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ABSTRACT: Rational design of heterogeneous electrode materials with hierarchical architecture is a potential approach to
significantly improve their energy densities. Herein, we report a tailored microwave-assisted synthetic strategy to create
heterogeneous hierarchical Ti;SiC,@C-containing Na,Ti,0,; (MAX@C-NTO) composites as potential anode materials for
high-performance sodium storage in a wide temperature range from 25 to 80 °C. This composite delivers first reversible
capacities of 230 mAh g™ at 200 mA g™ and 149 mAh g™ at 3000 mA g™ at 25 °C. A high capacity of ~93 mAh g’
without any apparent decay even after more than 10 000 cycles is obtained at an ultrahigh current density of 10 000 mA g".
Moreover, both a high reversible capacity and an ultralong durable stability are achieved below 60 °C for the same
composites, wherein a 75.2% capacity retention (~120 mAh g~' at 10 000 mA g ') is achieved after 3000 cycles at 60 °C.
To the best of our knowledge, both the sodium storage performances and the temperature tolerances outperform those of
all the Ti-based sodium storage materials reported so far. The superior sodium storage performances of the as-synthesized
composites are attributed to the heterogeneous core—shell architecture, which not only provides fast kinetics by high
pseudocapacitance but also prolongs cycling life by preventing particle agglomeration and facilitates the transportation of
electrons and sodium ions by large micro/mesopore structure.

KEYWORDS: pseudocapacitance, electrode, sodium-ion batteries, MAX@C-NTO composite, high rate performance, intercalation

emands for rechargeable batteries have been increas-
D ing over the past few years due to the great number of

applications in electric-powered transportation, sta-
tionary energy storage, mobile devices, and smart grids.1 To
meet the practical-economic criteria for large-scale components,
sodium-ion batteries (SIBs) have been scheduled due to their
beneficial aspects compared to conventional lithium-ion
batteries (LIBs) such as their lower cost, abundant raw
materials, and environmental friendliness.” More importantly,

W ACS Publications  © Xxxx American Chemical Society

the analogous structure and reaction kinetics of SIBs to those of
LIBs are particularly attractive, implying that they may be
prepared by the existing setups and related battery technologies
of LIBs.’
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Figure 1. Reaction process and experimental parameters for synthesis of heterogeneous MAX@C-NTO composites. Differing from quasi-
single contact and single contact, the multicontacts would provide not only more ions/electrons transfer channels but also higher effective Na
intercalation/extraction sites, accounting for good electrochemical performances.

Nevertheless, a major challenge in the SIBs is that they suffer
from a lack of suitable electrode materials to reversibly store a
considerable amount of large Na ions (1.02 A) in a fast and
stable manner.”> Conventional anode materials such as
graphite and Si for SIBs show inferior insertion/extraction
kinetics with Na ions,®’ resulting in a low capacity and a poor
cyclability, as well as inferior rate capability. Alternatives such as
organic materials,® metal alloys, and metal oxides have been
considered to improve sodium storage performances.””"?
However, the electrical conductivity and the cycle performance
of the organic materials need to be further improved before
their applications. Large volume fluctuations and sluggish
kinetics of alloys restrict their cyclability.”"’ Intrinsic
conductivity of metal oxides is still not satisfactory for long-
term running of large-scale energy storage devices, especially at
high charge—discharge rates.

In addition, akin to LIBs, operation of SIBs over a wide
temperature range is crucial for their industrial applications in
various fields. Unfortunately, the performance of SIBs at high
temperatures has hardly been considered in contrast to the
improvement of capacity and cyclability at room temperature.
When SIBs work at high temperatures, movement of Na ions in
both the electrolyte and the active material is faster than that at
room temperature.* Additionally, the liquid electrolyte is more
likely to decompose at the interface between the electrolyte and
the electrode around the decomposition potential of the
electrolyte,'”” which may lead to a rapid exhaustion of
electrolyte, an aggregation of Na-hosting materials, and a
dramatic degradation of cycle performance. Moreover, although
some electrode materials display large capacity and good
cyclability, their performances at high temperatures are still
unsatisfactory.'® Hence, a special structural architecture in
electrodes with high electrochemical performance in a wide
temperature range is desirable for Na storage.

To surpass the limitations of existing electrode materials for
NIBs, an electrode with a heterogeneous hierarchical
architecture (Figure 1) has been developed, using a MAX as
the conductive medium for electrochemical active material. The
MAX phase represents a family of compounds with the
chemical composition of M,,;AX,, (n = 1, 2, 3), where M stands
for an early transition metal, A is assigned to the elements of

group IIIA or IVA, and X refers to the C or N component. The
MAX phase exhibits higher conductivity (~10* S/cm) than that
of graphite (~107" S/cm)."”'® Furthermore, nanosized active
materials, for example, titanate, with high capacity can be
formed on the surface of the residue MAX phase by in situ
phase transformation,'”™>" thus reducing the interface barrier
between the MAX phase and the active material. The
architecture we have developed in this work has two
advantages. First, the residual MAX phase forms an
interconnected network after rolling the electrodes, offering
excellent electron transport properties and hindering the
aggregation of nanosized active materials. Second, the nano-
sized active material on the MAX surface has a porous
structure, thus facilitating rapid ion transport and mitigating
diffusion limitations throughout the entire electrode.”” This
rationally designed composite electrode with compositional and
structural superiorities produces interpenetrating electron and
ion transport paths that enable inspiring sodium storage
performances at high charge—discharge rates at both room
temperature and elevated temperatures.

We have used a typical MAX (Ti;SiC,) as a model system to
fabricate a heterogeneous Ti;SiC,@C-containing Na,Ti;O 5
(MAX@C-NTO) composite, wherein the TiySiC, in situ
transforms into nanosheet C-containing Na,Ti;O;5 on the
surface of the MAX after a microwave-hydrothermal treatment.
This composite delivers a high rate capacity and an enhanced
cycle stability as an anode for SIBs. A capacity of ~93 mA h g™
is retained without apparent fading at 25 °C, even after more
than 10000 cycles at a rate of 10000 mA g '. More
importantly, it offers good high-temperature properties (25—
80 °C). For example, a 75.2% capacity retention (~120 mA h
g™') is attained at a rate of 10000 mA g~ after 3000 cycles at
60 °C.

RESULTS AND DISCUSSION

Morphological Features of Heterogeneous Compo-
sites. According to the heat-pressure sintering method for
Ti;AlC, reported previously by our group,” a precursor of
Ti;SiC, (TSC, one of typical MAX materials, Figure Sla—c)
powders with a dimension of ~3 ym has been prepared by a
high-pressure sintering method. Subsequently, some particles
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Figure 2. Microstructure characterizations. (a) XRD patterns of typical TSC and C-NTO30 samples. (b) Representative FESEM image of the
C-NTO30 composite. The inset is a high magnification of the SEM image. (c) Typical TEM image of a core—shell C-NTO30 sample. The
inset is a high magnification of the TEM image. (d) HRTEM image of the interface (C-NTO30). (e) SAED pattern of the core (TSC). (f)
SAED pattern of the shell (C-containing Na,Ti,Os). (g, h) Low-loss and core-loss EELS of the core and shell, respectively. (i) Effect of
microwave reaction time on the conductivity and the concentration of C-containing NTO.

with urchin-like morphology are observed (Figure S1d) with both the inductively coupled plasma (ICP) and the energy

the help of the microwave reaction between the precursor and dispersive X-ray spectrometry (EDX) analysis results (Tables
NaOH solutions (the detailed procedure is described in the S1 and S2), similar to that of samples fabricated by the
Methods section) followed by annealing under the protection hydrothermal reaction method."

of pure Ar gas at 450 °C for 2 h. The X-ray diffraction (XRD) The morphology of the urchin-like products has been
patterns of the as-sintered samples (Figure 2a) are mostly investigated in detail by field-emission scanning electron

indexed to be the TSC phase (JCPDF No. 74-0310), with some microscopy (FESEM) and transmission electron microscopy
minor TiC peaks (~2 wt %, JCPDF No. 32-1383) that are (TEM). Urchin-like particles covered with nanoscale fibers are

formed during the sintering process."” Taking into account the observed (Figure 2b). Additionally, the cross-linked nanofibers
low concentration and the weak chemical reaction activity of form a large number of micro/mesopores (Figure 2c), which
TiC, the effect of TiC on the electrochemical performance is can be further confirmed by the nitrogen adsorption—
neglected throughout the following discussion.'” As a result, the desorption measurement. The TEM image (Figure 2c) reveals
precursor after the microwave reaction in NaOH solutions a great number of nanofiber arrays on the surface of the TSC,
followed by annealing is mainly composed of Ti;SiC, and forming a typical core—shell heterogeneous composite. The
Na,Ti;O,5 (denoted as NTO, JCPDF No. 76-1648) phases. dimension of the TSC cores is 300 + 50 nm. The length and

The concentration of the NTO phase is ~40 wt % based on width of the exterior layer nanofibers (NTO) are ~220 and
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Figure 3. Na storage properties at 25 °C. (a) Cyclic voltammograms of the C-NTO30 recorded at a scan rate of 0.5 mV s™' over a voltage
range of 0.01—2.5 V versus Na/Na". (b) Initial galvanostatic curves of the fresh and presodiated C-NTO30 electrodes. (c) Initial discharge—
charge curves of the C-NTO30 sample. (d) Long-term cycling performance of the three C-NTO samples at 200 mA g™". Coulombic efficiency
is plotted for the C-NTO30 sample only. (e) First discharge—charge profiles of the C-NTO30 sample at a current range of 200—10000 mA
g ', (f) Rate performance of the three samples at a current range of 200—10000 mA g~'. (g) Cycling property of the C-NTO30 electrode at a
current rate of 10 000 mA g~'. Coulombic efficiency remains 82.6% after 10 000 cycles.

~10 nm, respectively. The high-resolution transmission
electron microscopy (HRTEM) image (Figure 2d) exhibits
an interface between NTO and TSC. The selected area electron
diffraction (SAED) pattern shows the core is composed of both
NTO and TSC (Figure 2e), and the shell consists of NTO
(Figure 2f), suggesting the formation of a core—shell structure.
In addition, low-loss and core-loss of electron energy loss
spectroscopy (EELS) in Figure 2gh show that the core is
mainly composed of Ti (5.9, 38.6, 46.9, and 469 eV), Si (104
eV), and C (23.8 and 283 eV), which is consistent with the
SAED pattern. In contrast, the Si peak is eliminated in the shell,
and it contains a C peak besides Na, Ti, and O (532 eV). It
demonstrates that the Si layer is removed. Although the C-
containing concentration and the sites where C atoms hold
remain unclear owing to the interference of the C-containing
matrix, the occurrence of C-containing concentration in the
NTO compound is confirmed. This reaction is also evidenced
by the improved conductivity of the NTO compound, as shown
in the following section. The thermal gravimetric analysis and

XRD pattern suggest that this composite shows high thermal
stability (Figure S2a). Although it is prone to adsorb water
molecules at low temperatures (below 150 °C), the main phase
composition remains invariable. When the temperature is
higher than 350 °C, the TSC core is continuously oxidized.”*

To interpret the formation process of the core—shell MAX@
C-NTO, the morphology evolution is monitored at different
NaOH concentrations and reaction times. Below 0.1 M almost
no NTO phase is formed due to the slow reaction kinetics
(Figure S3). The most suitable NaOH concentration to form
the core—shell structure is ~2.0 M, above which (~5.0 M) will
result in the rapid coarsening of the NTO (Figure S4a—d) or
even the elimination of the core—shell heterogeneous structure
(Figure SSa). Besides, as the reaction proceeds, the surface of
the TSC first becomes rough, with the formation of irregular
fibers (Figure S4e—h), indicating the transformation of the
TSC surface into the NTO. With increasing incubation time,
the size of the TSC core decreases and an urchin-like
morphology is achieved (~30 min). Note that some coarsened
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Figure 4. Na storage properties of the C-NTO30 sample at elevated temperatures. (a) Cyclic voltammograms of the C-NT030-60 °C sample
recorded at a scan rate of 0.5 mV s~ over a voltage range of 0.01—2.5 V vs Na/Na". (b) Initial charge—discharge profiles of the C-NT030-60
°C sample with a current density of 200 mA g~". (c) First discharge—charge profiles of the C-NT030-60 °C sample at a current range of 200—
10000 mA g™'. (d) Rate performances of the different samples at a current range of 200—10 000 mA g™'. (e) Cycling property of the C-
NTO30-60 °C electrode at a current rate of 10000 mA g~'. Coulombic efficiency remains 75.2% after 3000 cycles.

NTO bars are observed with further increasing the reaction
time.

The TSC has a high conductivity but low Li and Na storage
capacity.'””® On the contrary, the NTO has a high capacity, yet
its conductivity is low.”*™* Therefore, the NaOH concen-
tration and the reaction time are very important to control the
formation of the core—shell structure with an optimal capacity
and conductivity by tailoring the phase fraction of the TSC and
the NTO phases. The effect of reaction time on both the NTO
concentration and the conductivity of the composites has been
investigated (Figure 2i). At the initial reaction process, the
NTO concentration is increased with an increasing incubation
time, and it changes from ~25 wt % (10 min) to ~40 wt % (30
min). By further increasing the incubation time, the
concentration of the NTO phase only slightly increases, and
then it remains at a constant value around 44 wt %. In
comparison, the effect of the incubation time on the
conductivity is complex. Specifically, the conductivity of the
pristine TSC powder (t = 0) is ~0.9 X 10* S/cm, slightly lower
than that of the previously reported value of the bulk material."”
With increasing the reaction time to 30 min, the conductivity
decreases, down to ~0.2 S/cm. A sharp reduction in the
conductivity is observed with a further increase in the
incubation time, probably due to the aggregation and
coarsening of the NTO (Figure S4h). It is interesting to note
that the sample after reacting with 5.0 M NaOH solutions for
30 min shows the highest NTO concentration of ~91 wt %
(Figure S6a), with the conductivity being ~3.5 X 107 S/cm. It
demonstrates that the fraction of the NTO phase in the
heterogeneous composite is critical to tailoring the con-
ductivity. Compared with the conductivity of the pure NTO
(107%=107% S/cm), the value of the 91 wt % NTO is
significantly improved, implying that it is partially attributed to
the C-containing concentration induced during the reaction
process. In consideration of the amount of C-containing NTO
and the conductivity of the composite, a reaction time of 30

min is desirable, in which a core—shell MAX@C-NTO with a
~40 wt % C-containing NTO and high conductivity is
achieved. This trend is similar to the hydrothermal-prepared
MAX@K,TizO;, composite that we reported previously.'~

Na Storage Properties at 25 °C. The electrochemical
performances of these heterogeneous C-NTO composites have
been evaluated to assess their potential as alternative anode
materials for SIBs. Three samples fabricated in 2 M NaOH
solutions at 200 °C at different times (denoted as C-NTO10,
C-NTO30, and C-NTO60, where the Arabic numbers in the
notation represent the reaction time) are employed to
investigate the effect of the NTO concentration and the
conductivity on Na storage. The three composites show similar
morphologies but different phase fractions (Figure 2ab and
Figures SS and S6b). The typical cyclic voltammetry (CV)
curves of the C-NTO30 show a couple of obvious redox peaks
at 0.25/0.69 V in the initial cycles (Figure 3a), which are related
to the Na-ion insertion/extraction processes.31 Comparatively,
a pair of weak redox peaks at 1.12/1.25 V can be assigned to
the reversible reaction of Ti**/Ti*".*" Irrespective of the carbon
contents, the C-NTO30 electrode exhibits a large capacity on
the first discharge process, approaching 600 mAh g~' (Figure
3b). However, the initial charge capacity is only ~227 mAh g~/,
corresponding to a Coulombic efficiency (CE) of 39%, which is
also suggested by the large void between the first cycle and the
second cycle in the initial CV curves (Figure S7). Attractively,
the CE can be improved from 39% to 90% after a simple
presodiation process by contacting the electrode and the Na
metal filled in the electrolyte for S min (Figure 3b). Therefore,
all the following tests have been performed after treatment.

Previous testing results confirm that the capacity contribu-
tion from the TSC compound (~10 mAh g') can be
neglected, and it merely acts as a charge collection and
interlinking transport path. The representative charge—
discharge curves of the three C-NTO samples in the first few
cycles at a current density of 200 mA g~ between 2.50 and 0.01
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V (Figure 3c and Figure S8a,b) reveal a reversible intercalation
reaction.'”"® These Ti-based compounds usually exhibit several
plateaus during the Li/Na ijon intercalation—extraction
process."” The rapid capacity decay in the first cycles can be
generally attributed to the accompanying decomposition of
electrolyte and the formation of a solid—electrolyte interfacial
(SEI) film.”"®

The C-NTO30 sample delivers an initial discharge capacity
of 230 mAh g_l, much higher than ~170 and ~140 mAh g_1
for the C-NTO10 and the C-NTO60 samples, respectively.
During the subsequent cycling, the discharge capacity of the C-
NTO30 sample remains stable, and it only reduces to ~200
mAh g after 200 cycles. Similar trends are detected for the C-
NTO10 and C-NTO60 samples with capacities of ~150 and
~125 mAh g™' at the 200th cycle, respectively (Figure 3d).
Notably, the energy storage capacity of the nanostructured
anodes adopted intercalation reaction mechanisms with large
surface area which often exceeded their theoretical value
(Na,Ti,Oy5, ~64 mAh g™').** This is due to (i) the reversible
decomposition of the electrolyte associated with the formation
of an SEI layer and (ii) the extra Na* adsorption—desorption
on the SEI corresponding to interfacial storage.”

The rate capability plays a crucial role in developing Na
storage materials. The first discharge—charge curves of the
three samples under different current rates from 200 to 10 000
mA g~ have been investigated (Figure 3e and Figure S8c,d).
The C-NTO30 sample delivers reversible capacities of 230,
189, 165, 149, and 128 mAh g™' at current rates of 200, 500,
1000, 3000, and 6000 mA g_l, respectively. Notably, a high
capacity of more than 110 mAh g' is delivered even at an
extremely high current density of 10000 mA g~'. For the C-
NTO10 and the C-NTO60 samples, the corresponding
capacities at the same current rate are lower than that of the

C-NTO30. To further probe the extraordinary rate capability,
three electrodes are cycled 10 times at each current rate (Figure
3f). All of them show similar trends. Regardless of the rapid
change in current density, the capacity level remains stable at
each rate. Specifically, the values at high current rates are more
stable than those at low current rates. Moreover, a reversible
capacity of ~93 mAh g™" at 10 000 mA g™ is retained without
any appreciable capacity decay (82.6% capacity retention) even
after more than 10 000 cycles (Figure 3g), higher than those of
the C-NTO10 and C-NTO60 counterparts (Figure S9) and
almost all other high-performance Ti-based materials at high
rates reported so far (Table S3).

Na Storage Properties at Elevated Temperatures. To
extend the SIB applications and test their safety, Na storage
properties of the C-NTO30 electrode at 40, 60, and 80 °C
(denoted as C-NTO30-40 °C, C-NT030-60 °C, C-NTO30-80
°C) have been investigated (Figures 4 and Figures S10 and
S11). The similar electrochemical behaviors are detected in the
temperature range of 40—80 °C. Basically, the initial capacity is
increased and the cycle stability is reduced with increasing the
temperature due to the increased diffusivity of Na ions and
electrolyte activity. For example, the initial specific capacity of
the C-NTO30 at 60 °C increases to ~1.28 times as high as that
of the battery operated at 25 °C (Figure 4b). By increasing the
cycle number, the capacity contributed by 0.02/0.08 V in the
redox pair was sharply reduced (Figure 4a). Thus, this pair
might be related to the reaction between the active material and
the electrolyte, although the corresponding chemical reaction is
uncertain due to the complication of SEI. Additionally,
analogous to the batteries tested at 25 °C, the discharge
capacity at the first cycle with a current density of 200 mA g~
slightly increases to ~255 mAh g™'(40 °C), ~280 mAh g~'(60
°C), and ~330 mAh g~'(80 °C), and then the stable values of
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Figure 6. Ex situ microstructural variation of the C-NTO30 electrode during the charge—discharge procesing. (a) Typical charge—discharge
curves of the C-NTO30 electrode; (b) XRD patterns of the C-NTO30 electrode at different stages; (c) high-magnification patterns in yellow
area in (b). (d—g) HRTEM images of the C-NTO30 electrode at selected charged/discharged states at 25 °C (current density = 200 mAg™").

(h) HRTEM of the C-NTO30 electrode materials after 5000 cycles.

~206 mAh g~'(40 °C), ~225 mAh g7'(60 °C), and ~238 mAh
g '(80 °C) are maintained after 200 cycles (Figure 4b and
Figure S10).

Owing to the easy decomposition of the electrolyte and the
instability of the SEL the rate performance at high temperatures
becomes one of the most critical issues in the field of battery
applications. Principally, the C-NTO30 sample exhibits similar
trends at both 25 and 60 °C. Compared with those under
different rates at 25 °C, the first specific discharge capacity of
the C-NTO30 sample at 60 °C (C-NTO30-60 °C) is enhanced
correspondingly. Moreover, the cell that is cycled 10 times at
each current rate also retains a stable capacity at each rate.
Finally, a specific capacity of 222 mAh g™' has been attained
when the current density returns back to the initial value of 200
mA g~ after 60 cycles, indicating this material has a high
electrochemical reversibility (Figure 4d). Accidentally, for the
C-NTO30 sample, a reversible capacity of ~120 mA h g™" at
10000 mA g~' is retained without any appreciable capacity
decay even after more than 3000 cycles at 60 °C. The high
capacity retentions are achieved at elevated temperatures
(Figure 4e and Figure S11), wherein the values are 81.5%
(10000 cycles, at 40 °C), 75.2% (3000 cycles, at 60 °C), and
59.5% (1000 cycles, at 80 °C), respectively. To the best of our
knowledge, a combination of ultrahigh rate performance and
ultralong cycle lifetime with good capacity retention at elevated

temperatures has been achieved, and an average fading
percentage per cycle outperforms those of anode materials
for both LIBs and SIBs at high temperatures (Table S4).

Kinetics of Na Intercalation. Compared with pure NTO
or NTO-based composites, both the capacity and rate
performance of the presodiated C-NTO samples have been
significantly improved. To interpret the superior capacity and
outstanding rate performance, the pseudocapacitances of the
heterogeneous C-NTO30 samgle at 25 and 60 °C have been
analyzed by CV techniques.”**> The C-NTO30 sample (Figure
Sa) at 25 °C displays similar CV curves with broad peaks during
both cathodic and anodic processes at various sweep rates
ranging from 0.1 to 100 mV s™'. According to the relationship
between the measured g)eak current (i) and the scan rate (v)
displayed in eq 1:'%?

i= avb (1)
where a is a constant and b can be determined by the slope of
the log(v)—log(i) plots. A b-value of 0.5 represents that the
current is controlled by semi-infinite linear diffusion; a value of
1 indicates that the current is a surface-capacitive-controlled
process.

As shown in Figure Sb, high b values of 0.91 (cathodic peaks)

and 0.92 (anodic peaks) are observed in the scan rate range of
0.1-20 mV s~} suggesting that the kinetics of the C-NTO30
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Figure 7. Ex situ XPS profiles of the C-NTO30 samples after different cycles at 25 °C. (a) C 1s spectrum. Both C—OH and Na,CO, peaks
remain stable with increasing cycle number. (b) F 1s spectrum. A Na,CIO,F, peak is detected after 2000 cycles.

electrode exhibits capacitive characteristics. The b values
quantified at scan rates above 20 mV s™' decrease to 0.63
(cathodic peaks) and 0.64 (anodic peaks), respectively.

Similar phenomena are also observed in T-Nb,Og oxide
electrodes.”” The rate capability of the C-NTO30 is mainly
determined by an increase in the ohmic contribution and/or
diffusion constraint upon a fast scan rate. Based on the classical
Trasatt’s method,”* the plot of capacity versus v~/
demonstrates that the capacity does not vary significantly as
the scan rate increases within the range of 0.1-1.5 mV s~
(Figure Sc). Thus, the total capacitive contribution at a certain
scan rate is calculated by separating the specific capacity
contribution from the capacitive and diffusion-controlled
charges at a fixed voltage.”® As shown in Figure 5d, quantitative
calculation results show that the capacitive ratio is gradually
improved by increasing the scan rate, reaching a maximum
value of 83.1% at 1.5 mV s™'. By comparison, a similar trend is
detected for the C-NTO30 sample at 60 °C. The existence of
high Na intercalation pseudocapacitance (the max value of
78.9%, Figure Sd and Figure S12) accounts for the ultrahigh
rate performance.

In addition, the relationship between kinetics and the
electrochemical performance is also measured by electro-
chemical impedance spectroscopy (EIS). Nyquist plots (Figure
S13) of the different C-NTO electrodes after activation in
frequencies over the range of 100 kHz to 0.1 Hz show the same
feature of a depressed semicircle at high frequency (charge-
transfer resistance, R.), and a linear part at low frequency
(Warburg impedance, Z,,). The smallest R, for the C-NTO10
(Table SS) confirms that the high rate performance is related to
the core—shell heterogeneous structure, in which the residue
TSC provides a convenient channel for electron transfer. With
increasing the temperature, both the R, and Z,, are reduced,
indicating the electrons and ions can readily penetrate through
the SEI layer."*

Mechanism of Na Storage. From the shape of the
charge—discharge curves and the large irreversible capacity in
the initial cycle, we infer that the electrochemical reaction of
MAX@C-NTO belongs to the intercalation reaction mecha-
nisms. To follow the structural changes during sodiation and
desodiation, ex situ XRD measurement as a function of the
state-of-charge/discharge has been carried out (Figure 6a—c,
wherein points 1—3 are assigned to the intercalation process
and points 4 and S are assigned to the extraction process).
There are no additional peaks associated with other types of
structures that can be observed during cycling, indicating that
no other phase is formed during cycling.’® Specifically, on
discharge (sodiation), the original C-NTO30 heterogeneous
structure is maintained up to the cutoff voltage of 0.01 V.
Indeed, the HRTEM results (Figure 6d) show that there is a
slight change in the lattice spacing after the sodiated process
(~0.72 nm, at point 2) compared to the pristine C-NTO30
(~0.63 nm). Comparatively, at point 3 (0.01 V), the XRD
peaks corresponding to the NTO become slightly broadened
(Figure 6¢) and the lattice spacing changes to 1.02 nm (Figure
6e), releasing a reversible capacity of ~225 mAh g~'. This
process mainly relates to the insertion of a large Na ion into the
NTO host. After desodiation, the XRD peaks of the NTO shift
toward the large angle direction, indicating the contraction of
lattice spacing,”® which can be further confirmed by the
HRTEM (Figure 6f, ~0.82 nm). In addition, the surface of the
electrode materials is covered by a separated SEI film after 10
cycles (Figure 6g). Note that both the thin SEI film and the
structure of the NTO remain well even after 5000 cycles
(Figure 6h). Similar results are also confirmed for the C-
NTO30 at 60 °C (Figure S14). It is believed that the stable
long-term cycling performance of C-NTO30 is associated with
the formation of a thin and uniform SEI film. The good
elevated properties are related to the prohibition of particle
aggregation (Figure S15).
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To analyze the composition changes of the SEI layer, ex situ
X-ray photoelectron spectroscopy (XPS) measurements have
been performed for the C-NTO30 and C-NTO30-60 °C
samples at different cycles (Figure 7 and Figure S16). The C 1s
and the F 1s spectra at different cycles are compared. The C—C
peak in Figure 7a is assigned to the TSC, and the C—OH peak
is related to the adhered additive. The Na,COj; peak is detected
even after 1 cycle (Figure 7a), revealing the formation of an SEI
layer via electrolyte (fluoroethylene carbonate, FEC) decom-
position illustrated by eq 2:"**

FEC 4+ Na* + e~ — CH, = CHF + Na,CO, )

Analogous to that of LIBs, the volume variation during the
Na® insertion and extraction processes hinders the SEI
structure integrity, and thus the formed Na,COj; seems to be
located underneath the SEI layer. In contrast, a high Na,CIO,F,
(Figure 7b) peak after 2000 cycles suggests that the
decomposition of FEC occurs. Thus, the similar morphology
and intensity of the Na,COj; peak show the SEI film is very
stable, and the reduced capacity might be related to the
decomposition products from NaClO, during the cycling
process.”" Similar peak variations are found for the C-NTO30-
60 °C electrode, due to the same reaction mechanism.
Comparatively, the increased Na,ClO,F, peak intensity
indicates that a more serious decomposition of FEC occurred
during the cycling process at elevated temperature.

Finally, the capacity and rate performance are also affected by
the specific surface area and pore-size distribution of the
heterogeneous materials. Compared with pristine TSC and
other C-NTO samples, the C-NTO30 sample has the largest
BET surface areas of ~49.5 m* g (Figure S17), which could
bestow more adsorbtion sites for Na* storage. In turn, although
a high concentration of the NTO can be attained in C-NTO60,
the elimination of 1.8—1.9 nm pores reduces not only the
volume-adsorbed value but also the capacity. Therefore, the
enhanced capacity and kinetics of the C-NTO30 in a wide
temperature range are related to high pseudocapacitance, a
stable and thin SEI film, and large micro/mesopore structure.

CONCLUSION

In summary, a heterogeneous Ti;SiC,@ C-containing
Na,Ti;0,s (MAX@C-NTO) composite prepared by micro-
wave-assisted alkaline treatment of a MAX (Ti;SiC,) precursor
has been reported. The electrical conductivity and the
concentration of the C-containing Na,Ti,O5 for MAX@C-
NTO can be rationally tailored by controlling the NaOH
concentration and the reaction time. The synthesized MAX@
C-NTO composites show excellent sodium storage perform-
ances in a wide temperature range (25—80 °C) in terms of high
reversible capacity, long cycle stability, and high rate capability.
A capacity of ~93 mA h g is retained without apparent
capacity fading at 25 °C, even after more than 10 000 cycles at a
high rate of 10000 mA g~'. More attractively, a high capacity
retention is attained at an ultrahigh rate of 10000 mA g™' at
elevated temperatures. This heterogeneous architecture has
shown several advantages in SIBs including the uniform
distribution of conductive materials, the facilitation of electron
and sodium ion transportation in interlinked nanofibers, and
the depression of active material aggregation. This MAX@C-
NTO composite with innovative compositional and structural
advantages provides an effective strategy to synthesize other

sodium/lithium-hosting materials with large capacity and
temperature tolerance.

METHODS
Microwave-Assisted Synthesis of Ti;SiC,@C-NTO. All ana-

lytical-grade chemicals and raw materials were used as received. In a
typical experiment, Ti;SiC, was synthesized by a high-pressure
sintering method (1 GPa, 1500—1700 °C) using commercial Ti
(99.5% purity, 325 mesh, Aladdin Reagent), Si (99.9% purity, 40—200
mesh, Aladdin Reagent), and C (99.5% purity, 2—4 yum, Aladdin
Reagent) as starting materials, which was similar to that reported in
our previous work.'”**** Then, Ti;SiC,(1.0 g) was added into 50 mL
of a 0.1-5 M NaOH aqueous solution. After vigorous stirring for 30
min, the resultant dispersion was then transferred to a 100 mL Teflon-
lined high-strength shell (polyether ether ketone) autoclave. A
microwave system (MS, XH-8000, Beijing XiangHu Science and
Technology Development Co., Ltd, China) equipped with in situ
magnetic stirring was used to heat the autoclave. The mixture was
heated to 120 °C within 8 min with a power of 500 W and
subsequently to 160 °C at a heating rate of 10 °C/min. Then, the
temperature was increased to 200 °C using a ramp rate of 8 °C/min
and kept for 5—60 min with a power of 600 W. After the microwave
reaction, the reaction product was centrifuged at 3500 rpm three times
using DI water and absolute ethyl alcohol. The suspension was freeze-
dried under vacuum overnight on a freeze-dryer (FD-1A-80, Beijing
Boyikang Laboratory Instrument Co. Ltd.). Then, the targeted C-
NTO powsers were obtained by annealing the freeze-dried samples
under the protection of pure Ar gas at 450 °C for 2 h.

Material Characterization. XRD patterns were collected on a
Rigaku D/Max-2500 diffractometer using a filtered Cu Ka radiation at
a sweep rate of 2°/min from S to 50°. The accelerating voltage and
current were 40 kV and 200 mA, respectively. Ex situ XRD samples of
the charge—discharge C-NTO anodes were rinsed with propylene
carbonate solution and dried under vacuum at room temperature for
12 h. To obtain the morphologies and elemental compositions of C-
NTO, a scanning electron microscopy (SEM) was conducted with a
Hitachi S-4800 equipped with an energy dispersive X-ray detector
spectrometer (Horiba, EMAX). According to our previous method,"
the concentrations of Na,Ti,0,5, TiC, and Ti;SiC, were determined.
TEM images and EELS analysis were observed on a Titan ETEM G2
at 300 kV. ICP (ICAP 6300 Thermo Scientific) was used to analyze
the concentrations of the elements (Ti, Si, K) of the obtained samples.
A H7756 four-point probe was used to determine the electrical
conductivity of the obtained samples. Thermogravimetric analysis
(TGA) was conducted on a thermal analysis instrument (Netzsch
STA449C, Germany) in air at a heating rate of 10 °C/min. The
surface areas and pore size distribution of the samples were performed
on a Micrometrics ASAP2020 analyzer at —196 °C (77 K). XPS was
conducted on a ThermoFisher X-ray photoelectron spectrometer with
Al Ka (1486.71 eV) X-ray radiation (15 kV and 10 mA). The binding
energies obtained in the XPS analysis were corrected by referencing
the Cl?4ls peak position (284.40 eV) and the F 1s peak position (684.51
eV).

Electrochemistry Testing. The working electrodes were prepared
by dispersing the 80 wt % active materials (C-NTO), 10 wt %
acetylene carbon black, and 10 wt % sodium alginate (NaAlg) in an
appropriate amount of distilled water. The resultant slurry was coated
on the aluminum foil substrate using an automatic film applicator and
dried under vacuum at 110 °C for 12 h. To obtain electrodes of a well-
connected structure and high tap density, the prepared electrodes were
rolled on a rolling machine (MSK-2150, Shenzhen Kejing Materials
Technology Co., LTD, China). Coin-type cells (CR 2032) were
assembled in a high-purity argon-filled glovebox with the moisture and
oxygen level below 0.1 ppm and tested at 25, 40, 60, and 80 °C,
respectively. The temperature was controlled by a programmable box
(GDJS-100, Beijing YaShiLin Testing Equipment Co., Ltd., China).
Sodium foil was used as the counter and reference electrodes. The
electrolyte was made of 1.0 M NaClO, in an ethylene carbonate and
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propylene carbonate solution at 1:1 volume ratio, with 5 wt % addition
of FEC. The separator was a glass fiber filter (GF/D, Whatman).

Galvanostatic charge—discharge tests were performed over a voltage
range of 0.01—2.5 V (vs Na*/Na) using a battery measurement system
(Land CT2001A). CV measurements were conducted on a Biologic
VMP3 electrochemical workstation at a sweep rate of 0.1—100 mV s~
at 25 and 60 °C, respectively. EIS characterization was carried out on a
BioLogic VMP3 system with the typical frequency range from 100 kHz
to 0.1 Hz by applying the applied ac voltage of S mV at 25 and 60 °C,
respectively.
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Table S1. Chemical compositions of three samples based on ICP analysis.

Samples Elemental composition (mg/L) Na,Ti17015
Ti Si Na concentration
(Wt.%)
C-NTO10 68.43 10.31 1.95 26.38
C-NTO30 65.71 8.36 2.98 40.31

C-NTO60 65.11 7.88 3.24 43.68
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Table S2. Chemical compositions of three samples in terms of EDX analysis.

Samples Elemental percentage (wt.%) Na,T170;5
concentration
Ti Si Na C O (Wt. %)
C-NTO10  68.49 10.34 1.93 9.16 10.08 26.12
C-NTO30 65.61 8.36 2.97 7.55 15.51 40.16

C-NTO60  65.01 7.85 3.25 6.95 16.94 43.92
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Table S3. Electrochemical properties of titanium-based anode materials for sodium ion
battery at 25°C reported to date.

i Current density  Cycle Capacity
Anode materials 4 ; Ref.
(mAg) number (mAhg")
Graphenerutil 83.75 300 245
_ rapheneTruiiie 837.5 1100 144 51
Titanium TiO,
- 3350 4000 59
dioxides ) 2
TiO,/graphene 12000 4000 90
B-doped TiO, 660 400 140 53
o Ti,CTy 20 100 175 >
Titanium-b
, 200 1000 65 o
ased Ti;C,Ty
50 100 100
MXenes . S6
Ti3C,T,/CNT-SA 20 100 179
Nag e[ Lio2Tio75]0, 212 1200 75 S7
NaTiO, 20 60 152 58
Layered N32/3Ni1 /6Mg1 /(,Ti2/302 9.6 100 92 5
titanium-ba NasnConnTinO 200 1200 65 S10
a,3Co,5Ti
sed oxides PRI TR 500 3000 45
Na0_62Ti0_37Cr0_6302 500 1000 50 st
Nay ¢Ni 3Tio 70, 550 50 80 s12
1LF O 17.5 50 170 S13
Spinel Cu-doped 30 150 148
Li,TisO LisTisO;,/C St
st s 400 150 75
nanofiber
' 640 1200 90 o
KTiy(PO,)3/Carbon
2560 5000 69
NaTiy,(PO4);@Graph 133 200 112 S16
o ene 1330 1000 75
Titanium )
NaTiy,(POy); 133 1000 100 S17
phosphates
nanocubes 1330 10000 80
Carbon-coated 133 200 125
NaTi(PO,)s3 665 500 117 SI8
microflowers 2660 10000 85
Tunnel-Structured Si9
) 200 1000 105
K, TiO, Nanorods
Potassium  K,TigO;3 nanowires 400 200 99 520
titanate 200 200 189
MAX@H-K,TigOy; 1000 1000 145 s
10000 10000 75
Hydrogenated 177 200 190
Na,Ti;0, 6200 10000 65 522
Sodium
i Nanoarrays
titanate Na,Ti;0,/C Textiles 1000 1000 130 523
NazTi6013 nanorods 100 300 172 S24

sS4



NazTi307/VSZ

Na,Ti;07 rGO
Surface engineered
Na,Ti;07
Na,TigO,3—graphite

NTO nanotube

arrays

Na,Ti;07 nanotubes

NazTi7O 15
NazTi307@C HHSs
NazTi307

microflowers

C-NTO-30

400
20
200
100
885
1770
4000
100
200
400
400
500
1000
8800
400

200
1000
6000
10000

800
50
100
300
1200
10000
5000
200
200
5000
100
500
200
1000
1100

200
200
1000
10000

129
293
203
133
90
78
17
145
120
55
185
110
130
68
85

196
152
112
93
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Table S4. Electrochemical properties of reported anode materials for Sodium/Lithium ion

batteries at elevated temperatures.

Current . Capacity ~ Average
) ) Cycle Operating Battery . .
Anode materials  density retention fading Ref.

number  temperature (°C)  type

(mA g'l) (%) percentage
Hierarchically s34
. 175 100 40 SIBs 70 0.3
Porous LisTi501,
Phosphorus-Graph
ene Nanosheet 260 200 60 LIBs 73 0.135 5
Hybrids
Si@BaTiOx-600 $36
i 3579 500 60 LIBs 64 0.072
nanoparticles
mesoporous Ge $37
. 600 300 60 LIBs 84 0.053
particles
10000 10000 40 81 0.0019
200 200 87 0.065 This
60 SIBs
C-NTO-30 10000 3000 75 0.008 work
10000 1000 80 60 0.04

Notes: Average fading percentage was equal to (1-capacity retention (%))/cycle number.
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Table S5. The fitted data based on the EIS curves.

Samples R, (ohm) R.; (ohm) Zy,
C-NTO10 6.571 81.6 0.808
C-NTO30 6.674 101.64 0.8244
C-NTO60 8.999 684.4 0.8644

C-NTO30-60C 3.192 39.37 0.7623
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Figure S1. (a) Typical SEM image of TSC. (b) Typical TEM image of TSC. The inset is the
corresponding selected area electron diffraction (SAED) of TSC. (c) HRTEM image of TSC
(d) Typical SEM image of the sample which is prepared by microwave-assisted in 2 M NaOH

for 10 min.
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Figure S2. (a) The TG curve of the C-NTO30 sample at a heat rate of 5 °C/min. The I step is
the dehydration process, the II and III steps are related to the two-step oxidation of TSC,
respectively.>*® (b) Typical XRD pattern of the C-NTO30 sample after annealing at 150 °C for

30 min.
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Figure S3. The effect of NaOH concentration on the formation of NTO (200 °C, 30 min)
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Figure S4. The effect of NaOH concentration on NTO morphology evolution (200 °C, 30

min), (a) 0.1 M, (b) 0.2 M, (c) 2.0 M and (d) 5.0 M. The effect of incubation time on NTO
morphology evolution (2.0 M NaOH, 200 °C), (e) 5 min, (f) 10 min, (g) 28 min and (h) 60

min.
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Figure S5. (a) TEM images of the sample after incubating for 30 min in 5.0 M NaOH. The
core is hardly detected and the concentration of C-NTO is about 91 %. TEM images of
MAX@C-NTO samples after incubating different times in 2.0 M NaOH. (b) 6 min, (c) 10

min, (d) 60 min.

S12



8

D
1
I

- o—————"0 §
1000 [ > {90 T
~~~ o
§1oor -80';3
_— - '70E
& W 3
> 1 \ — ¥
S -508
.“3 0.1F =
= -402
-80.01, J0 2
Q1E3F 126 5
1E-4 | / {10 8

R L 5 L i 0 O

0 0.2 2 5
Concentration of NaOH (M)

#TiSIC, ¢ NaTiO_ v TiC
— S _ C-NTOB0 R
= e g< = a5a = lS=s =
< ¢ SN2 = ~Q=, = viee ©
N - b > ! = :;f?l v Y o
® ~ — a ~— =
_Z;. NG A s 20t NAAJUWNee o |
7))
| o
L
= C-NTO10 _
S =
—~ P -
c?,’ g © :.S N
£l =3 S -
A
i | I S S | I S T TR T 1 | R S S S
10 20 30

2-theta (degree)

Figure S6. (a) The conductivity of the samples prepared in different NaOH concentrations
(200 °C, 30 min ). (b) The typical XRD patterns of the C-NTO60 and C-NTO10 samples (2.0

M NaOH, 200 °C).

S13



0.04

(mA)

Current

-0.08

Figure S7. CV curves of the C-NTO30 recorded at a scan rate of 0.1 mV s'overa voltage

T

- 0.1mVs'
1.79V
1 st
L 2nd
102V 3rd
I l,_/ —5th
0.0 0.5 1.0 1.5 2.0 2.5

Potential (V vs. Na/Na")

range of 0.01-2.5 V versus Na/Na" without a presodiation treatment.

S14




) ©
N
(8]

1 st HHA

i i JC-NTO10

Yo
N
(6]

l

n

C-NTO60

"

[}

N

)
T

N
3]

-
(6,

o

.

- 3

o
3
T

Voltage (V vs. Na/Na

Voltage (V vs. Na/Na*
o

00 1 1 - 00 L L M, e .
0 50 100 150 0 50 100 . 150
Capacity (mAh g Capacity (mAh g™)
C25 pacity ( g) q 25
/ / / / / / o / / / / / / o
‘m20} 20|
= =
s @
<15 Z15}
2 —200 2 ——200
1.0 >10 ——500
% _?oo ) —— 1000
b s —— 3000
=05 aans | Ho5 —— 6000
) ——6000 | 5 mmooo
> —10000| >
0.0 L 00 h L
0 50 100 1150 0 50 . 100 4 150
Capacity (mAh g*) Capacity (mAh g*)

Figure S8. The charge-discharge curves at a current density of 200 mA g during initial
cycles, (a) C-NTO10; (b) C-NTO60. First charge-discharge profiles at different current rates,

(c) C-NTO10; (d) C-NTO60.

S15



Q300 b 30 120
& Il 100~ o
o -~ gl 100 &
= Cument density = 1000 mA g™ s c 5
< 80 o< c
£ 200 = 200 80 o
-~ D — ]
E‘ C-NTO3l 60O ‘a‘ E
(5] ¢ Y s B 60 ©
© o 9 o
% ‘.s’un{x--\fl(rim|rmm.q‘r,mfm1,,,""\m‘,""‘H"“{MWNHW 40 (3} g_ 3 _6
O 100 e S @100 40 ¢
= § o s
S F20S & 20 3
S 35 o}
o 8 (o) O
3 0 L L L 0 o ) 1 1 1 . ) 0
0]
0 50 100 150 200 0 200 400 600 800 1000
Cycle number Cycle number

o
o

-1

Specific capacity (mAh g )o
o
(]
1

v Charge C-NTO60

o Discharge C-NTO60  Current density = 10000 mA g
» Charge C-NTO10

Discharge C-NTO10

N N W
o o
o O
T T

Y

o

o
I

a
(@]

o

1 1 1 L
3000 4000 5000 6000

Cycle number

& 1
1000 2000

o

Figure S9. Cycle performance of C-NTO samples after incubating time at different current
densities, (a) 1000 mA g”',( b) 6000 mA g”'. (c) Cycle performance of the C-NTO10 and

C-NTO60 samples at a current density of 10000 mA g™

S16



V)
N
o

T T b25
= ==in ~
i B 2nd C-NTO30 . C-NTO30
£201 —sn I aw°c |z20 80°C
© b e ¥ =
= 5th i g
15
g i Ak
> >
\5140 -\ Z1.0
S0 ™ o
£ 0.5 - 0.5
o 0oF =
> | s
00 1 ! 1 1 L 1 00 ! ! 1 1 L i’ !
0 50 100 150 2001 250 300 0 50 100 150 200 250 1300 350 400
Capacity (mAh g ') Capacity (mAh g )
¢ 400 [
e 100
- =
<350 Current density = 200 mA g’ >
r e
= &)
300 5
= 160G
o C-NTO30-80°C =
W S z . (0]
%250 C-NTO30-60 +40.Q
© 0O
i) £
= (@]
8 -203
Q O
O _ Q)
150 ¢ : ! :
0 50 100 150 200

Cycle number
Figure S10. Initial charge-discharge profiles with a current density of 200 mA g”', (a) the
C-NTO30-40 °C sample and (b) the C-NTO30-80 °C sample. (c) Cycle properties of the
C-NT030-40 °C, C-NTO30-60 °C and C-NTO30-80 °C samples at a current density of 200

mA g, and the corresponding Coulombic efficiency of C-NTO30-60 °C sample.

S17



150

~~300
© }' a - 1
<.% 250 Current density = 10000 mA g
E
=
0150
® 3
e !
®
1)
(&) 0,
% 50 C-NTO30-40°C P1L.E%
[}
Q. 0 " L I " | | I I L . 1 1 " 0
0 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Cycle number
—~400 150
o b
% 300 Current density = 10000 mA g’
=3 100
=
© 200
I
% 50
o100
E Teees
3 C-NT030-80°C 99.9%
Q 0 1 1 " 1 1 0
n 0 200 400 600 800 1000

Cycle number

Figure 11 Cycling properties of the electrodes at a current rate of 10000 mA g'l. (a) The

Coulombic efficiency (%)

Coulombic efficiency (%)

C-NTO30-40°C, a capacity retention is 81.5% after 10000 cycles. (b) The C-NTO30-80°C, a

capacity retention is 59.5% after 1000 cycles.

S18



a b .
~ 15}
5 <
< E10}
~
- c
i D05
C =
o, 300l =
-9 o 00
= - 5
0.10 L 0.0 8’0'5 [ 0.1-20mV s”20-100mV s’
04 DTN E —~ 10k = Anodic: 0.83} Anodic: 0.68
151} ' 15mVs’ 8) eCathodic: 0.84; Cathodic:0.69
-1 | i
100mV's O oE o TE 20 2% 15F :
00 05 10 15 20 25 3.0 -10 05 00 05 1.0 1.51 2.0
Potential (V vs. Na/Na ) Log (Sweep rates, mV s )
C1 0
2 I /
o
80.8 -
o L
(&]
o 06
(V)
N
©04} e
£ |
S .
Z02+e
0.0 -

00 05 1.0

Sweep rate

15 22.0 %g 1/3.0 35
-1/ =
(mV "s)
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Figure S13. EIS of different samples after 1* cycle. The inset corresponds to the fitted circuit.

The down inset assigns to the local magnification of the EIS curves.

S20



.2 MM
 C—

Figure S14. Microstructure of the C-NTO30-60 °C samples after 500 cycles. (a) SEM image.

(b) TEM image. (c) HRTEM image of the shell.
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Figure S15. Typical SEM images of the C-NTO30-80 °C samples after 1000 cycles. The

obvious aggregation occurred. The inset corresponds to the local high magnification image.
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Figure S16. Ex situ XPS profiles of the C-NTO30-60 °C sample after different cycles. (a) Cls
spectrum. Both C-OH and Na,COj; peaks remain stable with increasing cycle number. (b) Fls

spectrum. A new Na,CIOyF, peaks is detected after 2000 cycles.
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