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An effective way to improve the cycling performance of metal sulfide materials is to blend them with con-
ductive materials. In this paper, three-dimensional (3D) hollow MXene/ZnS heterostructures (ZnSMX) were
prepared via a two-step process involving hydrothermal and template methodologies. The formation of
Ti—-O-Zn bonds enables the firm bonding between ZnS nanoparticles and the MXene substrate at hetero-
geneous interfaces, which can act as “electron bridges” to facilitate electron and charge transfer.
Additionally, 3D hollow ZnSMX not only enhances the conductivity of ZnS, enabling rapid charge transfer,
but also effectively show restacking of MXene nanosheets to maintain structural stability during the
charge/discharge process. More importantly, the 3D porous structure provides ultrafast interfacial ion
transport pathways and extra surficial and interfacial storage sites, thus boosting excellent storage per-
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formances in lithium-ion battery applications. The 3D ZnSMX exhibited a high capacity of 782.1 mA h g~*
at 1 A g~* current, excellent cycling stability (providing a high capacity of 1027.8 mA h g™ after 350 cycles
at 2 A g7Y, and excellent rate performance. This indicates that 3D ZnS/MXene heterostructures can
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1. Introduction

Lithium-ion batteries (LIBs) have become the principal energy
source for portable electronic devices and electric vehicles due
to their high energy density and number of cycles.'
Nevertheless, the graphite anode, which is currently the most
commonly used, has a low theoretical capacity (372 mA h g™)
and unsatisfactory rate performance.> Consequently, it is of
great importance to explore alternative anode materials with a
large capacity and fast reaction kinetics to improve the energy/
power density of LIBs. Transition metal sulfides (TMSs),
including MoS,, SnS, CoS, and ZnS, have emerged as a promis-
ing class of advanced anode-active materials for LIBs due to
their high specific capacity and rich interfacial redox
chemistry.”® Among these materials, ZnS with a high specific
capacity (962 mA h g™*) and low cost is regarded as an optimal
electrode material for energy storage.” However, pure ZnS
materials show poor rate and cycling performance due to their
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potentially be highly promising anode materials for high-multiplication lithium-ion batteries.

poor electrical conductivity and large volume changes during
cycling."’

In order to overcome these shortcomings, designing an
architecture of particles at the nanoscale combined with
highly  conductive  materials has been  proposed.
Nanostructuring facilitates the formation of a high surface
area, which improves the feasibility of electrolyte wetting and
reduces the migration path for Li-ion transportation.
Furthermore, reducing the particle size reduces the physical
strain that occurs during electrochemical lithiation/
delithiation."™'* For example, Zhai et al. reported a p-ZnS@CN
composite featuring a 3D interconnected hierarchical pore
structure, and the as-prepared p-ZnS@CN sample showed
533.6 mAh g ™" at 1 A g™ over 200 cycles.”® While the introduc-
tion of carbon decoration can enhance the electrochemical
performance to a certain degree, the inherent physical binding
of TMS to adjacent carbon atoms results in inefficient contact,
leading to unintentional disconnection and retarded charge
transfer kinetics.'* MXenes, a new class of two-dimensional
(2D) materials, have garnered significant interest due to their
excellent conductivity and large specific surface area.'> Among
them, Ti;C,T, MXenes have attracted considerable attention
due to their high lithium diffusion mobility, abundance of
surface functional groups, and hydrophilicity.'® Therefore, the
utilization of MXenes as an efficacious conductive substrate
can prove highly effective in enhancing active materials such
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as TMSs and other active materials with low intrinsic conduc-
tivity (such as SnO,, Co;0,, and Si).'”"*! However, as is the
case with other 2D materials such as graphene, the MXene
nanosheets inside active materials are prone to forming irre-
versible agglomerations via van der Waals forces, which can
hinder ion transport, reduce the utilization of reaction sites,
and increase ion/electron transport distances, leading to poor
rate and cycling performance.””*> A common strategy to
address this shortcoming is to prepare MXene nanosheets into
three-dimensional (3D) structures. Yao et al. reported a 3D
porous MXene aerogel threaded hollow CoS nanobox compo-
site with excellent electron and ion transport properties which
shows excellent cycling stability and high capacities.”® While
the construction of 3D structured MXenes holds considerable
promise for the design of negative electrode materials, to our
knowledge, no report exists on the preparation of 3D struc-
tured composites of ZnS and MXenes.

In this study, zinc sulfide (ZnS) nanoparticles were grown
in situ on MXene nanosheets to form 3D hollow ZnSMX using
a hydrothermal method, followed by a template method. The
incorporation of ZnS nanoparticles into 3D ZnSMX enables the
reduction of lithium diffusion distances in the solid phase,
thereby enhancing the electrochemical kinetic performance.
In addition, the effective enhancement of conductivity by
MXenes in the heterostructures facilitates rapid electron trans-
fer while simultaneously preventing the aggregation of ZnS
nanoparticles. More importantly, the ZnS nanoparticles can be
firmly attached to the MXene nanosheets through the for-
mation of interfacial Ti-O-Zn bonds, which effectively pre-
vents the detachment of ZnS nanoparticles from the conduct-
ing MXene substrate and adapts to the volume changes of ZnS
during the charge/discharge process. The 3D porous structure
reduces the self-stacking of MXene nanosheets, thereby expos-
ing a larger number of reactive sites and facilitating the rapid
penetration of electrolytes. The 3D ZnSMX shows remarkable
long-term cycling stability, retaining a capacity of 1027.8 mA h
g~' even after 350 cycles at 2 A g~' and superior rate
performance.

2. Experimental section
2.1 Synthesis of Ti;C,T, MXene nanosheets

Ti;C,T, MXene nanosheets were prepared using a typical
etching method. Initially, 1.6 g LiF powder was placed into a
Teflon beaker containing 20 milliliters of 9 M HCI, with stir-
ring maintained throughout the process. 1.0 g TizAlC, powder
was added slowly after LiF was completely dissolved in the
above solution. Then, the mixture was heated at 40 °C for 24 h
under continuous stirring. Subsequently, the mixed solution
was washed and centrifuged with deionized water (DI water) at
a speed of 3500 rpm until the pH value of the supernatant was
close to 6. The resulting multilayered Ti;C,T, MXene was
mixed with 100 mL DI water and ultrasonicated for 1 h under
an argon atmosphere. Finally, the MXene nanosheet suspen-
sion was obtained by centrifugation at 3500 rpm for 1 h. The
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concentration of MXene nanosheet suspension was measured
at 4 mg mL™" by freeze-drying.

2.2 Synthesis of ZnS/MXene heterostructures

In this procedure, 5 mL Ti;C,T, MXene suspension and 35 mL
DI water were put into a Teflon liner (60 mL) followed by
adding 75.3 mg zinc acetate. When the mixture was stirred for
1 h, 342 mg thioacetamide was added under continuous stir-
ring. Following a 10-minute stirring period, the mixed solution
was subjected to a hydrothermal reaction in a Teflon steel reac-
tion vessel maintained at 60 °C for 4 hours. During this
period, ZnS nanoparticles were grown on MXene nanosheets.
The product was washed with DI water five times and dried by
freeze-drying at —50 °C for 12 hours. The mass ratio of ZnS
was calculated to be 67%. For purposes of comparison, pure
ZnS was prepared using the same method, but without the
addition of the MXene suspension.

2.3 Synthesis of polystyrene (PS) spheres

The PS spheres were initially prepared through dispersion
polymerization of styrene with ammonium persulfate (APS) as
the initiator. This process entailed the dissolution of 20 mg
polyvinyl pyrrolidone and 20.5 mg APS in a mixture solution
comprising 46 mL of ethanol and 6 mL of DI water.
Subsequently, 4.4 mL of styrene monomer was added to the
solution. The polymerization was conducted at 70 °C in an oil
bath for 24 hours. Following this, the reactor was cooled in ice
water for 30 minutes, after which the final PS spheres were col-
lected by centrifuging and washing the white solution with DI
water five times.

2.4 Synthesis of 3D ZnSMX heterostructures

A specific quantity of PS spheres was introduced into the ZnS/
MXene heterostructure aqueous solution (with a mass ratio of
PS to TizC,T, of 3:1) and subjected to sonication for
10 minutes in order to facilitate the formation of a uniform
dispersion. Following the freeze-drying process, the resulting
powder was collected and subsequently annealed at a tempera-
ture of 450 °C for a duration of 1 hour under the flow of argon,
intending to remove the PS.

2.5 Material characterization

The morphology and structure of the as-prepared samples
were characterized using scanning electron microscopy (SEM,
Hitachi S-4800) and transmission electron microscopy (TEM,
JEM-2100F). X-ray diffraction (XRD) patterns were collected by
using a D/max-2550 PC XRD (Rigaku, CuKa radiation). X-ray
photoelectron spectroscopy (XPS) spectra were obtained on an
Escalab 250Xi. Nitrogen adsorption/desorption isotherms were
obtained using the ASAP 2020 instrument and the specific
area was calculated by the BET method.

2.6 Electrochemical measurements

The electrodes were prepared by mixing the active material,
carbon black, and PVDF (mass ratio of 8:1:1) with N-methyl-
2-pyrrolidone (NMP) to form an electrode slurry. The prepared
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uniform slurry was evenly coated on Cu foil and subsequently
subjected to vacuum drying at 60 °C for 12 h. Lithium foil and
monolayer polypropylene film (Celgard 2500) were employed
as the counter electrode and separator, respectively, and 1 M
LiPF¢ in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1
by volume) was utilized as the electrolyte. The electrochemical
performance of the CR-2032 coin-type cells was evaluated after
assembling them in an argon-filled glove box (H,O < 1 ppm,
O, < 1 ppm). Galvanostatic charge-discharge tests were con-
ducted on a LANDHE measurement system with a cut-off
voltage range of 0.01-3.0 V. The estimated capacity was deter-
mined by measuring the mass of the ZnS/MXene hybrid. The
electrochemical workstation (Metrohm Autolab) was employed
to conduct CV measurements over the potential range of
0.01-3.0 V and electrochemical impedance spectroscopy (EIS)
in the frequency range of 0.01-100 kHz. The galvanostatic
intermittent titration technique (GITT) test involved applying a
current pulse of 0.1 A g”* for 20 minutes, followed by a relax-
ation phase of 1 hour, utilizing the LANDHE measurement
system.

3 Results and discussion

The synthesis of the 3D ZnS/MXene heterostructures (ZnSMX)
is shown schematically in Fig. 1. The typical mild method was
employed to prepare the MXene nanosheets.”” TizAlC, powder
was etched with LiF and HCI, and then the wet precipitates
obtained by centrifugation were sonicated in order to obtain
monolayer TizC,T, MXene nanosheets. The surface of 2D
MXene nanosheets is negatively charged due to the presence
of functional groups such as -OH, -O, and -F.*® Positively
charged Zn*" are electrostatically adsorbed onto the surface of
the MXene nanosheets, facilitating the in situ growth of ZnS
particles on MXene nanosheets to form the ZnS/MXene

Zn(CH,;CO0),
i ’. CH,CSNH, )

= -

X (C:HsNO),
(NH,),S,0,

Self-Assembly

©&¢
€0
oy —

@ MXene 9 ZnS

Fig. 1 Schematic diagram of the 3D ZnSMX synthetic route.
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nanosheet composite by hydrothermal reaction.”® In the
process of this reaction, the MXene nanosheets remained
stable due to the low reaction temperature. In addition, the
ZnSMX nanosheets exhibited excellent dispersion in DI water
after simple sonication. Then, the ZnSMX dispersion was
mixed with the PS dispersion for 15 minutes, followed by
freeze-drying the mixture to obtain the PS/ZnSMX powder.
Finally, the PS template was removed through thermal anneal-
ing at 450 °C under an argon atmosphere, thus obtaining the
3D ZnSMX.

The morphologies and structures of ZnSMX have been
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As illustrated in
Fig. 2a, the MXene nanosheets were uniformly loaded with
ZnS nanoparticles, exhibiting nanoparticle sizes within the
range of 20-30 nm. Fig. 1b and c present different magnifi-
cation SEM images of 3D ZnSMX which reveal that the 3D
spherical morphology of ZnSMX is well preserved after self-
assembly with PS spheres and subsequent annealing treat-
ment. As can be observed in Fig. 2c¢ and Fig. S1a,7 the dia-
meter of the ZnSMX hollow spheres is approximately 800 nm.
Fig. 2d and e show the TEM images of pure MXene nanosheets
and ZnSMX after the hydrothermal reaction, respectively. A
comparison of Fig. 2d and e illustrates that MXene nanosheets
retain their monolayer structure even after undergoing the
hydrothermal process. In addition, Fig. 2e further demon-
strates that ZnS nanoparticles are uniformly grown on MXene
nanosheets. The lattice spacing was determined to be 0.31 nm,
which corresponds to the (111) lattice plane of cubic ZnS, as
shown in Fig. 1f. The energy-dispersive spectroscopy (EDS)
elemental mapping of ZnSMX shown in Fig. 2g-j displays the
uniform distribution of Zn, Ti, and S elements throughout the
samples, indicating that the rough surface of the MXene
nanosheet is composed of a significant number of ZnS
nanoparticles.

Ar

. 3D ZnS/MXene

Dalton Trans., 2025, 54, 4039-4048 | 4041


https://doi.org/10.1039/d4dt03381g

Published on 28 januari 2025. Downloaded on 2/06/2025 12:53:56.

Paper

View Article Online

Dalton Transactions

Fig. 2 (a) SEM images of ZnSMX. (b and c) Different magnification SEM images of 3D ZnSMX. (d) TEM images of MXene. (e) TEM images of ZnSMX.
(f) HRTEM images of ZnSMX. (g—j) EDS elemental mapping images of Ti, Zn, and S elements in ZnSMX.

Fig. S21 shows the X-ray diffraction (XRD) patterns of
Ti3AlC, and Ti;C,T, MXene nanosheets. A comparison of the
XRD patterns of Ti;AlC, and MXene reveals the disappearance
of the characteristic (104) peak at approximately 39.0° for
Ti3AlC,, which indicates that the Al layer in Ti;AIC, has been
successfully removed by LiF/HCI etching.’® Furthermore, the
(002) peak of MXene moves to a lower angle after etching com-
pared with that of TizAlC,, which provides further evidence of
the successful synthesis of Ti;C, MXene.>' Fig. 3a shows the
XRD patterns of ZnSMX, MXene, and ZnS. The ZnSMX pre-
pared by the hydrothermal method shows characteristic peaks
of MXene and ZnS. Three diffraction peaks are observed at 26
of 28.9°, 48.5°, and 57.2°, which are seen as the (111), (220),
and (311) planes of the cubic structure of ZnS while the peak
at approximately 6.2° is identified as the characteristic (002)
peak of MXene.?*> The above results indicate that ZnS nano-
particles have been successfully grown in situ on MXene
nanosheets using the hydrothermal method.

X-ray photoelectron spectroscopy (XPS) was performed to
probe the composition and electronic valence state of ZnSMX.
The survey spectrum in Fig. S3at proves the presence of Zn, S,
C, Ti, and O elements in the ZnSMX sample. High-resolution
XPS spectra of ZnS and MXene are shown in Fig. S3b-e.f
Fig. 3b shows the binding energies at about 1044.4 eV and
1021.3 €V are attributed to Zn 2p,,, and Zn 2p;,, which proves
the existence of Zn>".>* Meanwhile, the binding energies of S
2p at around 162.6 eV (2py),) and 161.4 eV (2ps),) in Fig. 3c are

4042 | Dalton Trans., 2025, 54, 4039-4048

found to be consistent with those observed in ZnS.** The
binding energies of C 1s are fitted by three peaks at 281.7 eV
(C-Ti), 284.8 eV (C-C), and 286.2 eV (C-O). The C-Ti bond
from Ti;C,T, MXene (281.7 eV) demonstrates that the MXene
nanosheets remained intact and unoxidized during syn-
thesis.>® Fig. 3e illustrates the presence of multiple peaks of Ti
2p at around 454.9 eV (460.5 eV), 455.8 eV (461.4 eV), 456.7 eV
(462.4 eV), and 458.5 eV (463.9 eV), which are attributed to Ti-
C, Ti**, Ti*", and Ti-O bonds of Ti;C,T, MXene.*? As illustrated
in Fig. 3f, the high-resolution XPS spectra of O 1s was utilized
to investigate the interfacial interaction state of MXene and
ZnS. The binding energies of O 1s at 529.5 eV, 530.3 eV, 531.3
eV, and 533.1 eV are identified as O-Ti, C-Ti-O,, Ti-O-Zn, and
O-H bonds. The Ti-O-Zn bonds indicate that new chemical
bonds are formed at the interface between ZnS and MXene,
which derives from the in situ growth of ZnS on the MXene
nanosheet substrate.®> Here, the XPS results further demon-
strate that the ZnS nanoparticles are securely attached to the
MXene nanosheets, enabling stable generation within its inter-
layer spaces and improving the overall electrochemical kinetics
of the material. As illustrated in Fig. S9,T the BET results indi-
cate that the specific surface area of 3D ZnSMX nanorods is
111.14 m* g~', whereas that of 2D ZnSMX is only 18.87 m* g .
The pore volumes of 3D ZnSMX and 2D ZnSMX are around
0.202 cm® g™* and 0.053 cm® g~'. This observation suggests
that the 3D hollow spherical structure effectively hinders the
reaccumulation of ZnSMX, thereby enhancing the specific

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) XRD patterns of ZnS, MXene, and ZnSMX. (b—f) High-resolution XPS spectra of Zn 2p, S 2p, C 1s, Ti 2p, and O 1s for ZnSMX.

surface area of MXene. The high porosity of 3D ZnSMX facili-
tates adaptation to volume expansion during cycling and accel-
erates ion transport.

The electrochemical properties of the 3D ZnSMX, ZnS, and
MXene were evaluated by CV at a scanning rate of 0.2 mV s,
as shown in Fig. 4a, b, and Fig. S4.f The pronounced peaks
observed between 1.0 and 0.4 V in the initial cathodic scan are
attributed to the decomposition of the electrolyte and the for-
mation of the solid electrolyte interphase (SEI). The cathodic
peak at 1.65 V in the initial curve is identified as the conver-
sion reaction between ZnS and Zn/Li,S. During the anodic
polarization, several small peaks are observed between 0.01
and 0.70 V, indicating that Li" is extracted from the formed Li-
Zn alloys, signifying the multistep dealloying process of Li-Zn
alloys. The similarity of the CV curves in the second and third
cycles demonstrates the excellent cycle reversibility of the 3D
ZnSMX electrode. In light of the findings presented in the CV
result, it is proposed that the electrochemical reactions of
cubic ZnS can be described as follows:

ZnS + 2Lit +2e” = Li,S+Zn

Zn + xLit 4+ xe” = Zn/Li,

Fig. 4c and Fig. S51 illustrate the galvanostatic charge-dis-
charge (GCD) profiles of 3D ZnSMX, 2D ZnSMX, ZnS, and
MXene electrodes at 0.2 A g~* for the initial three cycles, which
align with the results of the CV tests mentioned above. The 3D
ZnSMX electrode exhibits the most excellent first cycle dis-
charge-charge capacity of 1784.6/1072.9 mA h g~' with an
initial coulombic efficiency (ICE) of 60.3%, which is obviously
higher than those of 2D ZnSMX, ZnS, and MXene. The low CE
values observed can be attributed to the formation of SEI
membranes in the initial cycle which leads to a significant

This journal is © The Royal Society of Chemistry 2025

capacity loss. In subsequent cycles, however, the CE values
approach 100%. This indicates that the resulting composite
materials exhibit excellent reversibility during cycling. The
comparative analysis of the cycling performance of 3D ZnSMX,
2D ZnSMX, ZnS, and MXene electrodes at 1 A g~ is presented
in Fig. 4d. It is evident that the pure ZnS electrode exhibits a
rapid decline in capacity, reaching 187.5 mA h g~' within
twenty cycles. The rapid capacity decay can be attributed to the
pulverization of ZnS, which is a consequence of the consider-
able volume change that occurs during the charge/discharge
process. Obviously, the 3D ZnSMX electrode exhibits a higher
reversible capacity than 2D ZnSMX which is attributed to the
interconnected conductive network structure facilitating fast
electron/ion transport and exposing more ZnS nanoparticles.
In addition, the rate performance of 3D ZnSMX, 2D ZnSMX,
ZnS and MXene electrodes was evaluated at various current
densities from 0.2 to 5.0 A g~ as shown in Fig. 4e. The 3D
ZnSMX electrode shows high specific capacities at current den-
sities of 0.2, 0.5, 1.0, 2.0, and 5.0 A g~* as 961.6, 857.4, 782.1,
693.3, and 598.1 mA h g~ respectively. In comparison with 3D
ZnSMX, the capacities for pure ZnS electrode only reached
317.4, 219.6, 154.5, 97.6, and 38.9 mA h g' at current den-
sities of 0.2, 0.5, 1.0, 2.0, and 5.0 A g™', respectively. During
the charge/discharge process, the pure ZnS nanoparticles
suffered from agglomeration problems which caused sluggish
lithium-ion storage kinetics leading to unsatisfactory rate per-
formance. There is no doubt that 3D ZnSMX electrode demon-
strates excellent rate performance compared to other samples
of 2D ZnSMX, ZnS, and MXene electrodes in this research. In
particular, compared to previously reported ZnS-based compo-
site electrodes shown in Fig. 4f, the 3D ZnSMX electrode exhi-
bits better rate performance at both low and high current
densities.>**™*> Based on the excellent rate performance of the
3D ZnSMX, the long-term cycling behavior of 3D ZnSMX at 2.0

Dalton Trans., 2025, 54, 4039-4048 | 4043
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Fig. 4 (a) CV curves of the 3D ZnSMX electrode at 0.2 mV s™* for the first three cycles. (b) CV curves of the ZnS electrode at 0.2 mV s for the first
three cycles. (c) GCD profiles of the 3D ZnSMX electrode at 0.2 A g for the initial three cycles. (d) Cycling stability and (e) rate performance of the
3D ZnSMX, 2D ZnSMX, ZnS, and MXene electrodes. (f) Comparison of the rate performance of the 3D ZnSMX electrode with reported ZnS-based
composite anodes. (g) Long-term cycling performance of 3D ZnSMX electrode at 2 A g™,

A g ' and 5.0 A g7 was also investigated, as illustrated in
Fig. 4g and Fig. S7.1 Following 350 cycles at current densities
of 2.0 A g7', the specific capacity of 3D ZnSMX electrodes
reached 1027.8 mA h g7, a value that exceeds the performance
of previously reported ZnS-based electrodes.’*™* The specific
capacity of the 3D ZnSMX electrode was found to remain at
493.9 mA h g7' even after 800 cycles at 5.0 A g~". It is note-
worthy that the capacity of the 3D ZnSMX electrode exhibits an
evident increasing trend during battery cycling, a phenomenon
commonly observed in the anodes of most TMSs and
TMOs.*®*” By comparing the GCD curves of the 10th, 50th,
100th, 150th, and 200th cycles shown in Fig. S8a,T it is evident
that the increase in capacity primarily occurs in the low-volt
interval (0.01-0.50 V), which may be due to the reversible for-
mation and decomposition of the gel-like polymer layer in the
electrolyte.*® The gel-like polymer layer that forms at the inter-
face between the electrode and the electrolyte has the potential
to generate an excess of interfacial storage through pseudo-
capacitive behavior.**>*

In order to reveal the superior performance of the 3D
ZnSMX electrode, the cyclic voltammetry tests were carried out
at scan rates of 0.2 to 1.2 mV s~ before and after 350 cycles at
2 A g7' to gain further insight into the specific capacity recov-

4044 | Dalton Trans., 2025, 54, 4039-4048

ery of the 3D ZnSMX electrode during charge/discharge pro-
cesses in relation to its electrochemical kinetic behavior, as
shown in Fig. 5a and d. The 3D ZnSMX electrode exhibits a
similar CV curve compared to pre-cycle after 350 cycles. In
addition, the electrochemical kinetics of ZnSMX are analyzed
by means of the power law relationship between the measured
current and the sweep rate using the equation:

i=av?

log (i) = b log(v) + log(a)

where a and b are adjustable parameters, v is the scan rate, i is
the peak current. In general, the b value close to 0.5 is indica-
tive of diffusion-controlled behavior, whereas the b value
reaches 1.0 suggesting capacitive-controlled behavior in
lithium-ion storage.”® Fig. 5b and e show the fitting results
before and after 350 cycles. The b values of peak 1 and peak 2
are 0.828 and 0.838 before cycling which means both capaci-
tance behavior and ionic diffusion behavior occur during the
charging and discharging processes. However, the b values of
peak 1 and peak 2 become 0.90 and 0.88 after 350 cycles. It is
obvious that the b value is more biased towards 1.0 after 350
cycles, which means that it tends to be more capacitively con-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a and d) CV curves of the 3D ZnSMX electrode at different scan rates before and after 350 cycles. (b and e) b value in different peaks of the
3D ZnSMX electrode before and after 350 cycles. (c and f) Contribution ratios at different scan rates before and after 350 cycles.

trolled after 350 cycles. In order to gain further insight into
the specific quantities of the capacitive-controlled behavior,
the charge storage mechanism of the cycling process was sub-
jected to analysis using the following equation:

i(v) = kyv + kov'/?

where k; and k, are adjustable parameters, while k,;v and k'
represent the capacitive-controlled reaction current and
diffusion-controlled reaction current, respectively.’® The calcu-
lated capacitive-controlled contribution before and after 350
cycles are shown in Fig. 5c and f. It is clear that the capacitive-
controlled contribution increases significantly after cycling.
This increase is observed to be from 58.9% to 73.4% at 0.2 mV
s~' and from 76.6% to 86.7% at 1.2 mV s " after 350 cycles.
Increased capacitive-controlled contribution means that well-
organized interfaces in heterostructures are essential to
improve fast lithium-ion storage. This predominant capacitive-
controlled behavior would account for the excellent rate per-
formance and the specific capacity recovery of 3D ZnSMX to a
certain degree.*®*°

Electrochemical impedance spectroscopy (EIS) and galvano-
static intermittent titration technique (GITT) experiments were
performed to further analyze the ion transport capacity of 3D
ZnSMX. As shown in Fig. 6a, the Nyquist plots are a semicircle
at high and mid frequencies and a straight line at low frequen-
cies. The semicircle represents the charge transfer impedance,
while the straight line represents Li diffusion in electrodes.*®
It is evident that the MXene electrode exhibits the smallest
semicircle, the 3D ZnSMX electrode is marginally larger, while
the ZnS electrode is considerably the largest. This indicates
that the incorporation of the MXene into ZnS nanoparticles
reduces the charge transfer resistance and facilitates charge
transfer kinetics. The diffusion of lithium in the 3D ZnSMX

This journal is © The Royal Society of Chemistry 2025

electrode is described by the Li" diffusion coefficient (Dy;),
which is calculated according to the following formula:

o)
nr \ MgS AE;

where 7 represents the relaxation time, mg and V,, signify the
mole number and mole volume of the electrode material,
respectively, S denotes the electrode surface area, while AEg
and AE, are the transient potential changes brought about by
the current pulse and the transient voltage variation in titra-
tion current flux following the relaxation period, respectively.
As illustrated in Fig. 6b and c, the 3D ZnSMX exhibits a higher
value of Dy in comparison to ZnS (up to 6.3 x 10" cm® s7),
thereby indicating superior electrochemical kinetics.

The SEM was employed to elucidate alterations in the
surface topography of electrode sheets before and after 350
cycles. As can be observed in Fig. 6d and e, the morphology of
the 3D ZnSMX electrode is almost intact after cycling, and
there is no obvious crack and agglomeration during the charge
and discharge process. Besides, it is more clearly observed that
the overall structure of 3D ZnSMX is retained well except for a
slight increase in surface roughness, which is in favor of its
outstanding electrochemical performance. Nevertheless, the
formation of numerous cracks is evident in the pure ZnS elec-
trode following 350 cycles shown in Fig. 6f and g, indicating
that the pure ZnS electrode is unable to maintain stability
throughout the cycling process. The formation of cracks on
the electrode sheets may be attributed to the structural col-
lapse of ZnS, which is caused by significant volume changes
that occur during the charging and discharging processes.
Fig. S107 shows the XPS spectra of the electrode sheet after
350 cycles at a current density of 2 A g . The binding energies
of O 1s at 529.5 €V, 530.3 eV, 531.3 eV, and 533.2 eV are identi-
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(a) EIS diagram of the 3D ZnSMX, ZnS and MXene electrodes. (b and c) GITT profiles with the calculated Li* diffusion coefficient (D). (d and

e) SEM images of 3D ZnSMX electrode before and after 350 cycles. (f and g) SEM images of the ZnS electrode before and after 350 cycles.

fied as Ti-O, C-Ti-O,, Ti-O-Zn, and O-H bonds. A comparison
with Fig. 3f of the high-resolution XPS spectra of O 1s reveals
that the Ti-O-Zn bond remained stable after 350 cycles.

Based on the above analysis, we can infer that the following
strategically interdependent characteristics of the 3D ZnSMX
electrode are responsible for the outstanding LIB performance.
Firstly, the composite of MXene and ZnS nanoparticles enhances
electrical conductivity, providing efficient channels for rapid elec-
tron/fion transport and improving the utilization of active
materials. Secondly, the ZnS nanoparticles are tightly anchored to
the MXene nanosheets through Ti-O-Zn bonds, preventing aggre-
gation and volume expansion/shrinkage, thus ensuring excellent
long-term cycling stability. Moreover, the 3D porous structure
inhibits the self-stacking of MXene nanosheets and provides
additional space to sustain swelling, favoring the stability of the
structure and exposing more active sites. Finally, the surface-
dominated lithium storage behavior of 3D ZnSMX is highly
reversible, and rapid lithium diffusion enhances the cycling and
rate performance of the material. Therefore, the prepared 3D
ZnSMX can address the issues of poor conductivity and volume
change of the ZnS anode in two ways, which is helpful in guiding
the design of other TMS electrodes.

4. Conclusions

In summary, ZnS nanoparticles were grown in situ on MXene
nanosheets and assembled into a 3D structure to form 3D
ZnSMX using the in situ growth and template methodology.
The formation of Ti-O-Zn bonds allows ZnS nanoparticles to
be firmly attached to MXene nanosheets, effectively preventing
the detachment of ZnS nanoparticles from the conducting
MXene substrate and adapting to the volume changes of ZnS
during the charge/discharge process. Moreover, the introduc-
tion of the MXene effectively enhanced the electrical conduc-
tivity of the heterostructures thereby accelerating the electron

4046 | Dalton Trans., 2025, 54, 4039-4048

transport while simultaneously preventing the aggregation of
ZnS nanoparticles. Besides, the 3D porous structure prevents
the self-stacking of MXene nanosheets, thereby exposing a
larger number of reactive sites and speeding up the electro-
chemical kinetics. The 3D ZnSMX exhibits a high capacity
(7821 mA h g™' at 1 A g"), superior cycling stability
(1027.8 mA h g~* after 350 cycles at 2 A g™ '), and excellent rate
performance (598.1 mA h g™" at 5 A g™'), which are ascribed to
the capacitive-controlled lithium storage behavior with excel-
lent electrochemical kinetics. Therefore, anchoring nano-sized
ZnS on MXene nanosheets with strong interfacial interactions
and preparing them into three-dimensional structures is a
promising strategy for improving the lithium storage perform-
ance, which can also be extended to other metal sulfides for
energy storage applications.
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