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ABSTRACT

The battery-type anodes and capacitor-type cathodes enable lithium-ion capacitors (LICs) to achieve
high energy density and high power density concurrently. Nonetheless, the gap in capacity and
electrochemical reaction dynamics between anodes and cathodes remains a grand challenge. In this
work, we report the synthesis of hierarchical MoS,/C@MXene composite with uniform MoS,/C
nanosheets grown on few MXene flakes by electrostatic flocculation and hydrothermal reaction. As a
result, the restacking of MXene flakes is inhibited effectively by electrostatic flocculation, and the few-
layer MXene provides abundant sites for the uniform growth of MoS; nanosheets. Meanwhile, the
amorphous carbon matrix derived from diethylenetriamine can further enhance the conductivity of
MoS; and mitigate the oxidation of MXene. Due to the desirable coupling effect between MoS,/C and
MXene conductive networks, MoS,/C@MXene electrode demonstrates superior Li storage capacity. It
delivers a reversible capacity of 600 mAh g at 1.0 A g'! after 700 cycles, along with excellent rate
performance. Moreover, the assembled LIC device using MoS,/C@MXene as anode and
threedimensional porous carbon as cathode exhibits a high energy density of 164.5 Wh kg! at the
power density of 225 W kg, and an energy density of 53.1 Wh kg even at a high power density of
11.3 kW kg, as well as good cycling stability with capacity retention of 77.2% after 5000 cycles at 1.0
A gl. These results indicate that MoS2/C@MXene might be promising anode materials for high-
performance LICs.
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1. Introduction

The ever-increasing consumption of fossil fuels has already exerted severe impact on environment,
particularly as regards the air pollution and energy depletion. Therefore, exploitation and development
of green energy storage devices with high energy density, high rate capability, long cycle lifespan and
environmental friendliness are of crucial importance [1-4]. Among these devices, lithium-ion batteries
(LIBs) and supercapacitors (SCs) have attracted extensive attention. LIBs are dominant in the energy
storage market in view of their high gravimetric and volumetric capacity [5,6], while SCs are applied to
many occasions for the sake of their high power density [7,8]. Nevertheless, both of them cannot
possess the high energy density and power density simultaneously, which undoubtedly restricts their
widespread applications. The key to tackle this issue is to vigorously develop advanced lithium-ion
capacitors (LICs).

The electrodes of LICs are usually composed of battery-type anodes storing energy via redox reactions
and capacitor-type cathodes harvesting energy by fast adsorption/desorption of ions. Due to this
characteristic, LICs are also called hybrid ion capacitors and can deliver high energy density at high
power density, bridging the gap between LIBs and SCs [9,10]. Because of great difference in energy
storage mechanisms, the matching of two electrodes is an issue that cannot be ignored [11]. For the
battery-type anode, transitional metal sulfides (TMSs) are considered to be qualified candidates owing
to their high lithium storage performance [12-14]. Molybdenum disulfide (MoS,) is a typical TMS with
layered structure which is favorable for the diffusion of electrolyte ions, leading to superior
performance in lithium storage [15,16]. However, there are two major drawbacks restricting the
electrochemical performance of MoS,: the poor electron conductivity and volume expansion during
electrochemical reactions [17,18].

One of the effective strategies is to introduce conductive 2D materials as substrate which provides
large quantities of active sites for the nucleation and growth of MoS,. The substrate can not only
stabilize the structure of MoS; during electrochemical reactions but also enhance the ability of charge
transportation. Among numerous 2D conductive materials, MXene is a novel type of multi-layer
transitional metal nitrides, carbides, which can be obtained by etching “A” atomic layers from the
precursor MAX (M: transitional metals; A: A-group elements; X: carbon or nitrogen) with hydrofluoric
acid or acid solution with high concentration of F". There are abundant functional groups on the surface
generated during the etching process, which makes MXene a favorable substrate to load active
materials [19]. Besides, the outstanding metallic conductivity and tunable layered structures are
another two conspicuous merits for MXene [20,21]. Therefore, MXene has been widely applied for
LIBs [22], Li-S batteries [23] and SCs [24].

Many previous studies have focused on the energy storage performance of MoS,/MXene [25-28].
However, the 2H-MoS; phase in the MoS,/MXene composite, to some extent, exerts negative effect
on their electrochemical performance due to its low conductivity. To solve this problem, the 1 T-MoS,
phase coupled with MXene have been developed and could exhibit high performance, since the 1 T
phase possesses metallic conductivity [29,30]. However, the 1 T-MoS; is a type of metastable crystal
according to previous report [31]. That is to say, it may be difficult to directly prepare 1 T-MoS; with
high purity or completely transform 2H-MoS; to 1 T-MoS,, which may make MoS,/ MXene composite
fail to achieve the expected high lithium storage performance. Consequently, it is necessary to
introduce carbon matrix to address this issue, instead of directly growing MoS; on the surface of
MXene.

In addition, some characteristics of MXene also have negative impact on performance of composite
materials. Firstly, the oxidation of MXene is a non-negligible dilemma due to the oxygen containing



functional group. It is almost inevitable that TiO, forms in the preparation processes of composites,
leading to the decrease in conductivity of MXene [32]. From this aspect, the introduction of carbon
matrix into MoS,/ MXene can not only increase the conductivity of MoS,, but also make up for the
negative effect caused by the oxidation of MXene. Besides, MXene flakes tends to be restacked
spontaneously due to the strong van der Waals interactions between layers, giving rise to a drastic loss
of their electroactive surface area and an adverse effect on the electrochemical properties [33].
Therefore, the essential prerequisite for improving the electrochemical performance of MXene is to
reduce its self-stacking and tailor its surface properties. Recent studies have revealed that few-layer
MXene flakes can possess stronger Li storage capacity than their multilayer counterparts [34].
Traditionally, the exfoliation of MXene flakes is realized by ultrasonic treatment and centrifugation
[35-37] that cannot effectively break the van der Waals interaction between flakes, which often fails
to address the restacking issue during preparation process. To solve this problem, a new delamination
method, i.e., electrostatic flocculation approach is developed [38], which can prevent restacking of the
few-layer flakes to a great extent.

With these considerations in mind, here a novel hierarchical MoS,/ C@MXene composite is
constructed. Firstly, few-layer MXene nanoflakes are obtained by ultrasonic treatment and
electrostatic flocculation. Subsequently, MoS,/C composite nanostructures are grown tightly on the
surface of MXene nanosheets to form 3D MoS,/C@MXene hierarchical structure via facile
hydrothermal treatment and annealing process. The electrostatic flocculation process can break the
electrostatic equilibrium between MXene flakes, thus greatly hindering the restacking. The few-layer
MXene plays two crucial roles: the one is to provide a substrate with good conductivity for the
construction of 3D conductive networks, and the other is to provide abundant sites for the growth of
MoS,, which may greatly alleviate the self-aggregation of MoS,. The amorphous carbon matrix formed
during the annealing process can effectively enhance the conductivity of MoS; and make up for the
negative effect caused by the oxidation of MXene. Therefore, the novel 3D interconnected
heterostructure of MoS,/C@MXene can not only provide large electrode/electrolyte interface to
reduce the distance of Li ion diffusion, but also effectively improve the electrical conductivity of
composite electrode to facilitate the charge transfer. As expected, the MoS,/C@MXene composite
anode exhibits superior lithium storage performance, which outperforms than some MoS,/MXene
composites [39-41]. Besides, the assembled LIC based on MoS,/C@MXene anode and 3D porous
carbon cathode delivers outstanding energy density, power density and long cycling performance,
indicating its great application potentiality in energy storage devices.

2. Experimental
2.1. Synthesis of few-layer TizC, MXene

Firstly, 1.2 g TisAIC; powder was gradually dispersed into 50 mL of HF solution (=40%) with magnetic
stirring at 50 °C for 24 h in order to etch Al atom layers. Afterwards, the black residual was collected
by centrifugation. The MXene powder was then obtained by vacuum freezedrying. Secondly, the few-
layer MXene was synthesized via electrostatic flocculation method. 500 mg as-prepared MXene
powder was added in 20 mL TMAOH (tetramethylammonium hydroxide) solution and stirred for 24 h
at room temperature, followed by centrifugation to remove organic solution. Delamination of TisC;
MXene was carried out by ultrasonic treatment of the above sediment in deionized water for 1 h under
N, atmosphere. After that, the black supernatant was collected by centrifugation at 3500 rpm. Then,
abundant NH;4HCOs was dissolved into 100 mL collected supernatant and let it stand for a short period
of time until the flocculation phenomenon can be observed. Finally, the floccule was freeze-dried and



annealed at 180C in N, atmosphere for 6 h to obtain few-layer MXene powders (noted as f-MXene).
Specially, in order to enhance the yield, the steps mentioned above may be taken for several times.

2.2. Synthesis of MoS,/C@MXene

In a typical synthesis, 100 mg f-MXene powder, 1.2 g (NH4)sM07024, 0.5 g CH4N>S were added into the
solution composed of 40 mL deionized water and 20 mL diethylenetriamine (DETA) with continuous
stirring. Then, the solution was transferred into 100 mL autoclave and kept for 24 h at 200 C. After the
completion of hydrothermal reaction, the autoclave was naturally cooled to room temperature. The
final MoS,/ C@MXene sample was obtained by centrifugation and vacuum freezedrying, followed by
annealing at 550 C for 2.5 h in N, atmosphere.

For comparison, the MoS,/C composite was also synthesized under the same condition mentioned
above without f-MXene powder, and the MoS2 was prepared without f-MXene powder and DETA.

2.3. Synthesis of 3D porous carbon

3D porous carbon was synthesized according to previous report with minor modification [42].
Generally, 1.2 g PVP (K30) and 1.6 g Fe (NOs)3'9H,0 were dissolved into 30 mL deionized water. The
mixture was then oil-bath heated at 90 C until the water completely evaporated. Subsequently, the
yellow solid residue was ground into fine powder and annealed at 650 C for 2 h in N, atmosphere. The
black product was washed by 2.0 M HCI and deionized water for several times to obtain the final
product (noted as 3D-PC).

2.4. Material characterization

The crystal structure of samples was tested via Rotating Anode X-ray Powder Diffractometer (Rigaku
Corporation, Japan) (Cu Ka radiation, T A = 0.154 nm, 20 ranges from 5° to 75°). The morphology and
microstructure of specimens was respectively observed with Field Emission Scanning Electron
Microscopy (FESEM, Hitachi S4800, Japan) and Transmission Electron Microscopy (TEM, JEOL JEM-
2100, Japan). Energy-dispersive X-ray spectroscopy (EDS) analysis was performed by Quantax 400-30
(Beuker AXS Gmbh, Karlsruhe, Germany) adjoined to FESEM. The specific surface area of materials was
measured by ASAP2460 (Micromeritics Instrument Corporation, USA) at 77 K and calculated by
Brunauer-Emmett-Teller (BET) equation. X-ray photoelectron spectroscopy was conducted by K-Alpha
(ThermoFisher Scientific, China) to evaluate the chemical environment of major elements in materials.
Raman spectroscopy was collected by invia reflex (Renishaw, the UK) with a 532 nm wavelength laser
light.

2.5. Assembly of lithium half-cell and LIC device

The lithium storage properties of MoS,, MoS,/C, MoS,/C@MXene and 3D-PC was tested in CR2032
coin-type half-cells with lithium metal plates as counter electrode and glass fiber membrane as
separator. The slurry was prepared by stirring mixture of active materials, super P and PVDF (8:1:1 wt%
for anode, 7:2:1 wt% for cathode) for 10 h. Then the slurry was coated onto copper foil (aluminum foil
for cathode) and vacuum dried at 100 °C for 12 h to form working electrode. The electrolyte was 1 M
LiPFs organic solution of which solvent contained ethylene carbonate, diethyl carbonate, and dimethyl



carbonate (1:1:1 vol%). The CR2032 coin cells were assembled in a glove box filled with Argon. Before
assembling the lithium-ion capacitors (LICs), the pre-lithiation process was required. CR2016 coin-type
half-cells containing MoS,/C@MXene were discharged and charged for about 10 cycles at 0.1 Agtand
then discharged to 0.01 V. The fully discharged half-cell was disassembled in glove box to fetch out the
anode electrode. The pre-lithiated anode electrode and 3D-PC cathode electrode were sealed into
CR2032 coin cell to assemble LIC devices.

2.6. Electrochemical measurements

All electrochemical analysis was conducted at room temperature. The rate performance, galvanostatic
charge/discharge (GCD) measurements and the galvanostatic intermittent titration technique (GITT)
experiments were performed on LAND CT2001A battery testing system. The diffusion coefficient of
electrodes was calculated by the following equation:
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where the 7 is the resting time, ny is molar number, V, is molar volume of electrode materials, S is
the surface area of electrode/elec-trolyte interface, and AV, AV, represent the voltage change during
the resting time and discharging process, respectively. Electrochemical impedance spectroscopy (EIS)
data was investigated by applying alternative current potential 5 mV from 0.01 Hz to 100 kHz and cyclic
voltammetry (CV) was recorded at various scan rates ranging from 0.01 to 3.0 V on CHI660E
electrochemical station. For LICs, the potential ranged from 0 to 4.5 V. The specific capacitance of LIC
was calculated by the following equation:
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in which C,I,t,m,V}, Vi represent specific capacitance, discharge current, discharging time, the mass
of active material, the highest potential and the lowest potential of LIC during discharging process,
respectively. Energy density (E') and power density (P) of LICs are determined by the following two
equations:
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3. Results and discussion
3.1. Morphology and microstructure of MoS,/C@MXene

Fig. 1 illustrates the preparation process of MoS,/C@MXene composite. First, the layered TisC,Ty-
MXene is achieved by HF etching. Then the f-MXene nanoflakes are obtained by ultrasonic exfoliation.
To avoid the restacking of f-MXene sheets in the supernatant, NH,HCOs is used as flocculant for
effective collection of f-MXene. Due to the electrostatic interactions between negatively charged
MXene flakes and positively charged ammonium ions, flocculation phenomenon takes place in a short



time. Subsequently, (NH4)sM07024, CH4N;S and DETA are added as the source of Mo, S, and C,
respectively. The MoS, nanosheets is deposited on the surface of f-MXene flakes and MoS;-
DETA@MXene is formed by the coordination between DETA molecules and Mo* ions during the
hydrothermal reaction. After annealing treatment in N, atmosphere, the functional group in DETA is
decomposed and transformed into amorphous carbon matrix which strongly attached with MoS..
Finally, the MoS; nanosheets integrated with amorphous carbon matrix are uniformly distributed on
the surfaces of single MXene flakes to form 3D MoS,/C@MXene hierarchical architectures, which
provide large quantities of channels for rapid diffusion of Li* ions.

The morphologies of the samples are characterized by SEM images shown in Fig. 2 and Fig. S1,
respectively. As indicated by Fig. S1c&d, the as-prepared TisC, MXene exhibits typical accordion-like
layered structure, quite different from that of TisAlC, precursor (Fig. S1a &b). The separation of
individual layers confirms the successful removal of Al atom layers. After ultrasonication and
flocculation treatment, single flakes with width of several micrometers can be observed in SEM image
of f-MXene (Fig. 2a). It is conspicuous that the individual flakes of TisC; MXene can be effectively peeled
off by ultrasonication and electrostatic flocculation. The restacking issue can be solved to some extent
since the electrostatic equilibrium between MXene flakes has been broken by NH,4*. Fig. S2b reveals
that MoS,/C almost maintains flowerlike 3D heterostructure similar to that of pure MoS; (Fig. S2a).
The elementary mapping (Fig. S3a) shows the distribution of Mo, S and C, indicating the existence of
carbon matrix after decomposition of function groups of DETA. The carbon in MoS,/C can improve the
electrical conductivity of composites to enable rapid charge transfer. Note that a certain degree of
agglomeration occurs in both MoS; and MoS,/C, which may reduce their contact area with the
electrolyte, exerting negative impact on their lithium storage performance. Fig. 2b demonstrates that
the MoS,/C subunits ranging from 200 to 300 nm are perpendicularly and uniformly grown on the
surface of single TisC; flakes. The elementary mapping (Fig. S3b) shows the uniform distribution of Ti,
C, Mo, S. Due to the relatively large lateral size of f-MXene, the separated MXene flakes offer adequate
sites for nucleation and growth of MoS,/C, which obviously alleviates the aggregation of MoS,/C (Fig.
2¢).

To further investigate the microstructure of MoS,/C@MXene, TEM is performed. As shown in Fig. 2d,
the flower-like MoS,/C with the lamellar thickness less than 10 nm are uniformly inserted in f-MXene
flakes, which is in line with SEM images in Fig. 2b. High resolution TEM (HRTEM) images (Fig. 2e&f)
indicates that MoS,/C exhibits typical layered structure and the mean value of interlayer spacing
between individual MoS, nanosheets is around 0.64 nm. The TEM results clearly substantiate the
successful synthesis of MoS,/C@MXene composite with interconnected 3D structure. The f-MXene
flakes with ultra-thin nanosheets on the surface can promote transfer of ions and electron and shorten
the diffusion path of ions [43,44].
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Fig. 3. XRD patterns of (a) MXene, f-MXene and (b) f-MXene, 2H-MO0S,, M0S,/C and MoS,/C@MXene.

The crystal structure of composites is analyzed by XRD patterns (Fig. 3). As shown in Fig. 3a, the (104)
peak at 26 = 39° of TizAIC; (JCPDS card No.52-0875) can hardly be detected in diffraction pattern of
TisC; MXene and f-MXene, which verifies the successful removal of Al atom layers. The (002) peaks for
f-MXene, MXene and TisAlIC, appear at around 8.68°, 8.90°, 9.52°, corresponding to the d-spacing
values of 10.11 nm, 9.82 nm and 9.29 nm, respectively. That is to say, f-MXene has relatively larger
interlayer spacing in favor of fast penetration of electrolyte. Fig. 3b shows the diffraction peaks at
13.8°, 33.5°, 39.4°, 59.3° attributed to (002), (100), (103), (110) crystal planes of 2H-MoS; (JCPDS card
No0.75-1539). In contrast, the strong peak (002) at 13.8° of MoS;, almost vanishes in the patterns of
MoS,/C and MoS,/ C@MXene, which could be caused by the shielding effect of amorphous carbon
matrix [45]. The other characteristic peaks of MoS,/C and f-MXene can be detected in the pattern of
MoS,/C@MXene, indicating successful combination of two phases in the composite. More
importantly, the (002) peak of MoS,/C@MXene is shifted to 6.93°, lower than that of f-MXene, which
strongly suggests that MoS,/C can further expand interlayer spacing of f-MXene and effectively
prevent the restacking of MXene layers.

XPS technology was carried out to analyze the chemical circumstance of elements (Fig. 4). The general
spectrum in Fig. 4a indicates the coexistence of C, O, S, Ti and Mo. High-resolution XPS spectrum of Ti
2p (Fig. 4b) is deconvoluted into four pairs of couplet peaks: Ti?* with binding energy of 456.2 eV and
461.5 eV, Ti** with binding energy of 458.5 eV and 463.6 eV, Ti-O with binding energy of 459.2 eV and
464.8 eV, and Ti-C with binding energy of 455.6 eV and 460.6 eV [46]. The Ti-O peaks indicate the
presence of oxygen-containing group on the surface of TisC; layers. In Fig. 4c, the Mo 3ds/> (Mo-S bond)
at 232.8 eV and Mo 3ds2 (Mo-S bond) at 229.6 eV are observed in the spectrum of Mo 3d. Besides, the
peak at 226.7 eV originates from S 2p of MoS;, confirming the existence of MoS; phase in
MoS,/C@MXene. The peaks at 229.1 eV and 232.1 eV may be attributed to Mo-C bond, demonstrating
the interaction between MoS; and amorphous carbon matrix. The peak at 235.7 eV is related to Mo6+,
indicating the partial surface oxidation of MoS; [28,47]. A pair of couplet peaks at 163.5 eV and 162.3
eV, as shown in Fig. 4d, belong to S 2p1/2 and S 2ps/,, respectively [48]. In the spectrum of O 1 s (Fig.
4e), four peaks centered at 530.2 eV, 531.0 eV, 532.4 eV and 533.5 eV represent TiO,, C-Ti-O, C-Ti-
(OH)xand H,0,.q (adsorbed water), respectively [49]. The spectrum of C 1 s (Fig. 4f) exhibits three peaks:
C-Ti-O peak at 284.3 eV, C-C peak at 284.8 eV and CO peak at 286.2 eV [50]. The C-C bond also strongly
confirms the fact that MoS,/C@MXene contains the amorphous carbon matrix.



Raman spectra was also applied to characterize the surface structure of MoS,/C@MXene. As illustrated
in Fig. 5a, the peak at 150.8 cm™ represents the vibration of TisC,, which is caused by Eg! vibration
mode of anatase [51]. The two obvious peaks are ascribed to the vibration of 2H-MoS; phase. Specially,
the peak at 373.8 cm™ represents the E',, vibrational mode (in-plane vibrational mode) and the one at
400.4 cm* represents the Ay vibrational mode of molybdenum disulfide molecules [52]. Meanwhile,
the D-band and G-band located at 1370.5 cm™ and 1578.4 cm™ are the symbol of disordered carbon
and graphene carbon, respectively. The ratio of peaks intensity of D-band to G-band, ID/IG, is around
0.93, very close to 1.0. This result is evidence for the existence of amorphous carbon in composite,
which is in good agreement with the results of TEM, XRD and XPS. Fig. 5b depicts the N, adsorption/
desorption isothermal curves of MoS,/C and MoS,/C@MXene. The isothermal curve of
MoS,/C@MXene is typical type Il shape with obvious H3-type hysteresis loops, indicative of the
predominant meso-porosity for MoS,/C@MXene [53]. The corresponding pore size distribution results
(inset in Fig. 5b) shows the large number of pores ranging from ~ 3 to 10 nm. In contrast, MoS,/C
exhibits obviously less N, adsorption quantity than MoS,/C@MXene. The specific surface area (SSA) of
MoS,/C@MXene and MoS,/C are 25.02 m? g?! and 9.50 m? g?, respectively. The larger SSA of
MoS,/C@MXene is the powerful evidence that f-MXene flakes can provide numerous sites for the
growth of MoS; sheets, thus effectively reducing the agglomeration of MoS,. The high SSA could
increase the active sites for electrochemical reaction, resulting in an improved Li* storage performance.

3.2. Electrochemical properties of MoS2/C@MXene anode

The electrochemical performance of MoS,/C@MXene anode was evaluated in CR2032 coin cells with
metal lithium plates as counter electrode. CV test was conducted at 0.1 mV s with voltage ranging
from 0.01 to 3.00 V and the curves are presented in Fig. 6a. In the first cathodic scan, the peak at 1.05
V corresponds to intercalation of Li* into the lattice of MoS; to form the compound LixMoS; [54]:

xLi'" + MoS; + xe —=Li MaS, (5)

The following reduction peak at around 0.56 V indicates the conversion of LixMoS; to Li,S and metal
Mo:

LiMoS; + (4 = X)Li" + (4 = x)e” =L 8 + Mo (6]

In the first anodic sweep, the weak peak at 1.61 V is oxidation of Mo:

a8 + Mo—=MoS; + 4Li" + de (7]

The subsequent strong oxidation peak at about 2.25 V denotes that Li,S is delithiated and converts to
Li* and S [55]:

LinS—=2Li + 8§+ 2 (8)
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During the next three scan cycles, the peak at 0.56 V diminishes because the solid-electrolyte interface
(SEl) has already formed and Li* is irreversibly deintercalated during the 1st cathodic scan. The

reduction peak at 1.9 V is the formation of Li,S [55]:

Wit + 5+ e =LixS (9]
The highly overlapping curves for 2nd, 3rd and 4th charge/discharge scans suggest the excellent
electrochemical reversibility and stability of MoS,/C@MXene. The GCD profiles at a current density of

0.1 A gt are exhibited in the Fig. 6b. The voltage plateaus in GCD curves match very well with CV



diagram. The shape of curves for four discharge/charge cycles, except the 1st discharging process for
the sake of irreversible reaction related to the formation of SEl, almost remain unchanged,
demonstrating the stability of the anode material.

To compare the lithium storage performance of MoS;, MoS,/C and MoS,/C@MXene, cycling and rate
performance are conducted at different current densities. Fig. 6c demonstrates the cycling stability of
MoS,/C@MXene at 1.0 A g*. In the initial cycles, the capacity declines in first 50 cycles and gradually
increases in subsequent discharging/ charging cycles.
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This might be caused by the activation process of electrode materials and the gradual electrolyte
infiltration. In the initial stages of cycling test, the formation of SEl layers occurs. The SEI may break
and reform during first 50 cycles, giving rise to the consumption of lithium ions. Therefore, an obvious
loss in specific capacity can be detected. After this stages, the stable SEI layers are formed, and more
active materials are exposed to make good contact with electrolyte. That is to say, the lithium-ion
accessibility of MoS,/C@MXene electrode is significantly improved, and thus the capacity gradually
increases. This phenomenon is also similar to some other electrode materials [56-58]. It can be found
that the MoS,/C@MXene electrode delivers a high reversible capacity of 600 mAh g and its coulombic
efficiency remains a value very close to 100%, indicating its outstanding cycling performance. In
addition, the SEM of MoS,/C@MXene after cycling stability test (Fig. S4b) almost maintains its original
morphology (Fig. S4a), further confirming its structural stability during the electrochemical reaction.
According to Fig. 6d, in first cycle, the discharge and charge capacity of the MoS,/C@MXene electrode
is 1210 mAh g and 1059 mAh g, respectively. The coulombic efficiency is 87.5% in the initial cycle
because of the formation of SEI. MoS,/C@MXene electrode subsequently delivers capacity about
1000, 890, 710, 575 mAh gt at 0.1, 0.2, 0.5 and 1.0 A g}, respectively. As current densities gradually
returnto 0.5,0.2 and 0.1 Ag?, the capacities are 670, 750 and 810 mAh g without significant decrease.
At each current density, the capacity of MoS,/C@MXene almost remains unchanged. By contrast, a
remarkable capacity decline can be observed for MoS,/C and MoS; at 0.1 A g*. When current density
increases up to 1.0 A g%, these two electrodes can only exhibit quite low capacity (< 100 mAh g1). The
superior rate performance of MoS,/C@MXene may be attributed to its hierarchical structure—MXene,
as a substrate with high conductivity, can act as a buffer to alleviate the volume expansion during
electrochemical reaction processes. Also, uniformly distributed nanosheets on the surface of f-MXene
flakes lead to shorter diffusion paths of ions, beneficial for the higher lithium storage performance
[59].

In order to reveal the reaction dynamics of electrodes, EIS measurements were conducted. Fig. S5
shows the Nyquist plots of pure MoS,, MoS,/C and MoS,/C@MXene. The two intercepts on the real
axis are R; (bulk electrolyte resistance) and Rs + R (R, charge transfer resistance), respectively [60].
Clearly, all of the three electrodes almost share the same R; value (~1.6 (), but they exhibit different
R.. The MoS,/C@MXene electrode has the lowest R (~50 Q) while the R of MoS,/C electrode is
around 160 (), lower than that of pure MoS; electrode (~400 Q). Lower R of M0S,/C exactly illustrates
the role of carbon matrix produced by the decomposition of DETA after annealing. The lowest R of
MoS,/C@MXene verifies the fact that the introduction of MXene can further enhance the charge
transfer kinetics. In addition, the inclined straight line in the low frequency region is related to the
lithium-ion diffusion of electrode materials and the larger slope signifies more excellent lithium-ion
diffusion dynamics [61]. The relatively larger slope of straight line for MoS,/C@MXene reflects its
faster Li-ion diffusion rate, which may be attributed to the large quantity of porosity facilitating the
transfer of ions in electrolyte, as illustrated in Fig. 5b.

To further understand the lithium storage mechanism and electrochemical dynamics, CV curves at
various scan rates are listed in Fig. 7a. As the scanning rate gradually increasing from 0.2 to 2.0 mV s,
all the curves almost keep the same shape, except for a slight shift of the peak positions due to the
polarization, which reveals the superior electrochemical reversibility and stability of the
MoS,/C@MXene electrode. The relation between the current of redox peaks and scan rate can be
described by the power law:

i=a’ (10

where the parameter a and b are empirical constant. The equation can be transformed to logarithmic
form:



log(i) = logla) + BMog(v) (11}

The b-value can be derived from the slope of the linear fitting line of log(i) vs. log(v). As the b-value
equals 0.5, the energy storage is dominated by diffusion-controlled behavior; while it is 1.0, the energy
storage is dominated by capacitive behavior [62]. The results of linear fitting are listed in Fig. 7b. The
b-value for two anodic and cathodic peaks are 0.86, 0.68, 0.87, 0.87, respectively. All the values are
between 0.5 and 1.0, manifesting that both diffusion-controlled behavior and capacitive behavior
participate in the energy storage process of MoS,/ C@MXene electrode. To analyze the contribution
of these two behaviors in energy storage process quantitively, another equation describing relations
between current i and scan rates v is applied:

i= v+t (12)

The kv and k,v"? represents the capacitive and diffusion-controlled contribution, respectively [63].
The equation can be transformed to the following equation to determine the value of k; and k_:

ifv=kpd + kg (13)

The CV curve at 1.0 mV s is shown in Fig. 7c. According to calculation, the capacitive behavior
contribution part (the red area) accounts for about 73.12%. The ratio of capacitive behavior
contribution to total energy storage behavior at 0.2, 0.4, 0.6, 0.8 and 1.0 mV s are 53.01%, 57.15%,
63.85%, 68.19% and 73.12%, respectively, as listed in Fig. 7d. As the scan rate gradually increases, the
capacitive behavior dominates the energy storage process, which may be ascribed to the combination
of amorphous carbon matrix and MXene. The larger ratio of capacitive behavior contribution indicates
more rapid ion transportation and reaction kinetics for MoS,/C@MXene, which makes it a suitable
candidate for anode materials of LICs.

Galvanostatic intermittent titration technique (GITT) was also measured to further study the lithium-
ion diffusion ability of MoS;, MoS,/C and MoS,/C@MXene anodes. Fig. 7e describes the relations
between discharge voltage and specific capacity at 0.1 A g’ with discharging for 10 min and resting for
60 min. The corresponding Li* diffusion coefficients (DLi*) are plotted in the Fig. 7f. It can be found that
the diffusion coefficients of all samples are in the same order of magnitude, but the value of DLi* for
MoS,/C@MXene is larger than that of MoS,/C and MoS,. The result quantitively confirms that the 3D
interconnected heterostructure of MoS,/C@MXene can effectively enhance the diffusion rate of Li*,
thus resulting in better electrochemical performance.

3.3. Structural and electrochemical properties of porous carbon cathode

The preparation process of 3D porous carbon (3D-PC) is illustrated in Fig. $6, and its morphology is
characterized in Fig. S7a. It is evident that 3D-PC displays loose and porous network structure with
large amount of interlaced nanosheets, which are beneficial for fast immersion of electrolyte. The
Raman spectrum shown in Fig. S7b reveals that the intensity ratio of D-band (1366.7 cm™) to G-band
(1587.6 cm™) is around 1.01, demonstrating the dominantly disordered carbon in 3D-PC. Fig. S7c
presents the N, adsorption/desorption isothermals and pore size distribution curves. As illustrated in
inset in Fig. S7c, 3D-PC has the specific surface area (SSA) of 1396.71 m? g with large quantities of



mesopores. The interconnected 3D framework with large SSA and high porosity enables fast
transportation of ion. The pore size distribution of 3D-PC (inset of Fig. S7c) indicates that the pore size

centered at 1.5-4 nm, which falls within the size of solvated PFs, can lead to the desired capacitance of
3D-PC.

The electrochemical performances of 3D-PC based half-cell are tested in the CR2032 coin cell with
metal Li as counter electrode and the results are listed in Fig. 8 and Fig. S8. The Fig. S8 shows the CV

curves of 3D-PC from 3.0 to 4.5 V at a series of scan rates. All curves present the typical quasi-
rectangular shape.
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of capacitive behavior (red area); (d) The ratio of capacitive contribution from 0.2 to 1.0 mV s1. (e) Discharge GITT profiles
(discharging time: 10 min; resting time: 60 min) and (f) Li-ion diffusion coefficients of MoS,, MoS,/C and MoS,/C@MXene.
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The shape does not deviate too much even at a high scan rate of 100 mV s?, reflecting the stable
capacitive characteristics of 3D-PC. As shown in Fig. 8a, the 3D-PC cathode possesses the reversible
capacity of about 60, 53, 48, 43 mAh g'at 0.1,0.2,0.5, 1.0 A g. There is no obvious decay in capacity
as the current density goes back to 0.1 A g?, showing the excellent rate performance of 3D-PC.
Furthermore, the long cycling life test at 1.0 A g (Fig. 8b) shows that 3D-PC electrode can deliver
stable and reversible capacity of 40 mAh g with nearly 100% Coulombic efficiency during 1000 cycles.
The outstanding electrochemical performance verifies the fact that as-prepared 3D-PC exhibits stable
capacitive characteristics, fast reaction dynamics and high reversible capacity at different current
densities. What’s more, owing to high performance at 3.0-4.5 V, it can expand the voltage range of
full-cell when used as cathode, which is significant for achieving higher energy density at given power
density. Therefore, 3D-PC is a qualified candidate for cathode materials of LICs.

3.4. Electrochemical performance of MoS,/C@MXene//3D-PC LIC

The LIC was assembled in CR2032 coin cell with MoS,/C@MXene composites as anode and 3D-PC as
cathode in 1 M LiPFs electrolyte, as depicted in schematic diagram in Fig. 9a. In the charging process,
Li* ions in the electrolyte are intercalated into MoS,/C@MXene anode. Meanwhile, the rapid
adsorption of PFs occurs on the surface of 3D-PC cathode. During the discharging process,
deintercalation of Li* and desorption of PFs occurs in the anode and cathode, respectively. To set the
suitable voltage window for the LIC device, the CV test at different voltage ranges was conducted (Fig.
S9). The LIC device can maintain the typical pseudocapacitive characteristic at 4.5 V. Therefore, the
highest voltage exerting on the full-cell is 4.5 V. Due to the imbalance in electrochemical reaction
dynamics between MoS,/C@MXene anode and 3D-PC cathode, a suitable mass ratio of active
materials of two electrodes is an important parameter for LIC to achieve excellent properties. The mass
ratio can be theoretically calculated by mManodeQanode = MecathodeQeathode, Where m denotes the mass
loading of electrodes and Q represents the specific capacity. But owing to the slower reaction dynamics
of battery-type anode, it is necessary to choose higher ratio of mass loading for anode in order to
narrow the gaps in reaction dynamics between the anode and cathode. Based on this analysis, the
mass ratios ranging from 1:2 to 1:4 were tested. According to Fig. S10, the LIC delivers the best



performance when the active materials mass ratio of anode to cathode is 1:2.5. The subsequent test
is conducted based on this mass ratio.

As shown in Fig. 9b, the CV curves of MoS,/C@MXene//3D-PC LIC at various scan rates from 0to 4.5V
maintain quasi-rectangular shape, indicating the coupling effect of the different charge storage
mechanism for both electrodes of LIC device. Additionally, the GCD curves (Fig. 9c) at different current
density exhibit approximately symmetrical triangular shape, confirming that the different charge
storage mechanism is matched and combined within MoS,/C@MXene//3D-PC LIC. As illustrated in Fig.
9d, the specific capacitance of the LIC device is 58.24F g at 0.1 A g. The device can still hold the
specific capacitance of ~ 19F g* even at 5.0 A g*. Besides, the long cycling stability is also performed
at 1.0 A g* shown in Fig. 9e. The device can retain about 77.2% of capacitance retention after 5000
charging/discharging cycles, along with a perfect Coulombic efficiency, showing impressive cycling
stability of MoS,/C@MXene//3D-PC LIC, which is also better than or closed to some reported LICs
based on MoS; [64-66]. Fig. S11 a&b display the Nyquist plot and Bode plot of the LIC device,
respectively. The R, of MoS,/C@MXene//3D-PC LIC is only 20 (), after the completion of CV and GCD
test, the R of MoS,/C@MXene//3D-PC LIC only rises to 40 Q (Fig. S11c), demonstrating its excellent
charge transfer dynamics. The Bode plot explicates the relation between phase angle and frequency.
In accordance with previous reports [67,68], the phase angle located at 0.01 Hz is related to the energy
storage mechanism. The larger phase angle at the tail indicates the capacitive-dominated behavior
during energy storage process. For an ideal capacitor, this value equals 90°, but that of
MoS,/C@MXene//3D-PC LIC at 0.01 Hz is 77°, implying that pseudocapacitive behavior is dominant
energy storage mechanism for the LIC device. This is also another proof for the good matching between
anode and cathode.

Fig. 9f presents the Ragone plot of MoS,/C@MXene//3D-PC LIC and previously reported device. The
energy density and power density are determined by eq. (3) and (4). At the power density of 225 W
kg?, the MoS,/C@MXene LIC device achieves an energy density of 164.5 Wh kg™. Even at a high power
density of 11.3 kW kg%, it can still reach up to 53.1 Wh kg’. The energy density surpasses that of other
LIC systems, such as TisC,Tx/CNTs//AC [69], MoSe,//AC [70], CoS//FCS [71], TiS2//AC [72], NbsOsF//AC
[73], Nb2Os//PSC [74], 3D-PCNF/MoS,-NFFBs//AC [68], MNO@C//PC [75]. What’s more, this assembled
LIC device can provide power for an electronic thermometer to complete the temperature
measurement (Fig. S12). The superior performance of the MoS,/C@MXene//3D-PC LIC can be ascribed
to the following advantages: (1) The MoS,/C@MXene electrode deliver high reversible capacity with
outstanding durability at different current densities. The low charge transfer resistance and large
contribution of capacitive behavior endow it with rapid electrochemical reaction kinetics. These merits
make MoS,/C@MXene suitable for anode of LICs; (2) The porous framework of 3D-PC offers Li* with
large quantities of channels for its transportation, thus leading to fast adsorption/desorption of ions
and exhibiting typical pseudocapacitive energy storage mechanism. It can also expand the voltage
window of LICs for its superior performance at 3.0-4.5 V. These advantages make the 3D-PC quite a
qualified candidate for cathode of LICs; (3) An optimized active materials mass ratio of anode to
cathode can fill the gap of electrochemical reaction kinetics between two electrodes to the great
extent, thus exhibiting superb matching in reaction dynamics.
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4. Conclusion

In summary, the f-MXene flakes are successfully exfoliated through ultrasonic and electrostatic
flocculation method, followed by facile hydrothermal reaction and annealing to synthesize
MoS,/C@MXene with hierarchical composite structure. The restacking of MXene is prevented by
electrostatic flocculation since the electrostatic equilibrium between the flakes is broken by flocculant
NH,*. The f-MXene flakes provide abundant surface sites for nucleation and growth of MoS,, thus
preventing agglomeration of MoS; and creating large quantities of channels for diffusion of Li* ions.



The amorphous carbon matrix derived from DETA can further enhance the conductivity of MoS; and
prevent the oxidation of MXene. Due to the coupling effect of MoS,/C and MXene, the composite
electrode can achieve high reversible capacity and retain about 600 mAh g* after 700 cycles at 1.0 A
gl. The composite electrode shows lower R than MoS; electrode, indicating that MXene flakes and
carbon matrix originated from the decomposition of DETA can significantly decrease the resistance of
electrode. The 3D-PC with three-dimensional connected porous framework is also prepared as cathode
and displays good lithium storage performance with typical capacitive behavior. The
MoS,/C@MXene//3D-PC LIC device is assembled based on these as-prepared electrode materials. The
LIC device exhibits the desired synergetic effect of anode and cathode with outstanding
electrochemical performance. It delivers 164.5 Wh kg at the power density of 225 W kg?, and 53.1
Wh kg even at high power density of 11.3 kW kg*. Also, the device retains 77.2% of initial capacity at
1.0 Ag?tafter 5000 charging/discharging cycles. The excellent lithium storage properties and optimized
mass ratio of active materials of two electrodes are two major factors for achieving superior
performance for LIC devices, indicating its great potential applications in future energy storage areas.
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