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Here we report the electrochemical performance of N-doped
ordered mesoporous carbon as anode in sodium ion batteries
The experiments show that highly
reversible capacities as well as good rate performance can be

for the first time.

achieved at room temperature; indicating promising future
for ordered mesoporous carbon in Na-ion batteries.

Introduction:
Lithium-ion batteries (LIB) have become the dominant storage
device for portable appliance since 1990. However, the limited and
expensive lithium resources have become a key issue which may
limit the future application of LIB. These concerns have led to the
active search for suitable alternatives.' Sodium ion batteries (SIB)
have been given extensive attention due to the abundance and low
costs of sodium resources. > However, the researches on electrode
materials for SIB are rather limited compared to that for LIB until
recent years. As is well-known, the electrode materials played
critical role in determining the electrochemical performance in
batteries. Up to now, the major challenge for SIB is in finding the
electrode materials with satisfying electrochemical performance. A
lot of materials have been studied as anode candidates in recent
years, including titanates,” * Sn> ® and Sb’ etc. However, the
electrochemical performances of these non-carbonaceous materials
as anode in SIB is still far below the actual requirement due to the
low capacity or volume expansion during charge/discharge.®
Graphite, the common anode material in LIB, has a poor
electrochemical performance in SIB because of the weak chemical
bonding between graphene and sodium ions. * ' Several types of
non-graphitic carbon materials including hard carbons,'’ the
defective graphene or B-doped graphene,'> ' carbon nanofiber '
and three dimensional carbon nanosheets framework'> have shown
much improved electrochemical performance in SIB according to the
experiments or theoretical predications. Although huge progresses in
electrochemical performance have been made for these materials, it
appears to be still a bit far away from the practical application at
room temperature. Thus novel carbon materials should be developed
in order to make continuous progress for SIB. Wenzel et a/ found
that non-ordered porous carbons have shown improved kinetics and
capacity at room temperature due to the hierarchical structure
containing both mesopores and macropores.'®
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The ordered mesoporous materials (OMCs) present many
advantages with respect to non-porous or non-ordered materials due
to the uniform pore width and large surface area, which facilitate the
contact between electrolyte and electrode materials in batteries.'” In
fact, OMCs have attracted a lot of interests due to their large surface
area, uniform and adjustable mesopores, chemical stability as well as
good conductivity. And studies have shown that OMCs have
exhibited an excellent performance in the field of LIB.' "
Furthermore, it has been proven that the doping of heteroatoms such
as nitrogen into carbon lattice can greatly enhance the
electrochemical performance,”®? especially in conductivity and
capacity based on our recent work.”® Considering the similarity
between LIB and SIB, it is reasonable to apply the N-doped OMCs
as anode material for SIB.

To the best of our knowledge there is no reports on OMCs as
anode in SIB up to now, herein, we reported the electrochemical
performance of N-doped OMC as anode in SIB. The electrochemical
experiments indicated that not only large reversible capacity but also
good rate performance can be achieved for N-doped OMC at room
temperature.

Experimental
Preparation of N-doped OMC

Mesoporous silica (SBA-15) as template was prepared using the
triblock copolymer (EO,,PO7EO,, (P123, Aldrich)) according to a
literature procedure. >’ The typical procedure to prepare ordered
mesoporous carbon (CMK-3) is as follow. First, 1.2 g sucrose was
dissolved in 5 mL deionized water. Then 1 g SBA-15 and 0.1 mL
concentrated H,SO, were added into the mixture under stirring.
Thereafter the mixture was dried at 100 °C for 6 h and then heated at
160 °C for another 6h. The as-obtained silica/sucrose mixture
(denoted as SSM) was heated to 900 °C under argon atmosphere for
2 h. To get CMK-3, the mixture was immersed into HF aqueous
solution to remove silica, filtered with deionized water and dried at
80 °C overnight. To get N-doped OMC, SSM was mixed with urea
in mass ratio of 1:1 and heated at 900 °C for 2 h, then the mixture
was treated with a similar way to get CMK-3. The nitrogen doped
OMC is denoted as NCMK.

Characterization:
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The powder X-ray diffraction (XRD) measurements of the samples
were recorded on a D-max 2500 X-ray powder diffractometer using
a graphite monochromator with Cu Ka radiation (A = 1.5406 A). The
data were collected between scattering angles (20) of 5-80° and 0.7—
3° at a scanning rate of 4°/min and 0.2°/min for wide and low angle,
respectively. Scanning electronic microscopy was carried out on
field emission-scanning electron microscope (FE-SEM, Hitachi-
4800S). TEM specimens were prepared by drop—casting the as
prepared sample dispersions onto carbon-coated TEM grids and
dried in air. A JEM 2010 transition electronic microscopy was used
for TEM analysis. X-ray photoelectron spectrum was carried out on
ESCALAB 250Xi.

Electrochemical performance

To evaluate electrochemical performance as anode material in Na-
ion batteries, the electrodes were constructed according to previous
reference.'® The cells were assembled inside the argon-filled glove
box (Braun, H,O < 1ppm and O, < 1ppm) using a sodium metal foil
as the counter electrode and the reference -electrode, and
microporous polypropylene as the separator. The electrolyte used
was 1 M NaClO, in a 1:1 volume ratio ethylene carbonate (EC):
dimethyl carbonate (DMC) solvent. Assembled cells were tested on
a BT 2000 battery testing unit (Arbin, USA). Galvanostatic charge
and discharge of the assembled cells were performed at varied
current density between voltage limits of 0.005 to 2.0 V (vs.
Na/Na"). The cyclic voltammetry (CV) measurements were carried
out in the potential range of 0.005 to 2.0 V (vs Na/Na") on an
electrochemical workstation (P4000, Princeton applied research,
USA) at room temperature.

Results and discussion:

Morphologies of as prepared NCMK and CMK-3 were observed via
high resolution SEM and TEM. As shown in Fig. 1A and B, the
image of CMK-3 viewed along hexagonal pore direction clearly
demonstrated the ordered pores parallel to each other with uniform
size of about 5-9 nm. As shown in Fig. 1C and 1D, the morphology
of NCMK is similar to that of CMK-3 in general, however the
ordered degree of NCMK decrease slightly compared with that of
CMK-3, which might be related to the urea decomposition in
preparation process.

e
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Fig. 1. SEM (A) and TEM (B) images of CMK-3; SEM (C) and
TEM (D) images of NCMK.
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High resolution TEM of CMK-3 (Fig. S1A) shows the partial
amorphous characteristic (amorphous with local medium-range
order). The local structure of NCMK became much more disordered
compared to that of CMK-3, indicating the local structure became
more “amorphous” during N-doping process, shown in Fig. S1B.

Low and wide angle XRD tests were carried out to determine the
internal structure of as prepared samples. The wide angle XRD
patterns of CMK-3 and NCMK disclose carbon nature with the low
crystalline degree, shown in Fig. 2A. The low angle XRD patterns of
CMK-3 sample (Fig. 2B) shows an intense diffraction peak
(corresponding to (100)) and two weak peaks (corresponding to
(110) and (200)), which are characteristic of two-dimensional
hexagonal structure of mesoporous materials. The N-doped sample
shows a similar pattern to that of CMK-3, indicating the pore
structure retained after urea treating, consistent to the SEM results.
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Fig. 2 Wide (A) and low angle (B) XRD patterns of CMK-3 and
NCMK

To further study the porous structure and pore-size distribution of
the as—obtained products, nitrogen adsorption-desorption isotherms
were carried out. As shown in Fig. 3A, both the isotherms of CMK-3
and NCMK can be classified as type IV. In a low relative pressure
range (below < 0.4), the isotherm exhibits a linear absorption.
However, hysteresis loops for both samples can be observed in the
relative pressure range of P/Py (0.4-0.8), indicating the existence of
abundant uniform mesoporous structures. The BET specific surface
area (SSA) of CMK-3 is 1404.8 m’g™', while that of NCMK is only
about 844.7 m’g"'. The pore-size distribution was determined by
Barrett-Joyner—Halenda (BJH) method from the desorption branch
of the isotherm. As shown in Fig. 3B, it can be seen that CMK-3 and
NCMK samples exhibit a uniform pore size distribution centered at
about 3.7 nm and 4.9 nm, respectively. This experiment indicated
that the pore width of ordered mesoporous carbon can be enlarged
by urea treatment, similar to the previous report by Weinberger et
al® The mechanism of enlarging pore width of mesoporous carbon
for urea is still not very clear, which might be related to reaction of
urea with carbon during heat-treatment. *° As is known, urea will
decompose into gases like NH;.*® Tt is supposed that these released
gas reacted with carbon, leading to the doping of N and the increased
pore width. The BET SSA decreased due to the increase of pore
width, which is similar to previous reports. 3!
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Fig. 3 (A) Isotherm of CMK-3 and NCMK; (B) Pore width
distribution using BJH model (desorption branch)
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The XPS measurement was carried out to study the chemical
composition of NCMK. As shown in the survey XPS spectrum of
the NCMK sample (Fig. 4A), two peaks at about 284.8 and 399.7 eV
are clearly visible, corresponding to the Cls and Nls elements,
respectively, indicating the presence of N element. The doping
amount of N element to as prepared sample is ~ 6.2 % (atomic ratio)
based on the XPS experiment. Fig. 4B shows the deconvolutions of
the high resolution Nls spectrum to identify the surface
functionalities. The N1s peak can be fitted by four component peaks
at 398.2, 399.4, 401 and 403.2 eV, which can be attributed to
pyridinic (N-6), pyrrolic/pyridine (N-5), quaternary nitrogen (N—Q)
and pyridine N-oxygen (N-X), respectively. Among these N
functionalities, the amounts of pyridinic and quaternary nitrogen are
dominant because the pyrrolic nitrogen has a tendency to transform
into pyridinic and quaternary ones at high temperature (above 800
°C). ¥ Notably, the presence of pyridinic and quaternary structures
helps to improve the electrochemical performance, especially for
rate performance and conductivity.® *°
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Fig. 4 Survey spectrum (A) and high resolution N1s spectrum (B) of
NCMK

The electrochemical behaviour of the as-prepared mesoporous
carbon was studied by CV analysis (shown in Fig 5). In the first scan
for CMK-3 electrode, an intense irreversible peak occurs around
0.35 V, which is related to the formation of a solid electrolyte
interface (SEI) layer on the surface of electrode due to the
decomposition of the electrolyte.*> Due to the decomposition, the
integral area of the first scan is much larger than that of second scan.
For second scan, the CV curve shows good repeatability, indicating
the high reversibility of the subsequent reactions. This large
irreversible capacity can be attenuated by optimizing electrolyte
ingredient, and/or using SEI-forming additives. ***° The broad
reduction/oxidation range is attributed to the mechanism of sodium
insertion/removal in a wide potential range. *°
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Fig. 5 CV curves of CMK-3 (A) and NCMK (B) at scan rate of
0.1mV/s.

Judging from the curve shape of the first cycle for CMK-3 and
NCMK electrodes, their reaction mechanisms in SIB are somehow
different. The differences in their mechanisms might be related to
the differences in the local structure and the doping nature. '+’
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Fig. 6A displays the typical charge and discharge curves of
NCMK electrodes at varied current density from 0.005 to 2V,
presenting a long sloping curve with no obvious plateau. According
to previous studies, the mechanism of sodium storage for as prepared
samples can be assigned to reversible binding of Na at graphene
divacancies and StoneWales defects between graphene layers
because no obvious plateau can be seen in the dominant sloping
profile of discharge curve. ' '> 37 It has been proposed that the
mechanism of sodium insertion of nanopores or insertion between
graphene layers will lead to a voltage plateau at low potential below
0.1 V vs Na/Na" 2

As shown in Fig. 6B, the NCMK electrode can deliver as high as
259 mAh g' at 0.2 A g in contrast the pure CMK-3 electrode can
deliver a capacity about 170 mAh g at the same rate. Even at higher
current density, the NCMK electrode exhibit fair electrochemical
performance. The NCMK electrode can deliver a discharge capacity
of 203 mAh g’ at 0.5 Ag”, 157 mAh g at 1 Ag”" and 98 mAhg™' at
2 Ag’', showing the good rate performance. The discharge capacity
is higher or close to those recently reported values of expanded
graphite (91 mAh g at 0.2 Ag™),*® templated carbon(130 mAhg™" at
74.4 mAg™), hollow carbon nanowire (149 mAh g' at 0.5 A g"),?
carbon nanofiber (136 mAh g at 0.5 A g")*, N-doped carbon fibre
(153 mAh g at 1 Ag" ) and carbon nanosheets framework. (106
mAh g'at2 Ag™).
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Fig. 6. (A) Charge-discharge curve of NCMK electrode at varied
current density; (B) Rate performance test for NCMK. (The cell was
pre-cycled at 100 mA g™ for 10 cycles before the rate performance)

Fig. 7A showed the cycle performance of NCMK and CMK-3
electrodes at current density of 0.1 Ag'. The NCMK electrode can
deliver a specific capacity of 374.3 mAhg ™' for the first discharge,
which is much large than that (246.1 mAhg") of CMK-3. At the
45th cycle, the NCMK can still deliver a specific capacity of 327.6
mA h g, in contrast CMK-3 deliver that of 217.7 mA h g™'. The
fade rate for NCMK and CMK-3 is only 1.06 and 0.65 mAh g per
cycle, respectively, indicating the good cycle performance.
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Fig. 7 (A) Cycle performance of CMK-3 and NCMK electrodes at
current density of 100 mA g (The cell was pre-cycled at 50 mA g!
for 5 cycles before the cycle performance); (B) Nyquist plots of
CMK-3 and NCMK electrodes (inset, equivalent circuit).
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On hand, the ordered mesopores not only act as the fast pathways
of ion transport but also decrease the diffusion length of ion, leading
to improved electrochemical performance.” On the other hand, the
nitrogen doping can further enhance the performance due to the
presence of pyridinic and quaternary structure.”?*** Furthermore,
the local structure for NCMK has become more disordered during N-
doping process, and the disordered structure is favourable to the
storage of sodium. ' In all, the improved performance for as
prepared N-doped OMC can be attributed to the more disordered
local structure, the doping of nitrogen and the mesoporous pathway
for sodium ions.

An equivalent circuit model was constructed to analyze the
impedance spectra, shown in inset of Fig. 7B. An intercept with X
axis in high frequency corresponded to the ohmic resistance (Re),
which represented the resistance of the electrolyte. The semicircle in
the middle frequency range was related to the charge transfer
resistance (Rct). The inclined line in the low frequency represented
the Warburg impedance (Zw), which was associated with Na-ion
diffusion in the electrodes. A constant phase element CPE represents
the double layer capacitance and passivation film capacitance. Rct
was estimated ca. 90.0 and 130.7 ohms calculated according to
Zsimwin software for CMK-3 and NCMK electrodes, respectively.
The lowered resistance for NCMK is probably attributed to more
rapid transport within the enlarged width and the improved
conductivity due to the introduced heteroatom.

Conclusion

For the first time, the electrochemical performance of N-doped
OMC:s as anode in SIB was studied, in which N-doped OMC was
prepared via a template method. During the preparation process, urea
not only performs as a source of N-doping but also has a substantial
effect on modifying the pore width and the local structure for as
prepared OMCs. N-doped OMC was found to have good
performance in capacity as well as rate capability at room
temperature as disclosed by electrochemical experiments. The
improved electrochemical performance of NCMK is attributed to the
synergetic effect of the more disordered local structure, N-doping
nature and the mesoporous pathway. Considering the diverse
structures of OMCs (such as hexagonal and cubic structures),
various doping elements (such as N, S and B elements) available and
doping level variable, the OMCs such as N-doped OMC in this work
are very promising in SIB in future.
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