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Sodium ion batteries are attractive due to the abundance of
sodium in the earth's crust.*” Sodium ion is larger than the
lithium ion; hence, transforming the understanding emanated
from lithium ion battery research into sodium ion battery
investigations is not straightforward.>* However, a successful
lithium battery electrode exhibited impressive performance
while it was being used as an electrode in a sodium ion
battery.>” This was an exception. Often, natural resources are
carbonized to prepare sodium ion battery electrodes.®*** These
electrodes exhibit specific capacities ranging between 180 mA h
g ' to 355 mA h g~'. Conjugated and vinyl polymers can be
carbonized to prepare sodium ion battery electrodes.”*™* One
common feature of these electrodes is heteroatom doping.
Sulfur and nitrogen atoms increase the spacing between the
graphene layers, which improves sodium ion insertion and de-
insertion.”® Recently, conjugated porous polymers (CPPs)
have become a preferred precursor for the synthesis of energy
storage materials.”**° We hypothesized that a CPP comprising
of sulfur, nitrogen and oxygen would be a useful precursor for
preparing carbon-based electrodes with increased interlayer
spacings. The removal of oxygen during carbonization was
easier than the removal of other heteroatoms during high
temperature annealing. However, the removal of heteroatoms
varies as a function of temperature.*® Thus, at the optimum
temperature, the interlayer spacing, as well as the presence of
heteroatoms, can become ideal for synthesis of a sodium ion
battery electrode. To test this hypothesis, we synthesized a CPP
(Scheme 1) using Stille coupling. Then, the CPP was carbonized
at three temperatures (800, 1000 and 1200 °C) to identify suit-
able synthesis conditions for a sodium ion battery electrode.
One of the carbonized materials showed an impressive specific
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A conjugated polymer comprising heterocycles was prepared and carbonized to obtain carbon with
interlayer spacings between 0.42 and 0.37 nm and exhibited a specific capacity of 250 mA h g,

capacity of 250 mA h g, while the charge discharge experiment
was carried out at 50 mA g~ .

The CPP synthesis was carried out by reacting 1 (ref. 26) with
trimethyltin-substituted 3,4-ethylenedioxythiophene (2). Ther-
mogravimetric analysis was carried out to study the thermal
profile of the CPP. About 10% weight loss was observed at
370 °C. Upon reaching 800 °C, 20% of the CPP remained in the
pan, indicating the formation of carbon. The electrode mate-
rials were prepared by heating the CPP at 800, 1000 and 1200 °C,
and the resulting products were named C-NOS@800,
C-NOS@1000 and C-NOS@1200, respectively. Collectively, they
will be referred to as C-NOS. Elemental mapping using scanning
electron microscopy (SEM) is a useful technique to identify the
presence of elements such as C, S, N and O. The CPP was sub-
jected to elemental mapping, which revealed the uniform
distribution of all these elements (Fig. 1a). Then, C-NOS@1000
was subjected to elemental mapping. A marked difference in
the presence of oxygen was observed (Fig. 1b). This indicated
the removal of oxygen from the CPP during the conversion to
carbon. A small variation in the oxygen distribution was
observed upon heating the CPP at 1200 °C (Fig. S7, ESIf). The
elemental map did not show significant variations in the pres-
ence and distribution of C, N and S for CPP, C-NOS@1000 or
C-NOS@1200. SEM was used to study the morphology of CPP
and C-NOS. A nanofibrillar morphology was found for CPP
(Fig. 1c). The fibril diameter was found to be 0.4 pm. Upon
thermal treatment, the fibrils broke into smaller pieces. In some
areas, an uneven film was visible (Fig. 1d). The thermal
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Scheme 1 Synthesis of CPP.
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Fig.1 Elemental mapping image showing the distribution of elements
in CPP (a) and C-NOS@1000 (b). SEM image showing the morphology
of CPP (c) and C-NOS@1000 (d).

treatment likely fused the broken fibrils, which resulted in the
change of morphology. TEM was used to gain detailed infor-
mation on the nanoscopic features of CPP as well as C-NOS. The
high resolution TEM (HRTEM) image of CPP did not show any
layered features (Fig. S8, ESIt). On the other hand, HRTEM
images of C-NOS@800 showed a layered structure, and the inter
layer distance was found to be 0.42 nm. The high interlayer
spacing was possibly due to the non-removal of heteroatoms.
The interlayer spacing decreased to 0.38 nm upon heating the
CPP at 1000 °C (C-NOS@1000) (Fig. 2a). The interlayer spacing
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Fig.2 TEM image showing the interlayer spacing in C-NOS@1000 (a).
BET isotherm showing the N, adsorption and desorption profile for C-
NOS@1000 (b). Raman spectra showing the D and G-bands for C-NOS
(c). C 1s XPS spectra of C-NOS@1000 revealing the types of hybrid-
ization (d).
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was found to decrease to 0.37 nm for C-NOS@1200. The
decreases in interlayer spacing upon heating CPP at 1000 and
1200 °C were due to the loss of heteroatoms.

The surface area and pore width of C-NOS were calculated
by BET method (Fig. 2b). The surface area was found to be 18
m? ¢, 35 m* g ! and 60 m* g~ ! for CPP, C-NOS@1000 and
C-NOS@1200, respectively. The increase in area was possibly
due to the removal of oxygen, which resulted in an increased
number of pores in C-NOS. The Raman spectra of C-NOS
exhibited two peaks indicating the presence of D and G-bands.
The G-band was at 1587 cm ™" and the D-band was at 1318
em™'. The ratio of the intensity of G-band to D-band is an
indication of the presence of graphitic carbon. The ratio (Ig/Ip)
increased from 0.87 for C-NOS@800 to 0.9 for C-NOS@1000
and increased further to 0.97 for C-NOS@1200 (Fig. 2c).
Thus, thermal treatment helps to increase graphitic carbon
content among the C-NOS series. The powder XRD pattern of
CPP and C-NOS were recorded to study the crystalline nature,
if any. A broad peak was observed for the CPP and C-NOS,
which sharpened for C-NOS@1000. However, the peak was not
sharp enough to assign any planes. Indeed, this behavior has
been observed for several CPPs and its carbonized samples.*
XPS spectra were employed to understand the hybridization in
CPP and C-NOS. In the case of CPP, the C 1s peaks at 284.8 and
285.7 eV were due to sp> C and C-N bonds, respectively
(Fig. 2d). The C 1s peaks at 286.8 and 288 eV were assigned to
C-S and C-O, respectively. The N 1s peak at 398.7 eV corre-
sponded to the pyridinic C-N bond. The S 2ps,, and S 2py,
peaks appear at 164.3 and 165 eV, respectively. The same peaks
appear for C-NOS as well. However, an intense N 1s peak at
401.1 eV indicated improved formation of graphitic carbon.
The percentage of elements present in CPP and C-NOS is
provided in Table S1 (ESIf).

After the characterization of CPP and C-NOS, we proceeded
to fabricate sodium ion batteries. The electrodes comprised
active material (80%), binder (5%) and carbon black (15%). The
counter electrode was sodium metal and the electrolyte was 1 M
NaPF, dissolved in ethylene carbonate and diethyl carbonate.
Cyclic voltammetry measurements of the battery were recorded
using C-NOS as the working electrode. The potential was swept
between 3 V and 0.001 V vs. Na/Na'. A sharp peak was observed
at 0.3 V vs. Na/Na', which diminished in the subsequent cycles
(Fig. 3a). The sharp peak in the first cycle was attributed to solid
electrolyte interface (SEI) layer formation. The charge-discharge
characteristics of the battery were evaluated at various current
densities ranging between 50 mA g~ " to 10 A g~ '. In all these
experiments, the specific capacity in the first cycle was very
high. For example, a specific capacity of 900 mA h g~' was
observed while discharging a battery comprising of
C-NOS@1000 at 50 mA g~ * (Fig. 3b). This high specific capacity
was due to SEI layer formation. For the same battery, the
specific capacity at the second cycle was found to be 250 mA h
g ", It is interesting to note that the coulombic efficiency was
found to be 100%. In fact, the coulombic efficiency remained at
100% even after 200 cycles of charge-discharge measurements
(Fig. 3¢). The charge discharge experiments were carried out at
various rates. For C-NOS@1000, the specific capacity decreased

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammogram showing the redox behavior of C-
NOS@1000 a in sodium ion battery configuration (a). Charge-
discharge profile of C-NOS@1000 (b). Plot showing the variation in
coulombic efficiency and specific capacity as a function of cycle
number for a sodium ion battery with C-NOS@1000 (c). Rate perfor-
mance of C-NOS@1000 at different current densities (d).

from 250 mA h ¢”* to 5 mA h g~ . The lowest specific capacity
was observed at 5 A g~ ' and the highest was observed at 50 mA
g ' (Fig. 3d). The performance of the battery comprising of
C-NOS@1200 was lower than that of batteries with C-
NOS@1000. The highest specific capacity for the C-NOS@1200
containing battery was found to be 126 mA h g™, while the
battery was discharged at 100 mA g~ '. For this battery, the
lowest specific capacity was observed, while the discharge
experiment was catried out at 1 A g~ ', The performance of C-
NOS@800 was not impressive because the recharge ability of
the battery was poor. The charge-discharge experiment could
not be carried out beyond 300 mA g~ *. The specific capacity was
6 mA h g while discharging at 300 mA g~', which was much
lower compared to C-NOS@1000 and C-NOS@1200. In fact, C-
NOS@1000 exhibited a specific capacity of 116 mA h g *
while discharging at the same rate. From these experiments, it
is clear that C-NOS@1000 exhibited better performance than
the other two systems because (i) the interlayer spacing was
0.38 nm and (ii) due to the presence of increased quantities of
graphitic carbon.

In summary, we have designed and synthesized a CPP
comprising of three heteroatoms: S, O and N. The sulfur and
nitrogen facilitate the formation of graphene with the desired
interlayer spacing for a sodium ion battery. The removal of
oxygen from the CPP during the carbonization step helps the
formation of material suitable for the insertion and desertion of
large anions, such as sodium. The interlayer spacing of 0.38 nm
was found for C-NOS@1000, and this sodium ion battery
exhibited a specific capacity of 250 mA h g~ '. The polymer
design involved the use of heteroatoms to achieve the desired
interlayer spacing. This design strategy opens up the possibility
of using other molecules to prepare materials suitable for
sodium ion batteries.

This journal is © The Royal Society of Chemistry 2017
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