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Abstract
Carbon materials with high electronic conductivity and high surface area show obvious advantage as anode material for commercial sodium-ion batteries. Here, carbon nanotubes (CNTs) with porous and disordered structures (PCNTs) are synthesized via
a facile K2CO3-assisted activation method. The open porous structures (specific surface areas of 444 m2 g−1) and abundant
defects (O defects content of 7.2 at%) may not only shorten the transport path of Na ion, increase contact interface between
electrolyte and electrode, but also facilitate the reversible capacity of Na storage. In addition, the 3D CNT conductive network
improves the electronic conductivity. PCNT anode displays a favorable reversible capacity of 255 mAh g−1 after 200 cycles at 0.1
A g−1, with an initial Coulombic efficiency of 60% and excellent rate capability of 187 mAh g−1 at 2.00 A g−1. This work gives a
simple strategy for manufacturing porous CNT anode for advanced energy storage devices.
Keywords Carbon nanotubes (CNTs) . Porous structure . O defects . Sodium-ion batteries (SIBs) . Anode materials

Introduction
With the improvement of modern technology and economy, fossil fuels are consumed numerously. Global energy
and environmental problems force human beings paying
more and more attention to efficient and clean energy
storage systems [1, 2]. Lithium-ion batteries (LIBs) have
been extensively applied in portable electronic devices,
owing to their excellent energy and power performances
and long cycle life [3, 4]. However, due to the lack of
lithium resources, inevitably brings the cost issues, the
practical application of LIBs in the large-scale energy
and power is restricted. Sodium (Na) has the similar electrochemical properties with lithium (Li), as well as rich
resources on earth (2.36 wt.%) [5]; sodium-ion batteries
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(SIBs) have been regarded as promising substitute for
LIBs in large-scale energy storage systems [6, 7].
Nevertheless, the redox ionization potential of Na (−
2.71 V vs. S. H. E) is higher than Li (− 3.04 V vs. S.
H. E), as well as the gravimetric capacity of Na (1165
mAh g−1) is lower than Li (3829 mAh g−1); SIBs show
a low energy densities compared with LIBs [8]. In addition, the radius of Na+ (1.02 Å) is larger than Li+ (0.76
Å)[9], which causes more severe volume variation of
electrode materials during the cycling process and reduces
electrode reaction kinetics. Graphite is successfully used
as the anodes for commercial LIBs due to its stable electrochemical properties and low cost [10]. However, the
graphite anodes show inferior sodium storage properties;
because of the insufficient graphite layer spacing, the
larger Na+ is difficult to form intercalation compounds
with graphite layers; the theoretical capacity of graphite
as anodes for SIBs is only 35 mAh g−1 (NaC64) [11].
Therefore, exploring cost-effective anode materials with
enhanced charge storage mechanisms for SIBs is the critical issue to promote SIB development.
Amorphous carbon has a large specific surface area, abundant pore structure, and relatively low price; it has been widely
used in energy storage fields [12, 13]. Sodium storage mechanism in amorphous carbon can be depicted as adsorption–
insertion, including Na+ insertion into the carbon interlayers
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or defects and Na+ adsorption on the surface and pores [14].
Dahn et al. [15] reported that the hard carbon anode delivered
a capacity of about 300 mAh g−1 for SIBs. Yuliang Cao et al.
[16] verified that the energy barrier for Na+ insertion into
graphite layers can be reduced to a surmountable level when
the interlayer distance is increased to 0.37 nm. Cellulose
nanocrystals [17] (CNCs) with an average interlayer spacing
of > 0.37 nm delivered a reversible specific capacity of 311
mAh g−1 at a current density of 10 mA g−1. Unfortunately, the
disordered structures in amorphous carbon can cause low electronic conductivity and the resulting poor rate.
One-dimensional (1D) structure could shorten the transport
length of sodium ions and enhance rate performance of electrode. Carbon nanotubes are typical 1D nanostructure materials, consist of 1D cavity and graphite wall, and show high
theoretical electrical conductivity, remarkable thermal conductivity, and chemical stability [18]. Lithium ions can intercalate into the carbon layers through lattice defects or open
nanotube ends [19]. The theoretical calculations suggest that
reversible capacity of single-wall carbon nanotubes
(SWCNTs) is much higher than graphite [20]. Moreover,
many previously reported works have proved that carbon
nanotube (CNT) is conducive to the electrochemical conduction of electrons, resulting in an increased rate performance of
electrodes [21], such that silicon/CNTs [22], Ge/CNTs [23],
FeS2/CNTs [24], and CNTs/Li4Ti5O12 [25] electrodes all
showed an outstanding rate performance. However, the interlayer spacing of CNTs is about 0.34 nm, which is small for
Na+ intercalation, and blocks the diffusion and transport of
sodium ions. Therefore, exploring a carbon anode material
with 1D porous structure and suitable graphite interlayer spacing is an effect method to improve the performance of SIBs.
Herein, the porous CNT electrode materials were prepared
through K2CO3 assisting KOH activation, using industrialization MWCNTs as raw materials. During the activation process, K intercalated into the carbon matrix, enlarged the interlayer spacing, and the C reacted with KOH, produced and
released H2, H2O, CO, CO2, some pores were formed on the
wall of the CNTs. Also, these chemical reaction introduced
oxygen-containing functional group on the surface of the
CNTs, which could participate in the chemical reaction and
the absorption of Na+ and increase wettability, contributing to
enhance the sodium storage performance. The as-prepared
porous CNTs (PCNTs) showed 1D porous structure, with
high specific surface areas (444 m2 g−1), abundant functional
group (O defects content of 7.2 at%), and wider interlayer
spacing (0.37 nm). Combining the structure and composition
advantages, the PCNT anode delivers a high capacity of 255
mAh g−1 after 200 cycles at 0.1 A g−1 with the first Coulombic
efficiency of 60% and superior rate capacity of 187 mAh g−1
at 2.00 A g−1. This result indicates that the 1D porosity
heteroatom-doped carbon materials have practical application
potential for Na-based energy storage devices.
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Experimental section
Materials synthesis
Industrialization CNTs were purchased from Chengdu
Organic Chemicals Co. Ltd. To prepare the PCNTs, 3 g industrialization CNTs, 6 g KOH, and 1 g K2CO3 were mixed
into little DI water and then dried at 80 °C overnight. After
that, the dried CNT mixture was transferred in the a horizontal
tube furnace, heated up to 900 °C with the ramp rate of 3 °C
min−1, and maintained at this temperature for 60 min to enlarge the interlayer spacing and form pore structure. After
cooling, the as-obtained sample was washed with 1 mol L−1
HCl to remove excess alkali and some inorganic impurities.
Finally, the samples were washed with a lot of DI water until
pH about 7 (adding AgNO3 solution, the supernatant without
precipitation) and dried at 80 °C for 24 h to obtain the PCNT
sample.

Structural characterization
The morphologies of samples were characterized by field
emission scanning electron microscopy (FESEM) (Hitachi
S4800 scanning electron microscope Tokyo, Japan) and transmission electron microscopy (TEM) (FEI Tecnai G2 F20
TEM, Hillsboro, OR, USA). The crystal structure of the samples was detected by X-ray diffraction (Bruker Axs Gmbh, D8
Aavanve A25) with a TD-3500 X-ray powder diffractometer
and Raman spectra (HR800 Horiba Jobin Yvon) with a 514.5nm laser source. The specific surface areas and pore structure
were determined from N2 adsorption–desorption isotherms at
77 K, using an automated gas sorption system (Quantachrome
autosorb IQ). The surface properties of the samples were measured by X-ray photoelectron spectroscopy (XPS) using a
Kratos XSAM 800 spectrometer (Manchester, UK).

Electrochemical measurements
The electrochemical performance of the as-obtained samples
was characterized using a coin-type cell 2032. To prepare
working electrodes, a mixture of the active materials
(PCNTs or CNTs), acetylene black, and poly(vinyl difluoride)
(PVDF), at a weight ratio of 80:10:10, was pasted onto a Cu
foil. Then, the coating film was desiccated in a vacuum chamber at 120 °C for 12 h. The mass loading of active materials in
each copper is about 10 mg. For assembling the half cells, the
as-prepared PCNT (or CNT) anode was used as working electrode, Na plates were used as the counter electrodes, glass
fiber (GF/D) from Whatman was used as the separator, and
1.0 mol L−1 NaClO4 dissolved in ethylene carbonate and
diethyl carbonate (EC/DEC, 1:1 v/v) was used as the electrolyte. For assembling the full cells, Na3V2(PO4)3 was used as
the positive electrode. The cells were assembled in an Ar-
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filled glove box with an oxygen and water vapor pressure less
than 0.3 ppm. Galvanostatic discharge/charge (GCD) measurements and cycling performance were carried out using a
battery testing system (Neware battery test system, Shenzhen,
China) in the voltage range of 0.0 to 3.0 V (vs. Na/Na+). The
cyclic voltammograms (CV) and electrochemical impedance
spectroscopy (EIS) measurements were measured on a CHI
660E electrochemical workstation (Chenhua, Shanghai,
China). The CV curves were obtained at a scanning rate of
0.1 mV s−1. The EIS was carried out in the frequency range
0.01–100 kHz at a charged stage with applied amplitude of 5
mV.

Results and discussion
The morphologies of as-obtained samples were observed
through SEM, as shown in Fig. 1. After activation, some pores
are formed on the surface of the CNTs, and the 1D structure is
maintained. In the magnification SEM image in Fig. 1b, we
can see that the pore diameter is about 10–80 nm. Not only the
1D porous nanotube structure has short ion and electron diffusion distance but also the inner cavity and outer porous

Fig. 1 a, b SEM images of
PCNTs, c TEM, and d HRTEM
images of PCNTs
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surfaces could provide effective active site to store Na ions.
In addition, nanotubes cross with each other formed the interconnected carbon network, which is beneficial to transmission
for electrons and Na ions and electrolyte infiltration. The TEM
images in Fig. 1c further confirm the hollow 1D nanotube
structure with porous and graphite wall. The TEM images
with close-up of the hole in PCNTs (Fig. S1) show that the
diameter of pore is about 10–70 nm, which is in accordance
with the SEM results. In Fig. 1d, the HRTEM image reveals
that PCNT consists of graphite wall with abundant defects and
amorphous carbon; the interlayer distance of CNTs and
PCNTs is about 0.35 and 0.38 nm (Fig. S2).
Figure 2a shows the XRD patterns of CNTs and PCNTs;
both the samples exhibit the broad diffraction peaks at around
25° and 42°, corresponding to the (002) and (001) crystal
plane of graphite, respectively [26, 27]. The (002) reflection
peak in the PCNTs shifted to lower diffraction angles as compared with that of CNTs, which indicated the increasing interlayer spacing of PCNTs, due to the metal K intercalation from
KOH activation. The interlayer spacing d (002) is calculated
to be 0.35 nm for CNTs and 0.37 nm for PCNTs according to
Bragg’s equation, which is in accordance with the HRTEM
results. The d-spacing for the PCNTs matches with the suited
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Table 1 Specific surface area and
porosity properties of the samples
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Samples

Textural properties
SBET (m2 g−1)

Smicro (m2 g−1)

Vtotal (cm3 g−1)

Vmicro (cm3 g−1)

Vmicro/Vtotal (%)

CNTs

347

59

0.37

0.028

7.6

PCNTs

444

96

0.64

0.053

8.3

sodium storage distance that is reported in the literatures,
which is very important for the insertion/extraction of Na ions.
The Raman spectra was also used to investigate the degree of
crystallinity and graphitization of the as-prepared samples. As
shown in Fig. 2b, CNT and PCNT samples exhibit two peaks
at about 1330 cm−1 and 1580 cm−1, corresponding to the D
band (disordered carbon and structural defects) and the D

band (graphitization carbon), respectively [28]. In general,
the ID/IG value serves to estimate the disordered degree of
carbon material. The ratio of ID/IG for CNTs and PCNTs is
1.41 and 1.67, respectively, which indicates that the activation
is introducing more defects and active sites into PCNTs.
Figure 2c shows the N2-adsorption/desorption isotherms of
PCNTs and CNTs at 77 K; the two isotherms both exhibit

Fig. 2 a XRD patterns, b Raman spectra, c N2 adsorption–desorption isotherms, and d the pore size distribution of the PCNT and CNT samples (the inset
curves are the pore size distribution < 2.0 nm)
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Fig. 3 High resolution XPS of CNTs a C1s and b O1s and high resolution XPS of PCNTs (900° C activation) c C1s and d O1s

typical feature of I and IV type pattern, possessing hysteresis
loops between P/P0 of 0.4–0.8 range, indicating the presence
of micropores and mesopores [29, 30]. However, PCNTs display adsorption capacities in the P/P0 of 0.8–1.0 region, which
is a characteristic of macroporous structure. These results indicate that PCNTs have hierarchical porous structure.
Figure 2b displays the pore size distribution of CNTs and
PCNTs, which is mainly centered at the range of 2–10 nm,
and a few proportion of pores located below 2 nm, further
confirming the micropore and mesopore structure.
Furthermore, PCNTs show a clear pore size distribution peaks
at 8–15 nm and 25–20 nm. The specific surface areas (SSA)
are 444 and 347 m2 g−1 for PCNTs and CNTs, respectively
(Table 1). The large surface area and abundant pores may
provide more adsorption sites for Na+ and facilitate penetration of electrolyte.
XPS was used to investigate the chemical compositions of
as-prepared samples. The full XPS spectra of CNTs and
PCNTs both show two peaks around 285 and 533 eV, which

are ascribed to C1s and O1s peaks, respectively (Fig. S3).
XPS analysis is shown in Table S1; the relative mass percentage of C, O, N, and S of PCNTs (900° C activation) is calculated to be 91.83, 7.17, 0.75, and 0.25 at%, respectively. The
O content of PCNTs (7.55, 7.17, and 6.79 at% in PCNTs 800°
C, PCNTs 900° C, and PCNTs 1000° C) is all higher than
CNTs (5.45 at%), due to the KOH activation. The C1s spectrum can be fitted into four individual peaks at 284.3, 285.4,
287.5, and 289.3 eV (Fig. 3a, c), which are assigned to C=C,
C–OH, C–O, and C=O, respectively [31]. The O1s spectra can
be divided into three peaks by fitting to the C=O, C–O/C–OH,
and COOH peaks at 530.9, 532.2, and 534.3 eV, respectively
[32]. The C=O and O–H groups can be involved in the redox
reaction and the chemical absorption of Na+, contributing to
the sodium storage capacity [33].
To evaluate the electrochemical properties of PCNT anode,
coin-type 2032 half cells were investigated by CV and GCD
measurements. Figure 4a shows the CV curves of the PCNTs
for the first five cycles at 0.1 mV s−1. The broad reduction
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Fig. 4 Sodium-ion storage performance of the PCNT anodes in half cells.
a The CV curves of the PCNT electrode with a scan rate of 0.1 mV s−1, b
the charge–discharge curves of the PCNT electrode at 0.1 A g−1, c cycling

performance and Coulombic efficiency of PCNT and CNT electrodes at
the current density of 0.1 A g−1, d rate performance of PCNT and CNT
electrodes at different current densities

peak at 0.1–1.0 V only appears in the first cycle and can be
originated from the decomposition of the electrolyte on the
surface of the electrode and the formation of a solid electrolyte
interphase (SEI) film on the carbon electrode [34, 35].
Obviously, the following curves from the 2nd to 5th cycle
show identical, indicating the superior cyclic stability and
the reversibility of sodium-ion intercalation/deintercalation reactions in PCNT anodes. Figure 4b shows the discharge/
charge cycle curves for the PCNTs at 0.1 A g−1 from 0.01 to
3.0 V; the discharge and charge capacities of the electrode for
the first cycle are 477 and 286 mAh g−1, respectively, with a
Coulombic efficiency of 60%; the low initial Coulombic efficiency may be caused by the irreversible formation of the SEI
on the active material surfaces and electrolyte decomposition.
After 200 cycles, PCNT anode can still deliver a high capacity
of 255 mAh g−1, higher than that of CNTs (224 mAh g−1; Fig.
4c and Fig. S4). It is noted that the capacity loss of PCNTs
only comes up in the initial 20 cycles (Fig. 4c), after that the
Coulombic efficiency is maintained up to 97%, indicating
considerable sodium storage property and excellent cycle life
of the PCNTs. Figure 4d shows the rate capabilities of PCNTs

and CNTs at various current densities from 0.1 to 2.0 A g−1.
The PCNT anode exhibits considerable rate capacities of 259,
237, 213, 202, and 187 mAh g−1, at the current densities of

Fig. 5 Electrochemical impedance spectra of PCNTs and CNTs

Ionics (2021) 27:667–675

0.1, 0.2, 0.5, 1.0, and 2.0 A g−1, which is higher than that of
CNTs at the corresponding current densities (Fig. 4d). In addition, at the high current densities of 1.0 and 2.0 A g−1, the
capacity retention rates of PCNT anode can reach 78% and
72%, which are higher than CNTs (70% and 64%), and when
the current density returns to 0.1 A g−1, the discharge capacity
of PCNTs can remain at a value of 225 mAh g−1, demonstrating an outstanding rate stability. Figure S4 shows the
discharge/charge cycle curves for different activation temperature of PCNT samples at 0.1 A g−1 from 0.01 to 3.0 V. The
results show the PCNT anodes with abundant pore structure
display advantages of sodium storage, when the activation
temperature exceeds 900 °C. The SEM and TEM images of
PCNT anode after cycling (Fig. S5) demonstrate that the 1D
porous structure is maintained after cycling. Compared with
the published carbon anode in Table S2, the electrochemical
performance of PCNTs exceeds that of the most pure carbon
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nanotube materials. In addition, using the PCNTs as the negative electrode, Na3V2(PO4)3/PCNT full cell delivers a discharge capacity of 102 mAh g−1 (based on the negative
electrode, Fig. S6). Those superior sodium-ion storage performances of PCNT anodes are ascribed to the 1D porous structure and interconnected CNT conductive network, which improved transmission rate of the Na ion and electron.
Figure 5 shows EIS of CNT and PCNT electrodes. Nyquist
plot of the two samples is both consisted of a semicircle in the
high-frequency region and a sloping straight line in the lowfrequency region, referring to charge transfer resistance (Rct)
and the Warburg resistance, respectively [36, 37]. It can be
seen that PCNTs show the smaller diameter at the highfrequency region, demonstrating smaller charge transfer impedance for PCNTs. Furthermore, the sloping straight line in
the low-frequency region indicates high conductivity of sodium ions in the PCNT electrode.

Fig. 6 a CV curves of the PCNT anode at different scan rates, b the b value according to fit line between log(i) and log(v), c CV curve of the PCNT anode
with the fitting capacitive contribution at 1.0 mV s−1, and d the relative contribution of capacity and battery at different scan rates
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To further explore Na ion storage behaviors of the PCNT
anodes, the CV measurement was performed at various scan
rates (0.2–1.0 mV s−1). As shown in Fig. 6a, the CV curves
display the similar shapes with the increasing scanning rate.
Based on the power law formula i = avb, (logi = blogv + loga),
where a and b are constants. If the b value equal to 0.5 demonstrates a diffusion-controlled process, then b value equal to
1 indicates a capacitive contribution process [38]. For the
PCNT anode (Fig. 6b), the b value of the anodic current peak
(ip) is 0.72, demonstrating that the Na ion storage process of
PCNTs was influenced by a capacitive behavior. Using the
current separation method, based on the equation i = k1v +
k2v1/2, it can separate contributions of pseudocapacitance
and diffusion-controlled intercalation [34, 39, 40]. As shown
in Fig. 6c, the capacitive contribution ratio of the PCNT anode
at 1 mV s−1 is 59%. Figure 6d shows the capacitive contribution ratio of the PCNTs at different scan rates; the ratio of
capacitive contribution is found to increase with the enhanced
scan rate (37% at 0.2 mV s−1, 49% at 0.4 mV s−1, 53% at
0.6 mV s−1, and 55% at 0.8 mV s−1). It proves that the Na ion
storage behaviors are majorly influenced by capacitivecontrolled process at a high rate, and the porous structure
plays an important role for improving capacitance performance of the CNT electrode.
The excellent Na ion storage performance of PCNT electrodes can be ascribed to suitable layer spacing, 1D porous
network structure, and abundant O-containing defects. Based
on the “insertion–adsorption” mechanism [14], sodium could
be inserted into the carbon interlayers and can be adsorbed
into the pore and surface defect/functional groups. Firstly,
PCNTs show increased interlayer spacing, which promotes
the diffusion and transport of sodium ions. Secondly, the porous structure contains the disordered structure and abundant
defects, which provide abundant active sites of Na+ adsorption
and enlarge the contact area between the electrolyte and the
electrode. Thirdly, the CNT conductive networks not only
shorten the sodium-ion diffusion path but also accelerate electron transport. Finally, the O-containing functional group
could participate in the redox reaction and the chemical absorption of Na ion, contributing to sodium storage capacity.
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of 187 mAh g−1 at 2.00 A g−1, and excellent cycle stability
(255 mAh g−1 after 200 cycles at 0.1 A g−1). It could be
concluded that industrialization CNTs with porous disordered
structures and defects are suitable for anode materials for
high-performance SIBs.
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