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A Phase-Separation Route to Synthesize Porous CNTs
with Excellent Stability for Na* Storage

Zhi Chen, Taihong Wang, Ming Zhang,* and Guozhong Cao*

Porous carbon nanotubes (CNTs) are obtained by removing MoO, nanoparticles
from MoO,@C core@shell nanofibers which are synthesized by phase-segregation
via a single-needle electrospinning method. The specific surface area of porous CNTs
is 502.9 m? g7!, and many oxygen-containing functional groups (C—OH, C=0)
are present. As anodes for sodium-ion batteries, the porous CNT electrode displays
excellent rate performance and cycling stability (110 mA h g™ after 1200 cycles at
5 A g7!). Those high properties can be attributed to the porous structure and surface
modification to steadily store Na* with high capacity. The work provides a facile
and broadly applicable way to fabricate the porous CNTs and their composites for

batteries, catalysts, and fuel cells.

Carbon nanomaterials (CNTs) have been applied in various
fields, including in medicine,[!l as disinfectant,l?! in trans-
portation,[’] and especially in energy storage in which great
great attention has been attracted,[* ! due to their low cost,
chemical stability, abundance, sustainability electrical con-
ductivity, and nontoxicity.®"]" Although the application
of carbon materials in the lithium-ion batteries (LIBs) has
been commercialized, it seems that the improvement of
sodium-ion batteries (SIBs) is slow due to the lack of suit-
able carbon nanomaterials for SIBs,['>13] A possible reason
may be that Na* is about 55% larger than Li*, resulting in
many materials not being about to provide enough intersti-
tial space to hold Na*, which greatly limits the application
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of potential candidate materials.'*7] Therefore, the disor-
dered carbon nanomaterials that facilitate Na* insertion/
extraction appear to be suitable anode materials for the
application in SIBs,['82"] such as hard carbon with the disor-
dered structure, which showed a capacity of 271 mA h g™! at
12 mA g! for Na* storage,?!l but the current density is not
currently satisfactory.

The mechanism of the Na* storage in a disordered
structure was considered similar to that of Li,[??l and it can
provide the theoretical basis for the successful applica-
tion of disordered carbon in Na* storage. As Mullen and
co-workers reported, porous structures of carbon nano-
materials not only effectively improve the electrochemical
performance in LIBs, but also promote chemical diffusion
of Na*.[2¥l They have synthesized sandwich-like hierarchi-
cally porous carbon/graphene composites, displaying a high
specific capacity of 400 mA h g! at 50 mA g 1.[>4 There-
fore it is necessary to obtain porous disordered carbon
nanomaterials for Na* storage. At the same time, Maier has
emphasized that morphology and particle size can optimize
electrochemical performance, which has a crucial effect on
transport Na* storage and mass transfer.[’ More recently,
Ji and co-workers also showed 3D porous carbon frame-
works that exhibited 99.8 mA h g! after 10 000 cycles at
5 A ¢ '.1'% Based on the above analysis, porous disordered
carbon fibers with high specific surface areas and porosity
can be a good candidate for Na' storage, especially
porous CNTs which can efficiently accelerate diffusion
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Figure 1. a) Schematic illustration for preparing porous CNTs, b) XRD of the product annealing at 850 °C, c¢) XRD of porous CNTs (Si acts as

a standard).

rates for the electrolyte, and specific interface area of the
electrode.?0-28]

Generally, one way to synthesize CNTs is the template
method.?3% Suh and Lee have prepared ordered 2D carbon
nanotube arrays using anodic aluminum oxide as a tem-
plate.’!] The soft template method was also used to synthe-
size long and short carbon fibers, omitting the hard template
removal process.’>33] Another way is to synthesize CNTs by
using special equipment and technology®¥! (such as ALD
(atomic layer deposition)). Sun and co-workers have syn-
thesized carbon nanotubes doped with a high concentration,
showing 494 mA h g! at the current density of 0.1 A g! for
Li* storage.[*®! Although these methods can efficiently fabri-
cate CNTs, they often result in tedious or expensive synthesis
procedures.

We have developed a route to synthesize porous CNTs
by removing MoO, nanoparticles from MoO,@C core@shell
nanofibers which were obtained via single-needle electro-
spinning according to phase separation theory. At the same
time, oxygen-containing functional groups modified on the
surface of the porous CNTs can improve the wettability of
the carbon nanomaterials toward the electrolyte, and form
stable chemically bonded SEI (solid electrolyte interface)
films, thus further enhancing the cyclic stability.**] Therefore,
the porous CNTs with disordered structure and high spe-
cific surface areas show excellent stability and high specific
capacity for Na* storage.

A brief schematic to prepare porous CNTs is shown in
Figure 1la. First, single-needle electrospinning was applied
to synthesize the nanofibers with ammonium molybdate
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tetrahydrate (AMM) (15%) and polyvinyl alcohol (PVA).
After annealing at 850 °C in Ar, the core@shell nanofibers
were formed. X-ray diffractometer (XRD) was also employed
to investigate the crystalline nanostructure of the core@shell
nanofibers (Figure 1b). All peaks were indexed to MoO,
(JCPDS: 65-5787). Then, with hot nitric acid removing MoO,,
the porous CNTs were obtained. XRD in Figure 1c shows
that there is no characteristic peak of MoO,. On the other
hand, the phase-segregation may be the main driving force of
thermodynamics to form MoQO,@C core@shell nanofibers.”]
The phenomenon was discussed in Figure S1 (Supporting
Information).

In order to study the morphology of the porous CNTs,
scanning electron microscopy (SEM) and transmission elec-
tron microscope (TEM) was carried out. In Figure 2a, it was
found that MoO, nanoparticles were coated by carbon shell,
forming a core @shell nanostructure. After heating treatment
for 24 h, the porous CNTs were obtained in Figure 2b. And
more SEM images of the MoO,@C core@shell nanofibers
and porous CNTs with relatively low magnification are
shown in Figure S5 (Supporting Information). The resulting
XRD also show that the peak of MoO, disappears, as
shown in Figure 1c. At the same time, the low magnification
(Figure 2¢) shows that the products are porous. The HRTEM
(high resolution transmission electron microscopy) of porous
CNTs in Figure 2d indicates an amorphous and disordered
carbon nanostructure.’33! Raman spectra of the porous
CNTs are showed in Figure 2e, the D bands (disorder groups
and defects) and G bands (sp2 carbon) are displayed at
1350 and 1600 cm™.. The broad 2D band (=2800 cm™) implies
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surface of the porous CNTs, X-ray photo-
electron spectroscopy (XPS), and Fourier-
transform infrared (FTIR) were analyzed
in Figure 3 and Figure S3 (Supporting
Information), respectively. In Figure 3a,
the porous CNTs were composed solely
of carbon, oxygen, and nitrogen. Further-
more, the high-resolution Cls spectra
(Figure 2b) exhibited a dominant signal
corresponding to C=C at =284.8 eV, along
with a single peak for C—N at =284.8 eV,
and a further weaker band associated with
C=0 at =288.2 eV. The corresponding
Ols spectra (Figure 2c) exhibited signals
corresponding to C=0O and C—OH at
=531.5 and 533 eV, respectively. In addi-
tion, the N1s spectra showed that nitrogen,
which is considered to intensify the elec-
trical conductivity, was present in the form
of oxidized N (402.6 and 406.2 eV), gra-
phitic N (400.2 eV), as shown in Figure 2d.
At the same time, the oxygen-containing
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ized by FTIR shown in Figure S2 (Sup-

porting Information). It was demonstrated

that oxygen-containing functional groups

" J (—=OH, —C=0) existed on the surface of
the porous CNTs.
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Figure 2. a) The image of MoO,@C core@shell nanofibers annealing at 850 °C. b) The SEM
image of porous CNTs with nitric acid heat treatment. c,d) The TEM, HRTEM images of porous
CNTs, respectively. ) Raman spectra of the porous CNTs. f) Nitrogen adsorption/desorption

isotherms of the porous CNTs (the inset is pore-size distribution).

that the porous CNTs have a good graphitization,[*)] which
presumably plays a major part in maintaining the integrity of
the testing structure and can efficiently improve conductivity
of the porous CNT electrode.*!! In addition, the N2 adsorp-
tion—desorption isotherms of the porous CNTs exhibit a
type-IV isotherm associated with the presence of micropores
and mesopores. The Brunauer-Emmett-Teller (BET) surface
area is 502.9 m? g”! in Figure 2f, The porous nanostructure
would provide a more favorable transportation route, while
the high surface area affords more adsorption sites for Na¥,
serving as reservoirs for Na' storage and channels for easy
permeation of the electrolyte.[*2!

The MoO, nanoparticles can be removed from the
porous CNTs, and the surface can be also modified by the
nitric acid treatment*)! to obtain oxygen-containing func-
tional groups on the CNTs to improve the wettability of the
carbonaceous material toward the electrolyte, and enabling
the formation of stable chemically bonded SEI films, thus
further enhancing the cyclic stability.?**! In order to char-
acterize the oxygen-containing functional groups on the
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in Figure 4a. The clear Na* insertion peak
with similar case for Li* insertion in carbon
nanomaterials is located near 0 V.[¥*] After
the second scan, the CV curves almost
overlapped, indicating a good cycling sta-
bility of porous CNT electrodes during
Na* insertion/extraction. The anodic peak
located around 0.5 V observed in CV curves indicated Na*
extraction from carbon nanomaterials. Galvanostatic charge
discharge curves are described at 0.5 A g~! in Figure 4b. The
first discapacity is 337 mA h g~! and the Coulombic efficiency
is 67.99%. The irreversible loss may be due to formatting SEI
film.[*l The rate performances of porous CNT electrodes at
0.05,0.1,0.2,0.5,1,and 2 A g! are shown in Figure 4c. They
deliver initial reversible discapacity of 503, 347, 291, 224,
187, and 132 mA h g7, still remaining at 191 mA h g! after
100 cycles at 1 A g~'. When return to 0.1 A g7!, the porous
CNT electrode still shows the capacity of 337 mA h g~'. This
result proves that the porous CNT electrode shows a good
rate capability. Furthermore, cycling tests were performed
to estimate the cyclability of the porous CNT electrode with
different current densities. As shown in Figure 4d, the porous
CNT electrode can maintain a capacity of 183.3 mA h g™! after
750 cycles at 0.5 A g™'. When increased to 1 A g7!, the initial
reversible capacity possesses 224.3 mA h g”! and after 1000
cycles, the electrode maintains the capacity of 131.9 mA h g™
(Figure 4e), and the Coulombic efficiency can approach 100%
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Figure 3. a) Low-resolution XPS spectra of porous CNFs, high-resolution XPS spectra of b) C1s, c¢) O1s, and d) N1s.

several cycles. In order to test the excellent performance of
porous CNT electrode, after precycling at 0.5 A g1, the elec-
trode can show 110 mA h g' at 5 A g! after 1200 cycles in
Figure 4f. This result proves that the porous CNT electrode
has a good stability well.

The comparison of the porous CNTs with previously
reported carbon nanomaterials is shown for the application in
SIBs in Table S1 (Supporting Information),’-! further indi-
cating that the porous CNTs have excellent electrochemical
performances for SIBs, which is attributed to the unique hollow
nanostructure. First of all, the hollow carbon nanostructure
guarantees efficient and continuous electron transport. Second,
the porous nanostructure facilitates the migration of Na*. Third,
a large electrolyte/electrode contact area provides abundant
active adsorption sites. Finally, oxygen-containing functional
groups on CNTs improve the wettability of the carbon nanoma-
terial toward the electrolyte, and form stable chemically bonded
SEI films, thus further enhancing the cyclic stability.?*7]

Electrochemical impedance spectra (EIS) were used to
investigate the porous CNT electrodes after different charge—
discharge cycles from 100 kHz to 0.1 Hz at different cycles
(Figure S3, Supporting Information). The Nyquist plot contains
semicircle (high-frequency region) and the sloping straight
line (low-frequency range), referring to charge-transfer resist-
ance and diffusion impedance, respectively. It could be seen
the diameters at high frequencies decrease slightly from fresh
to 200 cycles, which may be due to a good infiltration of the
porous CNT electrode. The corresponding charge transfer
resistance (R.) for the porous CNT electrode decreases from
98.88 to 88.39 Q. Although the R increases to 207.3 Q after
500 cycles, it could be that a SEI film was generated on the
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surface of the electrode, so the porous CNT electrode displays
a good stability, and has a capacity of 147.8 mA h g! at the
500th cycle (Figure S4, Supporting Information).

MoO,@C core@shell nanofibers were obtained by elec-
trospinning with a single-needle. Then porous CNTs were
obtained by subsequent nitric acid corrosion, and they have a
high surface area. As anodes for SIBs, the porous CNT elec-
trode showed excellent cycling performance and rate capacity.
At 0.05 A ¢!, the electrode could display 503 mA h g™'. When
the current density was increased to 1 and 5 A g7, it displays
capacities of 131.9 mA h g! after 1000 cycles and 110 mA h g!
after 1200 cycles, respectively. A more simple method for the
synthesis of core@shell nanostructure is introduced to research
other metal oxide/carbon core@shell nanostructures.

Experimental Section

Porous Carbon Nanotubes: A typical process to fabricate porous
CNTs can be described as follows: AMM, ((NH,)¢Mo,0,,-4H,0),
PVA, and deionized water were mixed at 60 °C for 8 h to form the
transparent solution, then the precursor solution was electro-
spun into nanofibers at the constant speed of 0.4 mL h™! with a
DC voltage of 17 kV. The as-electrospun nanofibers were dried at
60 °C for overnight in vacuum drying box. To obtain porous CNTs,
the as-electrospun nanofibers were annealed at 850 °C for 2 h in
Ar. Then, the products (0.1 g) were put in the mixture of water and
concentrated nitric acid (1:15, v/v). Last the as-prepared solu-
tion was transferred to a Teflon-lined stainless steel autoclave
then kept at 85 °C for 20 h. The porous CNTs were washed several
times, then dried at 60 °C overnight.
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Figure 4. a) CV curves of the porous CNT electrode between 0 and 3.0 V at the sweep speed of 0.25 mV s™1. b) Charge—discharge curves of porous
CNT electrode at 0.5 A g~%. ¢) Rate capability of porous CNT electrode at current densities of 0.05, 0.1, 0.2, 0.5, 1, and 2 A g~* for SIBs. d) Discharge
curves of porous CNT electrode at 0.5 A g™, respectively. e) Discharge curves of porous CNT electrode at 1 A g%, respectively. f) Discharge curves

of porous CNT electrode at 5 A g~* (after precycling at 0.5 A g™%).

Characterization: The sample was characterized by XRD, a SEM
(Hitachi S4-800), a TEM, the BET, Raman spectroscopy (laser wave-
length of 512 nm), FTIR (AVTA-TAR, 370), XPS.

Electrochemical Measurements: In order to obtain a homo-
geneous mucus, active materials (70 wt%), conductivity agent
carbon black (15 wt%), binder CMC (carboxymethyl cellulose
15 wt%) were mixed in distilled water, then stirred for 8 h. Then, the
mixed gel was applied on the copper foil, then dried at 60 °C on a
vacuum oven overnight. The electrolyte for SIBs was a solution of 1 m
NaClO, containing PC with 3% fluoroethylene carbonate. CV curves
and the EIS were obtained on a Chen Hua CHI 660E electrochemical

www.small-journal.com
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workstation. The charge/discharge measurements were carried out
on an Arbin BT2000 system with the potential window of 0-3 V.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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