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Sodium-ion batteries (SIBs) have been recently regarded as one of the most powerful alternatives for
lithium ion batteries. Owing to their multi-electron reaction mechanism and low cost, organic anode
materials with suitable redox potential and high specific capacity are gradually applied in SIBs. In this
article, sodium terephthalate (Na,CgH;O4, Na,TP) was synthesized through acid-base neutralization
method. Then, Na, TP with different sizes was obtained by anti-solvent method and applied as anode
material for SIBs. The electrochemical performance of Na,TP improves with its size reducing. When
the average size of Na TP is 8 um, the reversible specific capacity reaches 225 mAh/g in the first cycle
and remains 166.1 mAh/g after 50 cycles.
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1. INTRODUCTION

Lithium-ion batteries (LIBs), due to their advantages of high working voltage, large specific
capacity, long cycle life, low self-discharge rate and environmental friendliness, have attracted the
widespread attention of scientists [1,2]. However, the lithium reserve in the earth's crust is limited,
while the current demand for lithium is huge, thus the development of LIBs has gradually entered the
bottleneck period [3-5]. Sodium-ion batteries (SIBs), which have similar working principle with LIBs
and lower cost, have been token as the next candidate in energy storage devices [6-8]. In recent years,
the research work of cathode materials for SIBs has made great progress. However, the traditional
anode material of graphite is not suitable for SIBs [9,10]. Therefore, developing anode material with
high energy density and long cycle life, which can match with the cathode materials, are urgently
required [11,12].

Owing to their advantages of low cost, favorable safety, environmental friendliness, structural
flexibility, and possible multi-electron reactions, organic materials are expected to become the ideal
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anode material for SIBs in the future [13,14]. However, there are still some shortcomings: (1) Organic
small molecule materials can easily dissolve in organic electrolytes of SIBs according to the principle
of “like dissolves like”, resulting in capacity degradation; (2) The conductivity of organic materials is
poor, which results in low utilization rate of active materials and large internal resistance of the battery.
Researchers are trying to improve the electrochemical performance of organic small molecule
materials by preparing corresponding sodium salts, nanosizing, or carbon coating.

Amongst the various organic anode materials, the conjugated carbonyl compounds, which are
characterized by even number of conjugated carbonyl functional groups, have been widely studied in
LIBs [15]. Conjugated carbonyl compounds mainly include conjugated carboxylates [16], imides [17],
quinones [18] with a charge-discharge mechanism of enolization and its reverse reaction. However, at
present, there are limited reports of conjugated carbonyl compounds in SIBs. The conjugated carbonyl
small molecules sodium salts currently used in SIBs mainly include Na,CgH;O4 [19,20], Na,CsH204
[18], Na,Ci2H6O4 [21], NasCsH206 [22] and so on. Zhao et al. [13] for the first time proposed the
application of sodium terephthalate (Na,CgH;O4, Na,TP) in SIBs. Na,TP/KB (Ketjen Black) was
synthesized by ball milling method and applied as anode material for SIBs, resulting in good
electrochemical performance.

In this paper, we synthesized Na,TP with different size by anti-solvent method and investigated
their electrochemical performance. The conclusion is reached that the electrochemical performance of
Na,TP improves with its size reducing, reaching optimal performance when the average size of Na, TP
is 8 um. It can be ascribed that smaller Na, TP size contributes to increasing the contact area between
Na, TP and conductive additive, as well as the electrolyte, thus results in faster migration of Na* and
improved electrochemical performance.

2. EXPERIMENTAL

2.1. Preparation of pristine Na,TP

Pristine Na, TP was prepared by acid-base neutralization method. Sodium hydroxide aqueous
solution (40 ml, 1.38 g NaOH, 97%, ACS reagent) was preheated to 60 °C in water bath. 1.73 g of
terephthalic acid (99%, AR) powder was added to the above solution under vigorous stirring until it
completely dissolved. Then, anhydrous ethanol (98%, AR) was added to the above solution at 90 °C
until the solution had just started to precipitate. The above solution was refluxed for 2 hours under
90 °C water bath, and then was filtered. Finally, the precipitation was dried at 80°C for 12 h to obtain
pristine Na, TP powder.

2.2. Size regulation of Na,TP by anti-solvent method

The size of Na,TP was adjusted by anti-solvent method. In a typical experiment, we prepared a
series of Na, TP aqueous solutions with different concentration of 30 g/L, 50 g/L, 100 g/L and 150 g/L
in water, then added anhydrous ethanol to the above solutions with a volume ratio of 3:1
(ethanol:Na, TP aqueous solution), respectively. Na TP precipitated out from solution with the addition
of anhydrous ethanol. The above mixture was filtered to obtain four different sizes of sodium
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terephthalate samples, denoted as Na,TP-30, Na,TP-50, Na,TP-100, and Na,TP-150, respectively.
2.3. Materials characterization

Fourier transform infrared spectroscopy (FTIR) was recorded on a TENSOR Il spectrometer
(Bruker) with KBr pellets. Powder X-ray diffraction (XRD) pattern was obtained on a DX-27mini desk
type X-ray diffractometer (Cu Ka radiation) from Dandong Haoyuan Instrument in the range of 10-80°.
Scanning electron microscopy (SEM) images were recorded on a Hitachi S-4800 (Japan) scanning
electron microscope with a maximum acceleration voltage of 15 kV. Thermogravimetric analysis
(TGA, Rigaku, Japan) was performed with a heating rate of 10 °C/min in air.

2.4. Electrochemical measurements

The mixture of active materials, super P and polyvinylidene fluoride (PVDF) was dispersed in
N-methyl pyrrolidinone (NMP) at the weight ratio of 65:30:5 to form slurry. All electrodes were
prepared by casting the slurry onto copper foil and dried in vacuum at 100 °C for 12 h. The
electrochemical performance was examined using 2032 coin-type cells with the as prepared electrode
as working electrode, a Na slice as counter electrode, 0.5 M NaCF3;SO; (diglyme) as electrolyte,
Celgard 2325 as separator. All the cells were assembled in an argon-filled glove box with water and
oxygen content both lower than 0.2 ppm and tested at room temperature using a LAND CT2001A
battery test system (Wuhan, China) at a potential range of 0.01-1.2 V. Cyclic voltammetry (CV)
measurement was performed on a CHI 760E electrochemical workstation (ChenHua Instruments Co.,
China) under a scan rate of 0.5 mV/s at a potential range of 0.01-1.0 V. Electrochemical impedance
spectroscopy (EIS) was recorded by CHI 760E with a frequency range of 0.01-10° Hz. In addition, the
specific capacity was calculated based on the mass of Na,TP.

3. RESULTS AND DISCUSSION

Pristine Na, TP was characterized by FTIR and XRD, as shown in Figure 1a and b. As depicted
in Figure 1a, the peaks located at 1551 cm™ and 1381 cm™ indicates the infrared absorption of sodium
carboxylate groups (-COONa), which was confirmed by Wan [23]. Figure 1b shows the XRD pattern
of pristine Na,TP, in which all characteristic peaks can be indexed to the space group P2;/c with
JCPDS card NO. 00-052-2146.31 [20], indicating the formation of pristine Na,TP.

The thermal stability and micromorphology of pristine Na,TP was characterized by TG and
SEM, respectively. As shown in Figure 1c, the TG curve of Na,TP indicates that Na,TP remains
thermally stable below 500 °C. Therefore, no reactions or phase changes occur corresponding to Na, TP
at room temperature. Figure 1d shows that the pristine Na,TP distributes inhomogeneously with a size
of micrometer scale.

Na, TP with different sizes was synthesized by anti-solvent method, as depicted in Figure 2. The
different color of the bottle depicted in the picture represents the amount of the precipitation. Darker
color stands for more precipitation generated.
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Figure 1. Characterization of pristine Na,TP: (a) FTIR spectroscopy, (b) XRD pattern, (c) TG curve
and (d) SEM image.
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Figure 2. Schematic diagram of preparation process of Na, TP with different sizes.
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Figure 3 shows the morphology of Na,TP with different sizes, in which the size of Na,TP
reduces with the increasing of the concentration of Na,TP, while the shape of Na,TP changes from
needle-like shape (Fig. 3a) to particle (Fig. 3g). Compared with pristine Na,TP, Na,TP samples
prepared by anti-solvent method is much smaller. SEM images of Na,TP-30 at different
magnifications in Fig. 3a and 3b show that Na,TP-30 has needle-like shape with an average length of
50 um, and an average diameter of about 6 pm. In comparison, the size of Na,TP-50 and Na,TP-100 is
much smaller, with a length of about 25 pm and 10 um, a diameter of about 4 pm and 3 pm,
respectively, as shown in Fig. 3c and Fig. 3e. When the concentration of Na,TP aqueous solution
increases to 150 g/L, almost getting the saturation point, the size of corresponding Na,TP-150 reaches
the smallest, with a length of about ~8 um, a diameter of ~2 um.

Owing to its high solubility in water but low solubility in ethanol, Na,TP precipitates from
water with addition of ethanol. In the situation of high concentration of Na,TP solution, a large amount
of Na,TP nucleation will precipitate from the solution momently, without enough time to grow, so the
size of Na, TP-150 is much smaller than that obtained at low concentration of Na, TP solution.

Figure 3. SEM images of Na,TP-30 (a, b), Na,TP-50 (c, d), Na,TP-100 (e, f), and Na,TP-150 (g, h).
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In order to investigate the effect of Na,TP morphology on its electrochemical performance, the
electrochemical performance of as prepared Na,TP-30, Na,TP-50, Na,TP-100 and Na,TP-150 were
tested as anode material in SIBs. The charge-discharge curves and EIS results are shown in Fig. 4a and
b. As can be seen from the figure, Na,TP-150 can deliver an initial reversible capacity of 225 mAh/g at
0.1 C (1 C=255 mA/g), which is very approaching to the theoretical capacity of Na,TP (255mAh/g)
and significantly higher than that of Na,TP-100 (198 mAh/g), Na,TP-50 (199 mAh/g) and Na,TP-30
(202 mAh/g) at the same rate. After 50 charge-discharge cycles, the specific capacity of Na,TP-30
significantly faded to only 75.9 mAh/g. In comparison, the specific capacity of Na,TP-50, Na,TP-100
and Na,TP-150 faded relatively slowly, remaining 112 mAh/g, 140.9 mAh/g, and 166.1 mAh/g after
50 cycles respectively. Thus the following conclusion was drawn that with the size of Na, TP reducing,
the corresponding specific capacity and cycle stability of Na, TP improves, which can be ascribed that
the contact area of Na, TP with conductive additive and electrolyte increases with the size reduction of
Na,TP, resulting in the smaller size of Na,TP and faster migration of sodium ions in Na,TP.

EIS measurement was conducted to compare the electrochemical impedance of Na,TP with
different sizes, as shown in Fig 4b. The part of semicircle in EIS curve represents electrochemical
reaction impedance (Rc;), while the linear part represents the Warburg impedance (Ry). It can be seen
that the electrochemical impedance decreases with the reduction of the size of Na,TP, while Na,TP-
150 possesses the lowest resistance, which in consistent with the results in Fig.4a.
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Figure 4. (a) Cyclic performance at 0.1 C and (b) EIS plots of Na, TP with different sizes as the anode
materials of SIBs.

Table 1 depicts the electrochemical performance of Na,TP reported in other articles, in which
the current density, initial reversible capacity, initial Coulombic efficiency and active material content
are listed. Through this comparison, we can find that Na,TP-150 in this article stands out for its modest
initial reversible capacity (225 mAh/g), high initial Coulombic efficiency (56.3%) at 0.1 C (25.5
mA/g) and high active material content (65%) without any complicated modification process.
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Table 1. Comparison of electrochemical performance of Na, TP

Cycling performance
Initial

Sample Current Initial reversible1 Coulombic Active material Ref
X i N 0
density capacity (mAh g™) efficiency content (wt. %)

Na,TP@GE 100 mA/g 270 27.6% 66% [20]
NS-Na,TP 250 mA/g 248 34.3% 40% [23]
Na,TP/KB 0.1C 250 50.3% 64% [13]

ALD-20
N, TP/KB 0.1C 275 60.5% 64% [13]
Na,TP-150 0.1C 225 56.3% 65% This work

In addition, we tested the first cycle of charge-discharge curve and CV curve to investigate the
reaction mechanism of Na, TP using Na,TP-150 as work electrode. As shown in Fig.5a, the discharge
platform located at 0.04 V and the charge platform located at 0.1 V can be ascribe to the reversible
insertion or extraction process of Na* in super P, which was consistent with the report in Wan [23] and
Choi [16]. We can also confirm this point according to the pair of reversible redox peaks located at
0.1/0.04 V (vs. Na'/Na) in CV curve (Fig. 5b). The platform located at 0.3 V (vs. Na*/Na) during the
discharging process, indicates a single step process of two-electron reaction of reversible insertion or
extraction process of Na* in Na, TP [24]. However, during the following charging process, two voltage
plateaus located at 0.40 V and 0.60 V (vs. Na*/Na) can be observed in Fig 5a, indicating a two-step
process of two-electron reaction of reversible insertion or extraction process of Na* in Na,TP, which is
in accord with the anodic peaks (0.49 and 0.59 V vs. Na'/Na) in CV profile.

(@)1s (b)
12
R 2 |
= 0.60! \ 1 e
i~ 09} osst X <
© 550 £
=z : | ~
» 0.50 s
4 PR, : 80 80 100 120 140 g
> o6F ! . @
- | =
1 O S S ~aauacs ' O
03}
0.0 1 1 1 | " 1 L (l _08 N 1 n 1 L 1 L 1 "
0 100 200 300 400 1.0 0.8 0.6 0.4 0.2 0.0
Specific capacity / mAh g Potential / VV vs.Na'/Na

Figure 5. (a) The first cycle of charge-discharge curve at 0.1 C and (b) the CV curve at a scan rate of
0.5 mV/s of Na,TP-150.

4. CONCLUSIONS

In this study, pristine Na,TP was prepared by acid-base neutralization method. Then, through
anti-solvent method, four different sizes of Na,TP, which can be denoted as Na,TP-30, Na,TP-50,
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Na,TP-100 and Na,TP-150, was obtained. Electrochemical characterization shows that with an
average size of 8 um, the initial reversible specific capacity of Na,TP-150 is about 225 mAh/g at a rate
of 0.1 C. After 50 cycles, the specific capacity remains at 166.1 mAh/g. The size reduction of Na,TP
increases its contact area with conductive additives and electrolytes, thus resulting in high migration
rate of Na* and excellent electrochemical performance of Na, TP as anode material for SIBs.
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