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Abstract: Developing low-cost and eco-friendly electrode active materials for sodium-ion
battery technologies may increase their competency, allowing them to become the next
generation of energy storage systems. Low-cost anode materials are urgently required to
address this increasing demand. We propose using earth-abundant coal extracted porous
carbon anodes prepared via a facile hydro/solvothermal method followed by carbonization at
high temperatures. The surface morphology analysis reveals that the hydrothermal carbon
(HTC) and solvothermal carbon (STC) samples are randomly aggregated particles with a
hierarchical porous structure. Sodium-ion battery tests indicate that the coal-derived anode
exhibits stable cycling and high-rate capabilities. The discharge capacity holds 176 mAh/g
and 172 mA/g after the 200th cycle at a current density of 100 mA/g, corresponding to the
HTC and STC samples, respectively. Voluble products from coal waste-based anodes exhibit
remarkable capacities that reduce anode cost and allow us to produce waste to energy for
future secondary battery energy storage.
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1. Introduction

Na-ion batteries (NIBs) have garnered significant attention as a next-generation power supply
for large-scale energy storage due to being created from inexpensive raw materials in the
Earth’s crust, long cycle life endurance, low-temperature performance, and thermal stability [1-3].
Sodium’s physiochemical characteristics are similar to lithium, with a suitable redox
potential (—2.71 V SHE) and a lower voltage of approximately 0.3 V. These characteristics
indicate that NIBs would be ideal replacements for Li-ion batteries (LIBs) [4,5]. NIBs have
significant benefits in terms of lower costs and cyclability; however, a few detriments hinder
Na-ion (Na") transport, leading to active material volume expansion and impeding
commercial applications. The Na* ion has a larger ionic size of 1.02 Avs. Li* (0.69 A), which
means it has lower capacity, lower durability, and limited rate capability [6]. Graphite is a
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commonly used anode material for LIBs, with a theoretical capacity of approximately
372 mAh/g for LiCs; however, graphite cannot be used as an anode for NIBs since the Na*
ion radius does not fit in the small interlayer distance of 0.33 nm [7], which could lead to
severe expansion and contraction, eventually worsening electrochemical reaction dynamics.

Many strategies have been established to upgrade NIB electrochemical behavior.
Suitable anodes that can be used as an alternative to graphite include hard carbon [8], soft
carbon [7], doped graphene [9], and alloys [10]. Hard carbon is currently recognized as the
most suitable NIB anode material due to its low average potential and high-rate behavior.
Most hard carbon can be fabricated using polymers or biomaterials with reasonable Na*
storage capacities. For example, Komaba et al. [11] reported a hard carbon delivering a
reversible capacity of 240 mAh/g at a rate of 25 mA/g; however, they did not discuss its
high-rate capabilities, which would have allowed them to understand commercialization
perspectives. Researchers have determined that hard carbon can provide reversible capacities
of 300 mAh/g [12] and 285 mAh/g [13]; however, this material exhibited an inferior cycling
performance. Bai et al. [14] recently proposed creating hard carbon derived from PVC
nanofibers, achieving 271 mAh/g with a coulombic efficiency of 69.9%, substantially better
than the material created from commercial PVC.

Coal-derived carbon, the most affordable energy resource in existence, has recently
garnered significant attention [15]. Recent literature indicates that low-rank coal can be
extracted and converted to humic acid (HA), then into valuable carbon materials due to the
mixture of available organic compounds [16,17]. This carbon can be used as a surface
protecting agent, conductive network, and feedstock to synthesize graphene-like materials
for various applications [18,19]. Coal-derived carbon and carbon composites have been
employed as anode materials for various batteries [20-22]. Recently, Zhao et al. [23]
prepared carbon anode materials for Na-ion batteries from different grade coal and reported
that the defects and oxygen functional groups helps to storage more Na-ions.

We previously used lignite coal-derived graphene to coat SiO anodes for LIBs, which
ensured conductivity and improved battery performance [24]; therefore, we believe that
highly conductive and low-cost anodes will improve Na-ion diffusion. Controlling the porous
and surface area will allow us to improve the overall Na-ion battery’s performance. The
HTC/STC method effectively prepares the porous and spherical-like carbon anode, which
motivates us to synthesize various structured anodes for Na-ion batteries. We used North
Dakota coal as a carbon source to prepare porous carbon for use as Na-ion battery anodes.
As-prepared anode physical and morphological properties have been investigated using an
appropriate analytical tool. We have also examined HTC and STC electrochemical
performance and discussed the results in detail.

2. Methods
2.1. Coal-derived porous carbon synthesis

The coal-derived porous carbon was synthesized using a hydrothermal and solvothermal
approach, represented schematically in Figure 1. Humic acid (HA) was extracted and purified
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from North Dakota lignite using the base extraction procedure from our previous work [25].
A typical hydrothermal route was used to dissolve 3 g of HA in 60 mL of distilled water
under constant stirring for three hours to form a homogeneous dissolution. The solution was
then transferred into a Teflon-lined autoclave and heated to 200 <C for 14 h. The resultant
products were naturally cooled to room temperature, then centrifuged and washed several
times with distilled water and ethanol before drying at 70 <C overnight. The collected black
powders were calcined at 1000 <C for six hours under an Argon atmosphere at a ramp rate of
5 €/min. The same procedure was followed to obtain solvothermal derived carbon, except
for using ETOH as a solvent to replace the distilled water. The final samples were collected
and labeled as HTC and STC for further analysis.

Base extraction

Purification

Precursor
Solution

Hydro/Solvothermal Carbonization HTC/STC

Figure 1. Schematic illustration for the preparation of HTC and STC anode materials.
2.2. Characterization

An X-ray diffractometer (Smartlab, Rigaku) was used to identify the crystal structure
operating with a driving voltage of 40 kV and a tube current of 44 mA using Cu Ka radiation,
collecting the signal at a scan rate of 37min between 5°and 80< Brunauer-Emmett-Teller
(BET) HTC and STC powder measurements were acquired in a liquid nitrogen atmosphere
using an ASAP 2010 analyzer (Micromeritics, USA). Field Emission Scanning Electron
Microscopy (FEI Quanta 650 FE-SEM) was used to capture the HTC and STC samples’
surface morphologies at different locations.

2.3. Electrochemical measurements

Na-ion battery testing was conducted using a CR-2032 model coin cell in an Ar-filled glove
box. The testing electrode was created by mixing an active material (80%), polyvinylidene
fluoride (10%), and carbon black (10%) in N-methyl-2-pyrrolidinone (NMP) as a solvent.
The suspension was coated on a pretreated Cu-foil, dried in a vacuum oven at 80 <C for 12 h,
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then cut into a disc shape. The cells were assembled with an HTC/STC anode, metallic ‘Na’
as the counter electrode, glass fiber (Whatman GF/F) as a separator, and 1M NaPF salt in
EC:DMC Ethylene carbonate/Dimethyl carbonate (1:1 vol%). As-fabricated cells were
examined at different current rates on a galvanostatic cycler at a voltage of 0.01 V-2.0 V (vs.
Na*/Na) using a Neware Battery Testing System (CT-4008, Neware Technology Limited,
Shenzhen. China). Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy
(EIS) were acquired with a Gamry Series G 750 electrochemical workstation (Gamry
Instruments, Warminster, USA). CV profiles were secured with a voltage range of 0.01 V-2.0 V
at 0.5 mV s, EIS analysis was completed with an AC voltage amplitude of 10 mV and a
frequency of 1,000,000 Hz to 0.01 Hz.

3. Results and discussion

The XRD diffraction patterns of the HTC and STC samples are illustrated in Figure 2a. Broad
peaks were observed at 2 theta 25<and 43< from both HTC and STC samples after
carbonization. A sharp peak observed on HTC around 40-50 is a characteristic peak from the
aluminum sample holder, while this peak not showing on STC is probably due to a larger
amount of sample used for the XRD testing. This pattern is similar to low graphitic carbon
and can be comparable to our previous studies [24]. In general, low graphitic carbon refers
to a material or substance that contains a low proportion of crystalline (ordered) carbon atoms
and high proportion of disordered carbon atoms. This can be quantified by using Raman
spectroscopy to measure the ratio of D (disordered) and G (graphene) (Io/lg). The Raman
spectra in Figure 3c shows the nature of the low graphitic carbon of HTC materials, as
indicated by the high intensity of D-band. Interestingly, the increase of G-band intensity after
carbonization probably implied that more defects or pores are generated during the
carbonization process.

We estimated the surface area and pore size, finding that the typical N2 adsorption-
desorption profile exhibited a usual type-1V isotherm and H2 hysteresis loop with a BJH pore
distribution that endorses the mesoporous texture depicted in Figure 2b. The microporous BET
method was applied at a very low range of relative pressures between 3.12 <102 and 9 <1073,
The increase in N2 adsorption amount was persistent and strong at high P/Po values, indicating
the existence of a large open macropore surface that contributes to physical adsorption. The
calculated specific HTC surface areas were 49.301 m? g%, and the pore size was 2.518e+01 A

The surface morphology examination was identified using FE-SEM analysis. Figure 3a—3d
depicts the surface morphology of the HTC and STC samples. The HTC particle shapes were
not uniform, and the sizes varied for each particle at a micrometer scale. The HTC and STC
samples had many pores on the surface, illustrated in magnified view. These pores may
enhance Na-ion diffusion. HTC has obvious pores on the surface compared to STC, as
discussed in the previously mentioned BET analysis, While STC samples have smaller
particle sizes and wider particle size distribution, which contribute to a large specific surface area
and defect sites. These results can explain the lower ICE of STC than HTC in the latter section.
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Figure 2. (a) XRD pattern for HTC and STC; (b) adsorption/desorption isotherm of
the HTC sample and pore volume distribution calculated using the BJH method; (c)
Raman Spectra of HTC samples before and after carbonization.

Figure 3. FE-SEM images of (a,b) HTC and (c,d) STC at different magnifications.
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The HTC and STC Na-ion storage mechanisms are explained by the CV profiles provided
in Figure 4a—4b. The CV profiles were collected between the voltage range of 0.01 V-2 V for
the first five cycles at a scan rate of 0.5 mV/s. This profile was composed of reduction and
oxidation peaks between the given voltage window. A small reduction peak at about 0.4 V
and a weak hump at about 0.7 V were observed in the first cycle of the CV profiles for both
HTC and STC samples. These peaks are widely accepted to originate from electrolyte
decomposition and side-reactions between electrolyte and hard carbon anode, leading to the
formation of a solid electrolyte interface (SEI). The disappearance of these peaks in the
following cycles supports our hypothesis, as the side reactions and SEI formation
predominantly occurred in the first cycle [26]. A weak peak, exhibited at 0.1 V, originated
from the cathodic and anodic peaks created by Na-ion insertion and extraction into the hard
carbon anodes [27]. Furthur subsequent cycles were virtually overlapped, ensuring the high
reversibility of Na-ions during Na intercalation and de-intercalation.
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Figure 4. (a,b) Cyclic voltammetry curves at 0.5mV/s, and (c, d) discharge and charge
profiles of the HTC and STC samples.

The discharge and charge profiles of the HTC and STC samples cycled at a current density
of 10 mA/g for the first few cycles, followed by a current of 100 mA/g over 200 cycles. The
potential slope was well-matched with the CV profile, indicating the Na-ion intercalation
occurred at around 0.1 V. The discharge and charge capacities were 385/249 mAh/qg,
264/249 mAh/g, 260/247 mAh/g, 240/220 mAh/g, 190/188 mAh/g, and 176/176 mAh/g for
the 1st, 2nd, 3rd, 4th, 100th, and 200th cycles, respectively, corresponding to the HTC samples
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(Figure 4c). The ICE was approximately 65%, and the ICE increased and maintained at 98—
100% after a few cycles. The STC samples delivered discharge and charge capacities of
360/218 mAh/g, 232/216 mAh/g, 226/213 mAh/g, 209/190 mAh/g, 176/176 mAh/g, and
172/172 mAh/g for the 1st, 2nd, 3rd, 4th, 100th, and 200th cycles, respectively Figure 4d. The
STC samples had a lower ICE of 61% than the HTC samples; however, they increased and
maintained at 99-100% over 200 cycles, proving the material’s stability. The typical ICE loss
due to the SEI and possible side reactions was caused by the functional groups and irreversible

Na-ions [28].
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Figure 5. (a) Cycling performance; (b) rate capability; (c) electrochemical impedance
spectroscopy of HTC and STC before cycling and corresponding equivalent circuit; (d)
electrochemical impedance spectroscopy of HTC and STC after cycles and the
corresponding equivalent circuit, and (e) long-term cycling performance of the HTC
and STC samples.
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Figure 5a depicts the HTC and STC samples’ cycling performance. The cells were cycled
at a low current density of 10 mA/g for the first three cycles, then at 100 mA/g. The HTC
sample retained approximately 176 mAh/g after 200 cycles with a coulombic efficiency (CE)
of 100%, whereas the STC samples maintained approximately 172 mAh/g with a CE of
100%. Both anodes maintained stable cycling performance after 200 cycles, indicating the
stability of as-prepared anodes from coal. The cells were tested with different current
densities at ten cycle intervals to illustrate the stability tests further. Figure 5b shows the rate
capacity tests for the HTC and STC samples at different current densities of 10 mA/g, 100 mA/g,
200 mA/g, 400 mA/g, 800 mA/g, 1000 mA/g, and 2000 mA/g. The results indicate that the
discharge capacity was higher for the HTC samples than the STC samples at a low current
rate, while the discharge capacity was approximately the same when the current density was
increased by 10 or 20x. The capacities of the HTC and STC samples recovered to 66 mAh/g
when the cell cycled back to 100 mA/g, corresponding to the anodes’ remarkable rate capability.

The electrochemical impedance principle of the HTC and STC samples was examined
using Nyquist plots (Figure 5¢c-5d), which are composed of semicircles in high-frequency
zones and straight slopes at low-frequency zones, corresponding to charge transfer resistance
(Rct) and Warburg impedance (Zw). The calculated Rt values were 14 Q 16 Q for HTC and
STC, respectively, before cycling. After charging/discharging for 1000 cycles, both EIS
spectra exhibited two semicircles located at high and medium frequency regions over 1000
cycles. The first semicircle belongs to Na-ion diffusion through the solid electrolyte interface,
and the next semicircle was attributed to Ret (38.4 Q for HTC and 88.3 Q for STC) at the
electrode and electrolyte interface. These findings reveal that the resistance of the HTC
samples was slightly diminished after long-term cycling due to their porous nature, which
allows Na-ion diffusion. As-prepared HTC and STC electrodes were assessed at a high
current density of 1 A/g to examine their long-term cycling stability (Figure 5e). Both
electrodes became stable after the first three cycles and maintained 150 mAh/g and 150 mA/g
after 1000 cycles, which is ascribed to HTC and STC. These results suggest that stable SEI
formed on the surface after pre-lithiation, which aids in diffusing the Na-ion without any
barrier. We captured the surface morphology of the cycled electrode after 1000 cycles to
better understand the cycled electrode surface.

Figure 6 depicts the HTC and STC images after 1000 cycles of charging and discharging.
Surface films (SEI) were observed on the HTC (Figure 6a—6b) and STC (Figure 6¢c—6d)
electrodes’ surfaces at low and high magnifications. Significant surface changes occurred
after 1000 cycles compared to before cycling due to electrolyte decomposition and SEI
formation. After 1000 cycles, the surface morphology of HTC and STC samples are showing
a thin, uniform SEI formed on the surface, which is beneficial for allowing stable Na-ion
insertion and extraction during the discharge and charge process. The continuous and uniform
formation of SEI may act as stable interfacial network, enhancing ion transfer and improving
ionic conductivity. Conversely, before cycling, both HTC and STC show well-defined
boundaries of each particle. The changes in surface morphology of the electrode particles
before and after cycling can serve as a significant indicator of SEI quality. This assertion is
demonstrated in our previous research [29], wherein we pioneered a SEM staining technique
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for observing SEI formation. It can be noted that the minor pores are not visible due to the
formation of SEI later after prolonged cycling. This pore structure provides a large amount
of free space between the carbon structure and the appearance of porous structures with
micro/nanocavities and/or micro/nanoholes, which are favorable for Na-ion transport.

Figure 6. FE-SEM images of (a,b) HTC and (c,d) STC at different magnifications after
long term cycling.

4. Conclusion

We successfully prepared coal-derived porous carbon anode materials via facile
hydrothermal and solvothermal methods. As-prepared HTC and STC carbon has been studied
for use as an anode electrode for Na-ion battery applications. Their unique porous structure
increases reaction kinetics and shortens the Na-ion diffusion pathways, resulting in better
cycling and rate capability. HTC and STC exhibit long-term cycling endurance over 1000
cycles at 1 A/g, indicating the material's durability, which was an exciting discovery. The
overall comparative analysis demonstrates that low-cost and coal-derived carbon samples can
be an alternative anode for replacing the commercial anodes in future generation Na-ion batteries.
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