2)

A Conjugated Tetracarboxylate Anode for Stable and

ChemComm

ChemComm

Sustainable Na-ion Batteries

Journal:

ChemComm

Manuscript ID

CC-COM-12-2020-008273.R1

Article Type:

Communication

SCHOLARONE™
Manuscripts




Page 1 of 5

ChemCEomm

A Conjugated Tetracarboxylate Anode for Stable and Sustainable

Na-ion Batteries

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

A conjugated tetracarboxylate, 1,2,4,5-Benzenetetracarboxylate
sodium salt (NasCi0H:0s), was designed and synthesized as an
anode material in Na-ion batteries (NIBs). This organic compound
shows low redox potentials (~0.65 V), long cycle life (1000 cycles),
and fast charging capability (up to 2 A g1), demonstrating a
promising organic anode for stable and sustainable NIBs.

The ever-growing demands for energy and environmental
sustainability have stimulated the development of low-cost and
environmentally benign energy storage devices. However,
conventional Li-ion batteries (LIBs) cannot satisfy these
demands because of the high cost, limited availability and
uneven distribution of lithium resources. Considerable research
efforts have been devoted to searching for cost-effective and
sustainable alternatives to LIBs. Among them, Na-ion batteries
(NIBs) stand out because of the low cost, abundance, and high
sustainability of sodium resources, as well as the similar
electrochemistry of NIBs to LIBs.12 To date, a rich variety of
inorganic cathode and anode materials have been developed
for NIBs, including sodium transition metal oxides, sodium
transition metal phosphates, metal sulfides, hard carbons, etc.3-
& Nevertheless, the larger ion size of Na* than Li* and more
complicated Na* storage electrochemistry are detrimental to
the performance of inorganic materials in NIBs.” The
electrochemical performance of NIBs based on inorganic
electrode materials is still not comparable with that of LIBs in
terms of the specific capacity and cycle life. To overcome this
challenge, developing novel high-capacity and long-lifetime
electrode materials is critical.

Organic electrode materials (OEMs) with the advantages of
low cost, abundance, lightweight, high sustainability, flexible
structural tunability, and abundant structural diversity show
great promise for high-performance NIBs.812 Due to the
universal electrochemical properties of OEMs in rechargeable
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batteries, their high performances in LIBs are extended to
NIBs.13-16 To date, a large number of OEMs based on carbonyl
group, imine group, azo group, free radical, and so forth, have
been used to reversibly store Na*.17-21 The low molecular
weights and tunable structures of OEMs enable high-capacity
NIBs. However, there are still two major challenges in organic
NIBs: 1) low electronic conductivity results in slow reaction
kinetics; 2) high solubility in the organic electrolyte leads to fast
capacity decay.?224 To circumvent these challenges, a large
amount of conductive carbon is added to organic electrodes to
enhance the electronic conductivity. In addition, the salt
formation and polymerization of small organic compounds are
effective approaches to reducing the solubility of OEMs and
improving their long-term cycling stability.2>-27 Therefore, high-
performance OEMs can be achieved for stable and sustainable
NIBs by rational structural design.

In this work, the salt formation method was adopted to
synthesize three conjugated sodium carboxylates as anode
materials for NIBs. The molecular structure of these conjugated
carboxylates with two carboxylate groups (Benzene-1,3-
dicarboxylate sodium salt, Na,CgH404), three carboxylate
groups (1,2,3-Benzenetricarboxylate sodium salt, NasCqH30g),
and four carboxylate groups (1,2,4,5-Benzenetetracarboxylate
sodium salt, NasC;0H,0g) are shown in Scheme 1a-c. Na;CgH404
and NasCoH306 with carboxylate groups at the ortho and meta
positions are employed as control samples. We proved that
Na,CsH404 with two carboxylate groups at the meta positions is
electrochemically inactive, while NasCoH30s with three
carboxylate groups at the ortho and meta positions,
respectively, is electrochemically active but suffers from poor
cycle life, especially at high current densities. NasCi10H20s with
four carboxylate groups at ortho, meta, and para positions
exhibits the best electrochemical performance in terms of high
capacity, long cycle life, and fast charging capability. The two
carboxylate groups at the para positions of the benzene ring are
electrochemically active centers to reversibly react with Na-ions
and electrons (Scheme 1d). The superior electrochemical
performance of NasCi0H.0s is further exploited by cyclic
voltammetry (CV) at various scan rates, galvanostatic
intermittent titration technique (GITT), and electrochemical
impedance spectroscopy (EIS) to understand the fast reaction
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kinetics in NIBs. Fourier-transform infrared spectroscopy (FTIR)
and X-ray powder diffraction (XRD) were also used to study the
molecular and crystalline structure evolution of NasCioH20s
upon cycling. The results confirm that the capacitive reaction
kinetics, small overpotential, low interfacial resistance and
stable crystalline/molecular structure upon cycling contribute
to the exceptional performance of NasCi0H20s in NIBs.
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Scheme 1. The molecular structure of three sodium carboxylates: (a)
NazCsHs04, (b) NasCoHs30¢, and (c) NasCioH20s; (d) The sodiation/de-
sodiation mechanism of NasCioH20s.

The structures of NasCi0H20s and the two control samples,
Na;CsH404 and NasCoHs0s, were characterized by XRD, FTIR,
proton nuclear magnetic resonance (*H NMR), Carbon-13
nuclear magnetic resonance (33C NMR) and scanning electron
microscopy (SEM). As shown in figure 1a, S1a, and S2a, all the
three materials show crystalline structures. The sharp and
intense absorption peaks at ~1580 cm- and ~1390 cm-1in FTIR
spectra (Fig. 1b, S1b, and S2b) represent the asymmetric and
symmetric stretching vibrations of carboxylate groups in these
aromatic compounds, respectively.28 The molecular structures
of these conjugated carboxylates are further studied by 1H NMR
and 13C NMR with D,0 as the solvent. The sharp peak at ~4.7
ppm in the spectra of tH NMR stands for the proton in water. In
figure 1c, the sharp peak at ~7.85 ppm represents the two
protons attached to the benzene ring of Na;C10H20s, which have
the same chemical environment and are located at the same
chemical shift in TH NMR. In addition, there are three peaks at
128 ppm, 136 ppm, and 173 ppm in 13C NMR (Fig. 1d),
representing the sp? carbons in the benzene ring bonded with
protons, the sp? carbons in the benzene ring bonded with
carboxylate groups, and the sp2 carbons in the carboxylate
groups, respectively. The IH NMR and 13C NMR spectra of
NazCsH404 and NasCqH30g in figure S1c-d and S2c-d also confirm
their molecular structures. The morphology of these conjugated
carboxylates was investigated by SEM. As shown in figure le
and 1f, NasCi0H20s consists of micro-sized particles (1~5 pum)
with numerous nanorods aggregated together, while Na;CsH404
and NasCgH306 consist of irregular shaped micro-sized particles
(Fig. S1e and S2e). These results confirm the chemical structure
and morphology of the conjugated carboxylates.

To investigate the electrochemical performance in NIBs,
these conjugated carboxylates are used as active materials to
couple with the sodium metal as the counter electrode in the
carbonate-based electrolyte. As shown in figure S3a, the
galvanostatic charge/discharge curves of Na,CsH404 do not
exhibit any plateau after the first discharge and are similar to
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Fig. 1. Material characterlzatlons for Na4C1onOs (a) XRD pattern (b)
FTIR spectrum, (c) *H NMR spectrum, and (d) *3C NMR spectrum. SEM
images with scale bars of (e) 1 um and (f) 5 um.

that of carbon black (Fig. S4). Moreover, its reversible capacity
upon cycling is less than 15 mAh g1 (Fig. S3b), which is
attributed to the capacity of carbon black. This
demonstrates that Na,CsH4O4 with two carboxylate groups at
meta positions is electrochemically inactive in NIBs. To further
exploit the electrochemical behaviors of conjugated
carboxylate anodes, a carboxylate group is added between the
two carboxylate groups in Na;CgH4O4 to provide NazCoH3Os,
which shows one pair of redox plateaus centered at 0.5 V in
figure S5a. At a low current density of 20 mA g1, NazCsH306¢
delivers a de-sodiation capacity of 186.7 mAh g in the first
cycle. In cyclic voltammograms (Fig. S5b), a sharp cathodic peak
at 0.1 V and a broad peak at 0.65 V are observed from the 1stto
4th cycles, corresponding to the redox plateaus centered at 0.5
V in the charge/discharge curves. When cycling at 20 mA g1, a
reversible capacity of 131 mAh g-1is retained after 30 cycles (Fig.
S5c), demonstrating moderate cyclic stability. However, the
reversible capacity of NazCsH30g at 500 mA g1 is remarkably
decreased to 38.7 mAh g1, and a very low capacity of 18.1 mAh
g1l is retained after 400 cycles (Fig. S5d), demonstrating poor
cycle life at a high current density. In the rate capability result
(Fig. S5e), the specific capacity of NasCsH3Os is quickly reduced
from ~180 mAh g1 to below 50 mAh g1 after the current density
increases from 20 mA g to 500 mA gl. When the current
density further increases to 1A g1 and 2 A g1, the specific
capacity drops to ~21 mAh g1 and ~7 mAh g1, respectively,
demonstrating sluggish reaction kinetics.

To further improve the electrochemical performance of

result

conjugated carboxylate anodes, we add two carboxylate groups
to NayCgH404 to provide NasCioH,20s, in which the carboxylate
groups are at the ortho, meta, and para positions of the

This journal is © The Royal Society of Chemistry 20xx
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benzene ring. As shown in figure 2a, NasC,0H20s exhibits one
pair of redox plateaus centered at 0.65 V with a reversible
capacity of 192.7 mAh g1. Compared to NasCqH3Og, the reaction
potential increase of NasCioH20s is ascribed to the addition of
an extra carboxylate group, which is an electron-withdrawing
functional group and changes the electronic structure and
molecular orbital energy level of the conjugated carboxylate. In
cyclic voltammograms (Fig. 2b), one pair of cathodic and anodic
peaks at ~0.5 V and ~0.75 V are observed, corresponding to
redox plateaus centered at 0.65 V (Fig. 2a). In the long-term
cycling tests (Fig. 2c-e), reversible capacities of 136.1 mAh g1 at
20 mA g1, 84 mAh g1 at 500 mA g1, and 51.4 mAhglat2Ag?
are retained after 40 cycles, 800 cycles, and 1000 cycles,
respectively, demonstrating exceptional cycling stability. The
Coulombic efficiency upon long-term cycling is close to 100%.
The rate capability of NasCioH;0s is measured from 20 mA g1 to
2 A g'1. As shown in figure 2f, the reversible capacities of 103
mAh g1 and 78 mAh g can be retained, even though the
current density increases from 20 mAglto1Agland 2 Agl.
After the current density reduces back to 20 mA g1, a reversible
capacity of 149.5 mAh g can still be retained, demonstrating
robust electrochemical
performance of NasCioH,0s renders it a promising organic
anode material in stable and sustainable NIBs.

reaction kinetics. The exceptional
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Fig. 2. Electrochemical

mV s?; De-sodiation capacity and Coulombic efficiency versus cycle
number at the current density of (c) 20 mA g, (d) 500 mA g1, (e) 2000
mA g; (f) Rate performance at various current densities.

To further understand the electrochemical behaviors, CV,
GITT, and EIS were employed to study the reaction kinetics of
NasCioH20s in NIBs. As shown in figure 3a, the NasCioH20s
anode was cycled at various scan rates from 0.1 mV s1to 2 mV
s'1. The peak intensity increases with elevated scan rates. The

This journal is © The Royal Society of Chemistry 20xx
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cathodic peak slightly shifts to a lower potential, while the
anodic peak slightly shifts to a higher potential, due to the
enhanced polarization. The linear fit of the natural logarithm
relationship of scan rate and the peak current is displayed in
figure 3b. The ion diffusion dominates the sodiation/de-
sodiation of the NasC10H,0g anode if the b value is close to 0.5,
while the capacitive behavior dominates the redox reaction if
the b value is close to 1. Since the slope values of cathodic and
anodic peaks are 0.7269 and 0.7043, respectively, the reaction
kinetics of NasCioH20s anode exhibits a partial capacitive
behavior, which contributes to the high-rate capability.?® In
figure 3c, the equilibrium potentials obtained from GITT show
that the charge/discharge equilibrium potentials of Na;sC10H,0s
are centered at 0.7 V/0.6 V, and the overpotentials are only 35
mV and 40 mV at the charge and discharge plateau regions,
respectively. The small overpotential validates the high-rate
capability of the NasCioH;0s anode. To further study the
reaction kinetics, EIS analysis is carried out to analyze the
interfacial resistance of the NasCioH,Og anode, which is
represented by the depressed semi-circle in Fig. 3d. The
interfacial impedance of the fresh Na;Ci0H.0s anode is ~270
Ohm, which gradually enhances to ~300 Ohm after 10 cycles
and stabilizes at ~300 Ohm after 50 cycles. The stable interfacial
impedance from the 10t" cycle to the 50t cycle demonstrates
the stable solid electrolyte interface layer on the NasCioH,0s
anode upon cycling, which contributes to the stable cycle life of
NasCi0H,0g anode in NIBs. The CV, GITT, and EIS results confirm
the good reaction kinetics and a stable interface layer of the
NasCi10H,0sg anode in NIBs.
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Fig. 3. Reaction kinetics of NasC10H20s in NIBs. (a) Cyclic voltammograms
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at various scan rates; (b) The In relationship of peak current and scan
rate; (c) Potential response during GITT measurements; (d) Impedance
analysis before and after charge/discharge.

In addition to the reaction kinetics, FTIR and XRD were used
to exploit the molecular and crystalline structure change upon
cycling. As shown in figure 4a, the FTIR spectra do not change
from the pristine electrode to the 20t" cycle, demonstrating the
stable molecular structure of NasCi0H20s upon cycling. In XRD
tests, thick electrodes were prepared by using
polytetrafluoroethylene (PTFE) as a binder, which shows a
strong and sharp peak at 18.4 degree in figure 4b. The peak for
PTFE does not change upon cycling, while the broad peaks from
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25 degree to 30 degree for NasCi0H20s disappear after the first
cycle, but the peaks at 18.7 degree and 21.7 degree remain from
the first cycle to the 20t" cycle, demonstrating that a crystalline
structure change occurs in the first cycle and the newly formed
crystalline structure retains afterwards. These results further
confirm the stable cycle life and fast charging capability of the
NasCi0H20s anode in NIBs, demonstrating that the conjugated
carboxylate anode is promising for stable and sustainable NIBs.
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Fig. 4. (a) FTIR spectra and (b) XRD patterns of NasCi0H.0s anodes before
and after cycling.

Conclusions

In conclusion, three conjugated carboxylate anode
materials with carboxylate groups at the ortho, meta, and para
positions were designed and synthesized for NIBs. The
conjugated carboxylate (Na;CsHiO4) with two carboxylate
groups at the meta positions are electrochemically inactive,
while NasCoH306 and NasCi0H20s are electrochemically active.
However, with three carboxylate groups next to each other,
Na3CoH306 suffers from sluggish reaction kinetics and poor cycle
life at a high current density. Na;Ci10H20s with four carboxylate
groups at the ortho, meta, and para positions shows the best
electrochemical performance in terms of high capacity, long
cycle life, and fast charging capability. CV, GITT, and EIS results
confirm the fast reaction kinetics and stable interfacial
resistance, while FTIR and XRD results demonstrate the stable
molecular and crystalline structure upon cycling. Therefore, this
work confirms that the conjugated tetracarboxylate is a
promising anode material for stable and sustainable NIBs.
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