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Abstract

MXene has been considered as a promising two-dimensional material for supercapacitors
owing to its large surface area, high conductivity, and excellent cycling stability. However, its
low specific capacitance restricts its extensive applications. Therefore, to address the issue, we
homogeneously deposited NiCo2Ss nanoflakes on the surface of MXene on conductive nickel
foam (denoted as MXene-NiCo02Ss@NF), which was used as a composite binder-free electrode
for supercapacitor applications. The NiCo2S4 nanoflakes increased the surface area of the
composite electrode, thereby increasing its specific capacity from 106.34 C g* to 596.69 C g
at 1 A g*. Compared to the pristine MXene, MXene-NiCo,S:@NF maintained the high
retention rate of pristine MXene and exhibited excellent cycling stability with 80.4% of its
initial specific capacity after 3000 cycles. The composite electrode exhibited improved
electrochemical performance for supercapacitors, owing to the combined merits of NiC02S4
(high specific capacity) and MXene (high retention rate and good cycling stability. The
fabricated asymmetric solid-state supercapacitor using MXene-NiCo0,Ss as a positive electrode

and active carbon as a negative electrode, exhibited an energy density of 27.24 Wh kg at 0.48



KW kg of power density.
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Introduction

There have been extensive studies on innovative high-performance energy-storage devices
owing to the increasing energy demand worldwide. Supercapacitors such as electrochemical
capacitors (ECs) have a wide range of applications as complementary energy-storage devices
to batteries in electric vehicles, wearable devices, and portable electronics owing to their fast
charge—discharge performance, high power density, and excellent cycle life.[1-7] Based on
their charge-storage mechanism, the ECs can be classified into two categories: 1) electrical
double-layer capacitors (EDLCs), which are characterized by ion adsorption/desorption at the
interlayer between the electrode and electrolyte, and 2) pseudocapacitors, which utilize a

Faradaic redox reaction and provide higher capacitance. There have been several reports on

the active electrode materials, such as carbon materials, metal oxides, and conductive

polymers.[8-15]

MXenes were reported in 2011 as a novel family of two-dimensional graphene-like

materials.[16] However, owing to their metallic conductivity and hydrophilicity, MXenes are

better suited for the electrochemical applications compared with graphene, which is composed

of a thin layer of carbon atoms. Furthermore, it is possible to modify the surface of the MXenes

by selective chemical etching of their precursor without affecting their excellent electrical

conductivity.[17, 18] The general chemical formula of Mxenes is Mn+1XnTx, where “M” is an

early transition metal (e.g., Sc, Ti, V, or Cr), “X” is either carbon or nitrogen, “T” represents
the functional groups on the surface (e.g., O-, OH-, or F-), and n = 1, 2, or 3. These can be

synthesized by selectively etching off the A atom layer from the MAX phase, where “A” is



typically a Group 13 or 14 element.[19-22] In the field of capacitive energy storage, MXenes,
which exhibit a large surface area, high conductivity, and excellent cycling stability, have been
investigated as a novel electrode material for the ECs.[23, 24] Particularly, TisC>Tx-based ECs
exhibit pseudocapacitive behavior in alkaline electrolytes, owing to their highly reversible
surface redox reaction and metallic electrical conductivity.[25, 26] Furthermore, for the
application of MXenes as a current collector, the powdery MXene materials must be mixed
with conductive carbon or a polymeric binder, followed by pressing. However, the addition of
such binders inevitably deteriorates the overall energy-storage capacity and electrical
conductivity of the active materials. Therefore, a new concept of binder-free electrodes has
been recently proposed[27, 28], wherein the clay-like TisCoTx materials are directly deposited
on the nickel foam (NF) by a sample dropping-mild baking method without any binder,
inducing good mechanical adhesion, higher surface area, and lower resistance. The adoption
of a binder-free electrode could provide a high specific capacitance of 499 F g and excellent
cycling stability in acidic electrolytes. However, the specific capacitance of MXene-based
binder-free electrodes is still unsatisfactory for further applications, owing to the relatively low
amount of active sites of carbide materials.

To address this issue, many works have been reported on the composites of MXenes with
transition-metal oxides (TMOs)[29, 30] or conductive polymers (CPs).[31-33] However, the
low conductivity of the TMOs and CPs would result in poor rate capability and cycling stability
in the charge-discharge process, respectively.[34-36] Moreover, most of the reported TMOs
would be synthesized at high temperatures over 300 °C; such high-temperature annealing causes

the MXene to be partially oxidized, leading to conversion into TiO.. Consequently, the
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electrical conductivity of the MXenes would be significantly reduced, resulting in inferior rate
capability.[37, 38] In contrast, transition-metal sulfides (TMSs) exhibit higher conductivity
than the TMOs, owing to the stronger covalent nature of the former, which originates from the
soft basic S?-/S,> ions, instead of the hard basic O? ions in the latter, which depend on the hard
and soft acid and base theory.[39] Moreover, the hydrothermal sulfurization process below 130 °C
effectively suppresses the oxidation of the MXenes. Furthermore, the binary TMSs are reported
to retain better electrochemical activity and higher capacity than the mono-metal sulfides
owing to their abundant redox sites.[9, 34] However, to the best of our knowledge, there have
been no reports on a 3D hierarchical composite of MXene with NiC0.S4, the unique
nanostructure provided larger surface area and exposed more redox sites of NiCo02Ss in
electrolyte for application as energy-storage devices.

In this study, we fabricated NiC02S4 on a TisC2Tx-based NF binder-free electrode (denoted
as MXene-NiCo0.Ss@NF), which was then applied to the supercapacitors. The MXene-
NiCo0.Ss@NF nanocomposite exhibited a specific capacity as high as 596.69 C gt at 1 A g?,
and cycling retention of 80.4% after 3000 cycles at 10 A g. Furthermore, the MXene-
NiC0o2Ss@NF as a binder-free electrode could be applied to the asymmetric solid-state

capacitors (ASC) without further treatment.

Experimental Section

1. Fabrication of TisC> MXene electrodes

The TisC,Tx was synthesized and intercalated by hydrofluoric acid (HF) etching and dimethyl



sulfoxide (DMSO) intercalation, as described in reported works.[27, 28] The obtained TisC2Tx
has been denoted as “in-TisC2Tx”. Then, a colloidal suspension of TizC,Tx was prepared by
mixing 0.1 g of the in-TisC> powder with 100 mL of de-ionize water under vigorous magnetic
stirring for 4 h. Next, NF was cut into the required size (1 x 1 cm), and the surface was cleaned
with alcohol. The TisC.Tx colloidal suspension was then dropped with a pipette onto the
pretreated NF sheet, which was placed on a hotplate maintained at 80 °C. The TizC>Tx content

of the whole electrode was easily controlled by adjusting the volume of the suspension.

2. Synthesis of NiC0,S4 nanosheets on TisC,>Tx MXene electrodes

Our synthesis procedure involved two steps: co-electrodeposition of mixed metal (Ni, Co)
hydroxide precursor followed by a vapor-phase hydrothermal method. First, the bimetallic
layered double hydroxides (LDHs) were electrochemically deposited onto the TisCoTx MXene
electrodes in a4 mM Co (NOz)2 6H20 and 2 mM Ni(NO3)2 6H20 solution at room temperature.
The TizC2Tx MXene electrodes served as the working electrodes, the saturated Ag/AgCl served
as the reference electrode, and a Pt sheet served as the counter electrode. The deposition was
performed using a cyclic voltammetry (CV) electrodeposition method. The potential ranged
from -1.2 t0 0.2 VV at 5 mV! per cycle. Second, the precursors were placed in a 50 mL Teflon-
lined stainless-steel autoclave with 35 mL of sodium sulfide solution (0.2 M) and kept at 120 °C
for 14 h. Finally, the products were collected via washing with DI water and ethanol, followed

by drying at 60 °Cfor 12 h to obtain the MXene-NiCo02S4 electrodes.



3. Fabrication of ASC devices

The ASC devices were fabricated in a two-electrode configuration, using the as-prepared
products as the positive electrode and active carbon (AC) as the negative electrode, with a
poly(vinyl alcohol) (PVA)-KOH polymer electrolyte separator between them. The AC
electrode was prepared by mixing 80 wt.% active materials, 10 wt.% acetylene black, and 10
wt.% polytetrafluoroethylene.

The PVA-KOH polymer electrolyte was prepared via the typical process, which is described
as follows: First, 6 g of PVVA was dissolved in 60 mL of DI water with stirring for 2 h at 85 °C.
Then, 3 g of KOH was dissolved in 20 mL of DI water. Finally, the two resulting solutions were
mixed at 80 °C with vigorous stirring until the mixture became clear. Next, they were immersed
in the PVA—KOH solution for 8 min. After evaporation of the excess water at room temperature,
the two electrodes were assembled. The final ASC device was obtained after the solidification

of the PVA-KOH gel.

4. Characterization

The crystalline structure and phase purity of the products were examined via X-ray diffraction
(XRD) analysis using a D8 Advance (Germany, Bruker) automated X-ray diffractometer
system with Cu-Ka (A = 1.5418 A) radiation at 40 kV and 40 mA in the 20 range of 5° to 90°
at room temperature. The structure and morphology of the samples were characterized via X-
ray photoelectron spectroscopy (XPS; Al Ka excitation laser, ESCA2000), field-emission

scanning electron microscopy (SEM) and high-resolution transmission electron microscopy



(HRTEM) (JEM-2100F).

5. Electrochemical measurements

Electrochemical experiments were performed in 3 M KOH using a three-electrode
electrochemical workstation (RST 5100F). A Pt plate and Hg/HgO electrode were used as
counter and reference electrodes, respectively, while the MXene/NiCo2S4 electrodes were used
directly as the working electrode. The CV curves were measured in the potential window of 0—
0.6 Vat5, 10, 30, 50, 70, and 100 mVs* and the galvanostatic charge-discharge (GCD) process
was conducted in the potential range of 0-0.55V at 1, 2, 6, and 10 Ag ™.

An ASC device was assembled using MXene-NiCo.Ss@NF as the positive electrode,
AC@NF as the negative electrode, and the PVA-KOH gel electrolyte between them. The mass
loading for the negative electrode was determined by balancing the charges stored in the two
electrodes. Generally, the charges stored by the positive and negative electrodes can be
determined as follows: Q+ = Q-, where Q+ = C+ x AV x m+ and Q- = C. x AV x m.. In this study,

the mass loading of the positive and negative electrodes was 1.2 and 5.7 mg, respectively.

Results and Discussion

The fabrication process for the MXene-NiCo02Ss@NF electrode is described in Figure 1. First,
TisCoTx was synthesized by etching TisAlC> using HF, followed by mixing with DMSO for
the intercalation of TisC.Tx. Then, the TisC>Tx-based electrode was fabricated by a simple

dropping and drying method with the clay nature of MXene, followed by the deposition of
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nickel-cobalt LDHs on the MXene@NF electrode using electrodeposition via electrostatic

interaction.[40] The preparation of LDHs based on Ni?* and Co** by electrodeposition is usually

carried out in a solution containing the nitrates of the bivalent and trivalent ions, and applying a

cathodic potential to the electrode to promote the reduction of nitrates and water molecules. The

reactions either consume H* or produce OH™ ions near the electrode surface, thus increasing the

local pH and precipitation of the LDH, as shown in the following equations (1-3).[41]

NO; + H,O0 +2e~ - NO, + 20H" @

NO; + 7H,0 + 8e~ » NH} + 100H" (2)

xNi?*t 4+ 2xCo?* + 6xOH~ = Ni,Co,.(OH).. (3)

Subsequently, the composite electrode was mixed with Na»S -9H»0 via the hydrothermal method.

The Na,S as a sulfur source was exposed to hydrolysis, producing active sulfide ions (S*) and

causing the nucleation of the NiCo0»S4 crystal via an anion-exchange reaction. During the

sulfidation process, the S anions would donate two electrons to Ni and Co ions in the LDH,

followed by the exchange with OH" anions in the solution (equation 4).[34]

Ni.Co,,(OH)., + 4xS*~ - xNiC0,S, + 6x0H~ + 2xe~ (4)

As the reaction progressed, thin NiCo2S4 nanoflakes were deposited on the surface of MXene.
To investigate the variations in the electrochemical properties, according to changes in quantity
of drops of the TisCyTx suspension and the electrodeposition times under the unified
experimental conditions, we prepared several samples with different mass fractions of MXene
in the active materials. These were denoted as 0-MXene-NiCo02S4s@NF, 50-MXene-
NiCo2Ss@NF, 60-MXene-NiCo2Ss@NF, 70-MXene-NiCo2Ss@NF, and  100-MXene-
NiCo2Ss@NF corresponding to approximately 0% (pure NiCo02S4 electrode), 50%, 60%, 70%,

and 100% (pure MXene electrode), respectively. The mass-loading of MXene and NiCo02S40n
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the NF is shown in Table S1.

The XRD patterns of the as-synthesized samples of MXene and MXene-NiCo02S4 are shown in
Figure 2a. The MXene-NiCo02Ss sample exhibits (002), (004), (008), and (110) peaks,
corresponding to the 20 values of typical TisC». The full width at half maximum (FWHM) of
the (002) diffraction peak increases and the peak shifts to a lower angle, indicating that the
DMSO molecules have entered the interlayer of MXene, successfully enlarged the c-lattice
parameters of the MXene nanosheets, as well as increased the interlayer spacing of the
nanosheets, promoting the adsorption of the metal cations during the electrodeposition process.
Additionally, the XRD pattern shows high-intensity diffraction peaks at 20 values of 31.5°,
38.3° 50.5° and 55.3°, which are readily attributed to the (311), (400), (511), and (440)
reflections, respectively, indexed to the cubic-type NiC0,Ss phase (JCPDS No. 43-1477),
indicating the good crystallinity of the composite. However, compared with the standard
JCPDS card, the (440) peak is slightly shifted toward a smaller angle and a similar cubic C03Sa4
phase (JCPDS No. 42-1448), confirming the substitution of Co ions by Ni ions, which slightly
changed the lattice parameters while maintaining the crystal structure.[42]

To investigate the surface chemical state of the MXene-NiCo0,Ss sample, XPS was performed,
as shown in Figure 2b. The Ti 2p and C 1s elemental spectra are shown in the Supporting
Information (Figures Sla and b, respectively). The Ni 2p spectrum (Figure 2c) was fitted with
two spin-orbit doublets and two shakeup satellites (marked as “Sat.”) using the Gaussian fitting
method. The strong peaks at 874.3 eV for Ni 2ps;2 and 856.0 eV for Ni 2py. indicate the co-
existence of Ni?* and Ni**.[43] The spectrum of the S 2p region is shown in Figure 2d. The

binding energies at 161.8 and 163.1 eV correspond to 2pz;2 and 2p1p, respectively, indicating
11



the presence of the NiCo2Ss and MXene in the compound without any impurities such as
oxidized NiCo,0s, as well as the presence of Ni?*/Ni** and Co?*/Co®* ions as abundant active
sites for the redox reaction, which are responsible for the electrochemical performance of the
electrode.[44, 45]

The SEM and transmission electron microscopy (TEM) images in Figures 3 and S2 show the
surface morphologies of the pure MXene and MXene-NiCo2Ss. Figure S2 demonstrates the
delamination of TisC, before and after the DMSO treatment, indicating the increase in the
interlayer spacing, which facilitated the intercalation of the ions. Figures 3a and b show the
morphology of the cross-section and side-section of the composite nanosheets. Compared with
the pure MXene (insets of Figures 3a and b), the monolayer lamellae and surface roughness of
the composite clearly increased after electrodeposition and sulfuration. Moreover, as shown in
Figure 3c, the edge of the MXene was evidently wrapped in fibrous NiC02S4 nanoflakes, which
significantly increased the volume of each nanoparticle. As mentioned previously, the MXene-
NiCo02Ss nanosheets exhibited a larger surface area and volume than the pure MXene,
increasing the contact area of the composite with the electrolyte, which allows a shorter ion
diffusion distance and gives rise to more active sites for the Faradaic redox reaction.
Furthermore, according to the HRTEM and selected-area electron diffraction (SAED) results
shown in Figure 3d, the interplanar spacing was evaluated as 0.23 nm, which agrees well with
the (400) lattice plane of spinel NiCo02S4. The SAED pattern is also consistent with the XRD
results, and the diffraction rings indicate the growth of NiCo2Ss on the surface of the
MXene.[46]

The CV and GCD measurements were performed using a three-electrode system to evaluate
12



the electrochemical properties of the NiCo2S4 grown on the MXene@NF as a binder-free
electrode. Figures 4a, b, and S3 show the CV and GCD curves of the MXene-NiCo02S:@NF

electrodes with different mass ratios. Notably, one pair of distinct redox peaks in the CV curves

and the charge-discharge plateaus in the GCD curves can be easily distinquished, which are

mainly caused by the reversible Faradaic reactions on the surface or near-surface of the active

materials, clearly demonstrating the typical battery-type behavior of the MXene-NiCo0,S4

composite.[47-49] Figure 4a shows the CV curves at different scan rates ranging from 0-100

mV s?in a potential window of 0 to 0.55 V. These redox peaks are attributed to the reversible
Faradaic redox reactions of Co?*/Co%*/Co*" and Ni**/Ni** based on the following equations
(5-7).[43, 50]

CoS + OH™ & CoSOH + e~ (5)

CoSOH + OH™ & CoSO + H,0 + e~ (6)

NiS + OH™ < NiSOH + e~ @)

The single component of NiC0,S4 in the KOH electrolyte is responsible for the charge storage

of the composite electrode. Moreover, with the increase in the scan rate, the anodic and cathodic

peaks showed a significant shift toward the positive and negative potentials, respectively.
Moreover, a change is observed in the intensity of the peak currents, indicating an increase in
the chemical composition polarization and internal resistance with the increase in the scan rate;
this results in the lagging kinetics during the charge transfer process. Additionally, the OH" ions
in the alkaline electrolyte play a vital role in the electrochemical oxidation and reduction of
nickel or cobalt sulfides, as described in previous studies.[51-53]

As well known, rate capability is a crucial parameter for the potential application of the ECs.
13



Therefore, we performed GCD measurements against a Pt plate as a counter electrode and
Hg/HgO as a reference electrode at different current densities between 1 and 10 A g*. The

voltage plateaus at 0.4-0.5 V for the charge curves and 0.4-0.3 V for the discharge curves are

consistent with the redox reactions observed in the CV curves. In addition, the GCD curves of

the MXene-NiCo,S4@NF electrode are symmetrical without an obvious voltage drop at low

current densities, indicating a rapid current—voltage response and excellent electrochemical

reversibility.[42] According to the calculations based on equation (4), the MXene-

NiCo2Ss@NF exhibited excellent specific capacity and rate capability with increasing current

density.[54]

1At
CG=—

m

where Cs (C gb), I (mA), m (mg), and At (s) represent the specific capacity, discharge current,
mass of the active material, and total discharge time, respectively.

The 60-MXene-NiCo.Ss@NF sample exhibited an excellent specific capacity, with values of
596.69, 488.46, 333.73, and 288.14 C g (1147.47, 939.35, 641.79, and 554.04 F g%) at 1, 2,
6, and 10 A g respectively, and the retention ratio was maintained at 48.3% at 10 A g*. As
shown in Figure 3c, although the Cs of the 100-MXene-NiCo.Ss@NF (pure MXene) electrode
decreased only from 106.34 C g (at 1 Ag?) to 78.47 C g’ with a high retention rate of 73.7%.
It has a low specific capacity, which limits its application for supercapacitors. The 0-MXene-
NiCo2Ss@NF (pure NiCo2S4) electrode shows a higher capacity, but its lower retention rate at
a high current density also limits its application. The improved electrochemical properties of

the MXene-NiCo0,S4 samples were mostly due to the suitable design of the microstructure.

Compared with the pure MXene and pure NiCo2Ss, our samples, which depended on the
14



MXene as a substructure that guaranteed a large surface area and improved the conductivity,
exhibited excellent performance, owing to the unique layered structure and extraordinary
characteristics of titanium and carbon. Additionally, NiCo.S4 enhanced the specific capacity in
the alkaline electrolyte owing to the reversible and rapid redox reactions, which are attributed
to the activity of Ni?*/Ni** and Co?*/Co**/Co*" during the charge-discharge process.
Electrochemical impedance spectroscopy (EIS) was performed to investigate the resistance and
ion transport in the different electrodes over the frequency range of 0.01-100 kHz (Figure S4):
In the high-frequency range, the intercept of the semicircular curve on the real axis (Zo)
represents the equivalent series resistance (ESR), which includes the electrolyte resistance,
ohmic resistance of the active materials, and contact resistance at the interface between the
active materials and the substructure. The ESR value of the MXene-NiC0.Ss@NF electrode
was 0.26 Q, which is far lower than that of pure NiCo2Ss (0.37 Q). The semicircle curve
corresponds to the double-layer capacitance (Cai), and the radius reveals the charge-transfer
resistance (Rct) involved in the Faradaic reaction at the interface between the electrode and
electrolyte.[55] In the low-frequency range, the slope of the straight line represents the Warburg
resistance, which is more inclined to the vertical, indicates the characteristic feature of
capacitive behavior.[56] According to the data shown in Table S1, the composite electrode
exhibited higher conductivity than pure NiCo2S4 because of the MXene, which significantly
reduced the internal resistance and improved the charge-transfer conductivity. Additionally, the
three-dimensional (3D) structure minimized the contact impedance between the active
materials and the electrolyte.[57]

The GCD characterization of the cycling stability of the 60-MXene-NiCo0,S4 and 0-MXene-
15




NiC02S4 (pure NiC0,S4) electrodes at 10 A g™ for serval cycles is shown in Figure 4d. The early

upsurge in the specific capacity was due to the activation of active materials in the early cycles.

After 3000 cycles, the discharge capacity of the 60-MXene-NiCo0»S4 is observed to remain at

80.4%, which is significantly higher than that of the pure NiCo,S4 electrode (61.2% after 2000

cycles), as well as other previously studied sulfide- (80% after 1000 cycles) and LDH- (65%

after 3000 cycles) based materials.[58, 59] During the continuous charge-discharge cycles, the

active materials underwent significant structural degradation, as indicated by the SEM image
(inset). Compared with Figures 3a and b (original sample), the interlayer structure of the
MXene particles was maintained even after 3000 cycles implying that MXene effectively

suppressed the agglomeration of the TMSs, leading to better cycling stability.

To investigate the capacitive performance of the MXene-NiC02S4 electrode, an ASC device
employing the AC@NF and MXene-NiCo2S4@NF as negative and positive electrodes,
respectively, was fabricated. The pre-fabricated PVA-KOH electrolyte (gel) was used as a
separator between the negative and positive electrodes, as shown in Figure 5a. Furthermore,
Figure S5a displays the CV curves of AC (-1 ~ 0 V) and MXene-NiCo02S4 (0 ~ 0.6 V) single
electrodes measured at a scan rate of 5 mV s with a three-electrode system. Based on the CV
curves of each single electrode, the voltage range of the ASC device was evaluated from 0 to
1.6 V, which achieved higher energy and power densities.[48] The shapes of the CV curves of
the device did not noticeably change with the increase in the scan rate from 5 to 100 mV s,
indicating the fast charge-discharge behavior of the capacitor. The GCD curves of the ASC at

different current densities are illustrated in Figure 5¢. According to the discharge curves, the
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energy density (E) and power density (P) were calculated using equations (5-6):

1

E=5C2 ()
p=r 6
= (6)

where V (V), E (Wh kg1), P (W kg™?), and At represent the voltage excluding the initial voltage
loss, energy density, average power density, and discharge time, respectively.

According to the specific capacity values, the energy density of the MXene-
NiC0.Ss@NF//AC@NF was calculated as 27.24, 25.43, 18.82, and 11.87 Wh kg™ at power
densities of 0.48, 0.97, 1.65, and 3.38 kW kg, respectively. These results indicate our ASC
device produced higher energy density than the previously reported devices such as CoSx//GR
(14.7Whkg* at 369 W kg™),[60] Ni2Ss@CNT//AC (19.8Whkg™ at 798 W kg?),[61]
NiC02S4//C (22.8 Wh kg™ at 160 W kg1),[62] NixCo1-x LDH@ZTO heterostructure//AC (23.7
Wh kgt at 284.2 W kg1),[63] NiCo20:@NiMoO4//AC (21.7 Wh kgt at 157 W kg™t),[64] and
NiC02S4-CFP//AC (17.3 Wh kg™ at 200 W kg1),[65] as summarized in Figure 5d. To further
demonstrate its practical applicability, we applied the ASC device to a commercial light-
emitting diode (LED), as displayed in Figures S5b—e.

The superior supercapacitive performance of the MXene-NiCo2Ss@NF//AC@NF ASC device
originates from the following characteristics: (1) MXene, as an ideal matrix, provides a highly
rapid path for fast electron transport owing to the outstanding conductivity of the carbide
materials; (2) The NiCo.S4 nanosheets enhance the interfacial contact between the electrolyte
and the active materials, as well as provide abundant active sites for energy storage properties;
(3) The AC@NF negative electrode facilitates ion transport and electrolyte accessibility,

leading to lower resistance.
17



Conclusions

In conclusion, we fabricated a novel 3D MXene-NiC02S4 nanostructure as a binder-free
electrode for chemical capacitors. The proposed structure not only overcame the low specific
capacitance of MXene but also improved the weak cycling stability and low conductivity of
TMS. First, the MXene clay was synthesized and affixed on NF without a binder which
effectively reduced the internal resistance and accelerated charge transport. Then, the precursor
was electrodeposited on the surface of the MXene nanosheets, to which sodium sulfide
nonahydrate was added, followed by sulfuration via the hydrothermal method through an
anion-exchange reaction. The fabricated MXene-NiCo0,Ss electrode exhibited excellent
electrochemical performance, with a high specific capacity (596.69 C g at 1 A g*) and
outstanding cycling stability (retained 80% of the initial capacity after 3000 cycles). The
cycling stability was mostly due to the unique nanostructure of the titanium carbide
substructure, which not only provided a large surface area but also withstood the volumetric
strain due to the application of charges along with the redox reaction. Furthermore, an ASC
device assembled with MXene-NiCo02S; as a positive electrode and AC as a negative electrode
exhibited a high energy density of 27.2 Wh kg and a high power density of 0.48 kW kg™. The
results indicate that the proposed 3D nanostructure can improve the performance of
supercapacitors and other energy-storage devices.
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Figure 1. Schematic of the fabrication process for the MXene-NiCo2S4 electrode.
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Figure 2. (a) XRD pattern and (b) XPS survey spectra of MXene-NiCo0.S4; (c, d) core-level

spectra of the Ni 2p and S 2p regions, respectively.
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Figure 3. (a, b) SEM (insets of (a) and (b) show intercalated MXene) and (c, d) TEM images
of the MXene-NiCo.S; electrode at different magnifications. The inset of (d) shows the SAED

pattern.
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Figure 4. (a) CV curves and (b) GCD curves of the 60-MXene-NiC02Ss@NF electrode at
different scan rates and different current densities; (c) specific capacity of MXene, NiCo02Sa,

and different ratios of MXene-NiCo02S4; (d) cycling stability of the 60-MXene-NiCo,S4s@NF

electrode and 0-MXene-NiCo,S4@NF electrode at 10 A g* for several cycles and (inset) an

SEM image of the 60-MXene-NiCo,S4@NF sample after 3000 cycles.
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Table S1: EIS results for different samples

Ro(Q) | Ca (UF/cm?) | Ret () | W (Sesec™.5/cm?)
Pure MXene@NF 0.21 14.18 0.88 0.0278
60-MXene-NiCo2Ss@NF 0.26 414.9 0.92 0.037
Pure NiCo02Ss@NF 0.37 527.16 2.77 0.0762
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