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N-doped TisC,T, MXene sheet-coated SiO, to boost lithium storage for

lithium-ion batteries

Kaiyuan Zhang', Dan Zhao?, Zhao Qian*’, Xin Gu*"

ABSTRACT Constructing SiO,-based composite materials
with fast reaction kinetics and high stability is crucial but
challenging for high-performance lithium-ion batteries.
Herein, we developed the N-doped Ti;C,T, MXene ultrathin
sheet (NTS)-coupled SiO, nanoparticles using a melamine-
assisted ball milling and annealing procedure. The principle of
melamine in exfoliating MXene was demonstrated by contrast
experiments and theoretical calculations. The strong inter-
facial interactions between SiO, and the NTS (Si-O-Ti bond)
can effectively enhance the electron transfer and ensure elec-
trode stability. Moreover, the NTS with rich surface groups
endowed the composite with a pseudocapacitive behavior,
beneficial for fast lithium storage. As a result, the composite
delivered a long lifespan (~700 mA h g™' over 800 cycles at
1.0 A g'!) and a superior rate performance (596.4 mA h g™' at
5 A g™'). More importantly, the composite in half and full cells
exhibited high areal capacity and good cycling stability at high
mass loadings, revealing a promising application prospect.

Keywords: lithium-ion batteries, SiO,-based anode materials, N-
doped Ti;C,T, MXene nanosheets, ball milling exfoliation, ad-
sorption energy

INTRODUCTION

Silicon suboxide (SiOy, 0 < x < 2) has shown great potential in
high-energy lithium-ion batteries (LIBs) for its high theoretical
capacity (2200-3580 mA h g™!) and relatively stable cycling
performance [1-3]. Unlike Si, the volume change in SiO, during
the charge/discharge process can be inhibited to some extent by
in-situ-generated lithium oxide (Li,O) and lithium silicate
(LisSiO4) [4-6]. Although the presence of oxygen sacrifices a
part of the specific capacity, the cycling stability and economy of
SiO; are superior to those of Si [7-9]. However, SiO, still faces
critical challenges, such as large volume expansion (~200%) [10],
low electrical conductivity [11], and the formation of unstable
solid electrolyte interphase (SEI) film [12], which usually causes
electrode pulverization and results in a rapid capacity decay [13-
15]. Researchers attempted to remedy these demerits by com-
positing SiO, with a highly conductive and flexible carbon for
lithium storage enhancements [16], including SiO,/carbon
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nanotubes [17], SiO,/graphene [18], and SiO,/graphite [19].
Nevertheless, these carbon materials show weak interfacial
interaction with SiO, because of their sp* carbon-bounded sur-
face with fewer polar groups, which restricts the electron
transfer between SiO, and carbon in the composite [20]. Hence,
developing new types of materials for compositing with SiOy is
crucial but challenging.

Titanium carbide (Ti;C,T,) MXene, a new two-dimensional
(2D) material introduced by Gogotsi and his collaborators [21],
exhibits a good transmission rate and low diffusion barrier for
Li-ion, and it is widely applied in the field of energy storage
[22-29]. Given the rich terminal groups and abundant redox
reactions on the surface of Ti;C,T, MXene, it easily combines
with other materials and exhibits significant pseudocapacitive
contributions. As for the Si anode, Gogotsi’s group [30] dis-
persed Ti;C, T MXene in an organic solution to prepare a vis-
cous slurry, and they combined nano-Si tightly with the current
collector using the viscosity of this slurry. Song’s group [31] used
hydrothermal and freeze-drying methods to embed nano-Si into
a 3D conductive network composed of Ti;C,T, MXene to obtain
a high-performance electrode. Yin’s group [32] employed
MZXene as a conductive substrate during a low-temperature
molten salt process to reduce silica to Si and successfully com-
bined 0D Si with 2D layered MXene, achieving an excellent
electrochemical performance. However, these efforts on Si/
MXene combination still have some defects. For instance, a
weaker interaction force has been observed between Si and
MXene as these synthetic routes are based on simple physical
mixing. Raw materials, such as porous silicon or nano-Si
(<100 nm), usually lead to low tap density and secondary
agglomeration of nanoparticles (NPs) because the nonporous
characteristic of MXene causes difficulty in providing extra
space for the huge volume change of Si [33]. Many efforts have
been exerted, but given the differences between 0D nano-Si and
2D layered MXene in morphology, blending and compositing
them tightly are still challenging.

In this work, a scalable preparation strategy comprising ball
milling and annealing was proposed to construct an ultrathin N-
doped Ti;C,T; MXene sheet-coated SiO, composite (SiO@NTS)
as an anode material for LIBs. Melamine was introduced as the
exfoliation agent for peeling multilayered MXene during ball
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milling and as the nitrogen source for the preparation of N-
doped Ti;C,T, MXene during annealing. The SiO,@NTS showed
several unique merits in improving the Li storage performance,
i.e., a strong interaction force between the NTS shell and SiO,
core to accelerate the interfacial electron transfer and ensure
structural stability. In addition, extrinsic defects induced the
high electrical conductivity and robust flexibility of Ti;C,T,
MZXene to support the capacity output of SiO,. As a result, the
SiO,@NTS showed enhanced electrochemical performances in
Li-ion half and full cells and a high areal capacity under heavy
mass loading.

EXPERIMENTAL SECTION

Material synthesis

Preparation of Ti;C,T, MXene: Ti;C,T, MXene was synthesized
by etching Ti;AlC, MAX with HF solution. Typically, 1.0 g of
Ti;AlIC, (400 mesh, purchased from 11 Technology Co., Ltd.)
was slowly added to the HF solution (40%). After stirring at
35°C for 24 h, the product was collected by centrifugation at
10,000 r min™" for 3 min, washed with deionized water and
absolute ethanol several times, and dried at 60°C.

Preparation of SiO,@NTS, SiO,/T, and NTS: First, 35 mg of
the as-prepared Ti;C,Tx MXene, 80 mg of the commercial micro
SiO, and 350 mg of melamine (AR, purchased from Sinopharm
Chemical Reagent Co., Ltd.) were placed in an agate jar. After
the addition of 10 g of agate balls, the jar was sealed in a glove
box filled with argon gas and ball milled for 48 h at a speed of
600 r min~'. Then, the ball-milled powder was annealed at 900°C
for 3 h, with a heating rate of 5°C min™. Finally, the product was
dispersed in 1 mol L™' NaOH solution to remove impurities.
After reacting for 3 h, the SiO.@NTS was collected by a vacuum
system, washed with deionized water and absolute ethanol sev-
eral times, and dried at 60°C for 9 h. For comparison, SiO,/T
was prepared using the same synthetic procedure but without
adding melamine. The NTS was synthesized by treating the
Si0,@NTS with HF solution for 3 h.

Electrochemical measurements

For half cells, the active material, acetylene black, and sodium
alginate at a weight ratio of 7:2:1 were mixed and dispersed in
deionized water to prepare a slurry. Then, the slurry was pasted
on a Cu foil, followed by drying at 60°C overnight. The mass
loading of the active material in the electrode was 1.2 mg cm™.
To evaluate the areal capacity, we controlled the mass loading at
0.78-3.5mgcm™. The working electrode, Celgard 2400
separator, and counter electrode (Li metal) were assembled into
CR2025 coin cells in a glove box filled with Ar gas. Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) were tested on a Lanlike electrochemical workstation
(LK2005A, China) over a voltage range of 0.01-1.5V and a
Metrohm electrochemical workstation (Autolab 302N, Switzer-
land) between 100 kHz and 0.1 Hz, respectively. For full cells,
the cathode slurry was prepared by 80 wt% commercial LiNig¢-
Co092Mn,0, (NCM622), 10 wt% acetylene black, and 10 wt%
polyvinylidene fluoride in N-methyl pyrrolidone, cast onto Al
foil, and dried in a vacuum oven. Before assembling SiO,@NT$S//
NCM622 full cells in CR2025-type coin cells, the anode was first
discharged and charged in half cells for three cycles. The elec-
trolyte for half and full cells was 1.0 mol L™ LiPF, in a mixture
of ethylene carbonate/dimethyl carbonate (v/v, 1:1) containing
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7% fluoroethylene carbonate. The electrochemical performances
of the half and full cells were evaluated by the galvanostatic
charge and discharge processes.

Material characterization

Scanning electron microscopy (SEM) images were acquired on a
field-emission scanning electron microscope (Zeiss Gemini 300,
Germany). Transmission electron microscopy (TEM) images
were obtained on a transmission electron microscope (JEOL
JEM 1011, Japan). High-resolution TEM (HRTEM) images,
high-angle annular dark-field (HAADF) images, and element
mapping images were acquired on a transmission electron
microscope (FEI TalosF200x, USA). X-ray diffraction (XRD),
Raman spectra, and X-ray photoelectron spectroscopy (XPS)
results were obtained using an X-ray diffractometer (Bruke D8
advance, Germany), MicroRaman spectrometer (HORIBA
JYHR800, Japan), and X-ray photoelectron spectrometer
(Thermo Fischer ESCALAB 250, USA), respectively. The N,
sorption isotherms and calculated Brunauer-Emmett-Teller
(BET) surface area were studied using a gas sorption analyzer
(Micromeritics ASAP 2020, USA). The infrared spectrum was
obtained from a Fourier transform infrared spectroscopy (FTIR)
spectrometer (Bruker Tensor 27, Germany). Atomic force
microscopy (AFM) images were recorded on a NanoScope V
controlled microscope (Bruker Bioscope Resolve, Germany).

First-principle calculations
The detailed density functional theory (DFT) calculation steps
can be acquired in Supplementary information.

RESULTS AND DISCUSSION

Fig. la describes the synthetic process for SiO.@NTS, which
includes ball milling and annealing steps. In the first high-energy
ball milling process, multilayer Ti;C,T, MXene was mechani-
cally exfoliated into Ti;C,T, MXene sheets (TS), where mela-
mine acted as the exfoliation agent. Meanwhile, micron-sized
SiO was ground into SiO NPs. As the grinding continued, these
different components were well distributed to form the SiO NP/
TS/melamine mixture. In the next annealing process, melamine
acted as the N source to promote nitrogen doping and the
crumpling of TS, thus ensuring its coating on the surface of SiO,
[34]. SiOy/multilayer Ti;C,Ty MXene (SiO,/T) was synthesized
as the benchmark to illustrate the benefits of NTSs. The struc-
tural models of TS and NTS are presented in the red boxes in
Fig. 1la, in which blue, brown, light purple, and pink balls
represent Ti, C, N, and H atoms, respectively. The morphologies
of the multilayered Ti;C,T, MXene, SiO,@NTS$, and SiO,/T were
characterized by SEM and TEM images (Fig. 1 and Figs S1-S6).
The multilayer Ti;C, T, MXene showed an accordion-like
structure with a block thickness of about 10 um (Fig. 1b and
Fig. S1), confirming its successful exfoliation from Ti;AlC, MAX
[35]. The SiO,@NTS consisted of well-dispersed SiO, NPs with
sizes ranging from 200 to 800 nm, together with numerous
nanosheets surrounding the NPs (Fig. 1c and Fig. S2). Fur-
thermore, from the TEM and HRTEM images, the SiO, NPs
were closely covered by the NTS (Fig. 1d, e and Fig. S3), sug-
gesting a typical core-shell construction. The contour of the
SiO@NTS constructed by Si, O, C, Ti, and N and nitrogen
doping in NTS were further proven by scanning TEM (STEM)
image and the corresponding energy dispersive spectrum (EDS)
mapping images (Fig. 1f and Fig. S4). The difference in the
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(a) Schematic of the synthetic route for the SiO.@NTS; SEM images of (b) multilayered Ti;C,Tx MXene and (c) SiO@NTS; (d) TEM and

(e) HRTEM images of the SiO.@NTS. (f) HAADF-STEM images and the elemental maps of the SiO.@NTS.

atomic numbers for SiO, and NTS also verified the core-shell
structure of the SiO@NTS. For comparison, the SiO./T pre-
pared without the assistance of melamine was composed of
block Ti;C,T, MXene and SiO. NPs, without any special
architecture (Figs S5 and S6).

The components and structure of the SiO,@NTS were further
explored by XRD, Raman spectroscopy, and N, adsorption/
desorption measurements. In the XRD pattern (Fig. 2a), four
sharp peaks (6° 36° 42° and 61°) agreed well with the pre-
viously reported few-layered Ti;C,T, MXene derived from the
NH," intercalation method [36]. In the Raman spectrum
(Fig. 2b), the peak at 500 cm™ was the characteristic peak of
SiO, [37], and the two peaks at 1340 and 1600 cm™ corre-
sponded to the D and G bands of layered materials, respectively
[38]. The XRD and Raman results confirmed that the SiO,@NTS
composite was composed of SiO, and Ti;C,T,. The N, adsorp-
tion/desorption measurements were determined to reveal the
surface areas of the SiO@NTS and SiO,@T. As shown in Fig. 2c,
the calculated BET surface area of the SiO,@NTS was
106.9 m? g!, which was considerably larger than that of the
SiO,@T (28.8 m?g™") (Fig. S7). Such stark contrast demon-
strated the efficient exfoliation of Ti;C,T, MXene by melamine-
assisted ball milling. FTIR and XPS were used to investigate the
composition and electronic structure of the SiO,@NTS, respec-
tively. Fig. 2d exhibits the FTIR spectrum of the SiO@NTS,
where the peaks at 3405 and 1656 cm™ were attributed to the
stretching vibration of O-H and C=0 bonds [39], respectively,
and derived from the abundant oxygen-containing groups on
the NTS. The peaks at 1510 and 1410 cm™! were correlated with
the vibration of the N-Ti bond [40,41]. A weak peak at 661 cm™
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represented the Ti-O-Ti bond from the NTS. Three peaks at
1086, 798, and 472 cm™' were attributed to the asymmetric
stretching vibration and bending vibration of the Si-O-Si bond
in SiO, [42]. Moreover, a signal of the Si-O-Ti bond can be
detected at around 950 cm™!, confirming the bonding linkage
between SiO, NPs and the NTS [43]. Fig. 2e shows the XPS
survey spectra of the SiO@NTS and SiO,@T, revealing the
presence of Si, O, C, and Ti in the two samples. The SiO,@NTS$
also showed a peak at 398 eV, which corresponded to N 1s. In
the O 1s spectrum of the SiO,@NTS (Fig. 2f), four fitting peaks
at 533.2, 532.6, 532.1, and 531.2 eV accorded with the Ti-OH,
Si-O-S§i, Si-O-Ti, and Ti-O bonds, respectively [32]. The high
intensity of the Si-O-Ti bond verified the strong interaction
between SiO, and the NTS, which can accelerate the interfacial
electron transport and strengthen the structural stability of the
SiO@NTS. As for the Si 2p spectrum (Fig. 2g), five peaks were
observed at 103.8, 103.2, 102.6, 101.9, and 99.6 eV, corre-
sponding to Si*, Si**, Si**, Si'*, and Si’, respectively [44]. The C
1s spectrum (Fig. S8) showed four peaks at 288.4, 285.8, 284.8,
and 284.3 eV, which were related to C-O, C-N, C-C, and C-Ti
bonds, respectively [45]. Fig. 2h shows the Ti 2p spectrum; the
observed Ti-O, Ti-N, and Ti-C bindings in Fig. 2h agreed well
with those in previous literature [46,47]. The N 1s spectrum
indicated the successful incorporation of N, including pyrrolic N
(400.3 eV), pyridinic N (398.3 eV), and Ti-N (396.5 eV), in the
composite (Fig. 2i) [48]. The above FTIR and XPS results con-
firm the presence of Ti-N and C-N bonds in the composite,
revealing the successful nitrogen doping in the NTS.

To understand the roles of melamine in Ti;C,T, MXene
exfoliation, we first removed SiO from the recipe and conducted
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Figure 2 (a) XRD pattern, (b) Raman spectrum, (c) N; sorption isotherm, and (d) FTIR spectrum of the SiO,@NTS. (e) XPS survey spectra of the SiO.@NTS$
and SiO,/T. (f) O 1s, (g) Si 2p, (h) Ti 2p, and (i) N 1s spectra of the SiO.@NTS.

AFM measurements to reveal the effects of different molecules
(melamine, triazine, 1,3,5-triaminobenzene, and 2,4,6-trimethyl-
1,3,5-triazine) on the exfoliation process. As shown in Fig. 3a,
several small sheets with a thickness of ~4 nm can be observed,
revealing the sufficient exfoliation achieved by melamine. Then,
to determine the priority of N species in melamine (triazine ring
or -NHy,) for the exfoliation process, we replaced melamine with
triazine and 2,4,6-trimethyl-1,3,5-triazine. The results are
exhibited in Fig. 3b, d, in which the thicknesses of the products
were ~80 or ~110 nm, respectively, indicating a noneffective
exfoliation process with triazine or 2,4,6-trimethyl-1,3,5-triazine.
As for 1,3,5-triaminobenzene, the triazine ring in melamine was
replaced with a benzene ring, and the product in Fig. 3¢ implied
a height of ~60 nm. Different additive-derived AFM results
indicated that the structural characteristics of melamine (-NH,
attached triazine ring) were the key to the successful exfoliation.
For a deep understanding of this result, the models of different
additive molecules adsorbed on the Ti;C, sheet were constructed
by DFT calculations. The charge accumulation (yellow)/deple-
tion (cyan) between additives and the Ti;C, sheet and their
geometric structures were calculated, and the results are sum-
marized in Fig. 3a-d. The adsorption energies of melamine (E, =
—5.522 eV), triazine (E, = —2.872 eV), 1,3,5-triaminobenzene (E.
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= —4379eV), and 2,4,6-trimethyl-1,3,5-triazine (Eq =
—0.927 eV) on the Ti;C, sheet agreed well with the AFM results
(Fig. 3e). The lowest adsorption energy of melamine revealed its
best adsorption stability on the Ti;C, sheet derived from unique
amino and triazine groups. During the ball-milling process, this
strong binding benefited the intercalation of melamine into the
space of the TS and the exfoliation with the impact of the ball.
To reveal the effect of SiO on exfoliation, we also obtained the
AFM image of the HF-etched SiO,@NTS (Fig. S9). The thickness
of the NTS in the SiO,@NTS was similar to that of the product
in Fig. 3a, but the morphology was different, indicating that the
SiO component in the recipe can only change the morphology of
MXene but not the thickness.

The lithium storage properties of the SiO,@NTS and SiO./T
were measured to study the influence of NTS on the perfor-
mance. As shown in the CV curves of the SiO@NTS (Fig. 4a), a
broad peak appeared at around 1.1 V in the first cycle and dis-
appeared in the following cycles, resulting from the irreversible
reactions between the electrolyte and terminal groups of the
NTS [49]. For the second and third cycles, the anodic peak at
~0.57 V represented the de-alloying process of SiO, [50]. Fig. 4b
shows the charge/discharge voltage profiles of the SiO.@NTS
and SiO,/T at 0.1 A g™'. The first discharge/charge capacities of
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Figure 3 AFM images, height profiles of Ti;C,T, MXene exfoliated by different additives, and charge density differences at the interface between the
additives and the TS: (a) melamine, (b) triazine, (c) 1,3,5-triaminobenzene, and (d) 2,4,6-trimethyl-1,3,5-triazine. (e) Adsorption energies of different additives

on Ti;C,T, MXene.

SiO,@NTS were 1882.1/1014.1 mA hg™!, delivering a higher
initial Coulombic efficiency (CE) of 54%, in contrast to the value
of 46% for SiO,/T. Fig. 4c exhibits the cycling performance of
the SiO,@NTS and SiO,/T at 0.5 A g”'. The SiO,@NTS main-
tained a high capacity of 1141.3 mA h g™! after 100 cycles, which
was notably superior to the value of 335.7 mA h g™* for the SiO,/
T. The NTS cycles were steady, but the NTS capacity was low,
indicating that the capacity of the SiO.@NTS was mainly con-
tributed by the SiO, component. The composites of SiO, and
MXene were prepared using triazine, 1,3,5-triaminobenzene,
and 2,4,6-trimethyl-1,3,5-triazine (molecule formula in Fig. 3) as
additives. Then, their cycling performances were measured. As
shown in Fig. S10, the capacities of all the composites gradually
decayed upon cycling. After 500 cycles at 1.0 A g7/, the specific
capacities were less than ~300 mA h g~!. Meanwhile, the com-
posite using melamine as the additive had a capacity of
~800 mA h g™!, which was substantially higher than those of
other composites. The comparison demonstrated the advantages
of melamine as an additive. The SiO.@NTS also exhibited a
notably better rate capability than the SiO,/T (Fig. 4d). Dis-
charge capacities of 1302.7, 1179.7, 1068.1, 811.9, 708.9, and
596.4 mA h g~ were obtained for the SiO,@NTS at the current
densities of 0.1, 0.5, 1.0, 2.0, 3.0, and 5.0 A g™/, respectively. As
the current density returned to 0.5 A g~', the SiO,@NTS attained
a high capacity of 1103.2 mA h g'. The long-term cycling per-
formance of the SiO,@NTS was also measured at 1.0 A g™*. As
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shown in Fig. 4e, the SiO.@NTS retained a capacity of
~700 mA h g™! over 800 cycles with nearly 100% CE at a mass
loading of ~1.2 mg cm™. Fig. S11 shows the charge/discharge
voltage profiles for more cycles. Although the capacity slowly
decayed with the cycles, the profile contour was retained, indi-
cating the same electrochemical reactions in the cycles. As the
mass loading of active material is a key point for its possible
commercial application, the areal capacity of the SiO.@NTS
under different mass loadings was tested (Fig. 4f). The
SiO,@NTS electrodes were first activated at 0.2 mA cm™2 for
three cycles and then cycled at 1.0 mA cm™ for 100 cycles. The
areal capacity of the SiO,@NTS reached 0.82, 1.34, 1.79, and
2.11 mA h cm™ (50th cycle) at the mass loadings of 0.78, 1.22,
1.54, and 1.98 mg cm™>, respectively. Furthermore, the areal
capacity of the SiO,@NTS at 0.2 mA cm™? increased almost
linearly with the mass loading range from 0.78 to 1.98 mg cm™
(Fig. 4g). At an ultrahigh loading of 3.5 mg cm™ (Fig. 4h), the
SiO,@NTS delivered a high areal capacity (2.5 mA h cm™, 2nd
cycle under 02mAcm™) and good cycling stability
(1.58 mA h cm™, 300th cycle under 1.0 mA cm™). The cycling
performance of the SiO.@NTS was examined at a high mass
loading of 4.5 mgcm™. As displayed in Fig. S12, the areal
capacity of the SiO@NTS decayed rapidly from ~4 to
~1 mA h cm™ This result may be related to the inferior reaction
kinetics and structural stability caused by the thick electrode.
The superior Li storage properties of the SiO@NTS composite
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demonstrated its great application prospect.

The CV curves of the SiO,@NTS at the scan rates of 0.1-
1.0 mV s™' were measured to clarify the pseudocapacitance
contribution (Fig. 5a). By measuring the current (i) of peak A
and peak B and combining Equation (1) [51] below, the capa-
citance characteristic of the SiO,@NTS was studied:
i=aV’, 6))
i= k1V + kzvl/z. (2)

The b-value was calculated to distinguish the lithium diffu-
sion-controlled (b = 0.5) or pseudocapacitive-controlled (b =
1.0) behaviors. The plots of log(i) vs. log(v) provided the b-
values of peaks A and B at 0.88 and 0.68 in Fig. 5b, respectively,
indicating that both behaviors contributed to lithium storage in
the SiO,@NTS [52]. Similar results have been well documented
in the literature [53]. The combination of two behaviors enabled
the composite to process the high capacity of SiO, and the fast
kinetics of the NTS, thereby showing a good electrochemical
performance. The capacitive contribution ratio was calculated by
Equation (2), in which k;v and ko2 represent the contributions
of capacity and diffusion, respectively. As shown in Fig. 5c, the
capacitive contribution accounted for a high percentage with the
increase in the scan rate, which is beneficial to fast charge/dis-
charge and good cycling stability. A high capacitive contribution
of 50% was delivered at the scan rate of 0.4 mV s~ (Fig. S13).
Fig. 5d shows the electrical resistivity comparison of the
SiO,@NTS and SiO./T. The SiO.@NTS had a significantly
reduced electrical resistivity, in contrast to that of the SiO/T
(1103 vs. 3848 2 m), indicating an enhanced electron transfer
rate for the SiO,@NTS. The enhanced reaction kinetics of the
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20 pm
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f
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SiO.@NTS over SiO,/T was revealed by EIS measurements
(Fig. 5e). The equivalent circuit and the detailed EIS parameters
of the SiO@NTS and SiO,/T electrodes are shown in Fig. S14
and Table S1, respectively. The SiO,@NTS exhibited a smaller
charge-transfer impedance (Ry) resistance than the SiO,/T (176
vs. 307 1), demonstrating a faster charge-transfer kinetics. The
Li-ion diffusion coefficient (D 1;*) can be quantitatively calcu-
lated using Equation (3) [54]:

RT \°
DLi+:0.5( AFZUC), 3)

where R, T, A, F, C, and o are the gas constant, absolute tem-
perature, the surface area of the electrode, the number of elec-
trons per molecule during oxidization, Faraday constant, Li-ion
concentration, and the Warburg factor, respectively. The o-value
is related to the slope of Z' versus w™? in the low-frequency
region according to Equation (4):
Z' =Rp + Ry + ow "2, (4)

By calculations, the SiO@NTS showed a smaller slope of Z’
versus w™"? than the SiO,/T, which indicated its faster Li-ion
diffusion rate. The Warburg factor (0) and Li-ion diffusion
coefficient (D1;*) are provided in Supplementary information
(Table S2). Compared with SiO,/T, the SiO,@NTS had a smaller
Warburg factor (0) and a larger Li-ion diffusion coefficient
(D), confirming the enhanced charge-transfer kinetics. Based
on the above results, the charge transfer and ion diffusion
kinetics of the SiO@NTS were greatly enhanced by the intro-
duction of the NTS.

Fig. 6a, b schematically illustrate the volume changes in the
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Figure 6 Schematic of (a) the SiO,/T and (b) SiO@NTS electrodes during the discharging process. SEM and the corresponding EDS mapping images of

(c and d) SiO,/T and (e and f) SiO,@NTS electrodes.
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Figure 7 (a) Schematic of the SiO.@NTS//NCM622 full cell. (b) Charge and discharge voltage profiles. (c) Rate capability and the corresponding energy
density of the SiO.@NTS//NCM622 full cells. (d) Cycling performance and the corresponding energy density of the SiO.@NTS//NCM622 full cells. (e) Long-

term cycling performance of the SiO,@NTS//NCM622 full cell at 1.0 C.

SiO/T and SiO.@NTS, respectively. The SiO, particles in the
SiO,/T composite were fractured during charging, whereas the
volume expansion of SiO, particles in the core-shell SiO,@NTS$
was restricted by the NTS shell. To prove this phenomenon, we
characterized the SiO,/T and SiO,@NTS electrodes before and
after cycling by SEM and EDS mapping (Fig. 6¢c-f). Before
cycling, both the surfaces of the two electrodes were porous and
full of irregular particles (Fig. 6¢, e). After charging and dis-
charging at 0.5 A g™ 200 times, the SiO,/T electrode became
incrassated by 97.1%, and several cracks appeared (Fig. 6d). On
the contrary, the SiO@NTS electrode showed no evident cracks
after 200 cycles, and the thickness enlarged by 36.8%. Further-
more, a distinct slit appeared on the interface of the Cu foil and
SiO,/T. In comparison, the SiO,@NTS was still tightly bounded
with the current collector. These results reveal the advantages of
the NTS in restricting volume changes and strongly interacting
with the current collector.

To evaluate the application prospect of the SiO,@NTS anode,
we employed a LiNipC09>Mng,0, (NCM622) cathode to
assemble SIO,@NTS//NCM622 full cells (Fig. 7a). Fig. S15 pre-
sents the performance of NCM622. The capacity ratio of the
cathode to the anode was controlled at 1.1:1. Fig. 7b shows the
charging/discharging voltage profiles of the Li-ion full cell at
0.1 C (1 C =180 mA g') between 3.0 and 4.2 V. Fig. 7c depicts
the rate capability of the Li-ion full cell at a cathode mass loading
of ~10mgcm™ High areal capacities of 1.73 and
1.57 mA h cm™ were delivered at 0.05 and 0.1 C, respectively.
When the current density increased to 0.2, 0.4, and 0.8 C, the Li-
ion full cell retained areal capacities of 1.48, 1.31, and
0.88 mA h cm™, respectively. After the current density returned
to 0.2 C, the original capacity was recovered, suggesting a
remarkable rate capability of the Li-ion full cell. Fig. 7d show the
cycling performances of the Li-ion full cell at a high cathode
mass loading of ~10.0 mg cm™2, which was calculated using areal
and mass capacities. At a current density of 0.2 C, the full cell
delivered a high areal capacity of 1.28 mA hcm™ over 100
cycles, corresponding to a capacity retention of 90% (Fig. 7d). At
a high current density of 1 C, it retained 113 mA h g™' capacity
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over 200 cycles (Fig. 7e). Meanwhile, the corresponding energy
densities were also calculated by averaging the discharge voltage
during cycling, and the results are summarized in Fig. 7c, d. The
full cell achieved high-energy densities of 459 W h kg™" at 0.05 C
and 381 W h kg™ at 0.2 C after 100 cycles. The excellent elec-
trochemical performance of the Li-ion full cell reveals the highly
promising prospect of the SiO@NTS anodes for LIBs.

CONCLUSIONS

In summary, we developed a unique and facile strategy to
construct the SiO@NTS and investigated its electrochemical
performance for LIBs. The NTS can reinforce the reaction
kinetics and buffer the volume expansion of SiOy by forming Si-
O-Ti bond and coating on the surface of SiO,. The SiO.@NTS$
anode showed a high capacity of ~700 mA h g™ over 800 cycles
at 1.0 A g”". Tt also delivered a good cycling performance at high
mass loadings and maintained an areal capacity of
1.58 mAhcm™ after 300 cycles at 1.0mA cm™2 The
SiO@NTS//NCM622 full cell also retained a high areal capacity
of 128 mAhcm™ over 100 cycles, indicating an exciting
application prospect.
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