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Bithiophene dicarboxylate as an efficient organic
anode material for sodium-ion batteries†

Haoyu Yin,a Jingfu Chen,a Junhong Tan,a Cheng Zhong,*b Fei Wu*a and Linna Zhu *a

In this study, new carboxylates are synthesized for sodium-ion

batteries. The bithiophene-based anode material BT demonstrates

a high reversible capacity of 201 mA h g�1 and excellent durability.

BT retains 99.1% capacity after 400 cycles at 0.2C and 90.1% capacity

after 1500 cycles at 2C, showing superior conductivity and stability.

Among the rechargeable batteries, sodium-ion batteries (SIBs)
have attracted significant attention due to the abundance of
sodium resources, low cost, and the similar physical and
chemical properties of Na ions and Li ions.1–6 Organic electrode
materials (OEMs) composed of light elements such as C, H, O,
N, and S are considered to have great application prospects in
sodium-ion batteries due to their high sustainability, structural
diversity, and flexible structural tunability.7–16 Among various
organic anode materials, carboxylate compounds exhibit char-
acteristics such as low redox potential (o1.0 V), high specific
capacity, and long cycling life, and have aroused wide
interest.17–24 Moreover, the electrochemical performance of
carboxylate compounds can be achieved through the modifica-
tion of their molecular structures.25–27

Although organic carboxylates show great promise as anode
materials, they tend to have low electronic conductivity and are
prone to dissolving in the electrolyte, leading to low utilization of
active materials and rapid capacity loss during cycling. To address
these challenges, it is necessary to improve the material conduc-
tivity and reduce solubility through rational structural design at
the molecular level. Huang et al. reported sodium 2,20-bipyridine-
5,50-dicarboxylate as an anode material for SIBs. By introducing
pyridine groups to regulate the planarity of the molecules, the
solubility of the material in the electrolyte was improved.28 Wang
et al. designed sodium 4,4-stilbene carboxylate with an extended

conjugation structure, which can enhance the electrochemical
performance.7 Meanwhile, studies have shown that conjugated
structures containing heteroatoms (N, S, and O) typically exhibit
good redox activity, making them suitable as electrode materials
for rechargeable batteries.29

In this paper, two sodium carboxylates with thiophene
aromatic rings were constructed: sodium [2,20-bithiophene]-
5,50-dicarboxylate (BT) and sodium 5-(4-carboxyphenyl)
thiophene-2-carboxylate (PT). BT features a bithiophene core
structure, while PT is based on a phenylthiophene core struc-
ture. In addition, the compound sodium [1,10-biphenyl]-4,4 0-
dicarboxylate (BP), which has been reported before, was also
studied for comparison. Compared with phenylthiophene, bithio-
phene exhibits better planarity and improved p-conjugation,
which are beneficial for enhancing molecular solubility and
conductivity. BT demonstrates superior cycling and rate perfor-
mance in sodium-ion half-cells compared with PT and BP.
Specifically, at a current density of 0.2C, BT provides a high
reversible capacity of 201 mA h g�1 and retains 99.1% of its
capacity after 400 cycles. We also compared the electrochemical
performance of BT with other reported carboxylate organic
anodes, with results shown in Table S1 (ESI†), indicating that
BT possesses excellent electrochemical performance. In addition,
during long-term cycling, the BT electrode exhibits a capacity
retention of up to 90.1% even after 1500 cycles at 2C. Finally, we
successfully assembled a full cell using BT as the anode
and commercial sodium vanadate phosphate (NVP) as the
cathode material. The full cell exhibited a reversible capacity of
82 mA h g�1 and an 88% capacity retention after 200 cycles at a
current density of 100 mA g�1, demonstrating the potential
application of BT in sustainable sodium-ion batteries.

We first synthesized 5-(4-formylphenyl) thiophene-2-carbal-
dehyde (PTDA) through a simple Suzuki coupling reaction between
5-bromo-thiophene-2-carbaldehyde and (4-formylphenyl) boronic
acid. Subsequently, PTDA underwent an oxidation reaction to
obtain 5-(4-carboxyphenyl) thiophene-2-carboxylic acid (PTDC).
Finally, PTDC undergoes a simple alkalization reaction to obtain
PT. While BT is directly obtained through a one-step reaction from
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2,20-bithiophene-5,50-dicarboxylic acid (BTDC), BP is synthesized
according to methods reported in the literature.30 Note that BT
could be obtained in a total yield of over 80%, and the final
product PT also reaches a total yield of 66%. The structures of all
newly synthesized compounds were confirmed by 1H and 13C
nuclear magnetic resonance (NMR) spectroscopy.

The FTIR spectra of the intermediates BTDC and PTDC, as well
as the final products BT and PT, are shown in Fig. 1b and Fig. S10
(ESI†). The spectra of BTDC and PTDC display the CQO stretch-
ing vibrations and O–H bending vibrations of the carboxylic acid
(–COOH) group, at around 1653, 1310, and 924 cm�1. After
deprotonation with NaOH to form sodium carboxylate (–COO–
Na), the asymmetric stretching and symmetric stretching vibra-
tions of the carbonyl (CQO) in BT and PT shift to 1548,
1555 cm�1, and 1370, 1382 cm�1, respectively. Additionally, the
two O–H bending vibration peaks of the carboxylic acid group
around 1310 and 924 cm�1 disappear. These changes indicate
that the –COOH group has been converted to the sodium carbox-
ylate group (–COONa) after alkalization with NaOH.

We compared the powder XRD patterns of the carboxylates
BT, PT, and BP (Fig. 1c). The diffraction peaks of these three
substances are clearly visible, indicating that they possess spe-
cific crystal structures. Field emission scanning electron micro-
scopy (FE-SEM) characterization provides a visual representation
of the particle morphology and size. As shown in Fig. S9 (ESI†),
BT exhibits a regular bulk morphology with sizes ranging from 1
to 3 mm, while PT has a nanoscale particle size, which may be
attributed to the better planarity of bithiophene compared to
phenylthiophene, facilitating the ordered molecular stacking.
The thermal stability of the materials was also investigated using
thermogravimetric analysis (TGA), determining the thermal
decomposition temperatures to be 548, 495, and 626 1C for BT,
PT, and BP, respectively, based on a 5% weight loss (Fig. 1d). As
far as we know, the thermal decomposition temperature of BT is
among one of the highest Td values reported for organic carbox-
ylates to date (Table S2, ESI†). The excellent thermal stability is
beneficial for maintaining the structure and performance during
charge and discharge processes.

The solubility of electrode materials in the electrolyte has a
significant impact on the cycling stability of sodium-ion batteries
(SIBs). To evaluate the solubility of BT and PT in the electrolyte, we
prepared electrode sheets of BT and PT and immersed them in
the electrolyte solution (1.0 M NaCF3SO3, TETRAGLYME =
100 vol%). We then measured the UV-visible absorption spectra
of the electrolyte at different time intervals (1, 3, 7, and 15 days).
As shown in Fig. S11 (ESI†), the initial electrolyte was almost
transparent, and the solution remained colorless and transparent
even after soaking for 15 days. This indicates that both PT and BT
have poor solubility in the electrolyte.

To further investigate the electrochemical performance of
BT and PT, we assembled half cells using metallic sodium as
the counter electrode and 1.0 M NaCF3SO3 (TETRAGLYME =
100 vol%) as the electrolyte. The cyclic voltammetry (CV) curves
of the anode were recorded at a scan rate of 0.2 mV s�1, with a
potential window of 0.1–2.5 V. As shown in Fig. S15a (ESI†), BT
exhibits a pair of redox peaks located at 0.95/0.61 V, ascribed to
the insertion/extraction of sodium ions in the CQO functional
group, indicating a one-step electron transfer process during
the redox reaction. The redox peaks of PT were located at 0.91/
0.61 V (Fig. S16a, ESI†). Notably, the nearly overlapping CV
curves in subsequent cycles indicate that the electrode materi-
als show good reversibility.

The cycling performance of BT, PT, and BP was then
investigated (with the cells activated at a current density of
0.2C before cycling), as shown in Fig. 2 and Fig. S12, S13 (ESI†).
The initial capacities of the BT, PT, and BP electrodes at a
current density of 0.2C were 201, 200, and 208 mA h g�1,
respectively. To eliminate the capacity contribution from con-
ductive carbon black (Super P), we tested Super P separately at
0.2C, finding its capacity to be approximately 20 mA h g�1,
indicating a very low contribution to the electrode materials’
capacity. After removing the capacity of the conductive carbon
black, the initial capacities of the three materials were close to
their theoretical capacities (with theoretical capacities of BT,
PT, and BP being 180, 183, and 187 mA h g�1, respectively).
Therefore, it can be concluded that the capacity of the cells
primarily originates from the electrode materials. After 400 cycles
at a current density of 0.2C, BT, PT, and BP exhibited capacity
retention rates of 99.1%, 92.5%, and 88.3%, respectively (Fig. 2a
and Fig. S10a, S11a, ESI†). We also tested the long-term cycling
performance of the electrodes at a current density of 2C. The
batteries assembled with the three materials initially showed a
high reversible capacity of 150 mA h g�1, with capacity retention
rates of 90.1%, 85.3%, and 81.8% for BT, PT, and BP. After 1500
cycles (Fig. 2c and Fig. S10b, S11b, ESI†). Additionally, the BT
electrode not only exhibited good cycling stability but also demon-
strated excellent rate performance. As shown in Fig. 2b, when the
current density increased from 0.2C to 2C, the reversible dis-
charge capacity decreased from 198 mA h g�1 to 146 mA h g�1.
When the current density was reduced back to 0.2C, the reversible
discharge capacity recovered to 190 mA h g�1, close to the initial
value. Throughout the entire process, the coulombic efficiency
remained nearly at 100%. This indicates that the battery experi-
ences minimal energy loss during the charging and discharging

Fig. 1 (a) Molecular structures of BP, PT and BT; (b) FTIR spectra of BTDC and
BT; (c) XRD of BT, PT and BP; and (d) thermogravimetric analysis of BT, PT and BP.
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process, reflecting its good performance and high energy conver-
sion efficiency. We also examined the SEM images of the BT
electrode at different cycles (original, 5th, 15th, and 50th cycles)
(Fig. 2d). It can be observed that the physical contact between BT
and Super P remained very tight and stable during cycling,
showing no significant differences with increasing cycle numbers.
These results indicate that the BT electrode is stable during the
sodium insertion/extraction process.

The electrochemical impedance spectroscopy (EIS) measure-
ments were also performed to study the diffusion of sodium ions
in the electrolyte, the charge transfer through the solid electrolyte
interphase (SEI), and their diffusion within the electrodes. As
shown in Fig. S15b and S16b (ESI†), the EIS data were fitted using
an equivalent circuit (Fig. S17, ESI†), and the results are shown in
Table S3 (ESI†). The initial charge transfer resistances (Rct) for the
BT and PT electrodes were 199.5 O and 281.2 O, respectively,
which decreased to 188.2 O and 269 O after the first cycle. This
phenomenon can be attributed to the formation of the electrode/
electrolyte interface (SEI), leading to reduced ohmic resistance
and accelerated electron transfer rates. After 50 cycles, the resis-
tance of BT stays almost the same while that of PT decreases to
262.7 O. Interestingly, BT demonstrated smaller Rct and contact
resistance (Rf) compared to PT, and the impedance of the BT
electrode shows the least change after cycling. This might be
attributed to BT’s faster electron transport rate, ensuring its
excellent cycling and rate performance. Furthermore, the low
interfacial charge transfer resistance reflects the rapid kinetics
of the redox reactions in the BT electrode. We measured the
sodium ion diffusion coefficient (DNa

+) using the galvanostatic
intermittent titration technique (GITT). As the discharge process
progressed, the ion diffusion coefficient gradually decreased, and
during the charging process, it slowly decreased and then sud-
denly increased. Consequently, the minimum DNa

+ was observed
at the end of discharge (around 0.1 V). Finally, we calculated the

average DNa
+ values based on the ion diffusion coefficient calcula-

tion equation, which were 4.29 � 10�8 cm2 S�1 and 3.07 �
10�8 cm2 S�1 (Fig. S15d and S16d, ESI†), with BT exhibiting the
highest ion diffusion coefficient. This indicates that the BT
electrode has good diffusion kinetics, which also explains its
excellent rate performance even at high current densities.

We further studied how the molecular structures of the elec-
trode materials affect the electrochemical properties, with the
assistance of DFT calculations. Tables S4–S6 (ESI†) show the energy
levels and energy gaps of the highest occupied orbital (HOMO) and
lowest unoccupied orbital (LUMO) of each molecule before and
after sodium storage. It can be seen that the introduction of
thiophene rings reduces the energy level of the LUMO and raises
the HOMO energy level, as a result, BT exhibited a smaller band
gap (4.21 eV) (Fig. 3a). Previous studies have suggested that a small
energy gap (Egap) in electrode materials has the potential to obtain
good battery performance. At the same time, we used molecular
electrostatic potential (MESP) to predict the possible binding sites
of BT, PT and BP with Na+. Nucleophilic reactions tend to occur in
MESP regions with positive potentials (red regions), while electro-
philic reactions occur in MESP regions with more negative poten-
tials (blue regions). As shown in the figure, the blue region around
carboxyl oxygen in BT has a lower potential, indicating that CQO in
–COO–Na may be the binding site for sodium ions.31 The energy
required for the two-step sodium storage reaction of BT (BT-Na and
BT-2Na) is �1.41 eV and �0.51 eV, respectively (Fig. 3b). This
requires more energy than the two-step sodium storage reactions of
PT (�1.35 eV and �0.47 eV) (Fig. S18, ESI†) and BP (�1.04 eV and
�0.48 eV) (Fig. S19, ESI†), indicating that BT has a stable structure
after the oxidation reaction for sodium storage.32

To gain deeper insights into the sodium storage mecha-
nism, we investigated the BT electrode sheets disassembled at
different cutoff voltages during the sodium insertion/extraction
process using FT-IR and XPS tests. We selected five character-
istic states during the discharge/charge process, labeled in
Fig. 4b as (a) 2.00 V, (b) 0.50 V, (c) 0.10 V, (d) 0.65 and (e)

Fig. 2 (a) Cycle performance and coulomb efficiency of the BT electrode at
0.2C current density; (b) the rate performance of BT at different current
densities (0.2C–2.0C); (c) long-term cycle performance of BT at 2.0C current
density; and (d) SEM images of the BT electrode during different cycles.

Fig. 3 (a) LUMO and HOMO energy and distribution calculated by BT, PT
and BP; and (b) combination of the MESP distribution and potential energy
DE of BT with different Na+ numbers.
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2.50 V. As shown in Fig. 4c, the peaks around 1550 cm�1 and
1370 cm�1 correspond to the asymmetric and symmetric stretching
vibrations of the CQO bonds in carboxylates, respectively. These
peaks gradually decrease during discharge and increase during
charging, indicating a typical transformation from carbonyl to enol.
Therefore, these observations confirm that the CQO group serves
as an active site during the charge and discharge processes. We
further conducted XPS tests. In the C 1s spectrum (Fig. 4d), we
clearly identified the CQO signal in the original electrode, with a
binding energy of approximately 288 eV. When discharged to 0.1 V,
the intensity of the CQO group weakened as the C–O group
increased (around 286 eV), indicating that the CQO bond was
reduced to a C–O bond, forming sodium enol. After charging, the
intensity of the CQO bond peak increased as the intensity of the C–
O bond peak decreased. This storage mechanism is further con-
firmed in the O 1s spectrum (Fig. 4e), which shows the reversible
conversion from CQO (approximately 533 eV) to C–O bonds
(approximately 531.8 eV). This further demonstrates the role of
the CQO group as an active site during the charge and discharge
processes. It shows that the reaction mechanism of BT may be as
shown in Fig. 4a. During the discharge process, the BT molecule is
occupied by two sodium ions, and the charging process is the
reverse reaction of this process.

As discussed above, BT exhibits excellent electrochemical
performance in half-cells, then, we further evaluated its perfor-
mance in full batteries using commercial sodium vanadate (NVP)
as the cathode material (Fig. S21a, ESI†). The redox mechanism
and electrochemical performance of NVP are referenced in the
literature,33 with the charging/discharging voltage range for the
NVP cathode being 2.5–3.6 V and that for the BT anode being 0.1–
2.5 V. Based on the charging and discharging curves of the anode
and cathode, we set the voltage range for the full battery to 1.5–
3.5 V. At a current density of 100 mA g�1, the full battery
demonstrated a reversible capacity of 82 mA h g�1 (based on
the weight of NVP) after 200 cycles, along with a high capacity
retention rate of 88% (Fig. S21b, ESI†). The successful assembly of
the BT and NVP full batteries indicates that BT is a promising
organic anode material for sodium ion batteries.

In summary, we designed and synthesized two organic carbox-
ylates, BT and PT, with bithiophene and phenylthiophene as the
core structures, respectively. BT with bithiophene exhibits better
planarity and enhanced p-conjugation, effectively addressing the

common solubility issues and improving electronic conductivity.
BT provides a reversible capacity of up to 201 mA h g�1 and retains
99.1% of its capacity after 400 cycles at a current density of 0.2C.
Even more impressively, at a current density of 2C, the BT electrode
maintains a capacity retention rate of 90.1% after 1500 cycles.
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