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Thiocarboxylate organic electrodes for ultrahigh capacity room

temperature sodium ion battery

Hongyang Zhao,®* Jianwei Wang,?+*

Yaping Du*?!

Abstract: Organic room temperature sodium ion battery electrodes
with carboxylate and carbonyl groups have been widely studied.
Herein, for the first time, we report a family of sodium ion battery
electrodes with stepwise substitution of oxygen in carboxylate group
with sulfur, which improves electron delocalization, electrical
conductivity and sodium uptake capacity. The versatile strategy
based on molecular engineering can greatly enhance the specific
capacity of organic electrodes with the same carbon scaffold. By
introducing two sulfur atoms to a single carboxylate scaffold, the
molecular solid can reach a reversible capacity of 466 mAh g'1 at
current density of 50 mA g, when four sulfur atoms are introduced,
the capacity increases to 567 mAh g’1 at current density of 50 mA g'1,
which is the highest capacity value among reported organic sodium
ion battery anodes until now.

Organic battery electrodes are alternatives to traditional metal
oxide electrode materials due to their low cost, absence of
heavy metals and easily tunable structures."'® Generally, the
organic electrodes accommodate redox and alkali metal ion
insertion by functional groups such as carboxylate,!"®
carbonyl,l"  organodisulfide,l'® thioether’™ and nitroxyl
radicals,® while the aromatic cores donate or accept electrons
during redox process."! Carboxylates are usually considered as
lithium/sodium anodes by reversibly store/release Li*/Na*
through a two-electron process.”"?? In the case of lithium ion
anode, far more than two Li* ions can be stored in the molecule
under deep discharge,??Y which leads to high capacity of
organic lithium anodes. However, for sodium ion battery cells,
there is no evidence of “super-sodiation” compared with lithium
counterpart due to large sodium ion together with less
electronegativity.

Even though organic sodium ion battery has lower specific
capacity than lithium ion battery, it is attractive because of the
less rigid lattice compared with ‘metal oxides, which can
accommodate the large sodium ions so that the rate capability
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Figure 1. Schematic illustration of sulfur doping in molecular battery anode.

can be possible advantages.?"! As a classic organic sodium ion
battery anode, the sodium salt of terephthalate (PTA-Na,
compound a in Figure 1) has a capacity of 295 mAh g at
current density of 0.1 C (30 mA g™),l'®"! which is comparable to
the commonly available hard carbon anodes (~ 280 mAh g™)
with charge/discharge plateau of 0.3 V in half cell
configuration.” Up to now, most of the organic sodium
electrodes are composed of oxygen-containing functional groups
(carboxylate and carbonyl groups).?"??"1 The limitation of these
functional groups is that they can only reversible store one
sodium ions, which makes the capacity is strongly limited by the
molecular weight of the molecule.”® Another critical problem for
organic battery electrodes is their poor conductivity, which limits
the specific capacity, rate capability and cycle stability.*
Commonly used electrode modification such as conductive
carbon coating is difficult to realize, because most of the organic
compounds decompose under high temperatures.® Apparently,
increasing the number of sodium ion stored per molecule, as
well as intrinsic conductivity by chemical modification for organic
electrodes will significantly enhance the performance of organic
batteries.

Recently, organic molecules with heteroatom-doping exhibited
obvious advantages towards richer redox centers and higher
electric conductivity. For instance, it is reported that nitrogen
incorporation will enhance the electron density per mass.?"*
Sulfur atom, which in the same group (Group VIA) as oxygen,
larger atomic radius and electron density (atomic radius: 100 pm,
[Ne]3s®3p* for S) per molecule, evidently compared with oxygen
atom (atomic radius: 60 pm, [He]2s?2p* for O). Accordingly,
atomically doping sulfur in organic electrodes can potentially
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Figure 2. Electrochemical performance of the electrodes. (a) Cyclic voltammetry at scan rate of 0.2 mV s™. (b) Galvanostatic charge-discharge curves,
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Coulombic inefficiency during 200 cycles. (d) Rate capability and (e) Cycle stability at 500 mA g™.

enhance the conductivity as well as store more sodium ions
when sulfur is incorporated in the conjugated systems, and thus
possibly deliver high specific capacity.*

Based on these considerations and molecular engineering
techniques, the O atoms in PTA-Na molecule (a) were replaced
by S atom in steps to give three sulfur-containing sodium salts
(b, sodium 1,4-dithioterephthalate, c, sodium
tetrathioterephthalate and d, sodium 4.4-
biphenyltetrathiodicarboxylate in Figure 1) by a facile one-pot
method. It should be noted that we firstly successfully
incorporated sulfur into the carboxylate groups to form sodium
salts of b, c, as well as d and used as battery electrodes. The
detailed synthesis procedure is listed in supporting information.
The target compounds all precipitate out as molecular solids at
room temperature.

We performed X-ray diffraction (XRD) measurement to study
the crystallinity of the synthesized samples, the XRD pattern
shows the significant difference in crystallinity among the
samples (Figure S1 and S2). Scanning electron microscopy
(SEM) images show that there is distinctive difference in the
morphology of four samples. The morphology difference also
implies the crystallinity of molecule b, ¢ and d is not as good as
molecule a. Besides, as mentioned above, electric conductivity
is one of the most important factors in influencing the battery
performance. Empirically, white samples are usually with poor
electric conductivity due to their large band gap which makes the
electron difficult to jump from valence band to conduction band.
As expected, the color of the synthesized samples became
darker with increasing sulfur content (Figure S3). The color
change indicates not only the incorporation of sulfur atoms, but
more importantly, the possibly increasing in electric conductivity.
As it is expected, the measured conductivity of all-sulfur-
substituted samples by four-probe test (Figure S5) are much
higher than other two samples (0.01, 0.06, and 4.0 puS cm'1),
which is consistent with theory and Density Function Theory
(DFT) calculations that the electrons are more delocalized on
sulfur containing molecules. Besides, the band gap values are

also in good accordance with the conductivity measurements
(Table S1).

Four samples were tested as sodium ion battery anode in a
coin cell with sodium metal as both counter and reference
electrode. Notably, the electrodes barely dissolved in electrolyte
(Figure S4). The redox peaks of the four samples against
Na/Na® were characterized by cyclic voltammetry (CV) (Figure
2a). Interestingly, there are two types of cyclic voltammetry
profiles for the molecular solids a, b, ¢ and d: as for the
molecules with oxygen atoms (a and b), the CV shows similar
profile where the redox peak couple located at 0-0.5 V, while as
for the molecules with solely sulfur atoms (¢ and d), the
oxidation peaks appeared at 2.2 V, and reduction peaks located
at 0.7 V. The distinct difference between two types of CV profiles
is possibly derived from the different lowest unoccupied
molecular orbital (LUMO) energy levels. Lower LUMO energy
level caused by sulfur incorporation would result in higher redox
potential. Notably, for the molecule with both oxygen and sulfur
atoms (molecule b), besides the redox couple appeared at 0-0.5
V, there were also small but discernable oxidation and reduction
peaks located at 2.2 and 0.7 V, respectively.

Galvanostatic charge-discharge curves for the four molecular
compounds showed same trend as shown in CV measurements.
The molecules with four sulfur atoms (c and d) exhibited a
charge voltage plateau at 2.2 V, and the discharge curve
showed a slope without significant discharge plateau. In contrast
the molecules with one or two oxygen atoms (a and b) showed
obvious plateau around 0.5 V. The slope-like discharge plateau
for the molecules with four sulfur atoms is possibly attributed to
the low crystallinity after initial discharge.” It can be seen from
the charge-discharge curves that the discharge capacities at 50
mA g for the four samples showed a trend that the increase
number of sulfur atoms leads to higher capacity. Considering the
low average voltage plateau and capacity, molecule b is a
competitive material for sodium ion battery. The molecule with
one phenyl group and four sulfur atoms (c) presented highest
capacity of 567 mAh g™ which is also the largest organic sodium
battery electrode capacity among the reported literatures (Table
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S4). While the molecule with four sulfur atoms and biphenyl
group (d) and molecule with two sulfur atoms and two oxygen
atoms (b) have similar capacity (436 and 466 mAh g'). The
molecule contains only oxygen atoms revealed lowest capacity
of 294 mAh g'. The results indicated substituting sulfur with
oxygen atom can significantly improve the capacity of the
molecules. The rate performances of four molecules are shown
in Figure 2d. The capacity of sulfur-substituted molecule
electrodes exhibited much higher capacity compared with PTA-
Na molecule at each current density. The excellent rate
performance of the molecules suggested that the sulfur
substitution can maintain a high capacity at high current rate,
which is a reliable method for high-rate organic electrode design.

It is interesting to find that the molecules with sulfur were more
stable than pure PTA (a). The capacity retention at 500 mA g’
after 200 cycles are 40%, 40%, 60%, and 43% for a, b, ¢, and d
respectively (Figure 2e). The initial irreversible capacity of
molecule a, b, ¢ and d are 82%, 66%, 66% and 83%,
respectively (Figure S32). The Coulombic inefficiency (Cl) was
plotted for four molecules. It was found that for molecule c, the
Cl value decreased below 0.005 after 50 cycles, indicating the
molecule has highly efficient charge-discharge behavior
(Coulombic efficiency > 99.5%) when evaluated as sodium ion
battery anode. Due to the outstanding performance, molecule ¢
was selected as model for next analyses. dQ/dV study of
molecule ¢ revealed that during 200 cycles, the charge plateau
remained unchanged, implying the redox reaction is highly
reversible.*¥

In order to investigate the charge storage mechanism of the
organic anodes, a series of cyclic voltammetry scans were taken
from 0.2 to 5 mV s™ to investigate the portion of capacitive
contribution and diffusion controlled contribution.*® The total
current | is contributed by the sum of diffusion controlled current
lg and capacitive current I:

I=lg+ ¢

where |4 is proportional to the square root of scan rate and I¢ is
proportional to scan rate. Figure S28 a and b shows the |4 and I
for molecule a and c. The portion of diffusion controlled capacity
is similar (83% and 84%). Though for the molecule ¢, the 0-1.5
V region are rectangular-like, diffusion still controlled the
electrochemical process, indicating battery-type process is
taking place at the full range of electrochemical process.

Raman spectroscopy can investigate the structural change of
the molecule during charge-discharge process.® In-situ Raman
spectroscopy of molecule ¢ was performed during the first
discharge. The featured peaks of phenyl around 1600 cm™ and
C=S around 1200 cm™ diminished with increasing the discharge
depth, indicating the conjugated organic structure was changed
(Figure 3a). Electrochemical impedance spectroscopy (EIS)
measurement can be used to study the kinetics information with
small stir in electrochemical cell.®”! The results showed that the
contact resistance Rs and charge-transfer resistance R of sulfur
substituted molecule c is smaller than that of pure PTA-Na,
which is consistent with conductivity measurement (Figure 3c
and Figure S5, S30). These results further implied the capacity,
cyclic stability can be enhanced when substituting sulfur with
oxygen as the increased conductivity. As a proof of concept, we
also fabricated a flexible cell to demonstrate its potential
application in flexible bio-electronics (Figure 3d and Figure S33).
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Figure 3. (a) In-situ Raman spectroscopy for the first discharge. (b) dQ/dV of
15 10", 25", 100™, and 200" cycles. (c) Capacitive and diffusion controlled
contributions. (d) Prototype of a flexible organic battery.

From above results, the sulfur-incorporated molecules
generally have better electrochemical performance. Higher
electric conductivity allows faster electron transport that can
compensate the charge-imbalance caused by redox reaction.
More importantly, DFT calculation offered an important
implication that the electron-rich sulfur substituted molecules has
chance to reversibly store additional sodium ions during
discharge.®® As it is calculated by DFT (Figure 4 and Figure
S34-35) that molecule ¢ can uptake up to 6 additional sodium
ions. The HOMO of molecule ¢ with 4, 6, and 8 sodium ions still
well localizes within the scaffold, indicating the sufficient stability
of ¢ and explaining the successful supersodiation process,®
which is similar to “super-lithiation” in organic lithium battery
electrodes.” Correspondingly, the theoretical capacities of the
molecules are 255, 443, 586, and 459 mAh g'1 (Table S3).
Interestingly, as it is implied by DFT calculations, different from
PTA-Na, where the sodium ions are only stored at the
carboxylate groups, the entire sulfur-substituted molecule
becomes a “sodium reservoir”. The sodium ions stabilized on
both side of the benzene ring when the molecule uptakes 6 or 8
sodium ions. The additional sodium ions can be stored in
molecule ¢ instead of molecule a because the electron density is
much higher for sulfur substituted molecules. The 'H NMR study
was used to get detailed information on the structural changes of
the molecules. Compound a before discharge exhibits a single
strong signal with a chemical shift of & = 7.9 ppm. After
discharging to 0 V, the aromatic proton reversibly shifts and
splits into two peaks (& = 6.5 and 6.7 ppm) (Figure S31). These
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results not only proved that the existence of aromatic structures,
but also reflected the destruction of the symmetry of the
aromatic system after the discharge process, which are
consistent with our calculation results.

Figure 4. Calculated HOMO plots of molecule ¢ with different sodium uptake
amount.

In conclusion, we have developed a family of thiocarboxylate
compounds for high capacity organic battery electrodes. The
novel sulfur-substituted compounds can significantly enhance
the capacity as well as cyclic stability compared with the
traditional carboxylic acid based organic electrode. The capacity
of the sulfur substituted molecule is as high as 567 mAh g™ at
the current density of 50 mA g” with high stability and rate
performance. The increased capacity when substituting sulfur for
oxygen was mainly derived from the decreased band gap and
thus the greatly enhanced electric conductivity and- the
enhanced sodium ions uptake by high electron density aromatic
rings. The versatile and efficient strategy offers new chances for
developing next-generation high capacity sodium ion battery
electrodes.

Acknowledgements

We gratefully acknowledge the support from National Key R&D
Program of China (2017YFA0208000), the National Natural
Science Foundation of China (21371140, 21704081), the China
National Funds for Excellent Young Scientists (21522106) and
“National Young-1000-Plan” program.

Conflict of interest

The authors declare no conflict of interest.

Keywords: Main group elements ¢ Conjugation * Organic

battery

[1] Z.Song, Y. Qian, X. Liu, T. Zhang, Y. Zhu , H. Yu , M. Otani , H. Zhou,
Energy Environ. Sci. 2014, 7, 4077.

[2] Z. Song, Y. Qian, T. Zhang, M. Otani, H. Zhou, Adv. Sci. 2015, 2,
1500124.

[3] M. Armand, S. Grugeon, H. Vezin, S. Laruelle, P. Ribiere, P. Poizot, J.
M. Tarascon, Nat. Mater. 2009, 8, 120.

[4] K. Lei, F. Li, C. Mu, J. Wang, Q. Zhao, C. Chen, J. Chen, Energy
Environ. Sci. 2017, 10, 552.

(51

61

(71

(8l

91

[10]

1]

2]

(3]

[14]

(3]

[16]

171

(8]
(9]

[20]
[21]

[22]

(23]

[24]

[23]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371
[38]

10.1002/anie.201708960

WILEY-VCH

S. Yuan, Y. Liu, D. Xu, D. Ma, S. Wang, X. Yang, Z. Cao, X. Zhang,
Adv. Sci. 2015, 2, 1400018.
Z. Zhu, M. Hong, D. Guo, J. Shi, Z. Tao, J. Chen, J. Am. Chem. Soc.
2014, 136, 16461.
T. Sun, Z. Li, H. Wang, D. Bao, F. Meng, X. Zhang, Angew. Chem. Int.
Ed. 2016, 128, 10820.
K. Sakaushi, G. Nickerl, F. M. Wissser, D. Nishio-Hamane, E. Hosono, D.
H. Zhou, D. S. Kaskel, D. J. Eckert, Angew. Chem. Int. Ed. 2012, 51,
7850.

Q. Zhao, J. Wang, Y. Lu, Y. Li, G. Liang, J. Chen, Angew. Chem. Int.
Ed. 2016, 128, 12716.
Z. Song, Y. Qian, M. L. Gordin, D. Tang, T. Xu, M. Otani, H. Zhan, H.
Zhou, D. Wang, Angew. Chem. Int. Ed. 2015, 127, 14153.
A. Abouimrane, W. Weng, H. Eltayeb, Y. Cui, J. Niklas, O. Poluektov, K.
Amine, Energy Environ. Sci. 2012, 5, 9632.

H. Wang, S. Yuan, D. Ma, X. Zhaing, J. Yan, Energy Environ. Sci. 2015,
8, 1660.
A. Wild, M. Strumpf, B. Haupler, M. D. Hager, U. S. Schubert, Adv.
Energy Mater. 2017, 7, 1601415.

S. Yuan, X. Huang, D. Ma, H. Wang, F. Meng, X. Zhang, Adv. Mater.
2014, 26, 2273.
X. Huang, D. Xu, S. Yuan, D. Ma, S. Wang, H. Zheng, X. Zhang, Adv.
Mater. 2014, 26, 7264.

L. Zhao, J. Zhao, Y.S. Hu, H. Li, Z. Zhou, M. Armand, L. Chen, Adv.
Energy Mater. 2012, 2, 962.
X. Wu, S. Jin, Z. Zhang, L. Jiang, L. Mu, Y. S. Hu, H. Li, X. Chen, M.
Armand, L. Chen, X. Huang, Sci. Adv. 2015, 1, e1500330.

N. Oyama, T. Tatsuma, T. Sato, T. Sotomura, Nature 1995, 373, 598.
L. Zhan, Z. Song, N. Shan, J. Zhiang, J. Tang, H. Zhan, Y. Zhou, Z. Li,
C. Zhan, J. Power Sources 2009, 193, 859.
T. Janoschka, M. D. Hager, U. S. Schubert, Adv. Mater. 2012, 24, 6397.
Y. Park, D. S. Shin, S. H. Woo, N. S. Choi, K. H. Shin, S. M. Oh, K. T.
Lee, S. Y. Hong, Adv. Mater. 2012, 24, 3562.
T. Nokami, T. Matsuo, Y. Inatomi, N. Hojo, T. Tsukagoshi, H.
Yoshizawa, A. Shimizu, H. Kuramoto, K. Komae, H. Tsuyama, J. Am.
Chem. Soc. 2012, 134, 19694.
X. Han, G. Qing. J. Sun, T. Sun, Angew. Chem. Int. Ed. 2012, 21, 5237.
H. H. Lee, Y. Park, K. H. Shin, K. T. Lee, S. Y. Hong, ACS Appl. Mater.
Interfaces 2014, 6, 19118.
F. Shen, W. Luo, J. Dai, Y. Yao, M. Zhu, E. Hitz, Y. Tang, Y. Chen, V. L.
Sprenkle, X. Li, L. Hu, Adv. Energy Mater. 2016, 6, 1600377.
Z. Song, H. Zhan, Y. Zhou, Angew. Chem. Int. Ed. 2010, 45, 8622.

G. S. Vadehra, R. P. Maloney, M. A. Garcia-Garibay, B. Dunn, Chem.
Mater. 2014, 26, 7151.

Q. Zhao, Y. Lu, J. Chen, Adv. Energy Mater. 2017, 7, 1601792

H. Wang, S. Yuan, D. Ma, X. Huang, F. Meng, X. Zhang, Adv. Energy
Mater. 2014, 4, 1301651.

S. Wang, L. Wang, Z. Zhu, Z. Hu, Q. Zhao, J. Chen, Angew. Chem. Int.
Ed. 2014, 126, 6002.
C. Peng, G. H. Ning, J. Su, G. Zhong, W. Tang, B. Tian, C. Su, D. Yu, L.
Zu, J. Yang, M. F, Ng, Y. S. Hu, Y. Yang, M. Armand, K. P. Loh, Nat.
Energy 2017, 2, 17074.

J. Hong, M. Leg, B. Lee, D. H. Seo, C. B. Park, K. Kang, Nat. Comm.
2014, 5, 5335.

S. N. Talapaneni, T. H. Hwang, H. J. Sang, O. Buyukcakir, J. W. Choi,
A. Coskun, Angew. Chem. Int. Ed. 2016, 128, 3158.

M. Sathiya, A. M. Abakumov, D. Foix, G. Rousse, K. Ramesha, M.
Saubanére, M. Doublet, H. Vezin, C. Laisa, A. Prakash, Nat. Mater.
2015, 14, 230.

J. Wang, J. Pcdlleux, J. Lim, B. Dunn, J. Phys. Chem. C 2007, 111,
14925.

R. Baddour-Hadjean, J. P. Pereira-Ramos, Chem. Rev. 2010, 110,
1278.

J. P. Diard, B. Le Gorrec, C. Montella, J. Power Sources 1998, 70, 78.
H. Wang, S. Yuan, Z. Si, X. Zhang, Energy Environ. Sci. 2015, 8, 3160.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Entry for the Table of Contents

COMMUNICATION

A family of organic sodium ion battery
electrodes with stepwise substitution
of oxygen in carboxylate group with
sulfur was developed in this work with
improved  electron  delocalization,
electrical conductivity and sodium
uptake capacity. The versatile strategy
based on molecular engineering can
greatly enhance the specific capacity
of organic electrodes with the same
carbon scaffold.

Previous work

o o

T Iﬁ

a0

This work

o 55

.'-1-’:‘ \_-'/ ‘O

5 ]

u1

s

Aypodon Aleyog

Maolecular
Engineering

Oxygen
[He]2s72p*

Apapanpue
Y

Aysuag uospagg

g X

LFRFLEAN

9NN

10.1002/anie.201708960

WILEY-VCH

Hongyang Zhao, Jianwei Wang, Yuheng
Zheng, Ju Li, Xiaogang Han, Gang He,*
and Yaping Du*

Page No. — Page No.

Thiocarboxylate Organic Electrodes
for Ultrahigh Capacity Room
Temperature Sodium lon Battery

This article is protected by copyright. All rights reserved.



