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Layered nickel silicate provides massive interlayer space that is similar to graphite for the insertion and
extraction of lithium ions and sodium ions; however, the poor electrical conductivity limits its
electrochemical application in energy storage devices. Herein, carbon nanotube@Ilayered nickel silicate
(CNT@NiSiOx) coaxial nanocables with flexible nickel silicate nanosheets grown on conductive carbon
nanotubes (CNTS) are synthesized with a mild hydrothermal method. CNTSs serve as the conductive
cables to improve the electron transfer performance of nickel silicate nanosheets, resulting in reduced
contact and charge-transfer resistances. In addition to high specific surface area, short ion diffusion
distance and good electrical conductivity, the one-dimensional coaxial nanocables have a stable structure
to sustain volume change and avoid structure destruction during the charge/discharge process. As an
anode material for lithium storage, the first cycle charge capacity of the CNT@NiSiOx nanocables
reaches 770 mA h/g with the first cycle Coulombic efficiency as high as 71.5 %. Even after 50 cycles, the
charge capacity still reaches 489 mA h/g at a current density of 50 mA/g, which is nearly 87 % and 360 %
higher than those of NiSI/CNT mixture and nickel silicate nanotube, respectively. As anode material for
sodium storage, the coaxial nanocables exhibit a high initial charge capacity of 576 mA h/g, which even

retains 213 mA h/g at 20 mA/g after 16 cycles.

Introduction

Energy shortage is one of the most serious social issues today.
Among all energy storage devices, rechargeable batteries such as
lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs) have
become the major types of energy supply devices for portable
electronic devices because of their high energy density, long
lifespan, wide temperature range and lightweight.'® The
performances of LIBs and SIBs largely depend on the electrodes
and electrolyte. Ideal anodes must meet the following
requirements: good electronic and ionic conductivity, insolubility
in the electrolyte, stable potential close to that of lithium/sodium
metal, low molecular weight, cost-effective and environmentally
benign.”® The researches on LIBs anode materials have
developed from Li metal and Li alloy to carbon materials, metal
oxides, and Sn- or Si-based anode materials, etc.'%” Graphite is
the most common commercialized material for LIBs anode
because of its stable performance and low cost. However, its low
specific capacity (372 mA h/g) limits is energy density.
Meanwhile, it is not suitable for the intercalation of sodium ions
because of the small interlayer spacing.*® 1° Therefore, it is highly
imperative to find alternative anode materials.?%-25

Silicate nanomaterials have been widely used in adsorption,2-
30 catalyst®™ 32 and drug delivery®: 34 because of their simple

45 preparation, rich source, low cost and unique porous structure.
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They are also promising candidates for LIBs/SIBs because they
exhibit a similar charge/discharge behaviour with graphite and
their tuned layered structure could provide ion transport routes.
39 For example, Yang et al. prepared magnetic multi-walled
nickel silicate nanotubes by self-curling effect of layered
structure.®® The layered structure was very stable and the
interlayer spacing remained almost unchanged during the
charge/discharge cycles. Although the first cycle discharge
capacity was 1523 mA h/g, the reversible capacity was only 227
mA h/g after 20 cycles. Yang et al. synthesized a flower-like
nickel oxide/nickel silicate nanocomposite with a high first cycle
discharge capacity of 1440 mA h/g,%® but its reversible capacity
reduced to 126 mA h/g only after 50 cycles. Although layered
silicate nanomaterials have the advantage of stable structure, their
poor electrical conductivity is responsible for the large
irreversible capacity. A second phase with good electron transfer
effect is expected to enhance the electrochemical performance of
layered silicate materials as LIBs/SIBs anodes. We enhanced the
anode performance of layered zinc silicates by introducing
interlayer carbon and reduced graphene oxide into the system.?’
By adjusting the amount of carbon precursor, the interlayer
spacing could be altered between 1.22 to 3.37 nm, the specific
capacity increased from 232 mA h/g for neat zinc silicate, to 455
mA h/g for zinc silicate/interlayer carbon composite, and further
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to 778 mA h/g for the composite with reduced graphene oxide.
This indicates that carbonaceous materials could be efficient
additives to layered silicates as anode materials. Carbon
nanotubes (CNTSs) not only serve as the conducting component
due to their high electrical conductivity, but also they function as
an active component for the intercalation of lithium ions.*0-4
CNTs have already been introduced into various nanostructures,
including Si, Sn, Fes0s, MnO2, M0Sz, TiO2 and Sn02.43%* These
materials exhibit improved specific capacity and better
electrochemical performance after the incorporation of CNTSs.

Herein, we designed carbon nanotube@layered nickel silicate
(CNT@NiSiOx) coaxial nanocables with nickel silicate (NiSiOXx)
nanosheets covalently bonded to CNTSs to improve the electrical
conductivity of layered nickel silicates. The coaxial nanocables
are fabricated using CNT as the hard template as well as
conducting network. Layered nickel silicates with an interlayer
distance of 0.74 nm provide massive interlayer space for the
insertion and extraction of lithium ions or sodium ions.
Meanwhile, the tubular structure also serves as the structure
buffer, preventing structural damage during charge/discharge
processes, which ensures the performance stability during
functioning. Thus, CNT@NiSiOx coaxial nanocables show an
excellent lithium-ion storage performance with the first cycle
Coulombic efficiency as high as 71.5 % and specific capacity of
489 mA h/g at a rate of 50 mA/g after 50 cycles, much higher
than those of NiSiI/CNT mixture (261 mA h/g) and nickel silicate
nanotube (NiSNT) alone (107 mA h/g). Even for sodium-ion
storage, the CNT@NiSiOxcoaxial nanocables exhibit a high
initial charge capacity of 576 mA h/g.

Experimental Section

Materials. Multi-walled CNTs were purchased from Shenzhen
Nanotech Port Co. (China) with an average diameter of 40-60 nm,
and CNTs were acid treated before delivery. Sodium hydroxide
(NaOH, 1mol/L) and ammonium hydroxide (NHsH20, 28%)
were bought from Beijing Chemical Factory (China). Nickel(ll)
chloride hexahydrate (NiClz6H20), ammonium chloride,
tetraethyl orthosilicate (TEOS) and cetyl trimethyl ammonium
bromide (CTAB) were supplied by Sinopharm Chemical Reagent
Co. (China). All chemicals are analytical grade and were used
without further purification.

Synthesis of CNT@silica nanotubes (CNT@SNTS).
CNT@SNTSs were prepared by sol-gel method. CNT (0.15 g) and
CTAB (0.62 g) were ultrasonicated in 100 mL ethanol and 150
mL deionized water for 6 h. NaOH solution (300 mL) was then
added dropwise, followed by stirring for 30 min. After 1.2 mL
TEOS was added, the suspension was stirred for 8 h. Finally, the
product was centrifuged and washed with ethanol for several
times before drying at 60 °C for 12 h.

Synthesis of CNT@NIiSiOx nanocables.
CNT@NiSiOxnanocables were prepared using a hydrothermal
method. CNT@SNT (50 mg) were dispersed in 20 mL deionized
water by ultrasonication for 2 h to be Suspension A. Nickel
chloride hexahydrate (178.27 mg), ammonium chloride (530.5
mg) and NHsH20 (1 mL) were dissolved in 30 mL deionized
water to be Solution B. Suspension A and Solution B were mixed
and transferred to a 100 mL autoclave at 90 °C for 10 h. The
product was centrifuged, rinsed with deionized water for several
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times, and finally dried in an oven at 60 °C for 12 h.

Synthesis of NiSNTs. Black CNT@SNTs were heated in a
muffle furnace at 550 °C for 7 h to burn off the CNT component
and thus obtain white silica nanotubes. The rest synthesis route
for NiSNTs is similar to that of CNT@NiSiOx nanocables.
Characterization. X-ray diffraction (XRD) measurement was
carried out using a Rigaku D/Max 2500 diffractometer with
CuKo radiation (A=1.54 A) at a generator voltage of 40 kV and a
generator current of 40 mA. CNT@nickel silicate and neat nickel
silicate were characterized with a Thermo VG RSCAKAB 250X
high-resolution X-ray photoelectron spectroscope (XPS) and a
Renishaw inVia Raman microscope (Britain). Fourier-transform
infrared spectroscopy (FT-IR) was recorded using a Nicolet
Nexus 670 FTIR spectrophotometer. The morphology and
microstructure were observed with a Hitachi S4700 field-
emission scanning electron microscope (SEM) and JEOL JEM-
3010 transmission electron microscope (TEM).
Thermogravimetric analysis (TGA) measurements were carried
out using a TA Instruments Q50 thermogravimetric analyzer at a
heating rate of 10 °C/min in air atmosphere. Brunauer-Emmett-
Teller (BET) method was used to measure specific surface areas
using N2 adsorption and desorption isotherms on an Autosorb-1
analyzer at 78.3 K.

Electrochemical Measurements. Electrochemical tests were
performed using coin-type cells assembled in an argon-filled
glove box. The working electrode was composed of 70 wt%
active material, 20 wt% super-P and 10 wt% polyvinylidene
fluoride. For lithium ions battery application, the electrode slurry
was cast onto nickel foam. The electrolyte was from Tianjin
Jinniu Power Sources Material Co. Ltd. (China) and it was
prepared by dissolving 1 M LiPFs in a mixture of ethylene
carbonate, dimethyl carbonate, and diethyl carbonate with a
weight ratio of 1:1:1. Lithium foil was used as the counter
electrode. Mesoporous polyethylene/polypropylene membrane
was used as the separator. Galvanostatic charge-discharge curves
and cycling performance were measured with a Land CT 2001A
electrochemical workstation at current densities of 50-1000 mA/g
and voltage range from 0.01 to 3.0 V (vs. Li*/Li). Cyclic
voltammograms (CV) and electrochemical impedance
spectroscopy (EIS) were recorded on Metrohm Autolab PGSTAT
302N electrochemical workstation. CV was measured at a
scanning rate of 0.1 mV/s within the voltage window of 0.01-3.0
V. For EIS measurement, the AC modulation amplitude is 10 mV
and the frequency range is 10 kHz- 0.1 Hz. For sodium ions
battery application, the above slurry was cast on copper foil and
dried to obtain working electrode. Neat Na foil was used as the
counter electrode. Whatman GF/D glass fiber was used as the
separator membrane. The electrolyte consists of 1M NaPFs in the
mixture of propylene carbonate/ethylene carbonate with a volume
ratio of 1:1. The cells were galvanostatically cycled by the Land
CT 2001A electrochemical workstation at voltages of 0.01 to
2.70 V (vs. Na* /Na).

Results and discussion

Scheme 1 describes the two-step programmed preparation
procedure of CNT@NiSiOx nanocables using dual templating
method. CNT is used as the hard template as well as the
conducting core; CTAB is adsorbed on the surface of CNTs and
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served as the soft template. Silica layer is precisely coated on the Figure 1 reveals the morphology and crystallographic
surface of CNTs by the hydrolysis of TEOS in the alkaline information of CNT@SNT, CNT@NiSiOx and NiSNT.
condition. Then, nickel silicate nanosheets are formed around Compared to the smooth surface of CNT (Figure S1),
CNT by the in situ reaction of silica with nickel ions during the 3 CNT@SNT exhibits a rougher surface due to the silica layer on
hydrothermal treatment at the mild condition of 90 °C, and the CNT (Figure 1a). Figure 1b clearly shows the coaxial structure
core-shell CNT@NIiSiOx nanocables are formed. There are with NiSiOx nanosheets well dispersed and attached on CNT. For
several advantages of this synthesis strategy: first, we used a neat NiSNT, NiSiOx nanosheets are also assembled in similar
much milder fabrication temperature of 90 °C, which is below one-dimension morphology (Figure 1c). EDX elemental mapping
water boiling point and allows the material to be fabricated in an 35 shows the distributions of Ni, Si, O and C in CNT@NiSiOx
10 open system instead of the reported closed autoclave or glass (Figure S2). In their XRD patterns (Figure 1d), all peaks of

bottle;35 55 second, this current strategy is general applicable and CNT@NiSiOx could be index to NizSi2Os(OH)s (JCPDS no.49-

could also be used for the synthesis of other CNT-based 1859). No other impurities are observed. The wide peak around

nanocables, as reported in our work before;?’ third, this simple 12° confirms its layered structure, corresponding to a d-spacing of

synthesize process is beneficial for the large scale production of 4 0.74 nm (Figure 1d and Figure S3). The layered structure will be

3}

15 CNT-based nanocables, which increases its potential for practical characterized further later. The characteristic (002) peak of CNT
usage. For comparison, by burning off the CNT component, neat is clearly observed in CNT@NIiSiOx but it is not predominant in
silica nanotubes are left. NiSNTs are also formed by a similar NiSNT, suggesting the absence of CNT in NiSNT. EDS
hydrothermal treatment. To investigate the formation process of CNT@NiSi, time-

dependent experiments are carried out. Figure S4 shows different
morphologies of CNT@NiSiOx and NiSNT after reaction for 0.5,
> 1 and 3 h. In the first hour, large amount of small granules and
Sydrothermal ., wrinkles are observed on the surface of CNT@SNT, indicating

the dissolution of silica under alkaline condition. After the
reaction for 3 h, silicate ions begin to react with nickel ions and
form plate-like NiSiOx on CNT until all CNT are covered with
NiSiOx nanosheets, and the regularity of the nanosheets increases
with the re_ation time.
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Scheme 1. Schematic of the synthesis process of CNT@NiSiOx and
NiSNT.

T CNT@SNT
i :: CNT@Nisiox|  s5 Figure 2. TEM images of a) CNT@SNT, b) CNT@NiSiOx, ¢) NiSNT; d)
g o HRTEM image of NiSiOx nanosheets.
E NISNT . . )
= TEM images of CNT@SNT, CNT@NiSiOx and NiSNT
‘m’“m) i i (060) clearly show the coaxial structural (Figure 2). The thickness of
| il B silica coating in CNT@SNT is evenly distributed and is almost
20 40 60 .
2 Theta (degree) e the same as the diameter of CNT (~40 nm). After hydrothermal

process, the twisted NiSiOx nanosheets form a porous layer
Figure 1. SEM images of a) CNT@SNT, b) CNT@NiSiOx, and c) around CNT, and the diameter of CNT@NiSiOx is increased to

25 NiSNT; d) XRD patterns of CNT, CNT@SNT, CNT@NiSiOx and ~160 nm (Figure 2b). The contrast between the core and the
NiSNT. Inset: broken edge of CNT@NiSiOx shows the inner CNT core. surface confirms the core-shell structure. In the absence of CNT,

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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NiSNT exhibits a hollow structure (Figure 2c). Lamellar structure
of the synthesized NiSiOx on CNT is confirmed by HRTEM
(Figure 2d) with an interlayer spacing of ~0.74 nm, which agrees
well with its XRD result. The spacing of 0.74 nm between the
layers is much larger than Li* and Na*, and such an analogous
structure to graphite is proposed as competitive candidate for
anode materials in lithium-ion or sodium-ion storage.

665 cm™ is associated with lattice vibration of nickel-oxygen
bonds in the nickel silicate sample.5® 61

Raman is used to investigate the structural change of
CNT@NiSiOx (Figure 3b). The D band at ~1340 cm™ and the G
band at ~1590 cm* are two most distinctive bonds of graphitic
carbon network. It is commonly agreed that G band is related to
the first-order scattering of the E2g mode for sp? carbon domains,

Page 4 of 9

while D band represents structural defects or edges that break the

a) onT b) e symmetry and selection rule. The intensity ratio of the D band to
2 s the G band (Io/lg) is usually used to measure the graphitization
—_ CNT@SNT CNT@NisiOx . .
2 wonl e degree of carbon materials. The Io/lc value of CNT is 0.72; after
;3.’ enranisioy 10751023 458 E ‘M coated with silica, it increases to 0.77, and then, the value further
% —\ v E cntesnT f\ incr(.eases to 0.91 for CNT@NIiSiOx, indicating that more 'defects
£ 3425 NiSNT A E are introduced to the carbon network by coating with silica and
M ss NiSiOx, and these defects could also serve as storage sites for
—————rl __ lithium ions.®2
o venumber ey oo 1600 sf,?f':(’(cmﬁﬁ"” oo XPS surveys (Figure S5) further prove the formation of
<) 10 d) NiSiOx. Figure 3e confirm that such a sol-gel and hydrothermal
treatment slightly damages sp? carbon domain and induces the
E g" entanisiog| formation of oxygen-containing functional groups, which would
> CNT@NiSiOx 2 & contribute to the covalent bonding between NiSiOx nanosheets
% ;; and CNT. Curve fitting results of Si 2p supports our hypothesis
£ g (Figure 3f). The basic structure of NizSi2Os(OH)4 composes of a
20 three-layer sheet with a layer of silicon-oxygen tetrahedron
o owr | sssharing oxygen atoms at the corner, two layers of
02 os o5 o8 s o 200 400 e00 800 nickel/hydroxide ions connected to silicon-oxygen layer by Van
Relative pressure (P/Po) Temperature (°€) der Waals forces.2630 The peaks at 103.9 and 102.2 eV are
e) —cc f) — Mo assigned to silicon-oxygen tetrahedron layer and the bonds
CNT@NisiOx : : —=co CNT@NiSiOx @_ cossi between nickel/hydroxide ions with silicon-oxygen layer. Thus,
= 3 60 the peak at 103.0 eV should be ascribed to the strong C-O-Si
L‘i f; covalent bond between CNT and NiSiOx nanosheets. The
£ CNT@S“Té > g _’% covalent bond provides tight binding between CNT and NiSiOx,
é | ﬁ which ensures the structure integrity during the cycling process
T oewr CNT@SNT @ and thus the cycling stability of the composite. In addition, the
: . : s OXygen bridge between CNT and NiSiOx leads to the charge
288 286 284 282 108 106 104 102 100

overlap in the interface and thus forms a good pathway for the
electron transfer during charge-discharge cycles.53-6

The specific surface areas of CNT, CNT@NiSiOx and NiSNT
are obtained from N2 adsorption and desorption isotherms (Figure
3c). The isotherms of CNT@NiSiOx and NiSNT are similar to
each other but quite different from that of CNT, and both of them
could be classified as type IV, a typical shape of mesoporous
NiSNT and CNT. The peaks around 2852 cm® are related to the ~ Material. The BET specific surface area is 62 m*/g for CNT, and
stretching vibration of C-H and the peak at 1629 cm? is largely increases to 295 m?/g after coating with NiSiOx, which is
associated with C=0 or the deformation vibration of physically s less than that of NiSNT (390 m?/g). Although higher specific
adsorbed water. The broad band at 3425 cm-t corresponds to the surface area provides more storage sites for lithium or sodium
hydrogen-bonded hydroxyl groups of adsorbed water molecules; ions, it might also lead to more surface reactions of electrolyte
while the narrow peak at 3675 cm? is related to the Ni-OH with electrode, causing larger irreversible capacity. Therefore, a
stretching mode, 557 similar phenomenon could also be observed ~ Proper specific surface area is desired to increase the ion (Li* or
in magnesium silicates.®%° In silica sample, two strong ¢ Na) storage sites and enhance the diffusion rate. Based on TGA
adsorption peaks at 1075 cm* and 1023 cm™* are ascribed to the ~ results of CNT, CNT@NiSiOx and NiSNT (Figure 3d), NiSiOx
longitudinal-optical and transverse-optical modes of asymmetric 1S ~77.2 Wt% in CNT@NiSiOx and stable in a wide range of
Si-O-Si bond stretching vibrations, and the peak at 808 cm™ is  temperatures. The weight loss may come from the loss of
from symmetrical Si—O-Si network bond stretching vibrations.5 hydrated water in the silicate layers. Its XRD pattern still remains
However, in the FT-IR pattern of nickel silicate, the adsorption e unchanged even after heat treatment at high temperatures (Figure
peaks at 1075 cm™* and 808 cm ! disappear, and the peak at 1023~ S6), indicating the good thermal stability of CNT@NiSiOx and
cm 2 shifts to 1010 cm, which may be ascribed to the formation ~ its potential for high temperature usage.
0 of Si—-O-Ni bonds. In addition, a new absorption peak at about The porous coaxial CNT@NiSiOx nanocables with tubular

Binding Energy (€V)

Figure 3. a) FTIR spectra of CNT, CNT@SNT, CNT@NiSiOx and
NiSNT; b) Raman spectra of CNT, CNT@SNT and CNT@NiSiOx; ¢) N,
adsorption/desorption isotherms; d) TGA curves of CNT, CNT@NiSiOx
and NiSNT; e) C 1s and f) Si 2p XPS spectra of CNT, CNT@SNT,
CNT@NiSiOx and NiSNT.
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and layered structure are expected to exhibit good
electrochemical performance as anode material for lithium ions
batteries because of their good electrical conductivity, open layer
with large interstitial sites ensuring acceptable Li* mobility and
s accommodating volume variation during Li* insertion/extraction.
Electrochemical properties of CNT@NiSiOx electrodes are
presented in Figure 4. Galvanostatic charge/discharge
experiments are carried out at a current density of 50 mA/g
(Figure 4a, b). As expected, CNT@NiSiOx exhibits much lower
10 over potential and higher reversible capacity than NiSNT. The
first cycle discharge capacity of CNT@NiSiOx reaches 1077 mA
h/g and its reversible capacity after 50 cycles is still 489 mA h/g,
which is 3.6 times higher than that of NiSNT (107 mA h/g) and
substantially higher than other reported values of nickel silicate
15 materials (Table 1).

3 3.0 b)
2.5 25
3 2
'é 2.0 4 20
@
g 13
S 151 S 15
@
8 =]
g 104 8 10
> =]
3
2 >
0.5 05
0.0 0.0 v . , >
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400
Capacity (mA hig) Capacity (mA h/g)
1000 0
C) 100 d)
— [e] Py,
2 800 1 |_._._ —e— CNT@NiSiOx e ® CNT@NiSiox
< —+— NiSiOX/CNT mix {80 & ® CNT@NiSiOx after 50 cycles @
£ == NiSNT 3 _1001 o GisinT .
= 600 4 s T 15t o
2 ‘_| 6 O £ v
S |7 e © . v
g 3 & ¢
g 400 A ey ® ey
[t} Q
s y <
8 =
8 200 20 &
2]
0 T T T v 0
10 20 30 40 0 150

Cycle number (n)

Figure 4. Charge/discharge curves of a) CNT@NiSiOx and b) NiSNT at
1, 5t 10", 20%, 30™, 40", 50 cycles (current density: 50 mA/g); c)
Cycling performance and Coulombic efficiency of CNT@NiSiOx,

20 NiSiOx/CNT mix and NiSNT at current density of 50 mA/g within a
voltage window of 0.01-3.0V(vs. Li" /Li); d) Electrochemical impedance
plots of CNT@N:iSi, NiSNT and CNT@NiSiOx after 50 cycles.

Z'(ohm)

To confirm the synergistic effect, the mixture of CNT and
NiSNT with the same mass ratio as that in CNT@NiSiOx is
25 prepared for comparison. The 501 cycled reversible capacity of
CNT@NIiSiOx is 87 % higher than that of CNT/NiSNT mixture
(Figure 4c), proving that the covalent bonding between NiSiOx
and CNT is beneficial for the improvement of lithium storage
performance. The cycling performance of CNT is shown in
30 Figure S7. The reversible capacity of CNT is 373 mA h/g. As the
percentage of CNT is ~22.8 wt.% in CNT@NIiSiOx, the
contribution of CNT in terms of capacity could be calculated as
17.4%. The first cycle Coulombic efficiency of CNT@NiSiOx is
71.5%, much higher than those of NiSNT (26.4%) and NiSi/CNT
35 mixture (50.2%), and it reaches nearly 100% in less than 5 cycles.
This stable performance might be due to the buffer effect of the
one-dimensional structure, the layered structure of NiSiOx
nanosheets and the strong C-O-Si covalent bonding during the
insertion and extraction of lithium ions.

40 Table 1. Specific capacities of silicate nanostructures in literatures.
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MorphologyCurrent 1% 1 501
densityCoulombic charge charge
(mA/g) efficiency capacitycapacity

Samples Ref.

(%) (mA (mA

h/g)  h/g)
Ni3Si;Os(OH)4 nanotube 20 455 693  227* [32]
Ni3Si;Os(0OH)4 nanoflower 20 26.0 428 42 [34]
Ni3Si,Os(OH)4/NiO nanoflower 20 47.0 672 126  [34]
NiSNT nanotube 50 26.4 378 107 This
work
NiSiOX/CNT mix  nanotube 50 50.2 634 261 This
work
CNT@NiSiOx nanotube 50 715 770 489 This
work

* The capacity of 21" cycle.

A major purpose of introducing CNT into CNT@NIiSiOx is to
improve the electron transfer of NiSiOx since silicate material
usually has a poor electrical conductivity. To confirm this effect,
EIS measurement is carried out (Figure 4d). The Nyquist plots
are constituted by a semicircle at low and medium frequency
range and an inclined line at high frequency range. The diameter
of the semicircle is related to charge transfer resistance and the
inclined line is associated with lithium ion diffusion resistance.
The semicircle diameter of CNT@NiSiOx is much smaller than
that of NiSNT due to the decreased contact and charge transfer
resistances, indicating that CNTs indeed improve the electron
diffusion rate in the composite. After charge/discharge for 50
cycles, the charge transfer resistance is further reduced, which
may result from the activation of electrode materials during the
insertion and extraction of lithium ions.%6.67

Rate performance is evaluated from current density of 50 to
1000 mA/g. Fast electron hopping from CNT to NiSiOx
nanosheets due to the oxygen bridges ensures better rate
performance of CNT@NiSiOx than NiSi/CNT mixture and
NiSNT (Figure 5a). Capacities of CNT@NiSiOx retain at 387,
293, 210 and 157 mA h/g at rates of 100, 200, 500 and 1000
mA/g; While capacities of NiSi/CNT mixture are 196, 137, 176
and 41 mA h/g at rates of 100, 200, 500 and 1000 mA/g,
respectively. To further confirm the structural stability, the
morphology and crystallographic information of CNT@NiSiOx
after 50 discharge/charge cycles are analyzed (Figure 5b). Similar
XRD patterns of CNT@NIiSiOx before (Figure 1d) and after
(Figure 5b) charge/discharge for 50 cycles indicates that the
crystallography structure remains unchanged. HRTEM images
before (Figure 2b) and after (Inset of Figure 5b) further confirm
the retained hierarchical morphology. Si 2p XPS profile of
CNT@NIiSiOx after charge/discharge cycles is also provided in
Figure S8, the C-O-Si covalent bond between CNT and NiSiOx
nanosheets could still be observed, which proves the structure
stability of CNT@NIiSiOx during the charge/discharge process.

This journal is © The Royal Society of Chemistry [year]
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In CV profile of CNT@NiSiOx (Figure 5c), a peak at 0.7 V is
observed in the first discharge process. However, clear flat
platform around 0.7 V in the first discharge curve could not be
observed, instead a slope region is present. This is because when
anode materials are amorphous or crystals with ultrathin size, the
discharge-charge curve usually show slope region, rather than flat
plateaus 5587 (Figure 4a). This peak disappears in the 2" and 3
cycles, indicating that it is an irreversible process, most likely due
to the formation of solid electrolyte interface (SEI). The
formation of SEI is caused by the reaction of electrolyte with
electrode. On one hand, it consumes the lithium ions and is
responsible for the large irreversible capacity during first cycle,
on the other hand, this passivation layer protects the electrode
from further dissolution. The same phenomenon is observed in
NiSNT electrode. It means that it is NiSiOx component rather
than CNT serves as the main active material for lithium storage.

Figure 6a summarizes the contribution of each component of
the composite. NiSIOX/CNT mixture exhibits nearly 68 % higher
initial specific capacities than NiSNT itself, and 342 mA h/g of
the total capacity is ascribed to the effect of CNT. Such a
phenomenon is also observed in other reported carbon based

composites. However, the capacity of CNT@NIiSiOx is about 21%

higher than the total sum of the individual capacities of NiSNTs
and CNTs, indicating a synergistic effect between these two
components. The interlayer spacing and the presence of CNTs
stabilize the graphite-like nickel silicate nanosheets throughout
the cycling process to accommodate more lithium ions, and keep
the active materials electrically interconnected. CNT combined
with super-P provides fast electron transport for CNT@NIiSiOx to
improve the lithium storage property. Therefore, the
CNT@NIiSiOx electrode exhibits significantly enhanced capacity
and cyclability. Nearly a half capacity of CNT@NiSiOx after 50
cycles is ascribed to the synergistic effect (Figure 6a). As a result,
lithium ion diffusion and electron transfer are also expedited at
high rates for the composites.

a

Na in electrode materials is expected to be similar to that of Li.
However, most commonly used electrode materials for LIBs are
difficult to insert Na* because of its large radius (55 % larger than
that of Li*).* 7% 77 Thus, developing materials with large
interstitial space in the crystallographic structure is an effective
method.”®8 Because the NiSiOx nanosheets have a large
interlayer distance up to 0.74 nm, which is larger than the critical
interlayer distance (0.37 nm) for Na* insertion,® it may be
suitable for sodium storage. Figure 6b shows that the
CNT@NIiSiOx coaxial nanocable has a high initial charge
capacity of 576 mA h/g, and even retains 213 mA h/g at 20 mA/g
after 16 cycles. The Coulombic efficiency of CNT@NiSiOx is
63.1% in the first cycle, and then quickly increases to around 100%
in less than 5 cycles. There is no reported work about layered
silicate used as anode materials for sodium ion batteries yet. Here,
we just show its potential application. More detailed
characterizations about the storage mechanism of Na are on the
way and would be discussed in our further work.

These excellent properties are attributed to the core-shell
structure combined layered nickel silicate nanosheets with
conductive CNT. First, such a graphite-like layered structure
provides massive interlayer spacing for lithium ions or sodium
ions transport and storage. Second, NiSiOx nanosheets exposed
on the surface of CNT help Li*/Na* transport easily between
NiSiOx nanosheets and electrolyte. Third, conductive CNT core
and C-O-Si covalent bonding effectively improve electron
transport in CNT@NiSiOx in comparison to that in NiSIOX/CNT
mixture or NiSNT itself. Because of these three advantages,
CNT@NIiSiOx coaxial nanocable serves as excellent anode
material for lithium and sodium storage.

Conclusions

CNT@NIiSiOx coaxial nanocables are synthesized using a mild
hydrothermal method with CNTs as the hard template and the
conductive component. With NiSiOx nanosheets covalently
bonded to CNT, CNT@NiSiOx nanocables exhibit good
mechanical, thermal and cycling stability. The combination of
NiSiOx and CNT shows good synergistic effect by increasing the
lithium storage capacity and improving the electron and lithium

o ion diffusion efficiency of the nanocables. For lithium storage,

the charge capacity of CNT@NIiSiOx after 50 cycles retains 489
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mA h/g at a rate of 50 mA/g, which is 87% higher than that of

NiSi/CNT mixture and 3.6 times higher than that of NiSNT alone.

The first cycle Coulombic efficiency and rate performance of
CNT@NIiSiOx are also much better than those of NiSIiNT. EIS
measurements indicate that the contact and charge transfer
resistances of CNT@NiSiOx are much smaller than that of
NiSNT because of the covalent bonding between NiSiOx and
CNT. The large interlayer spacing allows CNT@NiSiOx to be
intercalated by not only lithium ions but also sodium ions with
larger diameters. For sodium storage, the coaxial nanocables
show a high initial charge capacity of 576 mA h/g, and even

retain a charge capacity of 213 mA h/g at 20 mA/g after 16 cycles.

The CNT@NIiSiOx coaxial nanocables show large potential in
the application as anode materials for lithium ions or sodium ions
batteries.
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