
Materials Research Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmrl20

Phase-separation-driven formation of Nickel–
Cobalt oxide nanotubes as high-capacity anode
materials for lithium-ion batteries

Bingqing Xu , Bingkun Hu, Qinghua Zhang, Yijie Xu , Yuan Liu, Wei Yu,
Liangliang Li, Yang Shen, Ce-Wen Nan & Yuan-Hua Lin

To cite this article: Bingqing Xu , Bingkun Hu, Qinghua Zhang, Yijie Xu , Yuan Liu, Wei Yu,
Liangliang Li, Yang Shen, Ce-Wen Nan & Yuan-Hua Lin (2019) Phase-separation-driven
formation of Nickel–Cobalt oxide nanotubes as high-capacity anode materials for lithium-ion
batteries, Materials Research Letters, 7:9, 368-375, DOI: 10.1080/21663831.2019.1613267

To link to this article:  https://doi.org/10.1080/21663831.2019.1613267

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 09 May 2019.

Submit your article to this journal 

Article views: 1859

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2019.1613267
https://doi.org/10.1080/21663831.2019.1613267
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2019.1613267?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2019.1613267?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2019.1613267&domain=pdf&date_stamp=09%20May%202019
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2019.1613267&domain=pdf&date_stamp=09%20May%202019
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20


MATER. RES. LETT.
2019, VOL. 7, NO. 9, 368–375
https://doi.org/10.1080/21663831.2019.1613267

ORIGINAL REPORT

Phase-separation-driven formation of Nickel–Cobalt oxide nanotubes as
high-capacity anodematerials for lithium-ion batteries

Bingqing Xu, Bingkun Hu, Qinghua Zhang, Yijie Xu , Yuan Liu, Wei Yu, Liangliang Li, Yang Shen, Ce-Wen Nan
and Yuan-Hua Lin
State Key Laboratory of New Ceramics and Fine Processing, School of Materials Science and Engineering, Tsinghua University, Beijing, People’s
Republic of China

ABSTRACT
Nickel–Cobalt oxide nanotubes are prepared by a simple electrospinning technique based on a
phase-separation mechanism. Extra tetraethyl orthosilicate (Si(OC2H5)4) is introduced and removed
by design to obtain nanotube structure. The prepared nanotubes deliver remarkable electro-
chemical performance as the lithium-ion batteries anode materials. It possesses a capacity of
924mAh/g after 95 cycles at 100mA/g. At 2000mA/g, it has a high capacity of 770mAh/g, and
still has 255mAh/g at 1000mA/g after 500 cycles. The outstanding electrochemical performance is
attributed to the unique hierarchical tubular nanostructures design. This simple method opens new
opportunities for fabricating practical nanostructured anode materials.

IMPACT STATEMENT
This paper gives a simple phase separation method to fabricate polycrystalline nanotube structures
and thenanotubes are suitable as lithiumbattery anodematerialswith remarkably enhanced lithium
storage.
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1. Introduction

Lithium-ion batteries (LIBs) have attracted increasing
attention due to high capacity density, lightweight, wide
voltage window [1,2]. However, the limited capacity of
commercial graphite anode materials impedes the fur-
ther development of LIBs with higher capacity density
[3]. Great efforts have been dedicated to developing
and exploring novel high capacity anode materials. High
capacity anode materials, for instance, silicon, lithium
metal and transition metal oxide (TMO) have been con-
sidered prospective novel anode materials in terms of
their high capacities and high energy density [4–7].

TMOanodematerials own themerits of high theoreti-
cal capacities and easy manufacture. Among TMOmate-
rials, Nickel–Cobalt oxide (NCO) based anode materials
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usually have high theoretical capacities. Like other TMO
anode materials, NCO materials also suffer from low
ionic/electronic conductivity, large volume expansion
during cycling and fast capacity decay, which lead
to worse electrochemical performance ultimately [8,9].
Hence, practical applications ofNCOmaterials have been
hindered apparently. To settle the problems mentioned
above, extensive studies have been focused on the high
performance TMO anode materials research, including
NCO materials. Nanostructure design is regarded as
an effective route to improve the electrochemical per-
formance of TMO anode materials. The major bene-
fits of nanostructures design are as follows: (1) The
ionic/electronic transportation path has been reduced in
nanostructures, such as nanowire, nanofiber, nanotube,
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nanoarray, nanosphere, etc. (2) The volume expansion
stress could be released by nanostructures with void
or with rigid/flexible coating materials, such as hollow
nanospheres, hollow nanotube, core–shell nanostructure
with coating, nanowire, composite with carbon mate-
rials, etc. (3) More electrolyte could be stored in the
voids in nanostructures, which ensures smoother ionic
conductivity pathways [10,11]. Specially, tubular nanos-
tructured materials have attracted increasing attention as
LIBs anode materials due to their unique structure con-
figuration with large open ends that can facilitate Li+-
carrying electrolyte penetration. This structural design
could provide very large electrolyte/electrode contacting
area to promote fast Li+ flux, thus beneficial for mak-
ing full use of whole electrode and improve the rate
capability.

In recent years, electrospinning has been widely used
as a simple, versatile and cost-effective technology to
produce one-dimensional (1D) hollow nanomaterials
and their composites with controllable morphology and
properties [12]. Generally, the strategy for fabricating 1D
hollow nanomaterials by electrospinning technique can
be classified into two major methods: tubes by fibers
templates (TUFT) process [13,14], and coaxial electro-
spinning [15–17]. However, these twomethods currently
still face some challenges. For example, different coat-
ing procedures used in TUFT process demand for strict
apparatus and need a time-consuming multistep coat-
ing process [13]. Coaxial electrospinning requires spe-
cial design for complicated spinneret, suitable multi-
ple fluids, and precise control of core and shell solu-
tions flow rate to form core–shell structure composite
fibers, which highly restricts its applications and exten-
sion. Based on these drawbacks, it seems to be an ideal
solution to avoid the mentioned disadvantages by using
simple and easy-control single-spinneret electrospinning
method to synthesize 1D hollow nanomaterials. This
process only needs to choose two immiscible solutions
that can cause phase separation during electrospinning,
thus yielding core–shell composite nanofibers or hollow
nanofibers after suitable core removal by using differ-
ent post-treatments [18]. Compared with other synthe-
sized methods, neither a complex coating procedure nor
a special spinner is required in this phase-separation-
combined electrospinning method. Till now, many types
of 1D hollow single-component oxides such as SnO2 [19]
and TiO2 [20], etc. have been extensively fabricated by
this simplemethod.However, a detailed study on the syn-
thesis of 1D hollow binary metal oxides such as NCOs
using this simple method and their potential lithium-
storage properties has been rarely reported.

Here, we report a simple method to prepare hol-
low nanofibers by combining the electrospinning process

with etching process using the KOH. Firstly, we obtain
Ni–Co–Si–O nanofibers by electrospinning with adding
tetraethyl orthosilicate (Si(OC2H5)4, TEOS). The TEOS
would gather in the core area of the whole nanofiber
owing to the phase separation while the Ni and Co pre-
cursors prefer to disperse in the shell area. After cal-
cining process, the nanofibers are etched by potassium
hydroxide (KOH) solutions to remove the SiOx in the
core. Finally, the Ni–Co oxide nanotubes (NCO-NT) are
fabricated. The NCO-NT exhibits outstanding electro-
chemical performance. At 100mA/g, the specific capacity
maintains 924mAh/g after 95 cycles. At a high current
density of 1000mA/g, the NCO-NT cell exhibits sta-
ble cycling for 500 cycles. Besides, the NCO-NT cells
show excellent rate performance, with an average capac-
ity of 870, 773, 621, 431, 323 and 770mAh/g at the
current density of 100, 200, 500, 1000, 2000 and back
to 100mA/g separately. The characterization results ver-
ify the hollow structure and compositions, and indicate
the mechanism behind the excellent performance. The
microstructure maintains well after cycling, suggesting
the effectiveness of hollow structure. This simple and uni-
versalmethod could also be explored for other nanotubes
fabrication.

2. Experimental section

All the chemicals are used as received without further
purification. Ni(CH3COO)2·4H2O, Co(NO3)2·6H2O,
polyvinyl pyrrolidone (PVP), N,N-dimethylformamide
(DMF), ethanol, and N-methyl pyrrolidone (NMP) are
bought from Sinopharm Chemical Reagent Co., Ltd.
Super P, PVDF are bought from Heifei Kejing Materi-
als Technology Co, Ltd. Carbonate electrolyte (1M LiPF6
in 1/1 v/v EC (ethylene carbonate)/DEC (diethyl carbon-
ate)) is bought from Shanshan Advanced Materials Co,
Ltd.

Sample preparation: Firstly, ethanol and DMF are
mixed in a solution with a volume ratio of 9. Then the
Ni(CH3COO)2·4H2O, Co(NO3)2·6H2O are dissolved at
a molar ration of 1:2 into the mixed solution with a Ni2+
concentration of 0.067mol/l. After stirring for 1 h, PVP is
added into the solution with a concentration of 0.08 g/ml
stirred for another 2 h. Finally, the TEOS is added into the
solution with a molar ratio of 4 versus Ni2+ for another
2 h. The precursor solutions are transferred into a syringe
for electrospinning. The electrospinning parameters are
as follows: the roll speed of 300 rpm, the applied volt-
age of 1 kV/cm, the solution injection speed of 1ml/h.
The as-spun nanofibermat is calcined at 300°C and keeps
for 0.5 h at 300°C, then calcined at 500°C for 2 h. The
as-calcined nanofibermat is etched in the 1MKOH solu-
tion. Finally, the nanofiber mat is washed by DI water
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and ethanol alternately for 3 times and dried in oven.
The microstructure is tuned by changing different molar
ratio of TEOS/Ni2+, which is further explained in the
supporting information (Figure S2).

Materials characterization: The morphology and mic-
rostructure of samples are characterized by Scanning
Electron Microscopy (SEM, MERLIN VP Compact,
ZEISS, Germany). The phase structure is analyzed by
the X-ray Diffraction (XRD, Cu Kα, D/max-V2500,
Rigaku, Japan). X-ray Photoelectron Spectroscopy (XPS)
is employed to analyze the elements composition of
samples (ESCALAB 250Xi, Thermo Fisher Scientific,
USA). Transmission Electron Microscopy (TEM) and
EDSmapping are used for nanostructure analysis (Tecnai
F20(FEI)).

Electrochemical performance tests: The electrochemi-
cal performance is tested with coin cells. The coin cells
are assembled in a glovebox with H2O and O2 less than
0.1 ppm. Firstly, samples, super P and PVDF are mixed at
a weight ratio of 7:2:1 in NMP stirred for 12 h. Then, the
slurry is cast onto Cu foil. The Cu foil with slurry is dried
in a vacuum oven for 12 h at 110°C. The mass loading
is around 1mg/cm2. Galvanostatical cycling is tested by
Land testers, with a voltagewindowbetween 3 and 0.05V.
The impedance is tested by IM6 (Zahner Messtechnik),
with the frequency range of 100 kHz to 0.01Hz.

3. Results and discussion

3.1. Microstructure of NCO-NTs

The microstructure of nanofibers after different treat-
ments characterized by SEM are displayed in Figure 1.
Firstly, the nanofibers after electrospinning are solid,
and the surface is quite smooth. The nanofibers have
a diameter of around 1μm and a length of several
hundreds of microns. The microstructure of as-spun
nanofibers is influenced by TEOS. With the addition
of TEOS, the electrospinning precursors are mixed bet-
ter. The as-spun nanofibers have an intact and uni-
form morphology (Figure 1(a)). After calcination, the
nanofibers still present a smooth morphology and a
quite continuous structure. The diameter distribution
of as-calcined nanofibers is around 300–400 nm. Differ-
ent from the as-calcined nanofibers with TEOS addition,
the pure NiCo2O4 nanofibers (NiCo2O4-NF) after cal-
cining process tend to shrink severely (Figure S1). The
pure NiCo2O4 nanofibers have an irregular morphol-
ogy, and the particles connection is weak. The integrity
of as-calcined pure NiCo2O4 nanofibers is more infe-
rior than as-calcined nanofiberswithTEOS addition. The
weak connectivity in pure NiCo2O4 nanofibers could be
attributed to the organic compounds evaporation and

decomposition in the electrospinning precursors during
calcination. The nanofibers microstructure remains the
same after introducing the TEOS (Figure 1(b)). After
etching with KOH, the NCO-NTs are obtained. It seems
that the nanotubes (Figure 1(e)) hold the 1D structure but
the core area is etched thoroughly,meanwhile, the surface
is still smooth and continuous. The hollow structure ver-
ifies that the TEOS in the precursor prefers to accumulate
in the core area in the nanofibers. So it could be inferred
that TEOS is in the core and Ni–Co source is in the shell
in the electrospun nanofibers.

To further characterize the crystalline microstruc-
ture in the nanotubes (NCO-NT), high-resolution trans-
mission electron microscopy (HRTEM) technique is
employed. In the HRTEM images (Figure 2(a)), we
could see the nanotubes with a uniform size. The nan-
otubes are assembled with many nanocrystals, and there
are many nano pores in the nanotubes favorable for
electrolytes absorption. Energy Dispersive X-Ray Spec-
troscopy (EDX) is used to identify the elements com-
ponents (Figure 2(c–i)). The Ni, Co and O constitute
the whole nanotubes (Figure 2(c–f)). The hollow struc-
ture of NCO-NT is proved with the signals decreasing
in the middle area through line scan results in Figure
2(g–i). TheNi–Co–O is in the shell part in the nanofibers
to resemble a nanotube structure. The HRTEM and
EDX results confirm the hollow structure in the as-
etched NCO-NT, in consistency with the SEM results in
Figure 1.

3.2. Preparation process of NCO-NT by phase
separationmethod

To elucidate the nanotubes formation process, we pro-
pose a simple phase-separation mechanism (Figure 3).
Firstly, the TEOS is added into the electrospinning pre-
cursors and mixed together with the Ni, Co precursors.
But the TEOS tend to accumulate in the core area and
separate with the Ni–Co source in the whole nanofibers
after electrospinning due to the phase separation. Then
the TEOS convert into SiOX in the core part after calci-
nation. After etching by KOH, the core SiOX is depleted
but the Ni–Co–O shell could be retained completely. So
the NCO-NTs are obtained finally.

3.3. Electrochemical performance of NCO-NT

The electrochemical performance is tested with galvano-
statical cycling. Firstly, the NCO-NTs are tested at a low
current density of 100mA/g (Figure 4(a)). The NCO-NT
cell exhibits a high specific capacity of 1573mAh/g in
the first discharge process in the first cycle. The higher
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Figure 1. Microstructure of NCO-NTs after different treatments and NiCo2O4 nanofibers (NiCo2O4-NF) characterizaed by SEM. (a, b) SEM
images of as-spun nanofibers. (c, d) SEM images of as-calcined nanofibers. (e, f ) SEM images of nanotubes after etching.

capacity could be attributed to the polycrystalline com-
positions of NCO-NT observed in the HRTEM results.
Interestingly, the specific capacity drops to 577mAh/g
after 50 cycles, but it rises slowly back to 924mAh/g after
95 cycles. The ‘decline first and rise afterwards’ trend
could be caused by the activation process in the porous
anode [5,21]. The nanotubes might be activated after
several cycles at low current density, then the capacity
returns back to the original capacity slowly. Besides, the
average Coulombic efficiency (CE) is about 97.6%. The
voltage-specific capacity profiles after different cycles in
Figure 4(b) prove that the capacity experiences a ‘decline
first and rise afterwards’ trend. When the current den-
sity is elevated to 500mA/g, the NCO-NT also displays
a high specific capacity in the initial stage. The NCO-NT
cell delivers a high discharge capacity of 807mAh/g in the
first cycle. Then the NCO-NT cell recovers to 625mAh/g
after 185 cycles. It also shows the tendency of ‘decline first
and rise afterwards’ due to the activation process. After
the activation, the cell capacity drops slowly but it still
has a capacity of 376mAh/g after 500 cycles. The aver-
age CE is 99.4% for 500 cycles. Rate tests are employed
to evaluate the electrochemical performance at differ-
ent current densities. The NCO-NT delivers an average
capacity of 870, 773, 621, 431, 323 and 770mAh/g at the
current density of 100, 200, 500, 1000, 2000 and back
to 100mA/g separately. The voltage-specific capacity

profiles at various current densities verify a continuous
electrochemical reaction and polarization with increas-
ing current densities. The NCO-NT cell also presents
remarkable long cycling stability at a high current den-
sity of 1000mA/g. The cell is first cycled at 100mA/g for
3 cycles and then go to 1000mA/g later. it shows a dis-
charge capacity of 1011mAh/g in cycle 1 at 100mA/g. It
delivers 849mAh/g when the current density increases
to 1000mA/g. The capacity rises and drops down slowly.
The cell still has 255mAh/g after 500 cycles. In con-
trast, the cell assembled with pure NiCo2O4 nanofibers
(NiCo2O4-NF) displays inferior performance. Its capac-
ity declines quickly under 100mAh/g within only 58
cycles. The poor electrochemical performance is due to
the volume expansion during cycling and the structure
collapse afterwards [22]. Hence, all the remarkable elec-
trochemical performance could be contributed to the
enhanced electronic conductivity, and the hollow nanos-
tructure, which induces short ion diffusion length and
releases the tensile strength change from volume change.

3.4. Characterization of NCO-NT

To understand the origins behind the excellent elec-
trochemical performance of NCO-NT. Some character-
ization techniques are adopted to investigate NCO-NT
(Figure 5). In the X-ray diffraction (XRD) patterns, the
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Figure 2. HRTEM and EDX mapping/line scan of nanotubes. (a, b) HRTEM images of NCO-NT. (c–f) EDX mapping of NCO-NT , Ni (d), Co
(e) and O (f ). (g–i) Line scan of NCO-NT, Ni (g), Co (h) and O (i).

Figure 3. Schematic diagram of NCO-NTs preparation process.
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Figure 4. Electrochemical performanceofNCO-NTs. (a) Cyclingperformance andCEofNCO-NTat 100mA/g. (b) Voltage-specific capacity
profiles after 20, 40 and 80th cycles in Figure 4(a). (c) Cycling performance and CE of NCO-NT at 500mA/g. (d) Rate performance of NCO-
NT at 100, 200, 500, 1000, 2000 and 100mA/g separately, each current density corresponding to 10 cycles. (e) Voltage-specific capacity
profiles of NCO-NT at various current densities in Figure 4(d). (f ) Long cycling performance comparison of NCO-NT and pure NiCo2O4-NF
at 1000mA/g.

Figure 5. Characterization of NCO-NTs. (a) X-ray diffraction (XRD) patterns of NCO-NT and pureNiCo2O4 nfs (NiCo2O4-NF). (b) XPS survey
of NCO-NT. (c–e) XPS multiple peak results of elements Ni–2p signal (c), Co-2p signal (d) and O–1s signal (e).

NCO-NT sample has low crystallinity when compared
with NiCo2O4-NF sample. It suggests that the unique
NCO-NT is composed of many nanocrystals, in consis-
tency with TEM results (Figure 2). The XPS survey shows
evident signals ofNi, Co andOelements in the sample. To
further identify the XPS results, multiple peaks are fitted
and assigned accordingly. As for the Ni–2p signal (Figure
5(c)), the fitting peaks could be assigned tomixed valence
of 2+ and 3+. Similarly, the Co-2p signal peak could also
been fitted to mixed valence of 2+ and 3+. Interestingly,

Co metal signal is found in the results. The Co substance
could enhance the electronic conductivity [23]. It could
be further verified by the EIS comparison (Figure S4).
The resistance charge transfer (Rct) is reduced from 442
(pureNiCo2O4 nanofibers) to 298 (NCO-NT) ohmobvi-
ously. The remarkable rate performance especially at high
current densities could be attributed to the enhanced
electronic conductivity, and the hollow nanostructure
inducing short ion diffusion length. This result explains
the excellent rate performance in the cell assembled with
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NCO-NT. The O–1s signal refers to the metal–oxygen
bond, indicating the co-existence of Co–O and Ni–O
[24,25].

3.5. Microstructure of NCO-NT after cycling

The microstructure of NCO-NT after cycling is further
observed by SEM. The cell after 500 cycles at 1000mA/g
is disassembled and washed by diethyl carbonate (DEC)
for three times to remove the residual electrolytes. The
microstructure remains well after long cycling process. In
Figure S2, we could see the 1Dmorphology after cycling.
The structure endurance during long cycling explains the
excellent electrochemical performance, especially at high
current densities. But the nanotubes seem to be crushed
to be flat, which maybe cause the capacity decay in the
long term.

4. Conclusion

In conclusion, we fabricate a NCO based nanotubes
assembled with nanocrystals by a simple and reproduc-
tive phase separation method. Beneficial from the sim-
ple and special preparation method, the nanotubes are
endowed with diverse physical and chemical proper-
ties. The NCO-NT displays remarkable electrochemical
performance, especially for long cycling at high current
density. At the current density of 100mA/g, the specific
capacity maintains 924mAh/g after 95 cycles. At a high
current density of 1000mA/g, the NCO-NT cell exhibits
stable cycling for 500 cycles. The simple and universal
method opens new opportunities for fabricating hollow
nanomaterials. The oxide materials synthesis could also
be extended to sulfides, which is promising in Li–S and
Li–O2 battery systems.
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