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® The sandwiched structure of Si/TizC, hybrid release the strain of Si particles.

® The Ti;C, layers can effectively alleviate volume variation of Si anode.
® The Si/Ti3C, hybrid shows improved cycling performance than pristine Si.
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The practical application of Si anodes is hampered by huge volume expansion during lithiation/delithiation
process, leading to poor cycling performance and electrode fracture. To overcome such weakness, a sandwich-
like Si/d-TisC, hybrids are fabricated and show an excellent reversible capacity of 1130mAh g~ at a current
density of 500 mA g~ after 200 cycles. Comparing with pristine Si, the improved electrochemical performance
of Si/d-Ti3C, hybrids can be attributed to the fact that the d-Ti3C, MXene can significantly enhance the elec-

tronic conductivity of electrode and support integrity of electrodes. The Si/d-TisC, hybrids perform their pro-
mising prospect in lithium ion batteries.

1. Introduction

Lithium-ion batteries (LIBs) are the most popular types of re-
chargeable batteries for portable devices, electric vehicles and so on.
However, the limited theoretical specific capacity (372mAhg™") of
traditional graphite anode materials can’t meet the increasing demands
in high energy density batteries [1]. Thus a large number of materials
with high-specific-capacity could be applied in anodes have attracted
tremendous interests. Silicon (Si) with high theoretical capacity
(4200mAh g_l, lithiated to Lis 4Si) and low working potential (0.5V
vs. Li/Li*) become one of the most promising anode candidates among
them [2-4]. Nevertheless, the practical application of Si anode is still
hindered by some major problems, especially the huge volumetric
fluctuations (~300%) during lithiation/delithiation processes and its
low intrinsic electrical conductivity (< 1073Sem ™! at 25°C) [5]. The
large volume change would induce pulverization, and reduce the con-
tact or even cause the detachment of the active material from the
current collectors [6]. Besides, the repeated volume expansion and
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shrinkage result in the regeneration of the solid electrolyte interphase
(SEI) and collapse of electrode structure.

Therefore, many strategies have been developed to improve the
electrochemical cyclability of Si anodes. For example, the binder de-
signs and electrolytes are explored to stabilize the electrochemical
performance of Si anodes [7,8]. Variation of nanostructures has been
also made to improve the stability of Si anode by alleviating the strain
and huge volume change, including the alternation of nano-structured
Si materials and hybrids combination [9-15]. It is found that Si parti-
cles with reduced size show the reduced tendency for the particle
cracking [16-18]. Many stress-relief buffer matrixes have also been
introduced to accommodate the volume change of Si during repeat
cycles [19,20]. The stress from the volume variation of Si can be re-
leased quickly by the matrix. Generally, carbonaceous matrices have
been regarded as the ideal candidate to hybrid with Si, owing to their
high electric conductivity and low cost [21-23]. For example, Guo
group synthesized the watermelon like Si/C microsphere showing a
high reversible capacity of 620mAhg~! at a high area capacity of
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2.54mAhcm™2 [24]. Another group reported that the graphene not
only relieve the stress from the Fe,O3 nanoparticles during Li uptake/
release, but also facilitate electron transport [25]. To tackle the pro-
blem of the regeneration of solid electrolyte interphase (SEI). Cui et al.
designed yolk-shell structure with Si nanoparticles to address the pro-
blems of volume expansion and unstable SEI interface, the Coulombic
efficiency is significantly improved [26,27].

The exfoliated transition metal carbide and nitride (MXene), which
have graphene-like two-dimensional (2D) structure, show promising
applications in energy storage [28-30]. The Ti3C,Tx (T represents the
terminal functional groups, such as -O, -OH, —F) have attracted parti-
cular attention, owing to its excellent metallic conductivity and high
volumetric capacity [31-33]. The large-scale production of Ti3CoTy
MXene is still restricted by the using of toxic chemical in the etching
step. Recently, many methods by using less toxic chemical have been
proposed. The TizC,Tyx layers could be obtained by HF etching and
TMAOH delamination [34]. It has been demonstrated that the Al atom
layers in the MAX phase could be etched by LiF + HCl route [35]. These
progresses in the preparation of MXene will facilitate the application of
MXene in the future. The electrical conductivity of TizC,Tx MXene is
much better than graphene [36]. The abundant surface functional
groups of the Ti3C,T, could provide ideal sites for surface anchoring.
Thus the Ti3C,Tx MXene has been used in supercapacitors, LIBs and
other energy storage units [37-41]. However, there are few researches
focus on the electrochemical performance of Si/MXene hybrid as LIBs
anode. In this study, the series sandwich-like Si/Ti3C,Ty hybrids with
different mass ratios are fabricated through a facile and scalable
method, and their electrochemical performance have been system-
atically investigated (Fig. 1a). The Si/d-Ti3C, (2:1) hybrids show ex-
cellent reversible capacity of 1130mAhg~! at a current density of
500mA g~ ! after 200 cycles.
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2. Experimental section
2.1. Materials synthesis

The obtained Ti3AlC, were treated by immersing in HF solution
(40%) for 18 h with a concentration of 0.1 g mL ™. Then the suspension
was washed with deionized water until the pH of the liquid reached
5-6. The wet sediment was dispersed in 25% aqueous tetra-
methylammonium hydroxide (TMAOH) for 12h with shaking. The
TMA™ intercalated TisC, MXene was obtained by centrifuge, then re-
dispersed in 300 mL H,0. To remove the excess residual TMA™ and
OH™, resulting suspension was washed with deionized water three
times. After that, the dispersion was centrifuged at low speed
(2000 rpm) to remove un-exfoliated Ti3C, nanosheets and form the
stable solution. Finally, a stable ink of Ti3C, nanosheets, with a con-
centration of ~1.0 mg mL~' was obtained.

The hybrids with different mass ratio of Si particles to d-TizC, were
synthesized to optimize their cycling performance. The 100 mg Si na-
noparticles (~100 nm) were dispersed in 50 mL mixture of alcohol and
water (v/v = 1:1). The solution was sonicated for 20 min to obtain Si
suspension. Then 50 mL Ti3C, ink was mixed with silicon aqueous so-
lution. The mixed solution was sonicated for 30 min, and then filtered
through a polyvinylidene fluoride filter (0.22 um pore size). The pro-
duct was dispersed in 10 mL water, and then frozen and freeze-dried for
a few days. At last, the obtained samples were dried in vacuum dryer for
10h in 80 °C. In the full text, the Si/d-TisC, is used to represent the Si/
d-Ti3C, (2:1) hybrids with mass ratio of 2:1.

2.2. Materials characterization

Powder X-ray diffraction (XRD) measurements were obtained using
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Fig. 1. (a) Ilustration of the sandwich-like Si/d-TizC, hybrids as electrode of LIBs. (b) XRD patterns of pristine Si nanoparticles, d-TizC, and Si/Ti3C, hybrids,
respectively. (c) The Raman spectra of the pristine Si nanoparticles, d-Ti3C, and Si/d-TizC, hybrids, respectively.
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Fig. 2. (a) The SEM and (b) TEM images of d-TizC, layers (c) SEM and (d) cross-sectional SEM images of Si/d-TizC, hybrids. (¢) TEM and (f) high-resolution TEM

images of Si/d-Ti3C, hybrids.

an X-ray diffractometer (D8-Focus, Bruker Axs with Cu-Ka radiation,
A = 1.54178 A). The morphology and microstructure were character-
ized with a scanning electron microscope (SEM, S-4800, HITACHI) a
transmission electron microscope (TEM, JEM-2100F, JEOL). X-ray

photoelectron spectroscopy (XPS) was carried out on the (ESCALAB-
210XI, Thermo Scientific) with Alg, radiation. Raman spectra were
measured on a Raman spectrometer (LabRam HR Evolution, HORIBA)
using a laser of 532 nm at room temperature. Fourier transform infrared
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Fig. 3. (a) The FT-IR of the pristine Si, Si/d-Ti3C, hybrids and d-Ti;C,, respectively;

high-resolution of (c¢) O 1s and (d) Si 2p spectrum.

(FTIR) of the samples were recorded on a Thermo Nicolet Nexus
spectrometer in the 4000-400 cm ™! range using powdered samples
diluted in KBr pellets. Atomic force microscopy (AFM) image was ob-
tained from (AFM, CSPM5500, BENYUAN).

2.3. Electrochemical measurements

The working electrodes were prepared through coating the copper
foil with a homogeneous slurry consisting of active materials (Si-based
material), Super P, sodium alginate with a mass ratio of 65:20:15, then
the electrode was dried under vacuum at 100 °C for 10 h. On average,
the electrode mass loading was about 1.3 mg cm ™ 2. CR2032-type coin
cells were assembled in an Ar-filled glove box to evaluate the electro-
chemical properties of Si-based anodes. The coin cell was composed of a
pure lithium foil as the counter electrode, Celgard 2400 as the se-
parator, and 1 M LiPFg in a mixture of ethylene carbonate and dimethyl
carbonate (v/v = 1:1) containing 5% fluoroethylene carbonate as the
electrolyte. The galvanostatically charged and discharged in the voltage
range of 0.01-1.0V vs. Li/Li* using a Land Battery Tester (Land CT
2001 A, Wuhan, China). Cyclic voltammetry (CV) was carried out on an
electrochemical workstation (CHI 760, China) at a scan rate of
0.01mVs~! in the voltage range of 0.01-1.0V vs. Li/Li*. The elec-
trochemical impedance spectroscopy (EIS) measurements were per-
formed on an electrochemical workstation (CHI 760, China) in the
frequency range of 100kHz to 10 mHz with an AC perturbation of
5mV. We disassembled the batteries in the glove box. Then the elec-
trodes were rinsed with ethylene carbonate and dimethyl carbonate to

Binding Energy (eV)

(b) XPS survey spectra of pristine Si and Si/d-Ti3C, hybrids, and corresponding

remove the residual lithium salt. After dried for several hours in the
glove box, the electrodes were adhered to XRD sample stages. Then we
put these stages into the ziplock bag to avoid oxidation. The samples
were taken out and measured as soon as possible when conducting the
XRD measurement.

3. Results and discussion

In brief, the TizC,Tx MXene layers were obtained by HF etching and
TMAOH delamination. The XRD and SEM information of pristine
Ti3AlC, and HF-etched TizC,Tx were shown in Fig. S1. The (0 0 2) peak
of HF-etched Ti3zC,Ty shifts to the lower angle, indicating the increased
interlayer spacing. The disappearance of peak at 26 = 39° demonstrates
that the Al atom layers have been completely etched. After TMAOH
delamination, the d-TizC, layers exhibit the characteristic (00 2),
(006) and (1 1 0) diffractions (Fig. 1b). The main (0 0 2) peak shifts to
20 = 6.02° corresponding to an interlayer spacing of ~14.6A [34].
Compared with the pristine TizAlC,, the HF-etched Ti;C,T, has a
loosely packed accordion-like structure. However, the (00 2) peak of
Si/d-TisC, hybrids almost disappears. This is attributed to the Si na-
noparticles sandwiched between the adjacent d-TizC, nanosheets could
prevent from restacking of d-TizC, MXene [42].

In order to further investigate the conformation about the Si/d-
Ti3C, hybrids, the obtained samples are characterized by Raman
spectra (Fig. 1c). The enlarged curve of d-Ti3C, is shown in Fig. S2. The
peaks at 197.5 and 721 cm ! are typically attributed to symmetry out-
of-plane vibrations of Ti and C atoms, respectively. The modes at 366
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Fig. 4. (a) Cyclic voltammetry profiles of the Si/d-TisC, (2:1) hybrids for the first three cycles. (b) Galvanostatic discharge—charge curves of Si/d-TizC, (2:1) hybrids
for the first three cycles. (c) Cycling performance of the Si/d-TisC, hybrids with different mass ratios at a current density of 500 mA g~ . (d) Rate capability of Si/d-
TizC, (2:1) hybrids and pristine Si nanoparticles. (e) SEM images of pristine Si anodes and (f) Si/TizC, anode after 50 cycles. The scale bar is 150 pm. The insert
images are the cross-sectional SEM images of corresponding electrodes. The scale bar is 20 pm.

and 624 cm ™! correspond to Eg group vibrations. The vibration signal
of TiO, (144.5cm™ 1) suggests that the surface of d-Ti3;C, nanosheets
might be oxidized slightly [43,44]. The pristine Si exhibits a strong
Raman peak at 507 cm ™, which is ascribed to the scattering of first
order optical phonon and the response of Si-Si stretching vibration.
Other two broad peaks at 297 and 934cm ™' are assigned to the
overtones of phonon modes of second-order Raman spectrum of Si. In
the Raman spectrum of Si/d-Ti3C, hybrids, the presence of peaks at 197
and 366 cm ™! is associated with the vibrations of d-TisC, layer. The
high-intensity Si signals press the peaks of d-TisC, seriously. In addi-
tion, the vibration peaks of Si NPs exhibit a small shift to higher wa-
venumbers, comparing with that of pristine Si. Such shift may be re-
sulted from the reduced interparticle strain in the hybrids [45]. It
facilitates the stress relief of the as-synthesized electrode during volume

variation.

The morphology of the samples is characterized by SEM and TEM.
The typical SEM images of d-TiszC, are shown in Fig. 2a, revealing the d-
Ti3C, layer has 2D laminar structure with lateral dimensions in the
range of 1-2 pm. The d-Ti3C, nanosheets are almost translucent under
TEM (Fig. 2b), attributed to their atomic-scale thickness. This is in line
with the atomic force microscopy (AFM) characterization (Fig. S2). The
thickness of the d-Ti3C, nanosheets is in the range of 1.7-4.3 nm. After
combination, abundant Si nanoparticles are homogenously embedded
in the wrinkled d-TisC, nanosheets (Figs. 2c¢ and S4). As shown in
Fig. 2d, the Si nanoparticles are sandwiched by adjacent crumpled d-
TisC, layers. They are cross-linked into porous layered structure. The
BET analysis of d-TizC, and Si/d-Ti3C, hybrids with different mass ra-
tios were also confirm this structure (Fig. S4 and Table S1). The surface
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specific area of d-TizC, is 62.63m?g~ . It exhibits a typical IV iso-
therms and H2 hysteresis loop, indicating the stacking pores of ag-
gregated intersheets [46]. After combination, the Si/d-TizC, (2:1) hy-
brids deliver a specific surface area of 28.27 m? g~ 1. The disappeared
hysteresis demonstrates that the Si NPs are filled into the pores of d-
Ti3C, sheets. The (11 1) lattice plane of Si can be observed in the Si/d-
Ti3C, nanohybrids (Fig. 2e). Thin layers of amorphous SiOy are formed
on the surface of Si nanoparticles, attributed to the partial surface
oxidation (Fig. 2f) [47].

The surface functional groups of pristine Si, Si/d-Ti3C, hybrids and
d-TisC, are firstly elucidated by Fourier-transform infrared spectro-
scopy (FT-IR). As shown in Fig. 3a, the bands located at 1051, 1620 and
570 cm ™! in FT-IR spectrum of d-TisC, are signed to the G-0, C=0 and
Ti-O band vibration, respectively [48]. For the pristine Si and Si/d-
TisC, hybrids, the asymmetric and symmetric stretching vibrations of
the Si—O-Si bonds are observed at 870 and 1120 cm ™, respectively.
The band at 1200 cm ™ could be attributed to the Si-O bonds [49].
Besides, the shoulder peak observed at 950-1040 cm ™! are ascribed to
the bending vibration of Si-OH [50]. It should be noted that a weak
characteristic vibration of Si-O-Ti bonds appears at 938 cm ™! in the
hybrids [51], indicating the interaction between the Si nanoparticles
and d-Ti3Co. It can be observed clearly from the local enlarged FT-IR

Chemical Engineering Journal 378 (2019) 122212

(Fig. S6). This assumption is also supported by the X-ray photoelectron
spectroscopy (XPS) results. The XPS survey spectrum of Si/d-TizC,
hybrids exhibit the characteristic peaks of Si 2p, O 1s, Ti 2p, C 1s, and F
1s (Fig. 3b). In O 1s XPS spectrum, the binding energy at 529.3, 530.1
and 531.7 eV are ascribed to O-Ti, C-Ti-O, and O-Si bonds of Si/d-
Ti3Cy hybrid. The peak at 532.5eV is related to peroxy —O-O- bonds.
The adjoining atoms to each oxygen configuration may be Si or H [52].
It is worth noting that a small peak appears at 531.1 eV in Si/d-Ti3Cs
hybrids suggesting the formation of Si-O-Ti bonds [53]. The XPS re-
sults show great accordance with the FTIR characterization, which in-
ferred that the possible formation mechanism of Si-O-Ti bonds is the
partial dehydration of Si-OH and Ti—OH [54]. In the Si 2p XPS spec-
trum of Si/d-Ti3Cy hybrids (Fig. 3d), the binding energies of Si 2p;,»
and Si 2p3,» locate at 98.7 and 99.3 eV, respectively. The Si-O bond
shifts to the higher binding energy compared with that of pristine Si,
suggesting the different oxidation states of Si. Due to the treatment of
Si/d-TisC, hybrids, the increase of oxidation degree results in the in-
creased electro-negativity of the Si-O bond [55,56].

The electrochemical performance of Si/d-TizC, hybrids as anode
materials are evaluated in lithium-ion half-cells. Fig. 4a shows the first
three cyclic voltammetry profiles of the Si/d-TizC, (2:1) hybrids in the
potential window of 0.01-1.0V. In the first cathode scan, a low re-
duction peak at 0.35V appears, indicating the SEI formation (Fig. S7).
The reduction peak at 0.2V in the subsequent cathodic sweep corre-
sponds to the conversion of amorphous Si to Li,Si, while the two peaks
at 0.36V and 0.51 V in the anodic sweep could be ascribed to the de-
lithiation of Li,Si back to amorphous Si. The cyclic voltammetry profiles
of Si/d-TisC, and Si electrodes exhibit similar anodic and cathodic
peaks. But the voltage difference (AV) between the anodic peaks and
cathodic peaks of Si/d-TisC, is more smaller than that of pristine Si
anode (Fig. S8a). This indicates that the introduction of d-Ti5C, leads to
the reduced polarization degree of the Si electrode. Additionally, the
intensities of typical peaks increase gradually, suggesting the existence
of an activation process. Similar phenomena have been observed before
[571.

Fig. 4b displays the early discharge—charge profiles of the Si/d-TisC,
(2:1) hybrids at a current density of 500 mA g~ !. The initial discharge
capacity and charge capacity is 2415.4 and 1789.8 mAh g™, respec-
tively. The initial coulombic efficiency of 74.1%, much smaller than
that of carbon-coating Si nanoparticles, could be ascribed to the for-
mation of SEI film. In order to investigate the effect of d-TizC,, the Si
nanoparticles are not modified with carbon wrapping. In the sub-
sequent cycles, the coulombic efficiency increases to above 95%, and
then reaches 98% after seven cycles. The shapes of discharge—charge
profiles of Si/d-TizC, (2:1) hybrids and pristine Si are very similar. The
potential plateaus around 0.2V in the discharge process indicates the
conversion of amorphous Si to Li,Si, while the two plateaus at 0.36 V
and 0.51 V in the charge profiles could be ascribed to the delithiation of
Li,Si back to amorphous Si [58]. The shape of the profile and potential
plateaus have no obvious change, indicating the stable electrochemical
behavior of Si/d-Ti3Cy hybrids.

Fig. 4c shows the cycling performance of the Si/d-TizC, hybrids
with different mass ratios at a current density of 500mAg~!. The
specific capacity is based on the total mass of the Si/d-Ti3Cs hybrids. A
rapidly capacity fading is observed in the pristine Si nanoparticles from
3519.3mAhg ! to 563.6mAhg™! after 100 cycles. In series Si/d-
Ti3C, hybrids with different mass ratios, the Si/d-Ti3C, (2:1) hybrids
display the highest reversible capacity 1137.6 mAh g~ ' with a current
density of 500 mA g~ ! after 200 cycles. It is also much higher than that
of Si/d-TizC, mixture (683.9mAhg™') and pure d-TisC,
(73.9mAh g_l) (Fig. S9a and b). The surface terminations of d-TizC,
layers couldn’t place a burden on the electrochemical property of
electrode [59]. The corresponding areal capacity of Si/d-TisC, (2:1)
hybrids is 1.04 mAhcm ™2 at a current density of 0.38 mA cm™? after
100 cycles. Furthermore, we tested the cycling performance of Si/d-
Ti3Cy (2:1) electrode with the much higher mass loading. When the
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mass loading increases to 2.1 mg cm ™2, the Si/d-TisCy (2:1) electrode
displays a capacity of 1192 mAh ¢! at 500 mA g~ * after 100 cycles.
The initial areal capacity of is 2.47 mAh cm ™2 at 0.22 mA cm ™~ 2. From
the 6th to 100th cycle at 0.38 mA cm ™2, the areal capacity was still
reached 1.49 mAh cm ~ 2 after 100 cycles (Fig. S9c and d). Hence, Si/d-
Ti3Cy (2:1) hybrids with high reversible capacity and cycling perfor-
mance are chosen as the optimal proportion.

Fig. 4d reveals the rate capability of Si/d-Ti3C, (2:1) hybrids at
different current densities from 0.2A g~ ! to 2Ag~'. The as-synthe-
sized hybrids deliver the discharge capacity of 1948, 1620, 1310,
890mAhg~?! at the current densities of 0.2, 0.5, 1 and 2A g™ !, re-
spectively. It should be note that such values are much higher than
those of the pristine Si electrode at the same current density. Besides,
the discharge capacity of Si/d-TizC, hybrids could recover to the
1600 mAh g~ ! when the current density returns to 0.2A g™ !.

The microstructure morphology variation of electrodes are shown in
Fig. 4e and f. The severe cracks on pristine Si anode’s surface after 50
cycles lead to the loss of electrical contact, which is the main reason for
drastic capacity degradation of the pristine Si electrode. The insert
cross-sectional images in SEM exhibit uneven surface and loose struc-
ture. However, the integrity structure of Si/Ti3C, anode has not been
destroyed after 50 cycle (Fig. 4f). The high-resolution cross-sectional
SEM images of Si/d-Ti3C, hybrids and pristine Si electrodes after 50
cycles have been shown in Fig. S10. The microstructure of Si/d-Ti3C,
hybrids still maintains the sandwich structure. The surface of electrode
shows no obvious signatures of damage, indicating that the d-TisC,
nanosheets could alleviate the volume expansion during the lithiation/
delithiation process and support integrity of electrodes.

To investigate the structural changes upon lithiation/delithiation,
ex situ XRD patterns of Si/d-Ti3C, hybrids discharged to 0.01 V and
charged to 1.0 V are shown in Fig. 5. The characteristic lattice (11 1) of
crystalline silicon is observed in the fresh electrode. When the electrode
is charged to 0.01 V, the diffraction peaks of crystalline Si almost dis-
appear, and Li,Si phase emerges at the end of discharge. It suggests the
formation of crystalline Li,Si phase after fully lithiation. However, the
XRD scan shows no peaks of silicon after the first charge, indicating that
delithiation of crystalline Li,Si and the formation of amorphous Si [60].

In order to clarify the mechanisms involved, electrochemical im-
pedance spectroscopy (EIS) measurements of the pristine Si and Si/d-
Ti3Cy hybrid were carried out (Fig. 6). The summarized results of EIS
parameters derived using the equivalent circuit model for d-TizC,/Si
hybrids and pristine Si electrodes are list in Table S2. It is found that the
diameter of the semicircle of the Si/d-TizC, hybrid is obviously smaller
than that of pristine Si nanoparticles. It demonstrates that the re-
sistances of the charge transfer reaction of the Si/d-Ti;C, hybrid
(Ret =218.1Q) is much smaller than that of pristine Si
(Rct = 477.4 Q). The decreased charge transfer resistance of Si/d-Ti3C,
hybrids should be attributed to the excellent conductivity of the d-Ti5C,
nanosheets. Besides, the slope of the fitting lines plot defines the
Warburg factor, the larger slop of the Si/d-TizC, hybrids indicates the
reduced resistance in the mass transfer process. The electrical con-
ductivity of pristine Si (2.1 x 1073Sm™!) and Si/TisC, hybrids
(1.6Sm™ ') are also measured by four-point probe. Therefore, the
electrical conductivity of Si based electrode can be significantly im-
proved by adding d-Ti3C, MXene.

4. Conclusions

In conclusion, the porous sandwich-like Si/d-TizC, hybrids are
fabricated through a facile method. The obtained hybrids exhibit much
better electrochemical cycling stability than pristine Si nanoparticles as
anode materials for lithium ion batteries. After 200 cycles, a high re-
versible capacity of more than 1130 mAh g~ ! can be readily achieved
for the Si/d-Ti3C, hybrid. The improved performance can be attributed
to two aspects. On the one hand, the d-TizC, can effectively alleviate
the volume expansion during the lithiation and support integrity of

Chemical Engineering Journal 378 (2019) 122212

electrodes. On the other hand, it can also increase the electrical contact
between the Si nanoparticles and the electrode frame. The Ti3C, layers
play an important role in anti-polarization of electrode. This study
demonstrates that MXene shows promising prospect in Si-based elec-
trodes.
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