic voltammograms as
a function of scan rate; (e) GCD curves at current densities from 0.2 to 2 A g™%; (f) Specific capacitance as a function of current density.

phology of YEC-8A was examined by SEM (Fig. 6b). The acti-
vated carbon particles have an irregular shape with a relatively
rough surface and particle size within the range of 5 pm to
20 pm. Fig. 6(c and d) shows the cyclic voltammograms within
a potential window of 1-1.8 V vs. Zn>*/Zn at various scan rates
from 2 to 100 mV s~'. The CVs display a quasi-rectangular
shape, reflecting the capacitive behaviour of the YEC-8A elec-
trode. The GCD curves (Fig. 6e) at different current densities
are triangular with negligible IR-drop, implying favourable
reversibility and good electrical conductivity of YEC-8A elec-
trode. The specific capacitance was calculated from the GCD

This journal is © The Royal Society of Chemistry 2024

data and presented in Fig. 6f. We note that with increasing
current density, from 0.2 A g7' to 2 A g™, the specific capaci-
tance decreases from ~153 F g~ to 113 F g™, respectively (for
specific capacitance calculations, refer to the ESIT).

3.4. Full cell Zn-ion hybrid supercapacitor (ZIHSC)

In view of the high performance and fast Zn*" diffusion into
Mo,Sg, as well as to demonstrate the potential application of the
nanoscale synthesised material, we assembled a ZIHSC device.
Fig. 7a shows the schematic diagram of the assembled ZIHSC,
in which MogSg, YEC-8A, and 2.0 M ZnSO, serve as the anode,

Nanoscale, 2024, 16,13597-13612 | 13607
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cathode, and electrolyte, respectively. During the charge/dis-
charge process, zinc ions intercalate/de-intercalate into the
anode and reversible ion adsorption/desorption on the YEC-8A
cathode surface enables the ZIHSC to repeatedly store/deliver
electrical energy. For an ideal symmetric capacitor, the voltage
is assumed to be equally divided between both electrodes, since
both electrodes have the same mass and amount of charge. In
this ZIHSC, however, we have shown that each electrode has a
stable potential region and stores a different amount of charge.
It is therefore necessary to assemble an optimised, mass-
balanced cell in order to maximise the overall performance of
the electrochemical ZIHSC.*>*' The optimum mass ratio of
YEC-8A to MogSg electrodes was calculated so as to balance the
amount of charge. The charge (Qsp) stored is related to the
specific capacity (Cp), the potential evolution at each electrode
(AV) and the active mass (m) of the corresponding electrode as
follows: Qg = m-Cy,-AV. Thus, the mass ratio in theory can be
further expressed M _ AV Cop

m_  AVT* Cgpt
calculated specific capacities of MogSg and YEC-8A electrodes
are 55 and 31.6 mA h g™ at 0.2 A g™ *; thus, the best mass ratio
of cathode to anode was ~1.76. Subsequently, the electro-
chemical performance of MogSg/YEC-8A ZIHSC was evaluated,
and the relevant measurements are presented in Fig. 8.

. As discussed above, the

13608 | Nanoscale, 2024, 16, 13597-13612

The CVs of MogSg/YEC-8A within the potential range
0.0-1.6 V at various scan rates from 2 to 12 mV s ', deviate
from the ideal rectangular shape (Fig. 7b), suggesting that
there are both capacitive and diffusion-controlled energy
storage mechanisms.

Trasatti’s method®> was used to distinguish the surface
capacitive and diffusional contribution from the cyclic voltam-
metric charge plotted as a function of scan rate according to
the following equations:"*?

Q = Qeapacitive + Quiffusion = Qeapacitive + Kv ™" (3)
1 1
— = + krDO.S (4)
Q  Qroal
Quiffusion = Qrotal — Qcapacitive (5)

where K and k' are empirical constants. Qcapacitive a0d Qaiffusion
represent the surface capacitive and diffusional charge contri-
bution. Q. is the total capacity due to surface and diffusive
redox reaction. At a fast scan rate, the capacity contribution
due to the diffusion process will be negligible, however, the
capacity that is occurring due to the surface process can be
treated as constant for different scan rates and hence Qopa; ~
Qcapacitive- In this case, Qcapacitive €an be estimated from the

This journal is © The Royal Society of Chemistry 2024
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05 as shown in

intercept of voltammetric charge (Q) vs. v~
Fig. 7c. On the other hand, at a slow scan rate, the whole elec-
trode becomes accessible to electrolyte ions, and hence Qotar ~
Qcapacitive T Qiffusion- AS a result, the Qi1 can be obtained
from the reciprocal of the intercept of 1/Q vs. v° as presented
in Fig. 7d. Based on these estimations, Qotal, Qcapacitives and
Quaiffusion parameters were calculated and are given in
Table S2.f The diffusion-controlled contribution represents
~79.9% of the total charge storage of the zinc hybrid device
and the rest (20.1%) is due to the surface charge storage
process, suggesting the intercalation pseudocapacitive mecha-
nism of the fabricated device. We should however emphasize
that these percentages are only an approximation as they may
vary depending on the scan rates selected.

Fig. 8(a and b) shows the GCD plots and rate performance
curves of MogSs//YEC-8A cell, respectively, recorded over a high
voltage window of 1.6 V. We can see that the GCD profiles
deviate from the capacitive triangular shape, which further
demonstrates the simultaneous ionic intercalation/deintercala-
tion and adsorption/desorption energy storage mechanisms.
The cell delivered an average voltage of ~1.1 V with an overall
capacity of ~38 mA h ¢”*, and 19 mA h g~" measured at 0.2
and 2 A g™, respectively. This means that the cell maintained

This journal is © The Royal Society of Chemistry 2024

60% of its capacity when the current density was increased by
a factor of 10 from 1 to 10 A g”*. The decrease in capacity at
high current is mainly due to the slow Zn ion interaction into
MoeSs, a behavior related to the battery-type electrode material
where more time is needed for the intercalation/deintercala-
tion process. Notably, when the cycling rate returns to
0.2 A g7, the recorded capacity is ca. 35.4 mA h g~ which
corresponds to a capacity retention of ca. 90% compared to the
first cycle. This observation shows the excellent high-rate per-
formance of the fabricated device.

Fig. 8c compares Ragone’s plot of the MosSg/YEC-8A device
with other recently published fabricated aqueous hybrid super-
capacitors. It can be seen that the maximum specific energy
density delivered from our fabricated cell is as high as 43.8 W
h ke™' with a power density of 229.9 W kg™ at a specific
current density of 0.2 A g~'. At high current density, of 2 A g7,
the device still delivers an energy density of 25.7 W h kg™" with
a high-power density of 2250 W kg™'. The relatively high
specific energy delivered by our device (MogSs/YEC-8A) com-
pared to TiS,/AC ** or TiSe,/AC,” could be due to the high oper-
ating voltage of 1.6 V, lower intercalation potential of Zn>" into
(ca. 0.3 V vs. Zn**/Zn), and hence the high operating voltage of
the fabricated device of approximately 1.1 V.

Nanoscale, 2024, 16,13597-13612 | 13609
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Fig. 9 Post-mortem SEM characterization of the electrodes examined after cycling in 2 M ZnSO, at a gravimetric current of 3 A g~*. SEM images of
(a) zinc foil, and (b) YEC-8A electrode in Zn/YEC-8A system after 100 cycles. SEM images of (c) MogSg electrode, and (d) YEC-8A electrode in MogSs/

YEC-8A coin cell after 8000 cycles.

The cycling stability of MogSs/YEC-8A was tested at 3 A g~
for 8000 cycles as shown in Fig. 8d. The rapid decrease of
capacity during the first cycles may be attributed to the afore-
mentioned trapping of zinc inside the MogSg electrode during
the initial intercalation process. Following this, the device
exhibits high cycling stability with a coulombic efficiency of
nearly 100%. More importantly, two assembled MogSg/YEC-8A
coin cells connected in series were able to illuminate the red
light-emitting diode as shown in the inset of Fig. 8d, demon-
strating its practical application. Besides, the EIS spectra of
Mo6Ss/YEC-8A is presented in Fig. S11.1 The intercept of the
abscissae (real axis) corresponds to the equivalent series resis-
tance (R;). This resistance is related to the internal resistance
of the electrolyte, electrode material, and contact resistance at
the electrode-electrolyte interface. The semicircle in the high
to mid-frequency region relates to the charge-transfer process,
which represents the zinc ion diffusion resistance during the
electrochemical process. The Ry and R.; of the MogSg/YEC-8A
recorded at 1.2 V are, respectively, 1.2 Q and 6.5 Q, which
again reflects the high conductivity and rapid kinetics of the
assembled device.

Post-mortem SEM physical characterisation was conducted
to investigate the zinc dendrite formation and surface mor-
phology of the cycled MogSs, YEC-8A, and zinc electrodes. All
investigated electrodes were recovered from the fabricated coin

13610 | Nanoscale, 2024, 16, 13597-13612

cells, washed thoroughly with water several times, and dried
before SEM measurements. Fig. 9 shows the surface mor-
phology of YEC-8A, Mo¢Sg, and zinc electrodes after cycling at
3 Ag'in 2 M ZnSO,. We can see that the YEC-8A surface and
zinc metal electrodes in Zn/YEC-8A device are covered with
zinc dendrites (Fig. 9(a and b)). In contrast, when MogS; is
used as the anode in the MogSg/YEC-8A device, no zinc den-
drites are observed on either the anode or cathode surfaces
even after 8000 cycles (Fig. 9(c and d)). This is attributed to use
of a framework material, specifically the Chevrel phase, which
provides a “scaffold” into which the reduced form of the metal
is held. This selection also depends on the transport of Zn
ions into the Chevrel phase being efficient, and the diffusion
coefficient being relatively high for divalent ions as concluded
from the GITT experiments (as discussed above).

4. Conclusion

We have demonstrated that MogSg is a promising dendrite-free
zinc anode for ZIHSC devices. A range of electrochemical
measurements show that the MosSg Chevrel phase follows a
multi-step zinc ion intercalation/de-intercalation process, with
a lower intercalation potential of approximately 0.3 V vs. Zn>"/
Zn. Additionally, the nanosized CP offers fast zinc ion kinetics,

This journal is © The Royal Society of Chemistry 2024
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as inferred by the GITT data, compared to other available
anode materials such as TiSe,, and TiS,. Post-mortem (P-XRD)
diffraction shows the formation of a new sulfur deficient
Zn, 16M0¢S; .6 phase that tends to be the most stable one upon
cycling, as also confirmed theoretically by DFT calculations.
Furthermore, in situ Raman spectroscopy has revealed the
change in the phonon structure of the MosSs upon intercala-
tion/de-intercalation, indicating zinc trapping upon cycling. In
addition, the potential application of nanosized MogsSg was
also investigated. A ZIHSC device, with a MgSg anode and
YEC-8A cathode, delivered a capacity of 38 mA h g™, with a
superior energy density of 43.8Wh kg™ at a specific current
density of 0.2 A g”". In addition, the ZIHSC shows excellent
cycling response, up to 8000 cycles (3 A g~*) with ~100% cou-
lombic efficiency. Interestingly, the post-mortem SEM analysis
show no dendrite formation over the MoesSg anode compared
to the usage of zinc metal. This work provides a proof-of-
concept of using MogSg compound as zinc-dendrite free anode
material for zinc hybrid capacitors. This success could motiv-
ate further developments in the adoption of new materials,
with lower zinc intercalation potential than the MoeSs
materials demonstrated in this work, for practical application
in next-generation ZIHSC energy storage systems.
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