Extended w-Conjugated System for Fast-Charge and -Discharge So-
dium-lon Batteries

Chengliang Wang', Yang Xuf, Yaoguo Fangf, Min Zhou®, Liying Liang®, Sukhdeep Singh*, Huaping
Zhao, Andreas Schober* and Yong Leif*

TInstitute for Physics & IMN MacroNano® and *Institute for Chemistry and Bio-Technique & IMN MacroNano®, Technical
University of Ilmenau, Ilmenau 98693, Germany

ABSTRACT: Organic Na-ion batteries (SIBs) are potential alternatives of current commercial inorganic Li-ion batteries for porta-
ble electronics (especially wearable electronics) because of their low cost and flexibility, making them possible to meet the future
flexible and large-scale requirements. However, only a few organic SIBs have been reported so far and most of them either were
tested in a very slow rate or suffered significant performance degradation when cycled under high rate. Here, we are focusing on the
molecular design for improving the battery performance and addressing the current challenge of fast-charge and -discharge.
Through reasonable molecular design strategy, we demonstrate that the extension of the m-conjugated system is an efficient way to
improve the high rate performance, leading to much enhanced capacity and cycleability with full recovery even after cycled under
current density as high as 10 A g,
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may increase the difficulty of insertion/extraction of the sodi-
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larger than lithium ion (diameter: 2.32 A vs. 1.80 A), which
um ions and even destroy the rigid structure of the materials.
Besides, inorganic materials are limited resources and are al-
ways non-degradable. They usually need tedious synthesis and
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purification. Therefore, from a practical point of view, organic HSDC ssDC

materials are more attractive alternatives for power supply

especially in the future flexible and large-scale applications. Figure 1. (a) Schematic chemical structure of starting molecule
This is due to the various advantages of organic materials: SBDC and three possible linkages to extend its m-conjugation,
lightweight, flexibility, vast resources, solution-processibility, forming 1, SSDC and 2 respectively; (b) schematic diagram for
recyclability and ease to be functionalized for improving the the synthesis and reversible Na-ion insertion/extraction mecha-
electrochemical performance.'* '>*! However, till now, only a nism of SSDC.

few organic materials have been applied in SIBs.'”?' Even
worse, most of the previously reported organic sodium-ion
batteries were tested in a very slow charge/discharge process
(e.g. 10 mA g', which takes a very long time for a
charge/discharge cycle)'*'® and those tested under fast
charge/discharge process often led to significant performance
degradation.'”?! These naturally limit their potential applica-
tions.

In order to achieve high rate performance, there is no doubt
that three aspects are very critical, including the charge
transport and collection, the stability of the charged and dis-
charged states and the ion diffusion. Inspired from the molecu-
lar design of organic semiconductors in organic electronics
where the extended m-conjugated system can not only stabilize
the +1 or -1 charged states but also facilitate the charge
transport,3! we herein focus on the molecular design, i.e. using
the advantages of extended m-conjugated system for improving



the battery performance and addressing the current challenge of
fast-charge and -discharge. The extension of the m-conjugated
system is predictable to be conducive to fast charge transport
and collection and to improve the toleration to the fast inser-
tion/extraction of Na ions during the fast-charge and -
discharge process. Simultaneously, extending the n-conjugated
system is also helpful to strengthen the intermolecular interac-
tions (e.g. m—m or C-Heee7 interactions) which might lead to a
layer-by-layer molecular arrangement. This layer-by-layer
molecular arrangement is expected to form a fast route for ion
diffusion between two layers. In order to verify our assump-
tion, the first and widely reported small molecule® for organic
sodium batteries, sodium benzene-dicarboxylate (SBDC, Fig-
ure 1a),'”!% is selected as starting molecule. In order to extend
its m-conjugated system, three possible linkages, including
carbon-carbon single, double and triple bond, can be used to
form extended m-conjugated molecules, giving molecule 1,
SSDC (sodium 4,4’-stilbene-dicarboxylate) and 2 respectively
(Figure la). The literatures have shown that the C-C single
bond would lead to a non-planar structure because of the steric
hindrance between the adjacent aromatic rings,'® 31-33 which
unambiguously harms the extension of n-conjugation and thus
impairs the charge transport and electric stability.’*3¢ Similar-
ly, due to its electron cloud shape and the possible rotation
(also leading to non-planar structure), the C=C bond linked
material possesses a lower m-conjugation than that of C=C
bond based material as well.3> 3% 37 Therefore, here, the car-
bon-carbon double bond is selected as the linkage to extend
the m-conjugated system of SBDC. Considering the further
increase in the molecular weight will decrease the specific
capacity, SSDC, containing two benzene rings and offering a
theoretical specific capacity of 172 mAh g, is designed as a
model to investigate the influence of extended m-conjugated
system on the fast-charge and -discharge sodium batteries.

The present report shows that the reasonable molecular de-
sign indeed efficiently increases the m-conjugation of the ma-
terial. This leads to an improved reversible capacity of 220
mAh g'under the current density of 50 mA g, although the
nearly-doubled molecular weight should largely decrease its
theoretical specific capacity. Remarkably, the reasonable ex-
tension of the m-conjugation delivered much better high-rate
performance than the starting molecule and can be fully re-
covered even after cycled at rates as high as 10 A g'. This
performance is among the highest performance for organic
sodium-ion batteries.

B RESULTS AND DISCUSSION

The synthesis and the corresponding redox reaction of
SSDC are presented in Figure 1b. SSDC was synthesized for
the first time through an environment-friendly one-pot reac-
tion of 4,4-stilbenedicarboxylic acid (HSDC) with sodium
hydroxide in ethanol according to a literature procedure?® (for
details see experimental parts). From the FT-IR spectra (Fig-
ure 2a), it is clear that the broad peak in the range of 3000 to
2500 cm™ which belongs to the stretching vibration of O-H
bond disappeared in the spectrum of the product SSDC. On
the other hand, the fingerprint peaks of carboxylic acid around
1680 cm™ which is identified to the stretching vibration of
C=0 bond and around 1320 and 1290 cm! which can be as-
signed to the stretching vibration of C-O bond also disap-
peared. These results indicate the pure formation of SSDC.
The 'H NMR and '*C NMR (300 MHz, D,O) further con-

firmed the formation and purity of the sodium carboxylates
(see supporting information Figure S1 and S2).The energy
dispersive spectroscopy (EDS) spectra (Figure 2b) showed the
existence of sodium, with an atom ratio of oxygen and sodium
(2.07 : 1) equal to the theoretical ratio (2 : 1). All of these con-
firmed the formation and purity of our model molecule. Figure
2c¢ shows the UV-vis absorption spectra of SSDC and SBDC
in water solution at the concentration of 10° M. Clearly, the
maximum absorption of SSDC was red shift by more than 50
nm compared with SBDC, indicating a much smaller HOMO-
LUMO (highest occupied molecular orbit and lowest unoccu-
pied molecular orbit) energy gap of SSDC (3.49 and 4.18 eV
for SSDC and SBDC respectively). The smaller energy gap of
SSDC implies a much larger m-conjugated system through our
efficient molecular design and thereby a higher electric stabil-
ity and conductivity.?”3
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Figure 2. (a) FTIR spectra of SSDC and its reactant HSDC; (b)
EDS spectra of SSDC. Inset of (b), the theoretical and experi-
mental atom ratio of oxygen and sodium. (c¢) UV-vis absorption
spectra of SSDC and SBDC in water solution. (d) XRD patterns
of SSDC powder, inset of (d) shows the chemical structure and
the roughly calculated molecular length of SSDC.

The self-assembly characteristics of SSDC is conducted by
using drop-casting of SSDC solution in water onto silicon
substrates, which resulted in two dimensional (2D) micrometer
sized plates with mica-like terrace surface, as shown Figure
3a. This mica-like terrace edges can also be observed in the as-
prepared submicrometer-sized product of SSDC from the one-
pot reaction (see scanning electron microscopy (SEM) images
in Figure S3-4). On the other hand, the self-assembly of SBDC
showed micro-rod morphologies (Figure 3b). According to the
Bravais-Friedel-Donnay-Harker (BFDH) rules,’!> 3% 38 3 the
crystals are preferable to grow along the direction with strong
intermolecular interactions. Therefore, this terrace morpholo-
gy suggests that the intermolecular interactions of SSDC along
the short axis (nm—m or C-Heeer interactions) is much stronger
than that of the long axis direction where only weak Van der
Waals’ force exists. This implies that the extension of the n-
conjugated system enhanced the intermolecular interactions of
SSDC and the SSDC molecules are packing as layer-by-layer
mode (Figure 3c). The X-ray diffraction (XRD) pattern further
proves this assumption (Figure 2d). From the XRD pattern, the
product exhibited strong (00/) peaks. The d-spacing of (00/) is



around 15.6 A, which is close to the calculated molecular
length (14~15 A, by roughly using the carbon-carbon bond
length of 1.4 A, the length of C=0 bond of 1.2 A and the di-
ameter of Na ion of 2.32 A). According to the Crystallography
Open Database (COD number: 7105617), the molecular length
of the carboxylate anion (SDC?) is also around 14 A, giving a
total molecular length of about 14.5 A. The atomic force mi-
croscopy (AFM) image of the crystal surface shows that the
typical step height of the terrace layers was about 3.2 nm, al-
most equal to two times of the molecular length (Figure S5).
The agreement between the experimental length and the theo-
retical value suggests that the molecules adopt a lamellar
packing motif with the carboxylate groups situated on the two
surfaces of each layer in the solid states (Figure 3c). Such kind
of packing and the larger d-spacing distance than the length of
molecules make it possible to form a fast diffusion channel for
insertion/extraction of Na ions into the interspace between the
layers, where the electrochemical reaction happens.

To verify our assumption that the extended n-conjugation is
really beneficial to the battery performance, the electrochemi-
cal performance of SSDC electrode was investigated by using
a half cell with a sodium metal as the counter electrode. The
SSDC electrodes were obtained by mixing the products with
carbon black (Super-P) as conductive additive and sodium
carboxymethyl cellulose (CMC) as binder in water. Figure 4a
shows typical cyclic voltammograms (CV) of the half-cell.
From the CV curves, SSDC showed one reduction peak
around 0.39 V (vs. Na/Na") during the cathodic scan, corre-
sponding to the insertion of two Na ions. This potential is
higher than that of SBDC (0.18 V, Figure S6), indicating that
the extended m-conjugated system can significantly increase
the redox potential. The anodic scan gives an oxidization peak
around 0.66 V (vs. Na/Na*) which suggests the extraction of
Na ions. The currents of the reduction peaks decrease gradual-
ly in the first 7 cycles and become steady afterwards. On the
other hand, the curves of the anodic scan do not change obvi-
ously after the second cycle. Moreover, the intensity of the
reduction peaks becomes similar to that of the oxidization
peaks after 7 cycles. These suggest an irreversible reduction of
the electrolyte in the first 7 cycles, which probably can be
ascribed to the irreversible formation of solid electrolyte inter-
phase (SEI). The currents of the reduction and oxidization
become matched with each other after 7 cycles, indicating that
the redox reaction is reversible. The stability of the current
after 7 cycles also suggests that the former irreversible reduc-
tion should be due to the SEI phenomena and the reversible
electrochemical reaction is originated from the active material
SSDC. Because the oxidization peak of monosodium product
should be at a lower electric potential,'® the peaks around 0.78
V and 1.0 V which disappear in the subsequent cycles are
probably originated from the additive, trace amorphous SSDC
or ion adsorption (also see below).
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Figure 3. (a;) photo image and (a») corresponding cross-polarized
light microscopy (PLM) image of a typical SSDC crystal; (b, b3)
photo images and (b, bs) their corresponding cross-polarized light
microscopy images of typical SBDC crystals. The uniform bright-
ness of PLM images of SSDC and SSBC suggest that the self-
assembly crystals are single crystalline. Scale bar: 30 pm. (c)
schematic molecular packing of SSDC: the molecules are stacking
layer-by-layer with strong n—r intermolecular interaction in plane
and carboxylate group situated on the surface of the layers, form-
ing a channel exactly at the active center for insertion/extraction
of Na ions between layers.

Figure 4b shows the charge-discharge profiles of the SSDC
electrodes between 2.5 and 0.1 V at a rate of 50 mA g'. The
first discharge delivers a capacity of about 375 mAh g'. How-
ever, upon the recharge, a capacity of about 260 mAh g was
observed, giving a low coulombic efficiency (CE) of the first
cycle (ca. 69%). This probably could be ascribed to the irre-
versible SEI phenomenon, trace amorphous SSDC or ion ad-
sorption, which can be inferred from the difference of dis-
charge profiles between 1st and subsequent cycles within the
voltage range of 0.7 to 0.4 V. From the tenth cycle, the cou-
lombic efficiency becomes higher than 98% (Figure 4c). There
are three clear plateaus located at ca. 0.95, 0.75 and 0.61 V in
the 1% recharge profile. The plateau at ca. 0.95 V, which also
can be observed in the CV curve (~1.0 V in Figure 4a), could
be attributed to the ion adsorption rather than resistance inter-
face, which will disappear in the subsequent cycles (See Fig-
ure S7).% The plateau at 0.75 V (~0.78 V in Figure 4a) can be
assigned to the contribution of Super-P (Figure S8), which is
much smaller than SSDC and thereby is covered by the plat-
eau of SSDC during cycling (Figure 4a and 4b). The plateau at
0.61 V (~0.66 V in Figure 4a), corresponding to the plateau at
0.45 V in the discharge profile, can be ascribed to the reversi-
ble oxidization/reduction of the two carbonyl groups with ex-



traction/insertion of two Na cations. Because of the safety
problem!”-#! from the formation of the Na metal dendrite aris-
en around 0 V, and the potential irreversible reaction of the
mixed carbon materials and electrolyte (Figure S8), the redox
potential of SSDC is ideal as anode material for SIBs. As a
control experiment, this plateau is about 0.2 V higher than that
of the SBDC electrodes (see Figure S6). In addition, the ca-
pacity becomes stable after the 10" cycle, giving a capacity as
high as 222 mAh g and keeping 204 mAh g after 50 cycles
with a capacity retention higher than 90% (Figure 4c), sug-
gesting its excellent cycleability. Considering the weight ratio
of the active material and carbon black, the total theoretical
capacity should be the sum capacity of the active material and
the carbon black, which equals to 252 mAh g' (=172 mAh ¢!
+ 100 mAh g x 40wt% Super P/ 50wt% SSDC) with at most
80 mAh g! contributed from carbon black. Therefore, the ob-
tained value is almost close to the theoretical capacity. This
capacity is among the highest value for both organic lithium
and sodium batteries. On the other hand, under the same con-
dition, the SBDC (which has a much smaller n-conjugated
system) electrodes only deliver a capacity of 192 mAh g for
the 2™ cycle and decrease to 162 mAh g! after 50 cycles
(Figure S6), although the molecular weight of SSDC is nearly-
doubled of SBDC (total theoretical capacity of SBDC elec-
trodes: 335 mAh g (=255 mAh g! + 100 mAh g' x 40wt%
Super P/ 50wt% SBDC) leading to a much smaller theoretical
specific capacity. These results prove that the appropriate ex-
tension of the m-conjugated system can increase the capacity
and improve the cycleability.

In order to investigate the influence of extended m-
conjugated system on fast-charge and -discharge processes,
the SSDC and SBDC electrodes are tested under different high
rates. The high-rate performance are important properties for
the practical application. Remarkably, the SSDC electrodes
exhibited much better rate performance than SBDC (Figure
5a). It delivers a capacity higher than 100 mAh g even at a 2
A g rate. The capacities at 5 A g and 10 A g are still as
high as 90 and 72 mAh g, respectively. In this case, only
several minutes or even tens of seconds are required for a full
charge. The capacity also can be fully recovered after cycled at
rate as high as 10 A g' (Figure 5a). From Figure 5b, it is clear
that the plateau for reduction/oxidization of SSDC in the dis-
charge/charge profiles only change slightly (~0.1 V) at5 A g™,
The plateau of SSDC still exists at 10 A g with reduction
potential around 0.25 V (a 0.2 V shift). This is meaningful,
because as mentioned above a suitable redox potential is very
important to prevent the possible formation of Na metal den-
drite and other degradation around 0 V. However, as a control
experiment, the discharge profile of SBDC becomes sloping
when the current density increasing to 1 A g and all the ca-
pacity of SBDC is distributed to potential lower than 0.2 V at
5 A g! (Figure S6, also see literature'”). Similarly, all the ca-
pacity of Super-P is distributed to potential lower than 0.1 V at
10 A g (Figure S8). From Figure 5a, it is clear that in our
condition, the SSDC electrodes deliver a capacity a little high-
er than that of SBDC when charged/discharged slowly, alt-
hough its theoretical capacity is lower (also see Figure 4b-c
and S6). However, under fast-charge and —discharge rate,
SSDC showed a much better rate performance than that of
SBDC. The capacity of SBDC degraded to 32 and 22 mAh g
at 5 A g' and 10 A g, respectively. These values are even
lower than those of Super-P (54 and 40 mAh g' at 5 A ¢! and

10 A g, respectively), which may be due to an increasing
resistance interface of SBDC during cycling (see following).

b

(b)2s
£
‘g 20
z
¢ 151
S
> 109
o
s
S 0.5
>

T T T v 0.0 T T —
00 05 10 15 20 25 0 100 200 3'00 400
Potential (V) vs. Na/Na" Capacity (mAh g")
400

(C) \ 100 (d) IAfter 50" discharge; . After 50 charge

> 300'1\ somagt  [80 3 :

< L « S

< 200{ k&_ﬁm__-ao : > :

- w2 [After 1" discharge/X\ After 1" charge

5 —u—Charge 400 g :

S 1004 —o— Discharge = H

8 —0— Coulombic efficiency |20 M

0 0 As prepared
0 10 20 30 40 50 4 5 6 74
Cycle number 20 (°)

Figure 4. (a) typical CV curves of SSDC films in the first 10
cycles; (b-c) Electrochemical performances of SSDC: (b) voltage
profiles (1%, 2", 5t 10™, 20t and 50% cycles are selected as rep-
resentatives), (c) cycleability; (d) XRD patterns of as-prepared
SSDC films and XRD patterns of SSDC films after discharging to
0.1 V (vs. Na/Na") and after charging to 2.5 V (vs. Na/Na").

Figure 5c shows the cycleability of the SSDC electrodes at a
1 A g'' rate, delivering a capacity of 247 mAh g for the first
cycle with coulombic efficiency as high as 80%. Incredibly,
the coulombic efficiency increases to 98% after 5 cycles, giv-
ing a capacity up to 160 mAh g'. After 400 cycles, the capaci-
ty is still as high as 112 mAh g"' with retention higher than
70%. Figure 5c shows a visible comparison of SSDC and
SBDC electrodes measured under current density of 1 A g”', in
which SBDC also provides a comparable capacity of 225 mAh
g for the first cycle but with coulombic efficiency as low as
49%. The capacity kept on decreasing to 95 mAh g in the
first 20 cycles with coulombic efficiency lower than 98%.
After 150 cycles, its capacity deceases dramatically leading to
a capacity even lower than individual Super-P. Its capacity
degraded to 62 mAh g after 400 cycles. These results show
that the extension of m-conjugated system is also capable to
improve the capacity and cycleability under fast-charge and -
discharge rates.
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Figure 5. Electrochemical performances of SSDC: (a) rate cy-
cleability (black squares, the rate cycleability of Super-P (blue
cycles) and SBDC (red triangles) are also presented for compari-
son), solid symbols: charge, open symbols: discharge, and (b) rate
capability (right to left: from 50, 100, 200 mA g' to 1,2, 5 and 10
A g"). (c) cycleability of SSDC (black, the rate capability of Su-
per-P (blue) and SBDC (red) are also presented for comparison)
under current density of 1 A g and (d) Nyquist plots of SSDC
after discharging to 0.1 V under current density of 1 A g'! in the
frequency range of 1 MHz to 5 mHz.

In order to get a further insight of the SSDC electrodes dur-
ing the cycling, the ex-situ measurement of its SEM images,
EDS spectra, XRD patterns and electrochemical impedance
spectra (EIS) are studied. From the SEM images of the SSDC
electrodes (Figure S3), it is clear that even after 50 cycles of
discharge and charge cycles, the morphology change is negli-
gible. All of them exhibit terrace morphology. The diffraction
peak of the films (Figure 4d) after 1st discharge shows a slight
shift from 15.8 A to 16.1 A. The [001] d-spacing of the thin
films (15.8 A) is a little larger than that of the powders (15.6
A, Figure 2d), which is probably due to the different solvents
(ethanol for the powders and water for the thin films). On the
other hand, this [001] d-spacing exhibited a slight increase
after discharge (from 15.8 A to 16.1 A), which is understanda-
ble because both of the insertion of the Na ions and the de-
creased unsaturation bonds in the discharged state will elon-
gate the molecule. This is also the reason that only variation of
the [001] d-spacing is presented here because the strongest
diffraction and the largest variation exist in ¢ axis. However,
the volume change even along this axis is negligible (from
15.8 A to 16.1 A, < 2%), which can be ascribed to the softness
of the organic materials and the weaker intermolecular interac-
tions between two layers (this also confirmed the assumption
that the strong n—m intermolecular interaction facilitates a la-
mellar stacking). The d-spacing can be recovered after re-
charge and did not show any obvious change even after charge
and discharge 50 cycles. The absence of a phase transfor-
mation®, the slight variation of d-spacing after discharge, the
recovery of the d-spacing after charge and the terrace structure
suggest there is a preferential route between two layers for
diffusion of Na ions (Figure 3c), which probably is one reason
that the electrodes can give high performance even
charged/discharged under high current densities. EDS spectra
are used for analyzing the change of the elemental components
in the electrodes during cycling. Because CMC also contains
oxygen, poly(vinylidenedifluoride) (PVDF) instead of CMC
was utilized as the binder in these electrode films. On the other
hand, CMC is chosen as the binder in the battery test because
of their higher conductivity, environmentally friendly (the
solvent is water) and low cost.'” 40 Furthermore, the active
material is soluble in water but insoluble in NMP (the solvent
for PVDF), which results in a better mixing than that of
PVDF. This will improve the charge transport and the diffu-
sion of the electrolyte. The EDS spectra of the films show a
clear variation of oxygen and sodium atom ratio from 2.07,
1.08 to 1.70, which agrees well with the theoretical ratio from
2, 1 to 2 (Figure S9 and Table S1). This result reconfirmed the
mechanism that the insertion and extraction of the Na ions are
through the reduction and the subsequent oxidization of the
C=0 bonds and there is no other side-reactions or additional
mechanisms to contribute the total electrochemical perfor-
mance.!71% 2829 The ratio after recharge is a little lower than
the theoretical ratio, which can be ascribed to the lower stabil-

ity (Figure S4, S10) and worse compatibility of PVDF binder
(PVDF is a lyophobic material, which is not good for the dif-
fusion of electrolyte). The EIS measurements were carried out
in the frequency range of 1 MHz to 5 mHz for investigating
the Na-ions diffusion in the electrolyte and migration through
the SEI and the charge transfer through the SEI and diffusion
in the electrodes. Figure 5d shows the Nyquist plots of SSDC
electrodes after discharging to 0.1 V during cycling. Interest-
ingly, the impedance shows insignificant change even after 30
charge/discharge cycles with resistance around 108 Q, sug-
gesting the stability of the electrodes during cycling. On the
other hand, the impedance especially the semi-circle in the
middle-frequency region increases dramatically during the
cycling in the Nyquist plots of the SBDC electrodes, indicat-
ing that the interface resistance increases during cycling,
which may be a reason that the SBDC electrode showed much
worse performance (Figure S11). This increase of the interface
resistance might be ascribed to the short n-conjugated system
of SBDC, which leads to lower charge transport and stability.
From these analyses, we believed that the high capacities with
high cycleability of SSDC electrodes are probably due to the
extended m-conjugated system because it can: (1) improve the
charge transport and stabilize the charged and discharged
states and (2) enhance the intermolecular interactions and the
resulted terrace packing structure facilitates the inser-
tion/extraction of the Na ions. It should be noted that, SSDC
also showed a much better high-rate performance than that of
the material'® with carbon-carbon single bond linkage, which
again proved the efficiency of extending m-conjugated system
on high-rate performance.

Bl CONCLUSIONS

In summary, we reasonably designed SSDC for sodium ion
batteries, in view of through the molecular design to appropri-
ately extend the m-conjugated system for improving the battery
performance and addressing the current challenge of fast-charge
and -discharge. As expected, the extension of the n-conjugated
system was proved to be an efficient method for improving the
electrochemical performance, delivering a reversible capacity
of 220 mAh g under current density of 50 mA g'. This ca-
pacity is among the highest values for both organic Li- and
Na-ion batteries. Remarkably, the designed electrodes showed
much enhanced high-rate performance with reversible capaci-
ties of 105 mAh g at current density of 2 A g and 72 mAh g
" at current density as high as 10 A g', which is much better
than the starting molecule and superior in organic sodium ion
batteries. The capacity also can be fully recovered even after
cycled at rates as high as 10 A g'. The cycleability perfor-
mance under high current density of 1 A g"' showed that the
capacity is still higher than 112 mAh g even after 400 cycles
with retention higher than 70%. These results suggest that the
extension of m-conjugated system is an efficient strategy to
improve the high rate performance, probably because it can:
(1) improve the charge transport and stabilize the charged and
discharged states and (2) enhance the intermolecular interac-
tions and the resulted terrace packing structure can facilitate
the insertion/extraction of the Na ions. We believe this work
will arouse growing interests of organic materials for SIBs
with functional molecular design towards high performance
and pave a way to achieve flexible application of SIBs in
large-scale portable and wearable electronics.



B EXPERIMENTAL SECTION

Synthesis of SSDC: sodium 4,4’-stilbene-dicarboxylate was
prepared according to the literature reported for lithium tereph-
thalate preparation.?’ 4,4°-Stilbenedicarboxylic acid (1.00 g, 3.73
mmol) and sodium hydroxide (0.31 g, 7.83 mmol) were added
into 30 mL EtOH at room temperature. After stirring overnight,
the suspended mixture was filtrated. The product was washed by
EtOH for three times, accompanying with supersonic for better
dissolution of the impurities. This procedure led to a white solid
of 1.15 g (yield: 99%). The product was dried in vacuum at 110
°C for overnight. Compounds, reagents and solvents were pur-
chased and used directly without further purification.

Characterization: The SEM images and EDS spectra were tak-
en by using a Hitachi S4800 instrument employing voltages of 5
kV and 10 kV respectively. AFM images were carried out on a
NT-MDT instrument. IR spectra were performed on a Tensor-27
from Bruker. UV-Vis absorption spectra were measured by a UV-
vis spectrophotometer (SP 3000 plus). NMR spectra were record-
ed on a Varian 300 MHz spectrometer in D>O. The XRD meas-
urements were recorded on a Bruker-axs Discover D8 applying
Cu Ka (1.54056 A) radiation equipment. The cyclic voltammo-
grams and electrochemical impedance spectroscopy were con-
ducted on a BioLogic VSP potentiostat. The cyclic voltammo-
grams were scanned in the potential range from 0.1 to 2.5 V at a
scan rate of 0.1 mV s!. The ex-situ measurements are accom-
plished by immediately disassembling the batteries after charg-
ing/discharging and washing by propylene carbonate (PC) in Nj-
filled glove box.

Electrochemical Characterization: Samples of electrochemical-
ly active materials (SSDC or SBDC) were mixed with carbon
black (Super P) and sodium carboxymethyl cellulose (CMC) at a
weight ratio of 50:40:10, and then coated uniformly using a doc-
tor-blade on a copper foil with roughly 1 mg cm™ mass loading.
The solvent is water. The super P films mixed with CMC at a
weight ratio of 40:10 were obtained by using same method. The
samples for EDS spectra were mixed with
poly(vinylidenedifluoride) (PVDF) in N-methyl-2-pyrrolidone
(NMP). The electrodes were dried at 110 °C under vacuum over-
night. The electrochemical performance was evaluated by using
2032 coin cells with a Na metal anode and 1.0 M NaClO4 in PC
electrolyte solution. The half-cell batteries were assembled in a
No-filled glove box. Sodium metal was used as a counter electrode
and the two electrodes were separated by a glass fibre separator
(Whatman, GF/B). Galvanostatic experiments were performed at
a different current densities at a potential range of 2.5~0.1 V (vs.
Na/Na") using a LANHE-CT2001A test system (Wuhan, China)
under room temperature.

Il ASSOCIATED CONTENT

Supporting Information. 'H NMR and '*C NMR spectra, AFM
images, SEM images and EDS spectra of SSDC electrodes, elec-
trochemical performance of Super-P and SBDC and Nyquist plots
of SSDC and SBDC electrodes. This material is available free of
charge via the Internet at http://pubs.acs.org.
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