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The dealloying–lithiation/delithiation–realloying
mechanism of a breithauptite (NiSb) nanocrystal
embedded nanofabric anode for flexible Li-ion
batteries†

Renpeng Chen,a Xiaolan Xue,a Jingyu Lu,a Tao Chen,a Yi Hu,a Lianbo Ma, a

Guoyin Zhua and Zhong Jin *a,b

Antimony (Sb) based anodes with high conductivity and capability have shown great promise for appli-

cations in lithium ion batteries (LIBs). However, they often suffer from poor cycling stability because of the

drastic volume variation and structural degradation on undergoing lithiation–delithiation processes. Here

we demonstrate a novel Sb-based anode with a free-standing structure realized by uniformly implanting

intermetallic compound breithauptite (nickel antimonide, NiSb) nanocrystals into nitrogen-doped carbon

nanofibers (NiSb@NCNFs). The discharge/charge behavior of NiSb@NCNFs was systematically investigated

by ex situ characterization, which revealed a special “dealloying–lithiation/delithiation–realloying” cycling

mechanism. The NiSb nanocrystals possess high lithium storage capacity, and the interconnected

network of NCNFs can accommodate the volume variation of encapsulated NiSb nanoparticles, while

also providing smooth pathways for charge transport. Compared to other Sb-based anodes, the

NiSb@NCNF anode presents exceptional reversible capacity (720 mA h g−1 at a current density of 100 mA g−1)

and greatly enhanced cycling life at high rates (510 mA h g−1 after 2000 cycles at 2000 mA g−1).

Furthermore, the free-standing NiSb@NCNF anode is free of binders, conductive additives and metal

current collectors, exhibiting high flexibility and remarkable performances for the construction of flexible

and bendable soft-packed full Li-ion pouch cells.

Introduction

To provide sufficient power supply for wearable electronic
devices, it is crucial to develop energy storage devices with
high capacity, good flexibility and long cycling life.1–10

Although lithium ion batteries (LIBs) have exhibited remark-
able performances, such as decent energy density, low self-
discharge rate and no memory effect, the low theoretical specific
capacity of traditional graphite-based anodes (372 mA h g−1)
cannot meet the booming demands,11 and the low lithiation
potential of graphite may cause safety issues due to the for-
mation of lithium dendrites.12–14 Moreover, the practical
deployment of flexible Li-ion batteries suffers from the poor
mechanical strength and flexibility of electrode materials,
which may lead to significantly decreased conductivity and

capacity upon repeated deformation. Therefore, it is crucial to
design next-generation anode materials that can simul-
taneously meet the capacity, stability and flexibility require-
ments for flexible Li-ion batteries.

In recent years, various lithium storage materials, such as
transition metal compounds,15–19 and group IV and group V
materials (Si,20 Ge,21 Sn,22,23 and Sb24) have been regarded as
promising candidates for anode materials. Notably, Sb has
attracted increasing interest because of its remarkable conduc-
tivity (∼100 times higher than Si), decent theoretical capacity
(660 mA h g−1) and safe operation potential (about 0.5–0.8 V
vs. Li/Li+). However, Sb also suffers from several shortcomings,
especially the large volume expansion during lithiation that
may break the already formed solid–electrolyte interface (SEI)
film, resulting in further consumption of organic electrolytes
and the formation of a thicker SEI film.25 In this case, the con-
ductivity and coulombic efficiency of Sb-based anodes tend to
rapidly decrease during discharge–charge processes, resulting
in poor cycling life.26–29 Recently, great efforts have been made
to improve the performance of Sb-based anodes through the
design of Sb based compounds or composites (as listed in
Table S1†).30–39 However, the specific capacity and cycling life

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr00159j

aKey Laboratory of Mesoscopic Chemistry of MOE, Jiangsu Key Laboratory of

Advanced Organic Materials, School of Chemistry and Chemical Engineering,

Nanjing University, Nanjing 210023, China. E-mail: zhongjin@nju.edu.cn
bShenzhen Research Institute of Nanjing University, Shenzhen 518063, China

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 8803–8811 | 8803

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 N
O

R
T

H
W

E
ST

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

7/
15

/2
01

9 
1:

04
:3

4 
A

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-9023-0226
http://orcid.org/0000-0001-8860-8579
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr00159j&domain=pdf&date_stamp=2019-05-08
https://doi.org/10.1039/c9nr00159j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011018


of Sb-based anodes are still not very satisfactory. On the other
hand, the production of electrodes normally requires polymer
binders, conductive additives (e.g. carbon black) and current
collectors that reduce the overall specific capacity and flexi-
bility. The polymer binders, such as polyvinylidene fluoride
(PVDF), are usually insulating and hinder electron/ion trans-
port.40,41 Therefore, it is of great importance to find new strat-
egies for the design and fabrication of flexible anodes.

Considering that the architecture of electrode materials is a
key factor to their performance, we propose that an advanced
Sb-based anode can be created by embedding antimonide
nanocrystals into a three-dimensional (3D) interconnected
carbon scaffold, which brings the following advantageous fea-
tures: (1) the antimonide nanocrystals homogeneously dis-
persed in the carbon scaffold guarantee a high electrochemi-
cally active surface area and a high utilization ratio; (2) the
porous carbon scaffold can buffer the volume change of encap-
sulated nanocrystals and prevent the structural fragmentation
during cycling processes; (3) the SEI film can be formed on the
outer surface of the carbon shell, alleviating the side reactions
of the active material with the electrolyte; and (4) the conduc-
tive network of the carbon scaffold ensures the expedited
transport of electrons and ions, avoiding the use of polymer
binders, conductive additives or current collectors, and thus
can reduce the weight of batteries. Therefore, there are many
predictable merits associated with designing of novel
Sb/C-based composite anodes with all the above features.
Following this line of thought, here we report an effective strat-
egy to fabricate breithauptite (nickel antimonide, NiSb) nano-
crystal encapsulated nitrogen-doped carbon nanofibers
(NiSb@NCNFs) as a flexible, binder-free and current collector-
free anode for LIBs (Scheme 1a). The breithauptite particles in
hexagonal crystalline symmetry have remarkable lithium
storage capacity and exhibit a special “dealloying–lithiation/
delithiation–realloying” mechanism during the cycling pro-
cesses (Scheme 1b). Moreover, the intertwined NCNFs are very

effective at accommodating the volume change of the active
material and providing an integrated conductive network for
smooth charge transfer.42–47 Consequently, when assembled
into full cells or flexible pouch cells, the NiSb@NCNF anode
exhibits high capacity, flexibility and long-term cycling stability
at high current densities.

Experimental
Material synthesis

The NiSb@NCNF electrode was obtained through an electro-
spinning route followed by a thermal treatment process.
Typically, 1.0 g of polyacrylonitrile (PAN) was added into
8.0 mL of N,N-dimethylformamide (DMF) solution under vig-
orous stirring for 1 h at 80 °C. Subsequently, 3.0 mmol of anti-
mony trichloride (SbCl3) and 3.0 mmol of nickel chloride hexa-
hydrate (NiCl2·6H2O) were successively added into the PAN
solution, and then kept stirring for another 1 h at 80 °C to
obtain a homogeneous precursor solution. The above precur-
sor solution was placed into a 5.0 mL plastic syringe equipped
with a blunt stainless-steel syringe needle (inner diameter:
0.5 mm). The distance between the syringe needle and a
rolling collector was set to 14 cm, and a high voltage of 20 kV
was applied between the syringe needle and a rolling collector
to initiate the electrospinning. The flow rate of the precursor
solution was kept at 0.15 mL h−1, controlled by a syringe
pump. Finally, the nanofabric electrode was obtained from the
collector by electrospinning for 6 h at room temperature. The
as-prepared nanofabric film was firstly stabilized at 250 °C for
5 h at a heating rate of 2 °C min−1, and then followed by
annealing at 700 °C for 1 h at a ramping rate of 5 °C min−1

under high-purity N2 flow.
For comparison, a pristine NCNF electrode (without encap-

sulated NiSb nanoparticles) was prepared as a control sample
in the same way as NiSb@NCNFs but without the addition of

Scheme 1 (a) Schematic preparation process of the NiSb@NCNF anode. (b) Schematic illustration of the crystallographic changes and “dealloying–
lithiation/delithiation–realloying” mechanism of NiSb nanocrystals during discharge/charge processes.
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Ni- and Sb-based salts. The contents and weight ratios of Ni
and Sb elements in the composite electrode can also be
changed by adjusting the molar numbers of the SbCl3 and
NiCl2·6H2O precursors, as discussed in the ESI.† Ni@NCNFs
and Sb@NCNFs were also synthesized as control samples by
separately adding 6 mmol of NiCl2·6H2O or 6 mmol of SbCl3
into the PAN/DMF solution, respectively.

Material characterization

The crystalline structures of the as-prepared nanofabric elec-
trodes were characterized by powder X-ray diffraction (XRD) on
an X-ray diffractometer (Bruker D-8 Advance) with a Cu Kα (λ =
1.5406 Å) radiation source. The morphology was identified by
field-emission scanning electron microscopy (SEM) on a JEOL
JSM-6480 scanning electron microscope. The structural fea-
tures of the samples were studied on a JEOL JEM-2100F trans-
mission electron microscope at an accelerating voltage of 200
kV. Raman spectra were obtained on a Horiba JY Raman
spectrometer using a 473 nm laser source. X-ray photoelectron
spectroscopy (XPS, PHI-5000 VersaProbe) was used to analyze
the nitrogen-doping configurations in the samples. Nitrogen
adsorption–desorption isotherms were obtained through
Brunauer–Emmett–Teller (BET) analysis at 77 K on a
Quantachrome Autosorb-IQ-2C instrument, and the nitrogen
desorption temperature was 300 °C. The Barrett–Joyner–
Halenda (BJH) method was used to obtain the pore size distri-
bution from the adsorption branches of the isotherms.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES, Optima 5300DV) was used to determine the mass
contents of Ni and Sb by dissolving the samples in aqua regia.
The weight contents of NiSb and NCNFs were measured by
thermo-gravimetric analysis (TGA) on a Mettler Toledo
SDTA851e analyzer after heating from ambient temperature to
800 °C in air with a ramp rate of 5 °C min−1.

Electrochemical measurements

The CR2032 coin cells were assembled in an argon-filled glove-
box. The nanofabric electrodes were cut into round pieces with
a diameter of 14 mm, which were directly assembled into the
cells without mechanical milling or slurry coating steps.
Neither any additives (Ketjen black, polymer binder) nor metal
current collectors were used, because the nanofabric electro-
des were binder-free and with excellent conductivity. The coin
cells were assembled with NiSb@NCNFs as the working elec-
trode, lithium foil as the counter electrode and a Celgard-
2400 membrane as the separator. A solution of 1.0 M LiPF6 in
the co-solvent of ethylene carbonate (EC) and dimethyl carbon-
ate (DMC) (1 : 1 by volume) was used as the electrolyte.
Galvanostatic discharge–charge tests were performed between
0.01 and 3.0 V vs. Li/Li+ at various current densities on a LAND
battery-test instrument (CT2001A). All the applied current den-
sities and specific capacities mentioned in this study were
based on the total mass of NiSb@NCNFs, and the areal
density of the electrodes is around 2.0 mg cm−1.
Electrochemical impendence spectroscopy (EIS) and cyclic vol-
tammetry (CV) tests were conducted on a Chenhua CHI-760E

electrochemical workstation. The soft-packed full batteries
were assembled with a freestanding NiSb@NCNF electrode as
the anode, glass fiber (Whatman) as the separator, and
LiFePO4 coated Al foil as the cathode, and sealed by Al plastic
films. Before assembly, the NiSb@NCNF electrode was pre-
lithiated by attaching the NiSb@NCNF electrode and lithium
foil together in a glovebox and then immersing in the electro-
lyte for 6 h. And the mass ratio of the NiSb@NCNF anode and
LiFePO4 cathode was set to approximately 1 : 3.

Results and discussion

Scheme 1a presents the preparation of the NiSb@NCNF anode
through an electrospinning process of polyacrylonitrile (PAN)
solution mixed with Ni- and Sb-containing salts, following by a
two-step annealing process (more details can be found in the
Experimental section). The nanoparticles of Ni and Sb salts
were embedded in the PAN nanofibers to form a piece of flex-
ible nonwoven nanofabric. During the first annealing step, the
precursor PAN nanofibers were stabilized because of the con-
version of thermoplastic PAN to a non-plastic or ladder com-
pound.43 In the second annealing step, the precursor nano-
fabric was completely carbonized, and the nickel dichloride
(NiCl2) and antimony trichloride (SbCl3) precursors were
reduced to breithauptite (NiSb) nanocrystals by the carbon at
700 °C. Moreover, a large number of nitrogen species in PAN
nanofibers were still retained in the NCNFs, thus providing a
high nitrogen doping content for the NCNFs.

The morphology and microstructures of the as-prepared
NiSb@NCNF nanofabric electrode were systematically charac-
terized. As shown in the scanning electron microscopy (SEM)
images (Fig. 1a and b), the unannealed NiSb@NCNF precursor
nanofibers present a homogeneous fibrillar structure with an

Fig. 1 (a and b) SEM images of the precursor nanofabric before anneal-
ing. (c and d) SEM and (e and f) TEM images of the as-prepared
NiSb@NCNFs. (g) HRTEM image of an encapsulated breithauptite nano-
crystal in NiSb@NCNFs. (h) SEM image and (i) corresponding C, N, Ni
and Sb elemental mappings of NiSb@NCNFs.
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average diameter of ∼500 nm, and the surface is smooth and
clear without any attached nanoparticles. After annealing, the
final product preserved the uniform nanofibrous structure
with a reduced diameter of ∼400 nm, and the outer surface of
NiSb@NCNFs became rough, owing to the formation of
numerous carbon nanoparticles during the calcination process
(Fig. 1c and d). The transmission electron microscopy (TEM)
images of NiSb@NCNFs (Fig. 1e and f) show the breithauptite
nanocrystals homogeneously dispersed inside the NCNFs with
an average diameter of ∼15 nm due to the added appropriate
amounts of nickel and antimony precursors, and also reveal
that the larger particles on the outer surface of NiSb@NCNFs
are not NiSb but carbon (as shown in the bottom-right corner
of Fig. 1f). The high-resolution TEM image of a breithauptite
nanocrystal (Fig. 1g) presents a highly ordered lattice fringe of
0.26 nm, corresponding to the (002) planes of NiSb. Energy-
dispersive X-ray spectroscopy (EDX) elemental mappings
(Fig. 1h and i) and survey X-ray photoelectron spectroscopy
(XPS) analysis (Fig. S1†) of NiSb@NCNFs confirm the existence
of C, N, Ni and Sb elements. The X-ray diffraction (XRD)
pattern of NiSb@NCNFs (Fig. 2a) confirms the diffraction
peaks of carbon and breithauptite phase NiSb (JCPDS card no.
41-1439), and no obvious peaks of Ni metal, Sb metal or other
NixSby phases were found. The D band and G band in the
Raman spectrum of NiSb@NCNFs (Fig. 2b) are located at
1357 cm−1 and 1583 cm−1, respectively, showing an intensity
ratio (ID/IG) of ∼1.02, corrsponding to the partically disordered
carbon structure in NCNFs. The high-resolution XPS spectra in

the N 1s region of NiSb@NCNFs (Fig. 2c) can be deconvoluted
to three peaks centered at 398.4 eV (pyridinic-N), 399.8 eV
(pyrrolic-N) and 400.7 eV (graphitic-N), respectively. The areal
percentages of these peaks are calculated to be 61.0%, 21.3%
and 17.7%, respectively, demonstrating the dominating atomic
ratio of pyridinic N. Similarly, the XPS spectrum in the C 1s
region (Fig. 2d) reveals that the areal intensity ratio of CvC,
CvN and C–N bonds is 61.2%, 27.8%, and 11.0%, respectively.
The nitrogen adsorption–desorption isotherms of
NiSb@NCNFs present a type-IV shape (Fig. 2e), implying the
abundant mesopores in the nanofibers. The surface area of
NiSb@NCNFs was found to be 7.75 m2 g−1, and the average
pore size is ∼3.8 nm (Fig. 2f). In contrast, the unannealed
NiSb@NCNF precursor presents a very low surface area of
0.89 m2 g−1 and almost no porosity. Thus, the formation of
mesopores in the NiSb@NCNFs should be ascribed to the pyro-
lyzation of PAN during the annealing process. Through the
measurements using inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), the total mass content of Ni and Sb
was determined to be approximately 45.3 wt% with a Ni/Sb
molar ratio of ∼1.02 : 1. Thermogravimetric analysis (TGA) was
also carried out to identify the weight ratio of Ni and Sb (as
detailed in Fig. S2†). The weight change of ∼44.0 wt% after
heating from ambient temperature to 800 °C in air was attribu-
ted to the decomposition of NCNFs and the oxidation of NiSb.
Therefore, the content of NiSb was estimated to be approxi-
mately 42.7 wt%, which is comparable to the results of ICP-OES.

The electrochemical performance and lithium-storage
behaviour of NiSb@NCNFs were systematically studied. Cyclic
voltammetry (CV) analysis of NiSb@NCNFs was performed at a
scan rate of 0.2 mV s−1 between 3.0 and 0.01 V vs. Li/Li+

(Fig. 3a). In the 1st discharge process (cathodic sweep), a broad
reduction peak was presented between 1.0 and 0.3 V, which
should be attributed to both the formation of the SEI film and
the electrochemical reactions of NiSb. In the subsequent
cathodic scans, a peak located at ∼0.45 V emerged, which
should be ascribed to the formation of Li3Sb. In the anodic
scans, only the well-defined peaks located at ∼1.03 V appeared,
owing to the delithiation of Li3Sb. Notably, all the CV curves
are almost overlapped except the 1st cycle, implying the revers-
ible electrochemical process and stable cycling performance of
the NiSb@NCNF electrode. Fig. 3b displays the typical galvano-
static discharge/charge profiles of NiSb@NCNFs at a current
density of 100 mA g−1. The obvious potential plateau at ∼1.0 V
in the 1st discharge scan was replaced by a slope in the sub-
sequent cycles, which is consistent with the above CV results.
The discharge curves are well overlapped from the 2nd cycle to
the 40th cycle, implying the good cyclic performance of the
NiSb@NCNF electrode.

The cycling performance of NiSb@NCNFs was measured at
a current density of 100 mA g−1 (Fig. 3c). As two control
samples, Ni and Sb nanocrystal embedded NCNFs (Ni@NCNFs
and Sb@NCNFs, as detailed in the Experimental section) were
also prepared and tested. The initial discharge capacity of the
NiSb@NCNF electrode reaches 1220 mA h g−1, and then
decreases to 773 mA h g−1 at the 2nd cycle. After 50 cycles, the

Fig. 2 (a) XRD pattern, (b) Raman spectrum, and (c and d) high-resolu-
tion XPS spectra in (c) N 1s and (d) C 1s regions of NiSb@NCNFs. (e)
Nitrogen adsorption–desorption isotherms and (f ) pore size distribution
of NiSb@NCNFs and the unannealed NiSb@NCNF precursor,
respectively.

Paper Nanoscale

8806 | Nanoscale, 2019, 11, 8803–8811 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 N
O

R
T

H
W

E
ST

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

7/
15

/2
01

9 
1:

04
:3

4 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr00159j


discharge capacity still remains at 720 mA h g−1, corres-
ponding to a capacity retention of 93.4% to the 2nd cycle. The
NiSb@NCNF electrode shows much higher discharge capacity
and better cycling performance than Ni@NCNF and
Sb@NCNF electrodes (302 and 488 mA h g−1 after 50 cycles,
respectively), which should be attributed to the different
lithium storage mechanisms of those electrodes. In detail, the
Ni nanoparticles in Ni@NCNFs usually possess large particle
sizes and may not be completely embedded into the NCNFs
(Fig. S3a, b and S4a†). More importantly, the Ni@NCNF elec-
trode shows almost no lithium storage behavior, as evidenced
by the electrochemical tests in Fig. S5a.† On the other hand,
the Sb nanoparticles in Sb@NCNFs would pulverize during
continuous charging–discharging processes, which could
increase the resistance of the Sb@NCNF electrode and lower
the utilization ratio of the active material (Fig. S3c, d, S4b and
S5b†). While for the NiSb@NCNF electrode, the introduction
of Ni species and the dealloying–realloying cycles of the NiSb

alloy can alleviate the volume expansion and prevent the aggre-
gation of Sb particles, and effectively enhance the electronic
conductivity of the NiSb@NCNF electrode (Fig. S6†).
Therefore, the utilization of the NiSb alloy as an active material
can take full advantage of Ni and Sb species, resulting in
much better electrochemical performance than that of both
Ni@NCNFs and Sb@NCNFs. The lithium storage perform-
ances of other control samples with different molar ratios and
contents of Ni and Sb are discussed in the ESI (Fig. S7
and S8†), and all the results demonstrate the highest electro-
chemical performance of the NiSb@NCNF electrode.

To figure out the lithium storage mechanism of the
NiSb@NCNF electrode, ex situ XRD measurements were per-
formed at different discharge–charge stages. As presented in
Fig. 3d, as the NiSb@NCNF electrode was discharged to 1.0 V,
new diffraction peaks belonging to Ni and Sb emerged,
suggesting the dealloying of NiSb. After discharging to 0.01 V,
the diffraction peaks of the NiSb alloy and Sb disappeared,
demonstrating the full dealloying of NiSb and the lithiation of
Sb, while the diffraction peak belonging to Ni still remained.
However, no expected diffraction peaks of Li3Sb were found,
which should be ascribed to the formation of amorphous
Li3Sb.

48,49 To further confirm that the NiSb@NCNFs reacted
with Li+ ions upon discharging, we characterized the present
state of lithium in the NiSb@NCNF electrode after discharging
to 0.01 V. As shown in Fig. S9,† the high-resolution XPS spec-
trum in the Li 1s region can be deconvoluted to two peaks cen-
tered at 54.8 and 55.7 eV, respectively. The peak located at 54.8
eV should be assigned to Li alloyed with Sb, and the other is
ascribed to Li in the electrolyte decomposition products.50

During the charging process from 0.5 V to 1.5 V, the diffraction
peaks of Sb appeared firstly, indicating the delithiation of
Li3Sb. When further charging to 3.0 V, the diffraction peaks of
Sb and Ni disappeared, while the peaks of NiSb emerged
again, confirming the re-alloying of Ni and Sb to form NiSb.
Therefore, the reversible lithium storage behavior of NiSb can
be determined to be a special “dealloying–lithiation/delithia-
tion–realloying” cyclic mechanism, as summarized below:

NiSb $ Niþ Sb ð1Þ

Niþ Sbþ 3Li $ Niþ Li3Sb ð2Þ
The dealloying process should be assigned to the transition

stage that the lithium ions interacted with NiSb to form Ni
and Sb, and then finally Ni and Li3Sb. Therefore, the Sb deal-
loyed from NiSb could be regarded as an intermediate product
of the NiSb lithiation process. It shall be noted that the Ni
species play a crucial role during the lithiation/delithiation
processes. Firstly, Ni can serve as the crystallic “host” for the
realloying of NiSb, and buffer the volume change and prevent
crumbling of Sb during discharge–charge cycles. Moreover, the
high conducitivity of the NiSb alloy is conducive to maintain a
good electrical contact between the embedded nanoparticles
and NCNFs, and enable the full utilization of active
materials.51,52 This was experimentally confirmed by the
electrochemical impedance spectroscopy (EIS) analysis in

Fig. 3 (a) CV curves of NiSb@NCNFs between 3.0 and 0.01 V vs. Li/Li+

at 0.2 mV s−1. (b) Discharge/charge profiles of NiSb@NCNFs at a current
density of 100 mA g−1. (c) Discharge capacities of NiSb@NCNF,
Ni@NCNF and Sb@NCNF electrodes at 100 mA g−1. (d) Ex situ XRD
spectra of NiSb@NCNFs during discharge/charge processes. (e) Rate
performance of the NiSb@NCNF electrode at different current rates. (f )
Long-term cycling performance and the corresponding coulombic
efficiencies of the NiSb@NCNF electrode at a high current rate of
2000 mA g−1.
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Fig. S6,† which shows the lowest charge-transfer resistance of
the NiSb@NCNF electrode compared to those of Ni@NCNF
and Sb@NCNF electrodes.

The respective contributions of NiSb and NCNFs to the
total discharge capacity were investigated. As shown in
Fig. S10a,† the NiSb@NCNF electrode presented a high initial
discharge capacity of 1062 mA h g−1 at a current density of
1000 mA g−1, and then it remained almost stable in the follow-
ing cycles. Eventually, a high reversible capacity of 610 mA h g−1

was still achieved at the 100th cycle. The NCNF electrodes
deliver discharge and charge capacities of 759 and 494 mA h g−1

in the initial cycle at a current density of 1000 mA g−1. The
irreversible capacities are ascribed to the formation of the SEI
layer. The discharge capacity decreases to 238 mA h g−1 in the
10th cycle and thereafter remains at 247 mA h g−1 after 300
cycles. Likewise, when tested at a low current density of
100 mA g−1, the NCNF electrodes present a high discharge
capacity of 958 mA h g−1, and the reversible charge capacity is
650 mA h g−1 in the initial cycle, corresponding to a coulombic
efficiency of 68%. The discharge capacity decreases to 421
mA h g−1 after 10 cycles and remains at 462 mA h g−1 after 100
cycles. The improved capacity of NiSb@NCNF electrodes
should be attributed to the synergetic effect of the well dis-
persed NiSb nanoparticles and highly conductive NCNFs with
lots of electrochemically active sites.

To characterize the morphology and microstructure vari-
ations of the NiSb@NCNF electrode, SEM and TEM were per-
formed after 100 discharge–charge cycles at 1000 mA g−1. As
shown in Fig. S10c,† the outer surface of the NiSb@NCNF elec-
trode is covered by the SEI film formed during cycling. The
HRTEM image (Fig. S10d†) displays that the thickness of the
SEI layer is ∼4 nm. If without the encapsulation of NCNFs, the
NiSb nanoparticles would be exposed to the electrolyte, and
the SEI film would directly form and break on the surface of
NiSb, resulting in poor electrochemical performance,
especially low coulombic efficiencies. With the protection of
the NCNFs, the SEI film was formed onto the outer surface of
NiSb@NCNFs, and thus greatly increased the cycling stability.

Fig. 3e displays the rate performance of the NiSb@NCNF
electrode at the current densities from 100 to 5000 mA g−1.
The initial coulombic efficiency is 71% at 100 mA g−1. The
NiSb@NCNF electrode exhibited a high discharge capacity of
750 mA h g−1 at 100 mA g−1. On further increasing the current
density to 200, 500, 1000, 2000 and 5000 mA g−1, the discharge
capacities remained at 690, 629, 581, 493 and 280 mA h g−1,
respectively, indicating good rate performance. When the
current density recovered to 2000 mA g−1, the discharge
capacity was restored to 473 mA h g−1. The NiSb@NCNF elec-
trode maintained a high discharge capacity of 725 mA h g−1

after 900 cycles at 500 mA g−1, showing high cycling stability.
The increment of reversible capacity for the NiSb@NCNF elec-
trode is attributed to the progressive activation process of the
NiSb@NCNF electrode, which can also be found in other alloy
based electrode materials of LIBs.53

The long-term cycling performance of the NiSb@NCNF
electrode was tested at 2000 mA g−1, as shown in Fig. 3f. The

initial discharge capacity of NiSb@NCNFs reached 1043
mA h g−1, and thereafter decreased to 520 mA h g−1 at the 9th

cycle. In the following process, the discharge capacity gradu-
ally increased to 617 mA h g−1 after 1600 cycles, and then
decreased to 510 mA h g−1 at the 2000th cycle. The coulombic
efficiencies were also close to 100% during the entire 2000
cycles, indicating the high cycling stability and reversibility of
the NiSb@NCNF electrode. The remarkably high reversible
capacity and cycling stability of the NiSb@NCNF anode are
mainly ascribed to the favorable synergistic effect between the
3D-interconnected NCNF network and NCNF-encapsulated
NiSb nanoparticles. The carbon outer shell of NCNFs around
NiSb nanoparticles is very helpful for the formation of a stable
SEI film during the charge/discharge process; therefore the
fracture of the SEI film during cycling can be prevented, result-
ing in excellent cycling stability. Furthermore, the carbon wall
of NCNFs with high mechanical flexibility can provide efficient
protection and inhibit the aggregation of NiSb nanoparticles,
which is also very beneficial to the cycling stability. The tiny
NiSb nanoparticles homogeneously dispersed in the NCNF
can lead to a large contact area with the electrode and electro-
lyte, which can facilitate the transport of Li+ ions into the
interior of NiSb nanoparticles. Moreover, the highly conductive
network of interlaced NCNFs is also conductive to the electron
transfer of the electrode. These merits are the origins of the
highly reversible storage capability of the NiSb@NCNF
electrode.

Further studies were performed to figure out the origin of
the high specific capacity of the NiSb@NCNF electrode. The
total capacity of the electrode originated from the diffusion
contribution and the capacitive contribution. To further deter-
mine the ratios of these two contributions, CV analysis was
conducted to investigate the relationship between the scan
rate (v) and measured current (i),54 according to the following
equations:

i ðVÞ ¼ avb ð3Þ

lg i ðVÞ ¼ b lg vþ lg a ð4Þ

where i, v, a and b are the measured current, the scan rate and
the adjustable parameters, respectively. According to the pre-
vious studies,55,56 if b is close to 0.5, the electrode is controlled
by a semi-infinite diffusion process; if b is approaching 1.0,
the electrode is dominated by a capacitive response. Fig. S11a
and b† show the CV curves and the calculated b-values of the
NiSb@NCNF electrode. When the potential is varied from
0.1–1.2 V during the cathodic processes, the b-values are in the
range of 0.6–0.8, indicating that both the diffusion and capaci-
tive responses contribute to the total capacity. The b-values are
0.581 and 0.585 at the potentials of 1.0 and 1.1 V during the
anodic processes, respectively, indicating that the discharge
capacity mainly comes from the diffusion process. However, at
higher potentials, the b-values increase to 0.65–0.95,
suggesting that the capacitive response is dominated.
Furthermore, the capacitive current and the diffusion con-
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trolled current can be quantitatively distinguished according
to the following equations:57,58

i ðVÞ ¼ k1v 1=2 þ k2v ð5Þ

i ðVÞ=v1=2 ¼ k1 þ k2v1=2 ð6Þ
where the parameters k1 and k2 can be calculated from the
plots of i (V)/v1/2 vs. k2v

1/2. Thus, the capacitive contribution
i (V)C = k2v can be distinguished from the total measured
current with the value of k2. As shown in Fig. S11c,† the
diffusion controlled charge is mainly generated around the
peak voltage in both anodic and cathodic processes, and con-
tributes around 45.6% (∼54.4% for capacitive, in the red
region) of the total current at a scan rate of 0.8 mV s−1. Along
with the increase of the scan rate, the capacitive contribution
increases gradually (37.5%, 39.7%, 51.2%, 54.4%, and 58.5%
for 0.2, 0.4, 0.6, 0.8, and 1.0 mV s−1, respectively), as shown in
Fig. S11d.† These results confirm that both the diffusion and
capacitive contributions account for the high specific capacity
of NiSb@NCNFs, making the total capacity higher than the
theoretical capacity of NiSb itself. The high specific capacity
should be attributed to the well-dispersed small NiSb alloy
nanoparticles and highly conductive mesoporous NCNFs,
which provided lots of additional electrochemically active sites
for lithium ion storage based on capacitive contribution, and a
similar phenomenon was also reported in other previous
studies.59–63

Since the freestanding NiSb@NCNF electrode shows good
flexibility (Fig. 4a and b) and conductivity, it can be used as
the anode in flexible Li-ion batteries. Fig. 4c presents the
typical configuration of the soft-packed full batteries based on
the NiSb@NCNF anode and LiFePO4 cathode. The testing
voltage window of the soft-packed full batteries was fixed at
0.9–4.0 V. Notably, most of the discharge capacities were gener-
ated above 2.4 V (Fig. S12†), suggesting the good potential in
practical applications. Fig. 4d displays the cycling performance
of the soft-packed full battery at 0.5C (1C = 170 mA h g−1). The
initial discharge capacity reached 136 mA h g−1 (calculated
based on the loading mass of LiFePO4 because the full cell was
cathode limited), corresponding to an initial coulombic
efficiency of 87%, and thereafter remained almost stable
during the following cycles. The initial coulombic efficiency of
the full battery (87%) is higher than that of the half-cell (71%),
which should be ascribed to the prelithiation of the NiSb@NCNF
electrode before cell assembling. The areal energy density of the
NiSb@NCNF electrode can be calculated to be ∼2142 mWh cm−2

(based on the NiSb@NCNF electrode) in a potential window of
0.9–4.0 V. The discharge capacity still remained at 118 mA h g−1

at the 100th cycle, corresponding to a capacity retention of 86.8%,
indicating the good cycling stability. The capacity degradation
was mainly attributed to the degradation of the cathode material
based on commercial LiFePO4, which also occurred in other soft-
packed LIB systems.64 The soft-packed full battery was then
employed to light up a light-emitting-diode (LED) lamp under
continuous bending and unbending states (Fig. 4e and f). The
soft-packed battery can well illuminate the LED lamp under con-

tinuous bending and unbending states with no visual disparity,
further demonstrating the good flexibility and robustness upon
curving.

Conclusions

In summary, a freestanding NiSb@NCNF electrode was fabri-
cated by encapsulating breithauptite nanoparticles into flex-
ible NCNFs as a novel composite anode material for LIBs.
Through detailed ex situ characterization, the reversible
lithium storage behavior of NiSb@NCNFs was shown to follow
a special “dealloying–lithiation/delithiation–realloying” cycling
mechanism. Benefitting from the well-dispersed nano-sized
NiSb nanoparticles, 3D highly conductive networks and
restricted volume expansion by Ni species, the NiSb@NCNF
electrode delivered high specific capacities and rate capability
and long-term cycling stability at high rates. Moreover, the
soft-packed full battery based on the NiSb@NCNF anode exhi-
bits good flexibility and stability. This work provides a feasible
strategy to achieve superb electrochemical performance of the
Sb-based composite anode for LIBs.
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Fig. 4 (a) Optical photograph and (b) SEM image of the bent
NiSb@NCNF electrode. (c) Schematic illustration of the soft-packed full
battery assembled with a freestanding NiSb@NCNF anode and LiFePO4

based cathode. (d) Cycling performance of the as-prepared soft-packed
full battery. (e and f) Photographs of a LED lamp lighted up by the soft-
packed full battery under bending-unbending states.
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