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Introduction

With the increasing concerns over global warming caused by
heavy use of fossil fuels, exploring advanced energy storage
technologies is becoming urgent which can actively integrate
renewable energy into the power grid." Lithium ion batteries
(LIBs), the most commonly used energy storage technology in
portable electronics, have been recently expanded to be applied
in large-scale energy storage systems due to their high energy
density and long cycle life.> However, limited and uneven
distribution of lithium resources in Earth's crust will not satisfy
such increasing demand for LIBs, which accelerates the devel-
opment of alternative technologies.® As such, SIBs are deemed
to be a promising choice for large-scale energy storage due to
the resourceful global distribution and lower price of sodium,*
and many Na-based layered oxides or polyanionic compounds
can be used as cathodes.®

Although sodium has similar chemical properties to lithium,
analogous electrode materials do not display equal electro-
chemical performance because of the large ionic radius of
sodium (Li*: 0.69 A, Na': 0.98 A).® The difference causes some
stumbling blocks in the application of SIBs such as Na-C
compounds cannot be formed to store Na' in graphite which is
the commercially used anode material in LIBs.” Hard carbon,
which has presented good electrochemical performances in
alkali metal batteries,*® is considered to be the most promising
anode material for SIBs due to the high reversible capacity, low
sodium storage potential, and excellent cycling stability."
Sodium storage mechanism in hard carbon is still not thor-
oughly understood. The typical galvanostatic curve of hard
carbon include two parts, the sloping region (>0.1 V vs. Na'/Na)
and plateau region (<0.1 V vs. Na'/Na).'* Generally, slope region
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without changing the microstructures of the anodes, which enhances the coulombic efficiencies and
rate performances of sodium-ion batteries (SIBs).

is derived from the sodium adsorption in defected sites, edges,
and the surface of nanographitic domains, while the low
potential plateau region is mainly corresponding to deposition
of sodium in the nanopores of hard carbon.'” Therefore, the
electrochemical properties of hard carbon are closely related
with their microstructures (interlayer spacing, nanopores,
surface area and so on). In order to increase their reversible
capacity and reduce cost, research efforts of hard carbons have
focused on exploring low-cost hard carbon precursors (such as
biomass, coal, pitch) and optimizing preparation process.
However, there are several issues limited their practical appli-
cation, such as poor rate performance, which is generally
considered to stem from slow sodium diffusion kinetics in the
hard carbon particles.™

Shorten Na" solid diffusion pathway is an effective approach
to improve the rate capability. Inspired by this strategy, various
nanostructure materials, such as nanofiber,” nanosheet,*
nanoporous carbon materials,’® have been developed to
enhance their rate performances. Among them, nanoporous
materials would be a best choice.”” Cao and co-workers
synthesized mesoporous carbon by the traditional nano-
CaCO; template-assisted method, which displayed high rate
capability owing to the nanoporous structure that enable facile
diffusion of the liquid electrolyte into the bulk of hard carbon
and reduce Na' solid diffusion length.!® Zhang et al. reported
that 2D porous carbon sheets, prepared by chemical activation
of polypyrrole-functionalized graphene sheets with KOH,
revealed a good rate capability (50 mA h g™ ' at a high current
density of 20 A g~ ').** Introducing other materials, such as
carbon nanotubes' or graphenes,” into hard carbons to
prepare composites was also considered to be an effective
method to improve their rate performances. Pyo et al. found
that the incorporation of MWNT changed the micro-structures
of hard carbon, which contributed to an improvement in rate
capability and reversible capacity.”* Dai et al. have proposed to
add carbon nanotubes into hard carbon for improving elec-
tronic conductivity, which dramatically enhanced their rate
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capability.”” Herein, we synthesized mesoporous hard carbon
materials modified with carbon coating and incorporation of
CNTs additive by soft-templated method, and studied the
influence of carbon coating and CNTs additive on electro-
chemical performances. Basing on the conductivity and cost
consideration, MWNT is chosen in this investigation.*

Results and discussion

In this work, CNTs compositing was taken to enhance the
conductivity, carbonization temperature was up to 1400 °C to
reduce the defects on carbon surface, carbon coating was taken
to regulate the specific surface area, and F127 was used as the
soft template to control the pore volume and pore size distri-
bution of mesoporous carbon. Fig. 1 shows the scanning elec-
tron microscope (SEM) images of the ME and ME-CNT before
and after carbon coating. All the samples present smooth
surfaces, suggesting the surface coating layer is uniform. For
the hard carbon/CNTs composite samples (Fig. 1c and d), no
CNTs can be observed on the surfaces, indicating that the CNTs
are well dispersed in the mesoporous carbons. The well
dispersed CNTs can provide highly electronic conductive
network within the hard carbon, as suggested by the work
reported.>*

To study the structural properties of the samples, XRD and
Raman spectroscopy were carried out. As shown in Fig. 2a, two
broad peaks at 24 and 43°, typical for disordered carbon, are
observed in the XRD patterns. A sharp peak at 26° can be seen in
the XRD pattern of the ME/CNTs composite samples, which is
assigned to the CNTs as shown in Fig. 2a. No shift of (002) peak
(broad peaks at 24°) for ME and ME-CNT samples can be
observed, indicating that CNTs addition doesn't alter the
interlayer spacing of hard carbon. In Raman spectra (Fig. 2b),
two separate characteristic bands of D-band (the defect-induced
band) peak at ~1343 cm ! and G-band (the crystalline graphite
band) peak at ~1589 cm ™' are observed, confirming the disor-
dered structure of all the samples. In general, the intensity ratio
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Fig.1 SEMimages of (a) ME; (b) ME-CNT; (c) ME-CC and (d) ME-CNT-
CC.
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Fig. 2 (a) XRD patterns; (b) Raman spectra; (c) nitrogen adsorption—
desorption isotherms and (d) the pore size distributions of the different
samples.

of D band to G band (Ip/Ig) represents the degree of disorder in
hard carbon. As shown in Table 1, the I/I; values of ME and
ME-CNT reveals no noticeable change is detected during the
treating. XRD and Raman results demonstrate that CNTs
addition doesn't distinctly alter microstructures of hard carbon.

The BET surface area and pore size for all samples were
measured by N, adsorption-desorption isotherm. As shown in
Fig. 2c and Table 1, both ME and ME-CNT show typical type IV
isotherms, indicating highly mesoporous morphology with
high surface area of 524 and 531 m* g, respectively. Obviously
the CNTs addition also doesn't change the surface area and
pore structure of hard carbon. After surface coating, the meso-
porous structure is well-preserved (pore size ~ 3 nm) and the
surface area of MPC and MPC-CNT decreases to 134 and 146 m”
g™, suggesting that the carbon coating layer is uniform. This
low surface area may contribute to reduce the formation of solid
electrolyte interphase (SEI) and thus improve the initial
coulombic efficiency of SIBs.

The electrochemical performances of all samples were tested
by coin cells at different measurement conditions. Fig. 3 shows
the cyclic voltammetry (CV) curves of ME, ME-CNT, ME-CC, and
ME-CNT-CC at a scanning rate of 0.1 mV s~ " in the voltage range
of 0-3 V. The irreversible peaks of all the samples at 0.5 V in the
first cathodic process can be assigned to the electrolyte
decomposition and SEI formation. It can be clearly seen that the
surface coating can effectively decrease the formation of SEI and
increase their initial coulombic efficiency by reducing the
surface defects and surface area. Moreover, ME-CNT-CC pres-
ents the least irreversible reduction current at ~0.5 V, which
should be attributed to the synergistic effect of CNTs compos-
iting and carbon coating. Furthermore, a pair of strong redox
peaks at around 0.02/0.12 V for all samples can be ascribed to
the reversible sodium insertion/extraction in the hard
carbons.*

The initial galvanostatic discharge-charge profiles of the
samples are presented in Fig. 4a at a current density of 0.1C (1C

This journal is © The Royal Society of Chemistry 2019
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Table 1 Physical parameters and electrochemical properties for MEs

Material doo2 [A] Ip/I ratio SAper [m* g '] RC*[mAhg ICE” [%)]
ME 3.95 1.20 524 91.6 24.37
ME-CNT 3.93 1.19 531 113.2 25.3
ME-CC 3.75 1.11 134 188.5 73.71
ME-CNT-CC 3.78 1.08 146 203.6 78.39

“ The reversible capacity (RC). ” The initial coulombic efficiency (ICE).
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Fig. 3 Cyclic voltammetry (CV) curves of (a) ME, (b) ME-CNT, (c) ME-
CC and (d) ME-CNT-CC at 0.1 mV s~ %
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Fig. 4 (a) Galvanostatic initial discharge—charge profiles of the
samples at a current rate of 0.1C; (b) rate capabilities of the samples at
various current rates from 0.1 to 2C; (c) cyclic performances of the
samples at a current rate of 0.1C; (d) Nyquist plots of the samples in 10
cycles.

= 300 mA g ). All electrodes exhibit typical two potential
regions, the sloping region above 0.1 V is defined as the Na
adsorption on the surface active sites, such as morphological

This journal is © The Royal Society of Chemistry 2019

defects, or the surface. The plateau region around 0.1V could be
ascribed to the Na' insertion into nanovoids. The electrodes of
ME and MPC-CNT deliver reversible specific capacities of 92
and 113 mA h g, and initial coulombic efficiencies of 24.4 and
25.3%, respectively. The large initial capacity loss is mainly
attributed to the larger surface area for the formation of SEI
However, there is a significant increase in the specific capacity
and initial coulombic efficiency of the material after carbon
coating. The electrodes of ME-CC and ME-CNT-CC deliver
reversible specific capacities of 188 and 204 mA h g™, and
initial coulombic efficiencies of 73.7 and 78.4%, respectively.
The results indicate that carbon coating is an effective method
to reduce the irreversible sodium loss, thereby achieving the
purpose of improving the initial coulombic efficiency and
specific capacity. Furthermore, the hard carbon samples with
CNTs displays longer low potential plateau and higher revers-
ible capacity than the samples without CNTs, suggesting that
the CNTs additive can improve the kinetics of hard carbon.
Fig. 4b exhibits rate performances of the samples at various
current rates from 0.1 to 2C. All the surfaces coated samples
exhibit good rate performances. For example, the specific
capacities of ME-CNT-CC are 154 mA h g ' at 1C and
116 mA h g™' at 2C, respectively. The improvements in rate
capabilities of the samples after carbon coating could be
ascribed to the limited SEI formation on their surfaces.
Furthermore, the rate performance of mesoporous hard carbon
is also improved by addition of CNTs. The reversible capacities
of the carbon/CNTs composite are retained at 80 and
60 mA h g~ ! at current density of 1C and 2C, respectively. As
mentioned above, no microstructure and pore structure change
can be observed from the results of XRD, Raman and N,
adsorption-desorption isotherm, demonstrating that the high
reversible capacity and high rate capability of the samples with
CNTs could be attributed to enhanced electronic conductivity in
hard carbon samples after CNTs addition. Besides good rate
capabilities, ME-CC and ME-CNT-CC samples reveal excellent
cycling stability. As shown in Fig. 4c, the capacity retention of
both samples is as high as 97% in 100 cycles. It can be seen that
the better electrochemical performance of the ME-CNT-CC
results from the combination of fast ion transport of meso-
porous structure and high electron transport of CNTs within the
hard carbon. Moreover, ME-CC also presents a good cyclic
performance in Fig. 4c, which should be related to relative low
rate at 0.1C. When the discharge rate is 0.12C (0.1 mV s~ ' in
Fig. 3c) and 0.2-2C (Fig. 4b), ME-CNT-CC all presents the best
discharge capacities. The electrochemical impedance
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spectroscopy (EIS) of all samples in 10 cycles are shown in
Fig. 4d. The similar contact impedance mean the coating did
not affect the bulk conductive of the samples, and the clearly
smallest charge transfer impedance of the MPC-CNT-CC further
demonstrates the synergistic effect of electronic conductive
additive and surface coating.

Conclusions

In summary, the effects of carbon coating and CNTs compos-
iting on mesoporous hard carbon were investigated. The carbon
coating reduced the surface area of hard carbon from 524 and
531 m®> g~ ' to 134 and 146 m” g ', which improved the
coulombic efficiency of the electrode from 25.3 to 78.4%, and
the well dispersed CNTs would provide good conductive
network in the hard carbons without altering their micro-
structure. With the synergistic effect of surface coating and
CNTs compositing, the sample presents a discharge capacity of
203 mA h g " at 0.1C, retains 97% in 100 cycles, and improves
the rate performance from 23 to 116 mA h g " at 2C, suggesting
a highly efficient and easily scale-up approach to elevate hard
carbons as the anode for SIBs. The knowledge obtained in this
work is useful to guide the design and preparation of the hard
carbon anodes for Na ion batteries.
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