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Organic electrode materials have great application potential in sodium-ion batteries, but solving the
cycling performance of organic materials at high current densities is a huge challenge. Here,
Na-CsOe/reduced graphene oxide-sodium alginate (SR/RGO-SA) was prepared by antisolvent
precipitation and solvothermal methods. The hydrogen bonds formed between SR and RGO-SA and the
conductive network of RGO-SA were used to prevent the capacity attenuation caused by pulverization
upon prolonged cycling. Versus SR electrodes, the SR/RGO-SA electrode has better cycle performance
and rate performance at high current densities. The SR/RGO-SA cathodes (7 . 3) show high specific
capacity (157.2 mAh gt at 500 mA g rate, 0.5-3.2 V) after 100 cycles. This modification method
improves cycling performance by improving organic electrode materials.

Keywords: sodium-ion battery; disodium rhodizonate; reduced graphene oxide; sodium alginate;
cathode material

1. INTRODUCTION

Cheap and large-scale energy storage technologies are essential for sustainable development of
uncontrollable energy such as wind energy and solar energy [1-4]. Na* has a similar electrochemical
potential to Li* but also offers low cost and abundant earth reserves, which makes sodium-ion batteries
(S1Bs) a promising energy storage technology. Just like the layered lithiated transition metal oxides in
lithium-ion batteries, layered metal oxides and polyanionic compounds are the most widely studied
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materials in SIBs. However, the radius of Na* is slightly larger than that of Li*, which means the
insertion/extraction energies of Na* may increase significantly and even destroy the crystalline structure
of the electrode materials [5-7]. Therefore, finding better cathode materials is the focus for SIBs.
Concurrently, the production costs and recyclability of materials are also critical factors to take into
account, considering the economic benefits and environmental protection.

In recent years, organic compounds, especially carbonyl compounds, have received widespread
attention in cathode materials for SIBs due to their high theoretical specific capacity, rich variety, and
recyclable properties [8,9]. For example, CeCl4O; (tetrachloro-1,4-benzoquinone) and NasCgH2Oe (2,5-
dihydroxyterephthalic acid) can be used as cathode materials for SIBs and have high theoretical specific
capacities of 214 and 190 mAh g* [10,11]. The high energy density of the organic compounds mainly
depends on redox-active sites in the material and the molecular weight of the material [12]. Although
the organic compounds have great potential as electrode materials for SIBs, most of the reported organic
materials have been studied at low current densities. Organic compounds are usually prone to dissolving
in organic electrolyte solutions and have low electrical conductivity, leading to a capacity that is much
lower than that of other materials at higher current densities. Increasing the diffusion rates of Na* and
electrons in organic cathode materials is an effective method to improve the high-rate capacity of the
materials [13,14].

There is a four-electron redox reaction in disodium rhodizonate (SR) when it is used as a cathode
material for SIBs, resulting in a theoretically high theoretical specific capacity (Figure 1a) [15].
However, the reversibility of SR fades rapidly under high rates due to the kinetic barriers that depend on
the size of SR and conductivity of the electrode. In order to overcome the kinetic barriers, SR will self-
smash into smaller pieces, which makes it easy to lose contact with SR as a current collector. Current
methods to improve the electrochemical performance of SR are mainly choosing different adhesives or
changing the size and appearance of the material [16-19].

Sodium alginate contains abundant hydroxyl groups, and it can be used as a gel to adsorb the
benzoquinones in water [20,21]. Graphene with a strong conductive network and large A conjugated
porous frameworks is widely used to improve the electrochemical performance of organic materials
especially carbonyl compounds [22,23]. Here, disodium rhodizonate/reduced graphene oxide-sodium
alginate (SR/RGO-SA) was prepared by antisolvent precipitation process and solvothermal process.
There are many oxygen-containing functional groups, such as C=0 and —OH, in graphene oxide, SA,
and SR, which may form hydrogen bonds with each other, resulting in cross-linking between SR,
graphene oxide, and SA during the antisolvent precipitation process. Finally, graphene oxide is reduced
by the solvothermal process, which ensures the conductivity of SR/RGO-SA. The architecture of
SR/RGO-SA is a sheet structure in which the SR is adsorbed on the reduced graphene oxide (RGO)
sheet through sodium alginate (SA). Hydrogen bonding between SA and SR mitigates pulverization-
induced capacity decay (Figure 1b), but RGO maintains high electrical conductivity for the whole
electrode, satisfying the kinetics requirements for the electrochemical cycle. The charge-discharge
behaviors of SR/RGO-SA electrodes are similar to those of SR, but the electrochemical performance of
SR/RGO-SA electrodes is much better than that of SR electrodes. Versus the SR, the SR/RGO-SA shows
a high specific capacity (157.2 mAh g * at 500 mA g *rate, 0.5-3.2 V) after 100 cycles.
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Figure 1. (a) The four-electron redox reaction for SR during charge-discharge cycles; (b) Schematic
illustration of hydrogen bonding between SR and SA.

2. EXPERIMENT

2.1 Preparation of graphene oxide by the Hummers method

Here, 1 g graphite and 0.5 g NaNOs was added to 23 ml H2SO4. Next, 3 g KMnO4 was added
slowly with stirring for 2 h at low temperature (<10°C). The temperature was raised to 35°C, and the
solution was stirred for 0.5 h. After the addition of 100 mL cooled deionized water, the system
temperature was rapidly increased to 90°C, and the solution was stirred for 0.5 h. Next, 40 ml H20:
(10%) and 60 ml water were added to stop the reaction. After washing with deionized water to neutrality,
graphene oxide was collected by vacuum filtration and freeze-drying.

2.2 Preparation of SR/IRGO-SA

SR and SA were dissolved in deionized water at 80°C, and graphene oxide was dispersed in
solution by ultrasound at room temperature. The solution was added dropwise to absolute ethanol at a
volume ratio of 1:5 and allowed to stand for 12 hours with subsequent hydrothermal treatment at 180°C
for 9 h. The product was collected by vacuum filtration and freeze-dried. To make sure that the
conditions were the same, SR and RGO-SA were processed and collected under the same conditions.

2.3 Electrode preparation

The SR/RGO-SA and SR electrode were acquired via mixing active materials, carbon-black
conductive additive (Super P), and polyvinylidene fluoride (PVDF) (8:1:1 in weight ratio) in N-methyl-
2-pyrrolidone (NMP). The as-obtained wet films were then obtained by the scraping cathode materials
on aluminum foil surface. The wet films were dried at 80°C for 12 h. The aluminum foil with cathode
materials was cut into a wafer with a diameter of 12 mm. The cathode layers were about 1.5 mg cm2.
A type 2032 semi-battery was assembled in a vacuum glove box filled with argon gas. One hundred
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microliters of electrolyte solution was added to the separator. NaPFs (0.6 M) in diethylene glycol
dimethyl ether (DEGDME) was used as an electrolyte. The charge-discharge tests and rate tests at
different current densities were conducted between 0.5 V and 3.2 V (versus Na*/Na) on a battery test
station (Arbin Instruments, USA). Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed with the coin cells using an electrochemical workstation (Zahner
Zennium, Germany). Cyclic voltammograms (CV) were tested at a scan rate of 0.1 mV s, with the
voltage ranging from 0.5 V to 3.2 V. Electrochemical impedance spectroscopy was performed with a
10-mV amplitude between 10 mHz and 1 MHz.

2.4 Material characterization

The morphology of SR/IRGO-SA and SR was characterized by scanning electron microscopy
(SEM, Hitachi SU-8010, Japan). The structure of SR/RGO-SA and SR were recorded by X-ray
diffraction (XRD, PANalytical B.V. Empyrean, Netherlands) in which Cu ka radiation was in the range
of 20 of 10°-80°. Functional groups and hydrogen bonds were analyzed by Fourier transform infrared
spectroscopy (FTIR, Thermo Fisher Nicolet IS 50, USA).

3. RESULTS AND DISCUSSION

[
SU8010 1.0kV-D 3.6mm x50.0k SE+BSE(U)

Figure 2. SEM of SR (a) and SR/RGO-SA (b); (c) SEM of SA and SR cross-linked on the surface of
RGO.
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Figure 2 shows SEM of SR (a) and SR/RGO-SA (b). Figure 2a shows that the SR is a nanoparticle
with an octahedral crystal morphology from about 300 nm to 500 nm, which is consistent with the
literature. The wrinkled nanosheets in Figure 2b are RGO because SA and SR cross-link on the surface
of RGO to make it thicker than the normal RGO nanosheet. By zooming in on Figure 2b, SR and SA
can be observed in Figure 2c. SR contacts closely with SA on RGO, where the octahedron is SR and the
irregular particles are SA; SR and SA are connected by hydrogen bond on the RGO surface. The results
show that SA and SR precipitate from deionized water at the same time in the antisolvent precipitation
process and form a complete product via hydrogen bonding on the surface of graphene oxide.

Figure 3 shows the XRD of SR/SA-RGO, RGO, SA, and SR. The broad peak of RGO in 23.7°
corresponds to the (002) plane that represents the interlayer distance of RGO. For SA, the broad peak at
about 13.3° may represent amorphous characteristics. Na,CsOs/RGO-SA shows the same diffraction
peaks as NaxCsOe at 23.0°, 26.5°, and 31.1° corresponding to the planes of (131), (311), and (400)
respectively. The peak width of SR/RGO-SA in 31.1° is significantly larger than that of SR, which may
be caused by the addition of RGO-SA, which reduces the SR crystal size.
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Figure 3. XRD patterns of SR/RGO-SA, SR, SA, and RGO.

FTIR analysis was used to confirm hydrogen bond formation between Na,CsOs and SA (Figure
4). For SR, the absorption peaks at 1649 cm™?, 1523 cm™?, and 1329 cm™ correspond to the stretching
vibration of C=0, the six-membered ring, and C-O. Several absorption bands near 1726 cm™, 1552
cm?, and 1183 cm™t are still observable in RGO. The absorption bands at 1726 cm™ correspond to
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stretching of the C=0 [24]. The bands at around 1552 cm™* and 1183 cm™* may be due to the skeleton
vibration of RGO and C-O. The results show that the RGO still has a small amount of oxygen-containing
functional groups after the solvothermal process. The broad peak formed near 3350 cm™ is the stretching
of the hydroxyl group, and the deformation peak of the pyran ring is at 1300 cm™ in SA. For SR/RGO-
SA, most of the absorption peaks of SR, SA, and RGO remained good, and the deformation peak of the
pyran ring disappeared at 1300 cm™* while also providing evidence for the formation of hydrogen bonds
between SA and SR [25,26].
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Figure 4. FTIR spectra for SR, RGO, SA, and SR-RGO-SA.

Figure 5a shows the specific capacity of the SR/RGO-SA electrode with different contents of
RGO-SA at a current density of 500 mA g*. Judging from Figure 5a, the cycle performance of the
SR/RGO-SA electrode increases initially and decreases afterward with increasing RGO-SA content. The
discharge capacity of the SR/RGO-SA electrode (msr: Mrco-sa=7:3) at the best mass ratio is 157.2 mAh
g ! after 200 cycles at 500 mA g%, while the specific capacity of the SR electrode is only 90.2 mAh g 2.
The reason for the increase in the specific discharge capacity of the composite may be that the hydroxyl
groups on the surface of the RGO-SA form hydrogen bonds with C=0 in SR, and RGO improves the
conductivity of the electrodes during charge-discharge cycles, which reduces the detachment of SR after
pulverization.
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The galvanostatic charge-discharge curves of the SR (b) and SR/RGO-SA (c) electrode at a
current density of 500 mA g * are shown in Figure 5. It is clear that the plateaus in the discharge/charge
profiles of SR/IRGO-SA electrode change less than those of the SR electrode at different cycles.
Furthermore, the discharge/charge capacities of SR/RGO-SA electrode are higher than the specific
capacity of SR electrode, suggesting synergistic effect of SR and RGO-SA. The repeatability of the
galvanostatic charge-discharge curves for the SR/RGO-SA electrode underscores the stability of the
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Figure 5. (a) Cycle performance of the SR-RGO-SA SR and RGO-SA electrodes at a current density of
500 mA g . (b, ¢) The galvanostatic charge-discharge curves of the SR electrode (b) and the
SR/RGO-SA electrode (c). (d) Rate capability of the SR/RGO-SA electrode. () Cyclic

400 500

performance of the SR-RGO-SA SR electrodes at 1000 mA g L.
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Figure 5d shows the rate performance of the SR/RGO-SA and SR electrodes. When the current
density increases from 50 mA g to 1000 mA g, the discharge specific capacity of the SR/RGO-SA
electrode changes from 250 mAh g* to 140 mAh g%, while the specific capacity of SR decreases from
240 mAh g* to 100 mAh g 1. After the current density returns to 50 mA g2, the discharge specific
capacity of SR/RGO-SA electrode is restored to about 230 mAh g2, while the specific capacity of SR
electricity is only restored to around 205 mAh g1. Therefore, the rate test results show that SR-RGO-
SA electrodes have better electrochemical performance. Table 1 presents the values of electrochemical
performance for sodium-ion batteries . For comparison, the SR/RGO-SA cathode material has excellent
electrochemical properties compared with other materials under high current density.

Table 1. Performance comparison of Na,CsOs/RGO-SA with previous works.

Current Cycle Capacit Retention Reference
density(mA/q) y(mAh/
9)

Na2CsOs/RGO-SA 1000 500 137 62 % This work
Na2CsOs-PANI 500 50 174 63 % [33]
Na2C606-RGO 372 30 162 60 % [34]

Na2CsOs Nanorods 500 5 140 / [35]

i g 10 50 203 80 % [36]
20 20 131 42 % [36]
18 100 143 76 % [37]
12 50 172 53 % [36]

SR/RGO-SA electrode also delivers good long cycle stability at high current density. As shown
in Figure 5e, the discharge specific capacity of SR-RGO-SA electrodes remained at 137 mAh g after
500 cycles at 1000 mA g . It is clear that the SR/RGO-SA electrode exhibits a higher reversible capacity
compared to SR and RGO-SA electrode as well as those reported for other organic electrode materials
for sodium-ion batteries.
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Figure 6. Cyclic voltammograms of the SR electrode (a) and the SR/RGO-SA electrode (b).

Figure 6 is the cyclic voltammetry curves of SR (a) and SR/RGO-SA (b) electrode at 0.1 mV s %,
In the SR electrode, the discharging process undergoes a one-electron oxidation processes at 2.3, 2.0,
1.7, and 0.8 V, which correspond to a one-electron reduction processes at 1.2, 1.8, 2.1, and 2.5 V in the
charging process [27-29]. The discharge platforms at 2.0, 1.7, and 0.9 V correspond to the formation of
v-NazCsOs, 7-NasCsOs, and y-NasCeOs. The first discharge platform at 2.3 V corresponds to a-Na>CeOs
converted to Na2.5CesOs (Na25CeOs is depicted in the form of a mixture of a-Na2CsOe and y-NazCeOs).

There is a wide charging platform at 2.5 V in the cyclic voltammetry curves of SR electrode,
which corresponds to the conversion of Na2s5CeOs to a-Na2CeOg during the cycles. The reason for the
appearance of this charging platform is that there is a kinetic barrier between y-NazCeOs t0 0-Na>CsOs
phase transformation, and this kinetic barrier is caused by the size and conductivity of the material.
Because of the kinetic barrier, Na" cannot completely extract from y-NasCsOs at 2.5 V [30-32]. The
Kinetic barrier is overcome when the charging voltage continues to rise so that y-NasCeOs is completely
reduced to a-Na>CsOe.

The cyclic voltammetry curves of the SR/IRGO-SA electrode are consistent with the SR
electrode. There is a discharging platform at 1.5 V that corresponds to the y-NazCsOs 0on the surface of
active material reduced to y-NasCsOs. The strain caused by Na* intercalation is increased due to the
formation of hydrogen bonds between y-NasCesOs and RGO-SA on the surface of active materials. This
leads to a large potential lag. As a result, the reduction potential of y-NazCsOs 0On the surface of active
materials is lower than that of normal y-NasCsOe. The charging platform of 2.5 V in SR/RGO-SA is

more obvious than that of SR during the cycle, which shows that the addition of RGO and SA may affect
the electrochemical behavior.
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Figure 7. (a) The equivalent circuit for the EIS fitting of the SR electrode and SR-RGO-SA electrode;
Nyquist plots of the SR electrode (b) and SR-RGO-SA electrode (c).

Table 2. Rct results from SR electrode and SR-RGO-SA electrode after fitting.

Rt (Q) before 1 25 50
Na;CsOs 23.3 40.4 104.1 155.0
SR/RGO-SA 25.0 11.1 63.7 90.1

Figure 7a shows the equivalent circuit of the electrochemical impedance spectroscopy of the SR
electrode (b) and SR/RGO-SA electrode (c). The Rso, Rsel, and Ret represent the Ohmic, interface
resistance, and charge transfer resistances, respectively. The interface resistance is related to the SEI
layer. CPE represents the constant phase element, and W is the Warburg resistance. CPE; is related to
the capacitive behavior at the interface, and CFE: is related to the capacitive behavior of the electrodes.
A Nyaquist plot of SR/RGO-SA and SR electrodes consists of a semi-circle in a high-frequency region
and an oblique line in low-frequency regions. Semi-circles represent the Na* passing through the SEI
layer and charge transfer of the material, while the size of the semi-circle reflects the impedances of
interface and charge transfer. Rt results at different charge-discharge cycles from SR/RGO-SA and SR
electrodes are shown in Table 2. After the 1st cycle, the charge transfer resistance of the SR electrode
increased from 23.3 to 40.4 Q whereas the resistance of the SR/RGO-SA electrode decreases from 25.0
Qto 11.1 Q. In the SR electrodes, SR would be pulverized during the first cycle, and the SR that had
been pulverized had insufficient contact with the current collector resulting in an increase in Rct.

For the SR-RGO-SA electrodes, the hydrogen bonds formed between RGO-SA and pulverized
SR lead to high-conductivity RGO and could maintain the conductivity of the SR/RGO-SA electrode.
However, the pulverization produces more surface area of SR, which enables better contact between the
SR and the current collector. Therefore, the Rt of the SR/RGO-SA electrode decreases after the 1st
cycle. After the 50" cycle, the charge transfer resistance of SR electrode increases from 23.3 to 155 Q,
whereas the resistance of the SR/RGO-SA electrode increases from 25.0 to 90.1 Q. This shows that the
addition of RGO-SA can reduce the increase in the charge transfer resistance caused by the pulverization
of SR during the charge-discharge cycles.
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4. CONCLUSIONS

In summary, SR/RGO-SA was fabricated from SR by antisolvent precipitation and solvothermal
methods and applied for sodium-ion batteries for the first time. Versus SR electrodes, the SR/RGO-SA
electrodes exhibit a high reversible capacity and cyclic performance through electrochemical tests. When
the amount of RGO-SA is 30 wt%, the Na2CsOs/RGO-SA electrode has the best cycle performance.
Versus the original Na,CsOs electrode, the Na,CsOs/RGO-SA electrode can still release 137 mAh g*
specific discharge capacity after 500 cycles at a current density of 1000 mA g . The excellent
electrochemical performance of SR/RGO-SA is attributed to the synergistic effect of RGO, SA, and SR.
In SR/IRGO-SA, the addition of RGO can also favor fast electron transport. Therefore, the
electrochemical performance of the SR/RGO-SA electrode may be a method to improve the cycling
performance of organic sodium-ion batteries.

Table 1 shows the cyclic properties of Na>CsOe-related modified materials and organic anode
materials of sodium ion batteries with similar structure are shown. Na2CeOs/RGO-SA cathode material
has excellent electrochemical properties compared with other materials under high current density.
Compared with other modification methods of Na.CsOs, the composite prepared in this paper has
excellent cycling performance under high current density.
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