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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• N substituted carboxylates are exploited 
as anode materials in Na-ion batteries. 

• Impacts of N substitution and conjuga-
tion structure to performance are 
explored. 

• N-doped reduced graphene oxide is used 
to enhance the electrochemical 
performance. 

• All-organic Na-ion full cells have been 
demonstrated. 

• Substitution rules of functional groups 
in carboxylate anodes are discussed.  
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A B S T R A C T   

Tailoring molecular structures of organic electrode materials (OEMs) can enhance their performance in Na-ion 
batteries, however, the substitution rules and the consequent effect on the specific capacity and working po-
tential remain elusive. Herein, by examining three sodium carboxylates with selective N substitution or extended 
conjugation structure, we exploited the correlation between structure and performance to establish substitution 
rules for high-capacity OEMs. Our results show that substitution position and types of functional groups are 
essential to create active centers for uptake/removal of Na+ and thermodynamically stabilize organic structures. 
Furthermore, rational host design and electrolytes modulation were performed to extend the cycle life to 500 
cycles. A full cell based on the optimal 2,2′-bipyridine-4,4′-dicarboxylic acid disodium salt anode and the pol-
yaniline cathode is demonstrated to confirm the feasibility of achieving all-organic batteries. This work provides 
a valuable guideline for the design principle of high-capacity and stable OEMs for sustainable energy storage.  
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1. Introduction 

Due to the vast demands for smart electronic devices, electric vehi-
cles, and grid-scale electrical energy storage, it is of paramount signifi-
cance to develop cost-effective and sustainable energy storage devices. 
Among various rechargeable batteries, Na-ion batteries (NIBs) stand out 
as promising alternatives to state-of-the-art lithium-ion batteries (LIBs), 
because of the abundance of sodium resources versus scarce lithium 
[1–6]. To further reduce the battery cost and mitigate the global mate-
rial supply chain challenges, it is critical to eliminate the use of strategic 
elements (e.g. Ni, Co, Li, etc.) in the electrode materials. To this end, 
organic electrode materials (OEMs) offer numerous opportunities owing 
to the lightweight (C, H & O), low cost, abundance, high sustainability, 
and high recyclability [7–9]. 

To date, there are five types of reaction mechanisms in the organic 
NIBs, including carbonyl (C=O), imine (C=N), azo (N=N), thioketone/ 
thioester (C=S), and anion insertion reactions [10–17]. The 
quinone-based carbonyl reaction, pyrazine-based imine reaction, and 
anion insertion reaction provide relatively higher reaction potentials in 
organic cathodes [18–22]. Nevertheless, most of the reported organic 
cathode materials lack Na ions, so they are not suitable as cathodes for 
the rocking-chair type NIBs [23–27]. The carboxylate-based carbonyl 
reaction, Schiff base-based imine reaction, and azo reaction can provide 
relatively lower reaction potentials and are thus promising candidates 
for NIB anodes [28–34]. The redox potentials of azo compounds are 
centered at ~1.3 V in NIBs [35], while imine-based polymers such as 
polymeric Schiff bases show redox plateaus at potentials >0.5 V [13,14]. 
Among various organic anodes, the carboxylate compounds are the most 
promising ones because of their reasonable redox potential (<0.5 V) and 
high specific capacity (>200 mAh g−1). Due to the abundant and diverse 
nature of carboxylate compounds, their molecular structures can be 
manipulated to optimize the electrochemical performance as anodes for 
sustainable NIBs. 

However, OEMs generally exhibit low electronic conductivity, 
resulting in low utilization of active material during electrochemical 
reactions [36]. Moreover, previous studies have shown that OEMs also 
suffer from high solubility in the organic electrolytes, leading to rapid 
capacity fading during long-term cycling [37]. To address these chal-
lenges, a common approach is to integrate OEMs with host materials 
that exhibit high electronic conductivity and excellent adsorption/con-
finement effect, for example, graphene/carbon nanotubes [38,39]. This 
strategy not only shortens the charge transfer pathway, but also reduces 
the OEMs dissolution, leading to significantly improved reaction ki-
netics and suppressed self-discharge phenomenon. It has been widely 
shown that molecular engineering of OEMs by extending the conjugated 
structures can simultaneously increase the electronic conductivity and 
improve the interaction with the carbon-based hosts due to the 
increased π-aromatic conjugation [40–44]. However, how the extended 
conjugation structure impacts the specific capacity and working voltage 
of OEMs remains elusive and even contradictory. For example, Wang 
et al. compared the performance of disodium terephthalate and sodium 
4,4′-stilbene-dicarboxylate (SSDC) in NIBs to exploit the impact of 
extended π-conjugated structure [45]. Their results indicate that the 
extended π-conjugated structure increases the reversible capacity and 
elevates the redox potentials of carboxylate compounds. However, 
Abouimrane et al. explored the performance of disodium terephthalate 
and 1,4,5,8-naphthalenetetracarboxylate, demonstrating that the 
extended π-conjugated structure reduces the reversible capacity but 
retains the redox potentials [46]. Such conflicting results have indicated 
an urgent need to understand and establish rational substitution rules 
for the conjugated carboxylate anode materials to attain high specific 
capacity and reasonable working potential simultaneously. 

Herein, we have tailored the molecular structures of conjugated so-
dium carboxylates and revealed the effect of selective substitution of N 
atoms in the aromatic structure and extended conjugation structure in 
carboxylate compounds when serving as anode materials for NIBs. 

Scheme 1a-c shows the molecular structures of biphenyl-3,3′-dicarbox-
ylic acid disodium salt (Na2C14H8O4), 2,2′-bipyridine-4,4′-dicarboxylic 
acid disodium salt (Na2C12H6N2O4, Na-DCA), and bicinchoninic acid 
disodium salt (Na2C20H10N2O4), respectively. Each of them contains two 
carboxylate groups. Our result shows that Na2C14H8O4, without N 
atoms, is electrochemically inactive in NIBs because it can only form a 
free radical intermediate and cannot be further converted to a stable 
sodiated product (Scheme 1d). In sharp contrast, the presence of two 
pyridine ring structures in the Na-DCA could increase the available 
active sites and provide resonance stability during insertion/de- 
insertion of Na-ions (Scheme 1e), thus enabling four sodium-ion stor-
age and a high specific capacity for Na-DCA. The contrast in electro-
chemical behaviors between Na2C14H8O4 and Na-DCA was additionally 
investigated via ab-initio simulations. The thermodynamics of Na+

intercalation and reduction were determined from gas-phase molecular 
models. In the case of Na2C14H8O4, a stable structure cannot be achieved 
for the reduced molecule because despite every attempt used (including 
directly assigning the additional electrons to the molecule instead of 
Na+ ions), a different optimized structure would be obtained. For 
instance, the Na-ions would be reduced instead of the molecule. This is 
indicative that the reaction as drawn in Scheme 1f is highly unfavorable 
or else the structure would have been optimized given the strict input 
constraints utilized. This confirms the experimental evidence that 
Na2C14H8O4 is electrochemically inactive. On the contrary, both the first 
and second steps of the reaction of Na-DCA were determined to be 
thermodynamically favorable (Scheme 1g). The first step is associated 
with a ΔG of −0.72 eV and the second step’s ΔG = −0.83 eV, demon-
strating the four sodium-ion storage mechanism. Therefore, this work 
unveils the substitution rule of introducing N onto the para position of 
the benzene ring bearing carboxylate groups to promote the thermo-
dynamic reaction in NIBs. 

In addition to the experimental and computational studies for 
Na2C14H8O4 and Na-DCA, we further extended the conjugation structure 
of Na-DCA to form Na2C20H10N2O4, which showed a decreased specific 
capacity and an increased redox potential. Moreover, we further inte-
grated Na-DCA with nitrogen-doped reduced graphene oxide (NrGO) to 
enhance the conductivity, mitigate the solubility of Na-DCA, and 
accommodate the volume change through the π-π interaction between 
the conjugated structures. The results showed that the Na-DCA-NrGO 
anode exhibits a high specific capacity of >300 mAh g−1 at 50 mA g−1 

and a pair of redox plateaus centered at ~0.48 V together with superior 
capacity retention up to 500 cycles, demonstrating exceptional elec-
trochemical performance. An all-organic full cell based on a Na-DCA- 
NrGO anode and a polyaniline cathode is also demonstrated to pro-
mote the practical application of the sodium carboxylate anode. 

2. Experimental 

2.1. Synthesis/preparation of electrode materials 

2,2′-bypyridine-4,4′-dicarboxylic acid disodium salt (Na-DCA/ 
Na2C12H6N2O4) was prepared as follows: 2,2′-bypyridine-4,4′-dicar-
boxylic acid (Alfa Aesar, 98%) was dispersed in ethanol with sodium 
hydroxide pellets (Alfa Aesar, 99%) in 5% excess. The solution was 
stirred at room temperature for 24 h, then the solution was filtered to 
collect the precipitate. The precipitate was washed with ethanol and 
dried in the vacuum oven at 90 ◦C overnight. The isolated product was a 
white powder. 

2.2. Materials characterization 

Fourier transform infrared spectroscopy (FTIR) was recorded by 
Agilent Cary 630 FTIR Spectrometer; Nuclear magnetic resonance 
(NMR) was recorded by Bruker Ascend 400; X-ray diffraction (XRD) 
pattern was recorded by Rigaku MiniFlex using CuKα radiation; and 
SEM images were taken by Hitachi SU-70 analytical ultra-high- 

K. Holguin et al.                                                                                                                                                                                                                                 



Journal of Power Sources 533 (2022) 231383

3

Scheme 1. The molecular structures of the three sodium carboxylates; (a) Na2C14H8O4, (b) Na2C12H6N2O4 (Na-DCA), and (c) Na2C20H10N2O4; and the sodiation/de- 
sodiation mechanisms of (d) Na2C12H8O4 and (e) Na-DCA; Density functional theory calculations for the electrochemical reaction of (f) Na2C12H8O4 with Na+, and 
(g) Na-DCA with Na+. 
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resolution SEM (Japan) and Joel JSM-IT500HR/LV high-resolution 
SEM. Solid-state natural abundance 13C and 15N NMR spectra of magic 
angle spinning (MAS) samples were acquired on a Bruker AVANCE NEO 
500 MHz NMR spectrometer using the combination of standard cross- 
polarization (CP) with proton spinal-64 decoupling. Samples were 
packed in 3.2 mm o.d. rotors and run in a Bruker double-resonance 
magic-angle spinning (MAS) probe. Proton 90◦ pulse widths of 2.5 μs, 
contact times of 2 ms, and pulse delays of 5 s were used to acquire both 
13C and 15N NMR spectra. Carbon-13 chemical shifts were referenced 
with respect to TMS by setting δ(13C) = 0 ppm and nitrogen-15 chemical 
shifts were referenced with respect to α-glycine by setting δ(15N) = 33.4 
ppm. Spectra of MAS samples were acquired at ambient temperature 
with spinning frequencies of 8–10 kHz and spinning sidebands were 
confirmed by running experiments with a different spinning rate. 13C 
CP/MAS NMR spectra were acquired with a total scan of 4k and 15N CP/ 
MAS NMR spectra were acquired with a total scan of 90k. 

2.3. Electrode fabrication and battery assembly 

The reference materials, biphenyl-3,3′-dicarboxylic acid disodium 
salt (Na2C14H8O4) and bicinchoninic acid disodium salt 
(Na2C20H10N2O4), were each mixed with carbon black (CB) and sodium 
alginate (SA) binder to form a slurry with a weight ratio of 60:30:10. The 
electrode was prepared by casting the slurry onto copper foil using a 
doctor blade and dried in a vacuum oven at 90 ◦C overnight. The slurry 
coated on copper foil was punched into circular electrodes (Na2C14H8O4 
and Na2C20H10N2O4, respectively) with a mass loading of ~1.2 mg cm−2 

based on the active material. Coin cells for Na-ion batteries (NIBs) were 
assembled using sodium metal as the counter electrode, 1.2 M NaClO4 in 
ethylene carbonate/diethyl carbonate (EC/DEC) (1:1 by volume) elec-
trolyte, and glass fiber (Whatman) as the separator. 

The 2,2′-bypyridine-4,4′-dicarboxylic acid disodium salt (Na-DCA/ 
Na2C12H6N2O4) was mixed with carbon black (CB) and sodium alginate 
(SA) binder to form a slurry with a weight ratio of 60:30:10. The elec-
trode was prepared by casting the slurry onto copper foil using a doctor 
blade and dried in a vacuum oven at 90 ◦C overnight. The slurry coated 
on copper foil was punched into circular electrodes (Na-DCA) with a 
mass loading of ~1.2 mg cm−2 based on the active material. Coin cells 
for Na-ion batteries (NIBs) were assembled using sodium metal as the 
counter electrode, 1.0 M and 1.2 M NaClO4 in ethylene carbonate/ 
diethyl carbonate (EC/DEC) (1:1 by volume) electrolyte, and glass fiber 
(Whatman) as the separator. 

The 2,2′-bypyridine-4,4′-dicarboxylic acid disodium salt (Na-DCA/ 
Na2C12H6N2O4) was mixed with nitrogen-doped reduced graphene 
oxide (NrGO, ACS Material, LLC, Single layer graphene, N-doped Pow-
der, 1g) in a 2:1 ratio and hand-ground for 1 h. This subsequent mixture 
was then mixed with carbon black (CB) and sodium alginate (SA) binder 
to form a slurry with a weight ratio of 80:10:10. The electrode was 
prepared by casting the slurry onto copper foil using a doctor blade and 
dried in a vacuum oven at 90 ◦C overnight. The slurry coated on copper 
foil was punched into circular electrodes (Na-DCA-NrGO) with a mass 
loading of ~1.2 mg cm−2 based on the active material. Coin cells for Na- 
ion batteries (NIBs) were assembled using sodium metal as the counter 
electrode, 1.0 M and 1.2 M NaClO4 in ethylene carbonate/diethyl car-
bonate (EC/DEC) (1:1 by volume) electrolyte, and glass fiber (What-
man) as the separator. For the full cell assembly, the PANI cathode and 
Na-DCA/Na2C12H6N2O4 anode were each mixed with NrGO in a 2:1 
ratio, mixed with CB and SA in the mass ratio of 80:10:10, and the 
resulting slurry was cast onto aluminum foil using a doctor blade and 
dried in a vacuum oven at 90 ◦C overnight. The slurry coated on 
aluminum foil was punched into circular electrodes, PANI-NrGO and 
Na-DCA-NrGO, respectively, with a 2:1 mass loading ratio of ~2.4 mg 
cm−2 (cathode): ~1.2 mg cm−2 (anode) based on the active material, 
respectively. 

2.4. Electrochemical measurements 

All galvanostatic discharge-charge cycles were performed using an 
Arbin battery testing instrument (Arbin Instrument, model LBT20084) 
at room temperature in a voltage range of 0.1–2.0 V. Specific capacity is 
calculated based on the mass of active material in the composite anode. 
Cyclic voltammograms (CVs) were recorded using Gamry Reference 
1010E Potentiostat/Galvanostat/ZRA with a scan rate of 0.1–1.0 mV 
s−1. Impedance analysis was also performed by Gamry Reference 1010E 
Potentiostat/Galvanostat/ZRA. CVs at various scan rates were used to 
study the reaction kinetics of Na-DCA (Na-DCA-NrGO/NrGO- 
Na2C12H6N2O4) anode in NIBs. For the assembly of the Na-DCA-NrGO| 
PANI-NrGO full cell, the Na-DCA-NrGO/NrGO-Na2C12H6N2O4 anode 
and PANI-NrGO cathode were pre-cycled at 100 mA g−1 in a half cell for 
15 cycles and were then disassembled in a glovebox after charging to 2 V 
and discharging to 2 V, respectively. The pre-sodiated Na-DCA-NrGO/ 
NrGO-Na2C12H6N2O4 anode and PANI-NrGO cathode were reassembled 
in a full cell and cycled at room temperature in a voltage range of 
0.5–3.9 V. After cycling, cyclic voltammograms (CVs) were recorded 
using Gamry Reference 1010E Potentiostat/Galvanostat/ZRA with a 
scan rate of 0.1–1.0 mV s−1. 

2.5. Computational methodology 

All gas-phase molecular simulations were carried out with the soft-
ware package Gaussian 16. The B3LYP hybrid density functional theory 
(DFT) level of theory was used with the 6–311++G(d,p) split valence 
basis set with added polarization and diffuse functions. The molecules of 
interest underwent a geometry optimization to find the most stable and 
expected structures (including screening different possible spin multi-
plicities) followed by a frequency calculation to determine the vibra-
tional, rotational, and translational contributions to the free energy. All 
free energy calculations were carried out at 298 K. To ensure that the 
molecules were receiving the additional electrons in the reduced simu-
lations, the fragment input specification was used to attempt to ensure 
this outcome. 

3. Results and discussion 

To investigate the electrochemistry of the nitrogen-containing so-
dium carboxylate in NIBs, we synthesized Na-DCA and the other two 
control samples (Na2C14H8O4 and Na2C20H10N2O4). The structures of 
the resulting organic salts were confirmed and characterized by X-ray 
powder diffraction (XRD), Fourier-transform infrared (FTIR) spectros-
copy, proton nuclear magnetic resonance (1H NMR), carbon-13 nuclear 
magnetic resonance (13C NMR), solid-state NMR, and scanning electron 
microscopy (SEM). As shown in Fig. 1a (black), S1a, and S2a, all three 
materials exhibit crystalline structures. The FTIR spectra for the three 
compounds in Fig. 1b (black), S1b, and S2b, show C=O asymmetric 
vibration peaks for Na-DCA, Na2C14H8O4, and Na2C20H10N2O4 at 1610 
cm−1, 1677 cm−1, and 1580 cm−1, respectively, and symmetric vibra-
tional peaks at 1394 cm−1, 1300 cm−1, and 1362 cm−1, respectively. 
New peaks can be observed at 1610 cm−1 and 1394 cm−1, corresponding 
to asymmetrical and symmetrical vibrations of C=O in the carboxylates, 
while the peak at 1548 cm−1 corresponds to the vibrations of C=N in the 
pyridine moieties of Na-DCA. These peaks are shown in detail in 
Fig. S3a. Further characterizations for Na-DCA using 1H NMR (Fig. 1c) 
and 13C NMR (Fig. 1d) with D2O as the solvent were obtained. In Fig. 1c, 
three 1H NMR peaks in the range from 7.8 to 8.8 ppm represent the 
protons in the pyridine moieties of Na-DCA. There is an obvious peak at 
4.790 ppm, corresponding to the chemical shift of H in the D2O solvent. 
The 13C NMR spectrum of Na-DCA (Fig. 1d) shows three peaks at 121.2 
ppm, 123.2 ppm, and 149.6 ppm, corresponding to sp2 carbons in the 
pyridine ring bonded with protons, while the peak at 146.3 ppm cor-
responds to sp2 carbons in the pyridine ring bonded to the carboxylate 
groups. The 13C NMR peak at 155.6 ppm corresponds to sp2 carbons in 
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the pyridine rings bonded to each other, while the 13C NMR peak at 
172.9 ppm corresponds to sp2 carbons in the carboxylate groups. Solid- 
state 13C NMR and 15N NMR tests were also performed to further 
confirm the molecular structure of Na-DCA. 13C CP/MAS NMR spectrum 
(Fig. 1e) indicates that there are six carbon peaks with chemical shifts 
for 13C: A – 172.7 ppm; B – 167.0 ppm; C – 154.1 ppm; D – 148.0 ppm; E 
− 142.6 ppm; F – 123.1 ppm. C/D/F refers to three sp2 carbons in the 
pyridine ring bonded with protons. The strong 13C peak intensities in C/ 
D/F compared to those in A/B/E are due to the stronger 1H–13C dipolar 

interactions in C/D/F using CP pulse sequence. * refers to spinning 
sidebands. 15N CP/MAS NMR spectrum (Fig. 1f) indicates that there are 
two nitrogen sites: the chemical shift for 15N is 299.2 ppm, and the 
chemical shift for 15N’ is 285.7 ppm. The observance of two nitrogen 
peaks is due to the spatial asymmetrical structure of Na-DCA. * refers to 
spinning sidebands. The 1H NMR and 13C NMR spectra for Na2C14H8O4 
and Na2C20H10N2O4 are shown in Figs. S1c–d and S2c-d, which also 
confirm their molecular structures. The morphology of each compound 
was investigated by SEM and are shown in Fig. 1g, S1e-f, and S2e-f. Na- 

Fig. 1. Material characterizations of 2,2′-bypyridine-4,4′-dicarboxylic acid disodium salt (Na-DCA) and 2,2′-bypyridine-4,4′-dicarboxylic acid disodium salt-NrGO 
(Na-DCA-NrGO). (a) XRD pattern; (b) FTIR spectrum; (c) liquid-state 1H NMR spectrum; (d) liquid-state 13C NMR spectrum; (e) solid-state 13C NMR spectrum; (f) 
solid-state 15N NMR spectrum; and SEM images with scale bars of 2 μm of (g) Na-DCA and (h) Na-DCA-NrGO. 
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DCA consists of aggregated rod-like particles (2–5 μm), while 
Na2C14H8O4 presents as similar aggregated rod-like particles but with a 
larger size of 3–5 μm, and Na2C20H10N2O4 presents as aggregated long 
rod-like particles (5–10 μm). These characterizations confirm the 
chemical structures and morphologies of the three conjugated carbox-
ylate compounds. 

To improve the performance of sodium carboxylates in NIBs, a highly 
conductive NrGO is mixed with Na-DCA to facilitate the electron and ion 
transfer in the anode. In addition, the large-surface-area and high- 
mechanical-strength NrGO can also accommodate the large volume 
change during repeated sodiation/de-sodiation process and form π-π 
interaction with Na-DCA, resulting in improved stability during long- 
term cycling. Na-DCA-NrGO was also characterized by XRD, FTIR, and 
SEM. As shown in Fig. 1a, the XRD pattern of Na-DCA-NrGO (red) shows 
a retained crystalline structure from Na-DCA (black) and obvious peaks 
overlapping at ~26◦ due to the presence of NrGO in the composite 
(Fig. S3b). The FTIR spectra in Fig. 1b shows maintained C=O asym-
metric vibrations at ~1600 cm−1 and symmetric vibrations at 1394 
cm−1, and C=C ring stretching at ~1540 cm−1. The SEM image of Na- 
DCA-NrGO (Fig. 1h) shows pulverized rods of Na-DCA interspersed 
with NrGO sheets. These characterizations confirm the chemical struc-
ture and morphology of the Na-DCA-NrGO composite. 

To investigate their electrochemical performance in NIBs, the three 
conjugated carboxylate compounds were used as anode active materials 
with sodium metal as the counter electrode and 1.0 M NaClO4 in 
ethylene carbonate (EC)/diethyl carbonate (DEC) as the electrolyte. As 
shown in Fig. 2a, the galvanostatic charge/discharge curves of 
Na2C14H8O4 exhibit a pair of sloping plateaus centered at ~0.5 V with a 
specific capacity of only 31 mAh g−1, which is very similar to the elec-
trochemical behaviors of carbon black (Fig. S4). The similar charge/ 
discharge plateaus and slightly lower reversible capacity demonstrate 
that Na2C14H8O4 is electrochemically inactive as an anode in NIBs, and 
the attained capacity of the Na2C14H8O4 anode is mainly contributed by 
carbon black. In contrast, the galvanostatic charge/discharge curves of 
Na-DCA, shown in Fig. 2b, exhibit one pair of redox plateaus centered at 

~0.48 V with a reversible capacity of 258.7 mAh g−1, while 
Na2C20H10N2O4 delivers a pair of redox plateaus centered at ~0.6 V 
with a lower reversible capacity of 114.5 mAh g−1 (Fig. 2c), demon-
strating that the two N-containing sodium carboxylates are electro-
chemically active in NIBs. Compared to Na-DCA, the extended aromatic 
ring structure in Na2C20H10N2O4 not only elevates the redox potential 
but also reduces the reversible capacities. The extended conjugation 
structure in Na2C20H10N2O4 enhances the molecular weight of the 
organic electrode material but does not introduce any new redox-active 
sites to react with Na+/electron, so the capacity of Na2C20H10N2O4 is 
lower than that of Na-DCA. Additionally, the extended ring structures 
increase the solubility of Na2C20H10N2O4 in the electrolyte, leading to 
fast capacity decay (Fig. 2f). Therefore, Na-DCA, the sodium carboxylate 
with two pyridine moieties, shows the most promising performance in 
NIBs among the three organic anode materials. Further investigation of 
the N-containing sodium carboxylate as an anode in NIBs is focused on 
Na-DCA. In the CV (Fig. S5a), one pair of cathodic and anodic peaks are 
observed at ~0.1 V and ~0.5 V, corresponding to redox plateaus 
centered at ~0.48 V in Fig. 2b. During the long-term cycling test 
(Fig. 2e), a reversible capacity of 124 mAh g−1 at 50 mA g−1 was ach-
ieved and retained after 200 cycles. The Coulombic efficiency of the 
long-term cycling was >98%. The contribution of carbon black to the 
reversible capacity of the Na-DCA anode was subsequently measured 
and found to exhibit a reversible capacity of 63 mAh g−1 (Fig. S4). This 
capacity was subtracted from the capacity from Na-DCA and is presented 
in Fig. S6. The rate capability of Na-DCA was measured from 20 mA g−1 

to 2 A g−1, as shown in Fig. S5b, and demonstrated reversible capacities 
of 312.2 mAh g−1 and 30.5 mAh g−1, respectively. After the current 
density reduces back to 20 mA g−1, a reversible capacity of 295.2 mAh 
g−1 can be retained, demonstrating robust reaction kinetics. However, 
Na-DCA loses 50% of its initial capacity at 50 mA g−1 after 200 cycles 
during the long-term cycling stability test owing to the high solubility of 
the active material in the electrolyte. To decrease its solubility and 
therefore improve the long-term cycling stability, two methods were 
employed: (1) π-π interaction between Na-DCA and NrGO; (2) 

Fig. 2. Electrochemical performance of Na2C14H8O4, Na-DCA, and Na2C20H10N2O4 in NIBs. (a–c) Galvanostatic charge-discharge curves; (d–e) De-sodiation capacity 
and Coulombic efficiency versus cycle number at the current density of 50 mA g−1. 
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electrolyte optimization by tuning the concentration of the inorganic 
salt (perchlorate, NaClO4) in the electrolyte, and thus the polarity and 
donor abilities of the electrolyte can be altered [37]. 

The electrochemical behaviors of Na-DCA-NrGO were assessed with 
sodium metal as the counter electrode and 1.0 M or 1.2 M NaClO4-EC/ 
DEC electrolyte in NIBs. The galvanostatic charge/discharge curves of 
Na-DCA-NrGO in 1.0 M NaClO4-EC/DEC electrolyte, shown in Fig. S7a, 
exhibit one pair of redox plateaus centered at ~0.48 V with a reversible 
capacity of 339.8 mAh g−1. The enhanced reversible capacity is attrib-
uted to the contribution by NrGO and the improved reaction kinetics. In 
the CV (Fig. S7b), there are one sharp cathodic peak at 0.1 V and one 
broad cathodic peak at ~0.45 V, while two broad and overlapping 
anodic peaks at ~0.45 V and ~0.7 V can also be observed, corre-
sponding to the redox plateaus centered at ~0.48 V in Fig. S6a. During 
the long-term cycling tests (Fig. S7c), a reversible capacity of 186.51 

mAh g−1 at 50 mA g−1 was retained after 200 cycles, demonstrating 
improved cycling stability. The Coulombic efficiency of the long-term 
cycling was close to 100%. The rate capability of Na-DCA-NrGO was 
measured from 20 mA g−1 to 1 A g−1 in Fig. S7d. A reversible capacity of 
373.4 mAh g−1 is reduced to 89.7 mAh g−1 when the current density 
increases from 20 mA g−1 to 1 A g−1. After the current density reduces 
back to 20 mA g−1, a reversible capacity of 314.5 mAh g−1 is recovered, 
demonstrating excellent reaction kinetics. Although improved electro-
chemical performance is achieved for the Na-DCA-NrGO anode, obvious 
capacity loss can still be observed. 

To further enhance its cycle life, electrolyte optimization via 
increasing the concentration of the ionic salt in the electrolyte was 
performed. By increasing the concentration of the electrolyte from 1.0 M 
to 1.2 M, an increase in cycling stability can be observed at the price of 
slightly lower reversible capacity. The galvanostatic charge/discharge 

Fig. 3. Electrochemical performance and reaction 
kinetics of Na-DCA-NrGO (1.2 M) in NIBs. (a) Gal-
vanostatic charge-discharge curves; (b) Cyclic vol-
tammograms at 0.1 mV s−1; (c) De-sodiation capacity 
and Coulombic efficiency versus cycle number at the 
current density of 50 mA g−1; (d) De-sodiation ca-
pacity and Coulombic efficiency versus cycle number 
at the current density of 200 mA g−1; (e) Galvano-
static charge-discharge curves at various current 
densities; (f) Rate performance at various current 
densities; Electrochemical performance of full cell Na- 
DCA-NrGO | PANI-NrGO (1.2 M). (g) Galvanostatic 
charge-discharge curves; (h) De-sodiation capacity 
based on the anode and Coulombic efficiency versus 
cycle number at the current density of 50 mA g−1.   
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curves, shown in Fig. 3a, exhibit one pair of redox plateaus centered at 
~0.48 V with a reversible capacity of 294.0 mAh g−1 in the first cycle. 
The reversible capacity increases to 310.9 mAh g−1 in a few cycles due to 
the initial activation process in the 1.2 M electrolyte. The contribution of 
NrGO to the reversible capacity was subsequently measured and found 
to exhibit a reversible capacity of 90 mAh g−1 (Fig. S8). The capacity 
was subtracted from the capacity from Na-DCA and is presented in 
Fig. S9. In the CV (Fig. 3b), the redox peaks in the 1.2 M electrolyte are 
slightly different from that in the 1.0 M electrolyte. The sharp and strong 
cathodic peak is at 0.15 V, while the strong anodic peak is at 0.45 V. In 
the long-term cycling tests (Fig. 3c–d), reversible capacities of 200 mAh 
g−1 at 50 mA g−1 and 126 mAh g−1 at 200 mA g−1 were retained after 
200 cycles and 500 cycles, respectively, demonstrating excellent cycling 
stability. The Coulombic efficiency of the long-term cycling was close to 
100%. The rate capability of Na-DCA-NrGO was measured from 20 mA 
g−1 to 1 A g−1, as shown in Fig. 3e–f, and demonstrated reversible ca-
pacities of 375.0 mAh g−1 and 98.8 mAh g−1, respectively. After the 
current density reduces back to 20 mA g−1, a reversible capacity of 
368.1 mAh g−1 can be recovered, demonstrating robust reaction ki-
netics. This result confirms that using highly conductive NrGO and a 
concentrated electrolyte are effective methods to improve the electro-
chemical performance of the Na-DCA anode in NIBs. 

To further understand the electrochemical behavior of Na-DCA- 
NrGO in the 1.2 M electrolyte, galvanostatic intermittent titration 
technique (GITT) and electrochemical impedance spectroscopy (EIS) 
were employed to study the reaction kinetics. The equilibrium potentials 
obtained from GITT are shown in Fig. S10a. The charge/discharge 
equilibrium potentials of Na-DCA-NrGO are centered at 0.7 V/0.3 V with 
overpotentials of 52 mV and 46 mV at the charge and discharge pla-
teaus, respectively. The small overpotentials confirm the fast reaction 
kinetics of Na-DCA-NrGO. Additionally, EIS was employed to evaluate 
the impedance evolution of the Na-DCA-NrGO anode upon cycling. 
Presented in Fig. S10b, the interfacial impedance of the fresh cell is 
~280 Ω and slightly increases to ~300 Ω after 1 cycle. After 5, 10, and 
20 cycles, the interfacial impedance was retained at ~300 Ω. The stable 
interfacial impedance from the 1st to 20th cycle demonstrates the stable 
solid electrolyte interphase (SEI) layer upon long-term cycling, which 
contributes to the stable cycle life. The GITT and EIS confirm fast re-
action kinetics and the formation of a stable SEI layer of the Na-DCA- 
NrGO anode in NIBs. As a comparison, the reaction kinetics of Na- 
DCA in the 1.0 M electrolyte were also investigated by GITT and EIS. 
The equilibrium potentials obtained from GITT are shown in Fig. S11a. 
The charge/discharge equilibrium potentials remain centered at 0.7 V/ 
0.3 V, respectively. However, the exhibited overpotentials are slightly 
larger, at 65 mV and 70 mV, indicating that the addition of NrGO and the 
increased electrolyte concentration aides in improving the reaction ki-
netics. Furthermore, EIS evaluated the impedance evolution of Na-DCA 
upon cycling. Shown in Fig. S11b, the interfacial impedance of the fresh 
cell is ~35 Ω and slightly increases to ~40 Ω after 1 cycle. With 
continued cycling, the interfacial impedance continues to increase from 
~95 Ω after 5 cycles to ~135 Ω after 10 cycles, and finally ~185 Ω after 
20 cycles. Though the interfacial impedance of Na-DCA in the 1.0 M 
electrolyte is lower than that of Na-DCA-NrGO in the 1.2 M electrolyte, 
the continuous increase of the interfacial impedance indicates the 
instability of the SEI layer, resulting in its rapid capacity loss and 
diminished cycle life. These results confirm that an improved carbox-
ylate anode can be attained by adding NrGO and increasing the salt 
concentration of the electrolyte. 

Since the Na-DCA-NrGO anode exhibits the best performance in 
NIBs, we further couple it with a p-type polymer cathode, polyaniline 
(PANI), to evaluate the performance of the all-organic full cell. Galva-
nostatic charge/discharge curves and cycle life for the PANI cathode are 
presented in Figs. S11a–b, showing a pair of slopping redox plateaus 
centered at 3.1 V with a reversible capacity of 138.5 mAh g−1 at 100 mA 
g−1 for 50 cycles. The full cell based on the Na-DCA-NrGO anode and the 
PANI cathode was cycled between 0.5 and 3.9 V. The galvanostatic 

charge/discharge curves in Fig. 3g exhibit one pair of slopping redox 
plateaus centered at ~2.8 V with a reversible capacity of 210.4 mAh, g−1 

in the first cycle, and it quickly increases to 265.8 mAh g−1 after a few 
cycles (Fig. 3h). In the CV (Fig. S12a), two cathodic peaks at ~2.8 V and 
~3.3 V and two side-by-side anodic peaks at ~2.9 V and ~3.0 V can be 
observed, corresponding to the redox plateaus centered at ~2.8 V in 
Fig. 3g. In the long-term cycling tests (Fig. 3h), a reversible capacity of 
207.1 mAh g−1 at 50 mA g−1 based on the weight of the anode material 
was retained for 60 cycles. The Coulombic efficiency of the long-term 
cycling was >99%. The cycle life based on the weight of the cathode 
is also provided in Fig. S13. The rate capability of the full cell was 
measured from 20 mA g−1 to 2 A g−1, as shown in Fig. S12b, and 
demonstrated reversible capacities of 259.4 mAh g−1 and 104.6 mAh 
g−1, respectively. After the current density reduces back to 20 mA g−1, a 
reversible capacity of 237.3 mAh g−1 can be recovered, demonstrating 
good reaction kinetics. These full cell results further confirm the 
robustness, stability, and excellent electrochemical performance of Na- 
DCA-NrGO in rechargeable sodium batteries. 

In addition to studying the electrochemical performance, XRD, FTIR, 
and SEM were used to evaluate the molecular, crystalline, and 
morphological structures of the anode material, Na-DCA-NrGO, upon 
cycling. The in-situ XRD patterns in Fig. 4a show that the XRD peaks at 
0.64, 0.73, 1.36, and 1.6◦ disappear during the first discharge, indi-
cating phase transformation. The ex-situ XRD patterns of pristine and 
cycled Na-DCA-NrGO anodes in Fig. 4b, do not show changes to the 
crystalline structure, demonstrating that the initial phase trans-
formation is reversible, and the crystalline structure is stable upon 
cycling. Additionally, ex-situ XRD measurements (Fig. S14) for the first 
charge process at various charge stages were performed, however, these 
patterns do not show any discernible changes. The difference in the 2- 
theta degree of the in-situ and ex-situ XRD patterns is owing to the 
different wavelength of the X-ray beam (λ = 0.1173 Å and λ = 1.5418 Å) 
used for the tests. These ex-situ XRD tests were performed on thick 
electrodes, prepared with polytetrafluoroethylene (PTFE) as the binder, 
which presents with a strong peak at 18.2◦. The PTFE peak does not 
change in the pristine and cycled electrodes. FTIR was also used to study 
the molecular structure change of Na-DCA-NrGO upon cycling. As 
shown in Fig. 4c, the FTIR peaks for pristine and cycled Na-DCA-NrGO 
do not show visible changes before and after cycling, demonstrating 
that the molecular structures of Na-DCA and NrGO are well maintained 
after the sodiation/de-sodiation process. Additionally, to explore and 
confirm the proposed redox mechanism, ex-situ Raman was employed to 
confirm the active sites in Na-DCA during charge/discharge processes. 
Presented in Fig. S15, the ex-situ Raman spectra show that the Raman 
peaks for the carbonyl group and pyridine group in Na-DCA are dis-
appeared when it is discharged (0.5V and 0.1V). Upon charging to 2V, 
the carbonyl and pyridine peaks re-appear, demonstrating a reversible 
electrochemical reaction between both the carbonyl and pyridine 
groups and Na ions. SEM is further employed to gain insights into the 
morphology changes of pristine and cycled Na-DCA-NrGO anodes. 
Fig. 4d–g shows that several pores (red circles) are generated on the 
anode surface after 1, 10, and 20 cycles due to the large volume changes 
caused by repeated sodiation/de-sodiation processes. The obvious 
morphology changes lead to the gradual capacity loss upon long-term 
cycling. In comparison, pristine and cycled Na-DCA anodes were eval-
uated using FTIR and SEM to determine the stabilizing effects of NrGO 
and the higher concentration electrolyte. Presented in Fig. S16a, the 
FTIR for pristine and cycled Na-DCA does not show significant changes 
before and after cycling until the 20th cycle. Demonstrating that the 
molecular structure of Na-DCA is preserved after repeated sodiation/de- 
sodiation processes but does start to deteriorate with continued cycling. 
To further understand these structural changes and examine the 
morphology changes during cycling, SEM was employed. Figs. S16b–e 
show that with increased cycling, numerous large cracks are generated 
on the anode surface after 1, 10, and 20 cycles. These significant 
morphology changes are caused by repeated sodiation/de-sodiation 
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processes and lead to the rapid capacity loss during long-term cycling. 
These results confirm that the crystalline and molecular structures of Na- 
DCA are stable upon cycling, but the morphology changes caused by the 
volume expansion/shrinkage during the sodiation/de-sodiation process 
results in the capacity decay of Na-DCA-NrGO. Therefore, further 

performance optimization can be achieved by accommodating the large 
volume change of sodium carboxylate anodes in the long-term cycling. 

In this work, we exploited and expanded the structure design strat-
egy of conjugated sodium carboxylates to obtain high-capacity organic 
anodes for NIBs. As shown in Fig. 5a and Fig. 5b, the conventional 

Fig. 4. Characterizations of pristine and cycled Na-DCA-NrGO electrodes. (a) in-situ XRD patterns of anode material, (b) XRD patterns of anode material, pristine, and 
cycled electrodes; (c) FTIR spectra of anode material, pristine, and cycled electrodes; SEM images with scale bar of 20 μm of (d) Pristine electrode; and Cycled 
electrodes after (e) 1 cycle with pores measuring 9.125 μm (top) and 10.83 μm (bottom) circled; (f) 10 cycles with pores measuring 8.137 μm (top) and 8.176 μm 
(bottom) circled; and (g) 20 cycles with pores measuring 7.234 μm (top) and 10.60 μm (bottom) circled. 

Fig. 5. Structure design strategy for high-capacity carboxylate anodes in NIBs. (a) Sodium terephthalate; (b) 4,4′-biphenyldicarboxylic acid disodium salt; (c) 
Biphenyl-3,3′-dicarboxylic acid disodium salt (Na2C14H8O4); (d) Na-DCA. 
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sodium carboxylate anodes contain a pair of carboxylate groups on the 
para position of the benzene ring, where the active centers (C=O) are 
connected by a conjugated structure as the highlighted yellow region. 
When the O in the carbonyl groups react with Na-ions and electrons, the 
carbon-carbon and carbon-oxygen double bonds are cleaved and 
rebonded to form a stable product. In general, to obtain an electro-
chemically active OEM, two or more active centers should be connected 
by a fully conjugated structure, which consists of strictly alternating 
carbon-carbon double and single bonds. However, the two active centers 
(C=O) in Na2C14H8O4 are not connected by a fully conjugated structure 
as shown in Fig. 5c. When reacting with Na-ions and electrons, sodiated 
Na2C14H8O4 cannot form a stable product (Scheme 1b), and thus it is 
electrochemically inactive. To form a fully conjugated structure to 
connect active centers in Na2C14H8O4, the carbons on the para position 
of the benzene rings can be replaced by N to create extra active centers 
to alter the conjugation structure. For instance, Na-DCA with N on the 
para positions contains four active centers, two carboxylate groups, and 
two N in the pyridine moieties. When two N in the pyridine moieties 
react with Na+ and electrons, it triggers the rearrangement of the 
carbon-carbon double and single bonds (Scheme 1e), which reconnects 
the two carboxylate groups by a fully conjugated structure. All the active 
centers in Na-DCA are connected by strictly alternating carbon-carbon 
double and single bonds during the redox reaction, and Na-DCA dem-
onstrates a high-capacity organic anode as evidenced in this work. 
Therefore, we not only revisit the general structure design strategy of 
connecting active centers by strictly alternating carbon-carbon double 
and single bonds to provide organic carboxylate anodes but also expand 
the strategy to introduce multi-active centers into inactive sodium car-
boxylates to tailor the conjugation structure in sodium carboxylates to 
form high-capacity and low-voltage organic carboxylate anodes for 
sustainable NIBs. 

4. Conclusions 

In conclusion, this work unravels the substitution rule of the N het-
eroatom and extended conjugation structure in the aromatic sodium 
carboxylates to obtain high-capacity organic anode materials for NIBs. 
Among the three conjugated sodium carboxylates studied in this work, 
Na-DCA with two pyridine moieties and two carboxylate groups exhibits 
the best electrochemical performance in NIBs due to the formation of 
stable resonance products and the four-electron/Na+ redox mechanism. 
It provides a structure design strategy of integrating carboxylate groups 
and pyridine moieties to convert an electrochemically inactive carbox-
ylate compound (Na2C14H8O4) into an active OEM (Na-DCA). Intro-
ducing N onto the para position of the benzene ring bearing carboxylate 
groups can significantly promote the thermodynamic reaction and 
enable the electrochemical redox reaction of aromatic sodium carbox-
ylates in NIBs. Further extending the conjugation structure of Na-DCA 
provides Na2C20H10N2O4, but it showed a decreased specific capacity 
and an increased redox potential. To improve the performance of Na- 
DCA, the large-surface-area and highly conductive NrGO and a 1.2 M 
NaClO4-EC/DEC electrolyte are employed to enhance the electrode 
conductivity, mitigate the dissolution of Na-DCA and its sodiated 
product in the electrolyte, as well as accommodate the large volume 
change during sodiation/de-sodiation. The Na-DCA-NrGO composite 
displayed excellent electrochemical performance in terms of high ca-
pacity and long cycle life. GITT and EIS tests further confirm the superior 
reaction kinetics and stable interfacial resistance, while FTIR and XRD 
results demonstrate the stable molecular and crystalline structures of 
Na-DCA upon cycling. Pairing the Na-DCA-NrGO anode material with a 
PANI cathode in a full cell continued to demonstrate its potential in 
enabling a high-performance all-organic battery. Therefore, this work 
paves the way for developing conjugated carboxylate anodes for stable 
and sustainable NIBs. 
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[14] M. López-Herraiz, E. Castillo-Martínez, J. Carretero-González, J. Carrasco, T. Rojo, 
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