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Exploring Si-based anode materials with high electrical =~ 40%
conductivity and electrode stability is crucial for high-performance
lithium-ion batteries (LIBs). Herein, we propose the fabrication of a
Si-based composite where Si porous nanospheres (Si p-NSs) are
tightly wrapped by Ti;C,T, (T, stands for the surface groups such as
—OH, —F) MXene nanosheets (TNSs) through an interfacial
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stability, as revealed by substantial characterizations and mechanical
simulations. Moreover, the TNSs with rich surface groups enable
strong interfacial interactions with the Si p-NS component and a
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pseudocapacitive behavior, beneficial for fast and stable lithium storage. Consequently, the Si p-NS@TNSs electrode with a
high Si content of 85.6% exhibits significantly enhanced battery performance compared with the Si p-NSs electrode such as
high reversible capacity (1154 mAh g~' at 0.2 A g™ '), long cycling stability (up to 2000 cycles with a 0.026% capacity decay
rate per cycle), and excellent rate performances. Notably, the Si p-NS@TNSs electrode-based LIB full cell delivers a high
energy uptake of 405 Wh kg™, many-times higher than that of the Si p-NSs full cell. This work offers a strategy to develop

advanced Si-based anode materials with desirable properties for high-performance LIBs.

MXene, silicon, structural stability, lithium-ion batteries, mechanical simulations

ithium-ion batteries (LIBs) are the major power source addressed as the matrix for Si anode materials.

15—19 In

for portable electronic devices and electrical/hybrid
vehicles."”” However, graphite, the present commercial
LIBs anode material, is insufficient to meet today’s high energy
demand due to its low theoretical specific capacity (372 mAh
g_l).s’4 Alternatively, silicon (Si) has attracted ever-increasing
attention as one of the most promising anode materials for the
next-generation LIBs thanks to its ultrahigh theoretical specific
capacity (4200 mAh g~! for Li,,Sis), suitable Li-uptake voltage
(0.4 V vs Li/Li*), and natural abundance.’”” However, the
huge volume change (up to 400%) during cycling as well as the
low intrinsic conductivity (=~ 107 S cm™) and the low lithium
diffusion coefficient (10™#~107** cm? s™!) of Si anodes often
cause electrode pulverization/crush and high reaction irrever-
sibility,'~"* leading to permanent capacity loss and overall
performance deterioration of batteries.
To overcome the deficiencies, carbon-based materials such
as graphene with good conductivity and flexibility were often
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addition, to further relieve effect of volume change, Si
components in the Si/graphene composites were usually
designed at nanoscale with a variety of specific structures
including nanoparticles, nanowires, nanotubes, nanosheets, and
porous nanospheres.”” > However, the surface of graphene
bounded by sp® carbon without active polar groups shows a
weak interaction with Si, resulting in an unstable interface
between the two components of graphene and Si in the
composites, which is adverse to the interfacial electron transfer
and cycling stability.
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Figure 1. (a) Schematic illustration of the formation process of the Si p-NS@TNSs composite. (b, c) SEM images of the modified Si p-NSs
coated with a (b) PMMA layer and the (c) Si p-NS@TNSs composite. The inset in panel b shows TEM image of a modified Si p-NS. (d, e)
TEM and HRTEM images of the Si p-NS@TNSs composite. (f) Elemental mapping images of the Si p-NS@TNSs composite.

MXene, a new category of two-dimensional (2D) materials
first reported in 2011 by Gogotsi and co-workers, has attracted
more and more attention in the field of energy storage because
of their unprecedented combinations of properties such as
excellent electronic conductivity, high mechanical flexibility,
and compositional adaptability.”’ "> Titanium carbide
(Ti,C,T,) is a representative MXene material, showing a
similar structure with graphene, but faster Li* transport (=~
107°-107% cm? s_l) and higher charge/discharge rate due to
the lower lithium diffusion barrier of Ti;C, (0.07 eV) than that
of graphene (0.3 eV).”~" Besides, rich terminal groups on the
surface of Ti;C,T, are more favorable for interfacial assembly
with other species. Moreover, owing to the abundant surface
redox reactions, Ti;C,T, also displays significant pseudocapa-
citive contribution rather than only works as conductive

Some efforts on Si/MXene composites have been made,
where Si nanoparticles randomly sandwiched between MXene
nanosheets were prepared by physically mixing the two
components**~* or in situ magnesiothermic/aluminothermic
reductions from MXene nanosheets/SiO, composites.46’47 It is
noteworthy that Si nanoparticles sandwiched between MXene
sheets are in a loose contact manner with limited contact
interface between Si and MXene, which may lead to an
ineffective interfacial electron transfer and easily falling off of Si
components from electrode to electrolyte solution during

cycling.
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In this work, a core—shell architectured composite where
Ti;C,T, nanosheets (TNSs) as a conductive and robust tight
were closely wrapped on the surface of silicon porous
nanospheres (Si p-NSs) has been constructed as the stable
and high-capacity anode for high-performance LIBs. The Si p-
NS@TNSs composite was realized through the separate
preparation of the Si p-NSs by a magnesiothermic reduction
and Ti;C,T, nanosheets by chemical etching, followed via an
interfacial assembly process. There is a set of advantages of the
Si p-NS@TNSs composite as LIBs anodes. First, the close
wrapping of TNSs around Si p-NSs can not only protect the Si
p-NSs from directly contacting with the electrolyte but also
provide large contacting interface between the two compo-
nents for efficient interfacial electron transfer; second, TNSs as
a robust and conductive tight with excellent flexibility are
helpful to enhance the electrical conductivity of the Si p-NSs
and simultaneously accommodate their expansion strain to
avoid being pulverized based on experiment measurements and
mechanical simulations; last but not least, XPS results evidence
that there exists the strong Si—O—Ti interaction at the Si—
Ti;C,T, interface, which is beneficial for reinforced interfacial
electron transport and enhanced cycling stability. As a result,
the Si p-NS@TNSs electrode exhibits significantly enhanced
performance in half cells or full cells of LIBs compared with the
bare Si electrode.
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Figure 2. (a) XRD patterns and (b) Raman spectra of the Si p-NS@TNSs composite, TNSs, and Si p-NSs. (c) Nitrogen adsorption—
desorption isotherm of the Si p-NS@TNSs composite. Inset in panel ¢ shows the BJH pore size distribution of the Si p-NS@TNSs
composite. (d—f) High-resolution XPS spectra of (d) Si 2p, (e) Ti 2p, and (f) O 1s of the Si p-NS@TNSs composite.

RESULTS AND DISCUSSION

The synthetic process for the Si p-NS@TNSs composite is
schematically demonstrated in Figure la, which includes the
preparation of TNSs and Si p-NSs separately and the
subsequent interfacial assembly of the two components.
Briefly, TNSs, with single or few-layer thinness and diameters
ranging from several hundred nanometers to micrometers
(Figure S1), were made by chemical etching of Ti;AlC,
precursor followed by sonication treatment,** while Si p-NSs
were obtained from SiO, nanospheres (Figure S2) via a
magnesiothermic reduction,*”*" accompanied by the con-
version of SiO, solid nanospheres to Si porous nanospheres
(Figures S3 and S4). Prior to the interfacial assembly, the as-
synthesized Si p-NSs were first modified with 3-methacryloxy-
propyltrimethoxysilane (MPS) and then coated with poly-
(methyl methacrylate) (PMMA) by in situ emulsion polymer-
ization (Figure SS). Because of the strong interfacial
interaction between TNSs and PMMA,*"** the modified Si
p-NSs can be spontaneously wrapped by the TNSs, exhibiting
a core—shell structure. Finally, the Si p-NS@TNSs composite
was obtained after removing the PMMA via thermal treatment
at 500 °C in inert gas atmosphere.

Figure 1b shows the scanning electron microscopy (SEM)
image of the modified Si p-NSs coated with PMMA layer. It is
found that the thin PMMA layer for interfacial assembly
uniformly covers on the surface of silicon porous nanospheres,
which is also observed by the corresponding transmission
electron microscopy (TEM) image (inset in Figure 1b). For
the Si p-NS@TNSs composite, it can be seen that each Si p-
NS is closely wrapped by a thin layer of flexible TNSs, forming
a core—shell structured composite with a wrinkled surface
(Figure 1c). The TNSs shells of the composite are
interconnected to form a conductive network. The core—
shell structure of the Si p-NS@TNSs composite is further
confirmed by the TEM image in Figure 1d, where the porous
spherical core (~500 nm in diameter) and ultrathin crumpled
shell (~S nm in thickness) are clearly observed. A high-
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resolution transmission electron microscope (HRTEM) image
(Figure 1le) presents a lattice spacing of 0.31 nm and an
interlayer spacing of 1.31 nm, corresponding to the (111)
plane of Si crystal (JCPDS 27—1402) and the (002) plane of
Ti;C,T,, respectively. Furthermore, the scanning transmission
electron microscope (STEM) image of the Si p-NS@TNSs
composite and the corresponding energy dispersive spectrum
(EDS) mapping images are further illustrated in Figure 1f,
indicating the presence and uniform distribution of Si, Ti, and
C elements. Through the element distribution images, it is
obvious that the Si p-NS is evenly and tightly wrapped by
TNSs, indicating the successful preparation of the core—shell
structured composite.

Figure 2a shows the X-ray diffraction (XRD) patterns of the
Si p-NSs, TNSs, and the Si p-NS@TNSs composite. Three
strong diffraction peaks at 28.4°, 47.3°, and 56.1° in the XRD
pattern of the Si p-NSs are assigned to the (111), (220), and
(311) planes of cubic Si crystal (JCPDS 27-1402),
respectively. The XRD pattern of the TNSs shows an
intensified peak at 6.6° corresponding to the ~1.33 nm
interlayer spacing of characteristic (002) diffraction, which is in
accordance with the TEM data and previous literature.” As for
the Si p-NS@TNSs sample, there are two sets of peaks derived
from the (111), (220), and (311) planes of the Si p-NSs and
the (002) and (110) planes of the TNSs, respectively. It is
noted that the main peak of the TNSs in the composite
becomes much weaker and broader compared to their pristine
counterpart, which may be due to the interlayer distance
change of nanosheets caused by the bending of the TNSs on
the Si p-NSs. Raman spectra of the three samples are shown in
Figure 2b. It is found that the peaks of the Si p-NS@TNSs
composite are derived from the two components of the Si and
TNSs, except for one near 149 cm™" belonging to anatase’>*
caused possibly by slight oxidation of the TNSs during heating
treatment. The Raman result is in good agreement with the
XRD characterization. Furthermore, the nitrogen adsorption—
desorption isotherm of the Si p-NS@TNSs was studied to
characterize its surface area and pore size parameters. As
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Figure 3. (a) CV curves of the Si p-NS@TNSs composite at a scan rate of 0.1 mV s™". (b) EIS of the Si p-NS@TNSs, Si p-NSs, and TNSs
electrodes. (c) Cycling performance of the Si p-NS@TNSs, Si p-NSs, and TNSs electrodes at 0.2 A g™". (d) Long cycle performance of the Si
p-NS@TNSs, Si p-NSs, and TNSs electrodes at 1 A g™* for 2000 cycles.

shown in Figure 2c, the Brunauer—Emmett—Teller (BET)
surface area of the Si p-NS@TNSs was measured to be 137.51
m?* g~' (Table S1), which is similar to the BET surface area of
the Si p-NSs (124.91 m* g™*), but much larger than that of the
SiO, precursor (8.92 m* g~', Figure S6). A typical type-IV
isotherm with a type H3 hysteresis loop is observed in the
adsorption—desorption curve, revealing the disordered meso-
porous structure of the composite. Besides, the Barrett—
Joyner—Halenda (BJH) pore size distribution curve of the Si
p-NS@TNSs composite shows that there mainly exist
mesopores and micropores in the range of about 1-20 nm
originated from the stack of the TNSs and Si porous
nanospheres.

The interfacial interaction between the Si p-NSs and TNSs
in the composite was further investigated by X-ray photo-
electron spectroscopy (XPS). A typical XPS survey spectrum of
the Si p-NS@TNSs composite in Figure S7 confirms the
presence of Si, Ti, and C elements generated from the Si
nanospheres and TNSs, in addition to O and F elements from
surface terminations of the TNSs. According to high-resolution
Si 2p and Ti 2p spectra in Figure 2d and e, Si—O bond at
102.3 eV and Ti—O bond at 464.3 and 458.6 €V are observed,
in addition to the typical Si—Si bond at 99.8 eV from the Si p-
NSs>® and Ti—C bond at 455.6 and 461.4 eV from the TNSs,
implying the possible Si—O—Ti interaction at the interface
between the Si p-NSs and TNSs.***° Particularly, the high-
resolution O 1s spectrum in Figure 2f displays different peaks
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at 532.5, 531.8, 531.0, and 529.9 eV, which can be assigned to
Ti—OH, Si—0-Si, Si—O—Tij, and Ti—O bonds, respectively.47
The existence of the strong Si—O—Ti interfacial interaction
can facilitate interfacial electron transfer and reinforce structure
stability of the composite, which is beneficial for battery
performance improvement.

The electrochemical performance of the Si p-NS@TNSs
composite with a Si content of 85.6% was investigated as well
as the Si p-NSs and TNSs for comparison. Cyclic voltammetry
(CV) measurements were performed to investigate the
lithiation and delithiation reactions of the three samples.
Figure 3a exhibits the first four CV curves of the Si p-NS@
TNSs electrode between 0.01 and 2 V (vs Li/Li*) at a sweep
rate of 0.1 mV s™'. For a comparison, the Si p-NSs and TNSs
electrodes are also examined under the same condition (Figure
S8). In the first cycle, a broad reduction peak appears at 1.21 V
and disappears in subsequent cycles, which is ascribed to the
irreversible reaction between electrolyte and surface functional
group of TNSs and the formation of a stable solid electrolyte
interphase (SEI) film.** In the subsequent cycles, a cathodic
peak at ~0.13 V appears, related to the lithiation of Si to form
Li,Si (0 < x < 4.4). In the anodic scans, two oxidation peaks at
~0.34 and 0.53 V are observed, attributing to the delithiation
of Li,Si to form Si, which is similar to the CV of the Si p-NSs
(Figure S8a).>° The electrochemical impedance spectroscopy
(EIS) measurements were applied to the three electrodes to
explore their electronic/ionic transport behaviors. As shown in
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Figures 3b and S9, the calculated contact resistance (R;) and
charge transfer resistance (R,) for the Si p-NS@TNSs
electrode are 4.13 and 32.67 Q (Table S2), respectively. The
values are a little larger than those of the TNSs (R, = 3.94 Q
and R, = 21.93 Q) but much smaller than the pristine Si p-NSs
(R, = 6.98 Q, R, = 58.30 Q). The result demonstrates that the
Si p-NS@TNSs electrode displays a lower charge transfer
impedance and faster electron transport as well as excellent
reversibility after wrapping of the TNSs.

The representative galvanostatic charge/discharge profiles of
the Si p-NS@TNSs electrode in the first, second, 50th, 100th,
and 150th cycle at 02 A g™ display a discharge plateau
between 0.2 and 0.05 V and a charge plateau between 0.3 and
0.5 V (Figure S10a), which are in good accordance with the
CV results. It is noted that all electrochemical data are
calculated based on the overall mass of the Si and TNSs. The
capacity of the first discharge and charge is 2588 and 2077
mAh g, respectively, corresponding to an initial Coulombic
efficiency (ICE) of 80.2%. Meanwhile, the coulomb efficiency
reaches 96.8% in the second cycle. The cycling performance
tests are shown in Figure 3c. The Si p-NS@TNSs electrode
delivers a high reversible specific capacity of 1154 mAh g™
after 150 cycles at a current density of 0.2 A g™*, which is much
larger than those of the Si p-NSs (760 mAh g~') and TNSs
(215 mAh g™') electrodes. The long-term cycling test of the
three electrodes at a current density of 1A g~ was also
performed, as shown in Figure 3d. Prior to the test, a low
current density of 0.1 A ¢! was applied to the three electrodes
for initial five cycles, followed by using 1 A g~' in subsequent
cycles. According to Figure 3d, the Si p-NS@TNSs electrode
maintains a capacity of 501 mAh g_1 after 2000 cycles, with a
low capacity decay rate of 0.026% per cycle, demonstrating
outstanding cycling stability. In contrast, the Si p-NSs
electrode shows an obvious capacity attenuation, retaining
only 153 mAh g™' after 2000 cycles. The TNSs electrode,
though stable, delivers a low capacity of 206 mAh g™' due to
the pseudocapacitive energy storage behavior. In addition, the
Si p-NS@TNSs electrode also exhibits good rate capability at
various current densities increased dramatically from the initial
0.1 A gf1 to4 A gfl. The reversible capacities of 1498, 1331,
1248, 1161, 1054, and 899 mAh g~' for the Si p-NS@TNSs
electrode are obtained at 0.1, 0.2, 0.5, 1, 2, and 4 A g_l,
respectively (Figures S10b,c, Table S3). It should be
emphasized that after switching the current density back to
the previous 0.5 A g™', the capacity is recovered to 1132 mAh
g~', giving a 90.7% capacity retention. In contrast, the TNSs
electrode exhibits much lower capacity than the Si p-NS@
TNSs electrode at each rate, and the Si p-NSs electrode shows
rapidly capacity fading with increasing current density.
Notably, the Si p-NS@TNSs electrode still keeps the electrode
integrity after S00 cycles at 1 A g~' with a much smaller
electrode thickness change ratio (12.5%) than the electrode
based on the Si p-NSs (136.7%) (Figure S11). In addition, as
shown in Figure S12, the core—shell morphology of the Si p-
NS@TNSs composite can be well preserved after high-rate and
long-term cycling, but the structure of the Si p-NSs is severely
shattered.

Furthermore, other Si p-NS@TNSs samples with different Si
contents (90.5%, 66.2%) were synthesized by controlling the
teed ratio of Si and TNSs and measured by inductive coupled
plasma emission spectrometer (ICP-MS) to compare their
battery performance with the typical Si p-NS@TNSs
composite (Si content: 85.6%) (Figures S13 and S14). It is
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clear that the sample with a high Si content of 90.5% delivers
the highest initial specific capacity but the poorest cycle
stability, due to the insufficient wrapping of TNSs, which may
cause poor electrical conductivity and easy pulverization/
collapse of Si anode. It is also found that the sample with a low
Si content (66.2%) has the lowest capacity during the whole
cycling process due to the least Si content plus too thick
wrapping of TNSs that may impede lithium-ion diffusion
across the TNS shells to the Si cores (Figure S14). It is noted
that a different synthetic route to TNSs-wrapped Si p-NSs was
also conducted, which includes directly wrapping of TNSs on
the surface of SiO, nanospheres, followed by the same
magnesiothermic reduction at 700 °C (Figure S15). However,
it was found that SiC phase was unavoidably produced during
the reduction and existed in the final product, accompanied by
the damage of the TNSs chemically, resulting in serious
deterioration of battery performance (Figures S16 and S17).
Therefore, for our proposed strategy, the separate magnesio-
thermic reduction of SiO, for Si preparation, which avoids SiC
generation, is essential for achieving the Si p-NS@TNSs
composite and excellent battery performance. Furthermore, we
prepared a control sample of directly mixing MXene and Si p-
NSs (Si p-NS/TNSs). As shown in Figure S18, there are many
exposed silicon surfaces of Si p-NSs. The Si p-NS/TNSs
electrode shows an obvious capacity attenuation, which is
much worse than the Si p-NS@TNSs (Figure S19). In
addition, a full cell based on the Si p-NSs anode and
commercial cathode (LiFePO,) can uptake gravimetric energy
densities of 385 Wh kg™' in the initial and 405 Wh kg™" in the
80th cycle, much higher than that of the full cell based on the
Si p-NS@TNSs anode as well as the presently commercial
LIBs (Figures S20 and $21).%7

It is well-known that Si is a representative LIB anode
associating with alloying reactions,”” while Ti;C,T, MXene is
recognized as a kind of pseudocapacitive materials due to its
surface redox reactions. Hence, the Si p-NS@TNSs electrode
integrating Si and Ti;C,T, involves a so-called battery-
capacitive dual-model energy storage (DMES) behavior.*®
To gain further insight into the battery-capacitive DMES
mechanism, electrochemistry kinetics analyses based on CV
were carried out. As shown in Figure 4a, CV curves are
obtained at different scan rates (0.2—2 mV s '), showing
similar shapes with broad peaks. Here the judgment of
capacitance behavior can be analyzed based on the relationship
between the measured current (I) and the scan rate (v) in the
formula below:*

I= avb (1)
Both a and b are adjustable values; b can be derived from the
slope of the log(v) — log(i) plots. Generally, b = 0.5 implies a
diffusion-controlled behavior, while b = 1 relates to a capacitive
process free of diffusion limitations. A b value of 0.64 can be
obtained in Figure 4b, indicating that the battery-capacitive
DMES mechanism is involved in the Si p-NS@TNSs electrode.
For the TNSs electrode, the b value is calculated to be 0.91
(Figure S22a,b), which is much higher than that of the Si p-
NS@TNSs electrode. This indicates that the capacitive
contribution of the Si p-NS@TNSs electrode is mainly
provided by the TNS component. Also, the capacitive
contribution ratio between the two different processes at a
specific scan rate can be calculated quantitatively according to
the equation:
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Figure 4. (a) CV curves of the Si p-NS@TNSs electrode at various
scan rates from 0.2 to 2 mV s™'. (b) Relationship between the
log(peak current) and log(scan rate). (c) Contribution of
capacitive charge storage to the total capacity of the Si p-NS@
TNSs composite electrode at a scan rate of 0.8 mV s’ (d)
Contribution ratio of the capacitive and diffusion-controlled
charge storage at different scan rates.

i(v) = kp + kp'/? (2)
where i(v), kv, k,v'/?, and v are the current at a given voltage,
capacitive current, diffusion-controlled current, and scan rate,
respectively.”” On the basis of the integral calculation, 40% of
the total Li* storage capacity in the Si p-NS@TNSs electrode
comes from the capacitive process at a scan rate of 0.8 mV s~
(Figure 4c,d), which is lower than that of the TNSs (81%)
(Figure S22c¢,d). In the light of the capacitive contribution
ratios at different scan rates in Figure 4d, it is clearly that as the
scanning speed increases, the pseudocapacitive effect of the
composite material is gradually enhanced, reaching 65% at 2
mV s'. These results suggest that the energy storage process
of the Si p-NS@TNSs anode is in accordance with the battery-
capacitive DMES mechanism, which is beneficial to fast
charging and long-cycling stability.

To deeply understand the origin of structural stability of the
Si p-NS@TNSs electrode during the lithiation process, a
simulation of elastic—plastic evolution coupled to Li diffusion
of both the Si p-NS@TNSs and Si p-NSs electrodes was
adopted. Figure S shows the simulated results for the Si p-
NS@TNSs composite and the Si p-NSs. The employed
configurations of the Si p-NS@TNSs composite and the Si p-
NSs for simulations and stress evolution during lithiation
process are shown in Figure Sa. The yellow circular inside
represents the Si p-NS and the outer dark blue ring stands for
TNS shell. Considering the porous characteristic of the Si p-
NSs, a parameter was introduced to reflect the porosity of the
Si p-NSs and was defined as P. Accordingly, the Young’s
modulus of the Si p-NSs can be estimated by Y = A(1 — P)3°
where A is a constant. It should be noted that our diffusion
simulations mainly focus on the stress generated in the Si
structure rather than the protective shell of the TNSs. Upon
charging, stresses occurred inside the composites as the Li ion
diffused (Figure S23). The radial and hoop stress distribution
during the lithium process is displayed in Figure Sb and c.
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Figure 5. (a) Finite element simulations models of the Si p-NS@
TNSs composite and the Si p-NS. (b, c) Radial and hoop stress
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and the Si p-NS during lithiation process. (d, e) Evolution of (d)
radial stress and (e) hoop stress in the Si p-NS@TNSs composite
and the Si p-NS at different state of charge (SOC).

Different colored areas from red to blue signify different tensile
stress states (represented by positive values) and compressive
stress states (represented by negative values). While radial
stress occurred during the lithiation process, the Si p-NS@
TNSs sample was mainly suffered compressive radial stress,
which was different from the tensile radial stress at the
beginning of the Si p-NSs. It was found that the regions of the
shell of the Si p-NS@TNSs are red with high hoop stress.
However, the stress at the interface between the Si p-NS and
TNSs drops off sharply due to the constraint of the outer shell,
thus avoiding the electrode fracture. Figure 5d and e draw the
evolution of maximum and minimum radial and hoop stress
when the state of charge (SOC) value ranges from 0 to 1 by
analyzing original data from the Figure S24. In the simulation,
we pay more attention to tensile stress because it is the key
factor in the collapse of the electrode structure. It is clear that
the tensile stress of the Si p-NS@TNSs composite is always
lower than the Si p-NS in both radial and hoop stress. In
addition, the Si p-NS@TNSs composite undergoes a
maximum hoop tensile stress of 0.8 GPa at SOC = 0.3,
which is much lower than that of the Si p-NS (1.15 GPa)
(Figure Se). Moreover, compressive stress filled in most area of
the Si p-NS@TNSs and inhibits the initiation and propagation
of cracks. To sum up, the TNS shells can effectively reduce
surface tension during lithiation of Si, which is helpful to
enhance the structural stability for long-term cycling.

CONCLUSION

In conclusion, the core—shell composite of the Si p-NS@TNSs
where Si p-NSs are tightly wrapped by TNSs has been
fabricated through an interfacial assembly coupling with
magnesiothermic reductions. The TNSs as conductive and
robust tight plus strong interfacial interaction with Si
component endow the composite with enhanced electrical
conductivity and high structure stability against pulverization,
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responsible for comprehensive performance improvement of
lithium storage. In addition, the mechanical simulations also
quantitatively reveal both lower radial and hoop stress
generated for the Si p-NS@TNSs composite anode upon
lithiation, confirming that the wrapping of TNSs is effective to
reinforce the structure stability of Si anodes. The core—shell
architecture of the Si p-NS@TNSs may present as a typical
mechanics model for designing highly stable electrodes. This
study provides a strategy to develop excellent electrode
materials using MXene as functional tights for energy
applications.

EXPERIMENTAL SECTION

Synthesis of Ti;C,T,. A 0.5 g sample of Ti;AlC, powders
(Carbon-Ukraine, 1td) was slowly added to a mixture of 0.5 g of
lithium fluoride (LiF) and 10 mL of 9 M hydrochloric acid (HCI)
under stirring at 40 °C for 24 h to exfoliate the Al layers. Then the
obtained product was washed by deionized water and centrifuged
several times until the pH of the supernatant reached 6. Finally, the
sample was dried in vacuum at 60 °C for 8 h.

Preparation of TNSs. In a typical procedure, 100 mg of the as-
prepared Ti;C,T, powers was dispersed in 20 mL of oxygen-free
deionized water (DI water) by passing Argon gas. The suspension was
ultrasound for 1 h and was centrifuged at 3500 rpm for 1 h. After that,
black precipitate and dark green supernatant were obtained. The
supernatant was collected for further use.

Preparation of SiO, NSs. The modified Stober process was used
to synthesize SiO, nanospheres. Specifically, ethanol (16.25 mL),
NH,H,0 (32 wt %, 9 mL), and DI water (24.75 mL) were mixed
under intense stirring for 15 min, followed by the dropwise adding of
the mixed solution of tetraethyl orthosilicate (TEOS, 4.5 mL) and DI
water (45.5 mL), and further stirring at room temperature for 2 h.
After the reaction, the final products were washed using water and
ethanol repeatedly and collected by centrifuging and vacuum drying.

Preparation of Si p-NSs. Typically, the prepared silica was mixed
with Mg powder (powder, 99%, Aldrich) at a weight ratio of 1:1 and
added into a stainless-steel autoclave. The autoclave was heated at 700
°C for 6 h under argon atmosphere with a heating rate of 1 °C min™".
After cooling down to room temperature, the resulting powder was
dispersed in a 1 M HCI solution for 5 h to remove MgO and the
remaining Mg. To remove unreacted silica and MgSi, the powder was
immersed in ethanol-based hydrofluoric acid (HF, 5%) solution for 30
min, followed by washing with ethanol and DI water and drying at 80
°C overnight. The obtained Si showed mesoporous structure after
magnesiothermic reduction.

Preparation of Si p-NS@TNSs Composite. First, Si p-NSs were
first modified with methacryloxy propyl trimethoxyl silane (MPS)
molecules. Specifically, 120 mg of Si p-NSs was dispersed in the
mixture solution of 80 mL of ethanol, 0.2 mL of NH;H,O, 1.2 mL of
MPS, and 2 mL of H,O at room temperature and stirred for 2 days.
Second, the Si p-NS@PMMA spheres were obtained by polymer-
ization of the methyl methacrylate (MMA). To be specific, SO mg of
MPS modified Si p-NSs, 10 mg of sodium dodecyl sulfate (SDS), 0.8
g of polyvinylpyrrolidone (PVP), and 120 mL of DI water are
premixed in a three-neck flask under room temperature while stirring
overnight to form a uniform mixture suspension A. After the
temperature reached to 60 °C, 2 mL of potassium persulfate (KPS)
solution (20 mg mL™") was added in the flask under the protection of
nitrogen. Next, emulsion B made of 20 mg of SDS, 20 mL of H,0, 4
mL of MMA, and 30 mg of KOH was slowly dropped into the flask in
1S min, followed by raising the temperature to 70 °C. After
polymerization at 70 °C under Ar for 1 h, the Si p-NS@PMMA
colloids were collected and washed with water by centrifugation. The
sample was then dispersed in water by sonication for 30 min. Third,
the TNS colloidal solution (2 mg mL™") and the Si p-NS@PMMA
dispersion (3 mg mL™") were directly mixed together and kept under
stirring for 10 min. The mixture was centrifuged at 6000 r/ppm and
then collected and dried at 80 °C. Finally, the Si p-NS@TNS product
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was obtained after PMMA was removed by annealing at 500 °C for 2
h under flowing Ar gas. As a comparison, the contents of Si in the
resulting composite could be easily adjusted by controlling the feeding
ratio of the Si p-NSs and TNSs.

Characterizations. The morphologies and microstructures were
characterized by a scanning electron microscopy (SEM, Hitachi S-
4800, 3 kV) and a high-resolution transmission electron microscope
(HRTEM, JEOL JEM2100F,24 200 kV) together with associated
energy-dispersive X-ray spectroscopy (EDS). X-ray diffraction
patterns (XRD) were obtained by using a D8 advance X-ray
diffractometer with a Cu Ka radiation source (1 = 0.15418 nm) in
a step of 0.02° over a 26 range of 5—80°. Raman spectra were
performed on a Laser Raman spectrometer (in Via, Renishaw,
Germany) with a 514 nm laser. The Raman band of a silicon wafer at
520 cm™" was used as a reference to calibrate the spectrometer. The
surface area was measured from the N, adsorption and desorption
isotherms by the Brunauer—Emmett—Teller (BET) method. The
pore size distributions were retrieved by using the Barrett—Joyner—
Halanda (BJH) method from the adsorption branch of the isotherms.
An X-ray photoelectron spectroscopy (XPS) PHI-S000C ESCA
system (PerkinElmer) with Mg Ka radiation and the C s peak at
284.6 eV as internal standard was used to analyze the surface
elemental composition of the powders. The content of Si, Ti element
in the composite was determined with an inductive coupled plasma
emission spectrometer (ICP-MS) (PerkinElmer Optima 8000).

Electrochemical Measurements. The working electrode was
prepared by casting slurries consisting of the active materials,
acetylene black (Super-P), and 10% PVDF at a weight ratio of
7:2:1 onto pure copper foil collector. After casting, the electrodes
were dried at 80 °C for 12 h in a vacuum oven. The mass loading of
active materials in the electrodes was about 1.0 mg cm™ Then the
prepared working electrodes were assembled into 2016-type coin half
cells (MTI Corporation) in an argon-filled glovebox (Mikrouna Super
2440/750/900) with the levels of oxygen and moisture below 0.1
ppm. The electrolyte was 1.0 M LiPF4 with a mixture of ethylene
carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate (EMC) (1:1:1 in volume). Glass fibers (GF/D) from
Whatman were used as separators, and pure lithium metal foil was
used as the negative electrode.

The rate performance tests and galvanostatic charging/discharging
(GCD) measurements were performed on a LAND CT2001A
instrument (Wuhan, China) in the voltage range of 0.01-2 V (vs.
Li/Li*). Cyclic voltammetry (CV) and spectroscopy (EIS) were
conducted on CHI660E electrochemical workstation (CH Instru-
ments, Inc., Shanghai). For EIS measurements, an AC amplitude of 5
mV was applied to the cells in the range from 100 kHz to 10 mHz.
The specific capacity was measured on the basis of the total weight of
the Si p-NS@TNS composite.

Full Battery Assembly. For the construction of full cell, the same
electrolyte and separator were used. LiFePO, mixed with acetylene
black and PVDF (80:10:10, in mass) was spread on Al foil and
employed as the cathode. The anode materials were first prelithiated
in half cells and then taken out for full cell assembly. The full cell was
charged/discharged galvanostatically at 0.1 A g™' and cycled in the
range of 2.0—4.0 V on LAND galvanostatic charge/discharge
instruments. The specific capacity was calculated based on the
LiFePO, mass because the battery was cathode-limited.

Method and Model of Finite Element Analysis. We
numerically implemented the above diffusion and constitutive
equations of elastic—plastic deformation model by using the finite
element package ABAQUS. The Li and stress—strain fields were
incrementally updated using an implicit coupled temperature-
displacement procedure in ABAQUS/Standard. To describe the
evolution of diffusion and associated stress generation, fully coupled
thermal diffusion-stress analysis was performed in direct finite element
simulations.
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