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Abstract

Graphite anode material is easily powdered under large currents, resulting in a short circuit inside the battery,
causing serious safety hazards. Therefore, it is necessary to study a negative electrode material, increase the
diffusion channel of lithium ions, increase the layer spacing, reduce the transmission distance, effectively weaken
the lithium-ion deposition, and improve the cycle life. A novel organic hard carbon material was prepared by
calcining dopamine hydrochloride (DA) at three temperatures. Under the inert atmosphere of 950 °C, the material
is fully carbonized, the lattice spacing is 0.367 nm, and it has good lithium-ion transmission activity. After
assembling into a battery, after 2000 charge-discharge tests at a high rate of 10C, the charging specific capacity is
still 103.3 mAh g-1, and the CE remains 101.4%. Dopamine hard carbon anode materials exhibit excellent specific
capacity and cycle properties, providing new ideas to support the rapid charging and discharging of hard carbon
anode materials.

Keywords: dopamine hydrochloride, hard carbon, lithium-ion batteries, high-performance
1. Introduction

With the development and progress of human society, the global energy increasing nervous, and phase current as
high energy consumption in our country, the main task of the development of new energy had become commercial
lithium-ion batteries since the 1990s. Lithium-ion batteries (LIBs) have been widely used in mobile
communications, information technology, medical equipment, and many other fields (Arora, White, & Doyle,
1998; Fan et al., 2018; F. Yang et al., 2011). In recent years, lithium-ion batteries have made some breakthroughs
in the field of mobile vehicles, and fast-charging lithium-ion batteries have become an important research direction
(Nitta & Yushin, 2014; Tirado, 2003). Lithium-ion battery is mainly composed of negative electrode, diaphragm,
positive electrode, and electrolyte, among them, the anode material is an important guarantee for the
electrochemical properties and safety of lithium-ion batteries under different working conditions. In the charging
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process, lithium ions are released from the lattice of the positive active substance and embedded into the lattice of
the negative active substance (Gibertini et al., 2021; Jing et al., 2021). When the lattice of the active substance
embedded in the negative electrode is charged quickly, the concentration of lithium ions at the negative electrode
increases rapidly under the support of large current, resulting in intensified polarization. The pressure of the
negative electrode accepting lithium ions increases, which is easy to lead to structural collapse, capacity reducing,
and even safety problems. Therefore, the solution to the problem of capacity maintenance during lithium-ion rapid
charging lies the materials that can be allowed to rapid embedding of lithium ions in the negative electrode (Lu et
al., 2015; Liu, Zhu, & Cui, 2019; Lee, 2021). Carbon material has the advantages of low-cost, low electrode
potential and high capacity, preferred anode material to lithium-ion battery. Graphite not only has the advantages
of high capacity (372 mAh g") and low electrode potential (0.01 ~ 0.2V), but also relies on a good layered
structure, which is conducive to the insertion and release of lithium ions. In addition, it has good chemical stability
at room temperature and is resistant to corrosion by acids, alkalis, or organic solvents (Peng et al., 2017; Zhao et
al., 2021; Gao et al., 2020). But the graphite layer structure determines the lithium ion can only from end face
embedded, anisotropic leads to uneven lithium-ion diffusion path length, in addition, the specific surface area of
graphite is a small, this site offers limited active point, lead to limited the amount of lithium ion embedded. Besides,
the small interlayer spacing of graphite makes the diffusion resistance of lithium-ion intercalation high, leading to
the rapid decay of graphite circulating capacity (Arora, White, & Doyle, 1998; Z. Wang, K., Wang et al., 2021). In
particular, the large current of graphite under large polarization will make the potential of lithium embedding in
graphite less than 0 V, and a large amount of deposition on the surface of graphite, resulting in the blockage of
diffusion channel and the increase of resistance. As a result, the lithium source cannot be effectively utilized, the
capacity attenuates, and the cycling performance declines sharply (Wang et al., 2021; Lin et al., 2013; Zhang et
al., 2000). Graphite anode material is easy to pulverize under high current, which leads to short circuit inside the
battery, causing serious safety risks. Therefore, it is necessary to study a cathode material to increase the diffusion
channel of lithium ion, increase the layer spacing, reduce the transmission distance, effectively weaken the lithium
deposition, and improve the cycle life. Hard carbon, known as no graphitized carbon material, is characterized by
many randomly distributed sheets of bent graphite that cannot be reshaped into graphite at 3,000 °C or more. The
non-graphitized nature of the hard carbon can be attributed to the formation of cross-linked or covalent C-O-C
bonds in the precursor. The formation of rigid cross-linked structures in his precursors during pyrolysis, as well as
defects, micropores and oxygen-containing functional groups, greatly inhibited the growth of graphite flakes. Even
at high treatment temperatures, hard carbon forms only short-range orientation (Sun et al., 2019; Shen et al., 2018;
Wu et al., 2019).

In this paper, a kind of hard carbon material with similar graphite layer structure was obtained by using dopamine
as carbon source under high temperature carbonization. Its initial specific capacity is 342.7mAh g”', which is like
graphite in capacity, but more outstanding in cycle and rate performance outstanding, providing a new idea for
lithium-ion battery anode materials.

2. Experiment
2.1 Preparation of Hard Carbon Materials DA-800, DA-950 and DA-1100

Taking dopamine hydrochloride (DA) as a raw material, 10g dopamine hydrochloride were added to the porcelain
boats, sealed, and then placed into the tube furnace with N, atmosphere in stages. The temperature was raised to
530 °C at the rate of 3 °C/min, and the temperature was kept for 2 hours. After that, the temperature was raised to
800 °C, 950 °C and 1100 °C at the rate of 2 °C/min. Carbonize for 2 hours, then cool to room temperature. The
preparation process is shown in Figure 1. The porcelain boat was removed to obtain fluffy and porous dopamine
carbon material, and then the dopamine carbon material was ground and sieved (300 mesh) to obtain DA hard
carbon powder, named DA-800, DA-950 and DA-1100, respectively.

2.2 Preparation of Electrode Sheet and Assembly of Battery

DA hard carbon, super P (SP) and polyvinylidene fluoride (PVDF) were mixed in a ratio of 8:1:1. The 5 g mixture
was added to 40 mL N-methyl pyrrolidone (NMP) solvent. After ball milling for 12 h, the paste was evenly coated
on the surface of copper foil and dried at 120 °C for 2 h. The dry film was cut into circular sheets with a diameter of
1.2 cm. The area mass load of the electrode were about 3.0 mg cm™. The cut discs are dried in a 60 °Cvacuum oven
for 12 hours and then placed in a glove box with argon atmosphere to assemble the battery. A lithium-ion battery
was assembled using a lithium sheet as a counter electrode, 1.2 g mL" LiPF, dissolved in a mixed carbonate
solvent (EC/DEC=1:1) as electrolyte, and Celgard®3501(Calgary, LLC, Charlotte, USA) as diaphragm.

2.3 Characterization and Electrochemical Test

X-ray diffraction (XRD) spectra were collected by using copper Ka rays in brock powder X-ray diffractometer.
Infrared spectrum (IR) was measured by Fourier transform infrared spectrophotometer BrukerIFS66/S. Raman
spectra were measured using a thermal DXR micro laser Raman spectrometer. Scanning electron microscope
(SEM) images was captured using a Zeiss 340 scanning electron microscope analyzer. TEM images were obtained
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by TEITecnaiG2F20 transmission electron microscope. Before assessing electrochemical performance, all cells
were pretreated and discharged from open circuit voltage (OCV) to 0.01V at a current of 0.1 mA and charged to 2.5
V at the same rate. The electrochemical performance of cells were evaluated using Abrin cell Test station (BT2000,
Bing Instruments, USA). Cyclic voltammetry curves from 0.01 to 2.5 V were recorded at a rate of 0.1 mV s™ using
Solation 1260tron/1287 electrochemical interface (Mileages, UK). Impedance analysis was also performed using
the Solatron126tron/1287 electrochemical interface kit.
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Figure 1. Preparation process of DA hard carbon material

3. Results and Discussion

3.1 Dopamine-Derived Hard Carbon Characterization Test
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Figure 2. (a) Carbonization temperature control of DA-950 in nitrogen atmosphere; (b) Infrared spectra of the three
samples; (c) XRD spectra of the three samples; (d) Raman spectra of the three samples
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The heating entity diagram of DA-950 is shown in Figure 2(a). Infrared spectroscopy (Figure 2(b)) showed the
presence of characteristic vibration peaks of uncarbonized dopamine hydrochloride at the C-N bond at 1016 cm™,
sp3 C-H bond at 2878 cm™', -N-H bond at 3307 cm™, -O-H bond at 3415 cm™', and benzene ring at 1300-1600 cm’.
However, the characteristic vibration peaks of C-N bond, -N-H bond, -O-H bond and benzene ring completely
disappear after carbonization at 800 °C, 950 °C and 1100 °C, respectively, indicating that DA is completely
carbonized at these three temperatures, and organic hard carbon materials with high carbon content are obtained.
The structures of DA at three temperatures were characterized by X-ray diffraction (XRD) and Raman
spectroscopy (Raman). As shown in Figure 2(c, d), it is found that DA has two wide peaks around 25° and 43°,
which are related to the (002) and (100) lattice planes of disordered carbon structure respectively. With the
increase of carbonization temperature, the DA peak pattern does not change obviously, indicating that they are all
hard carbons. However, at different carbonization temperatures, the peak of (002) has a slight angular shift, which
implies a change in the distance between layers. According to Bragg equation, the values of DA-800, DA-950 and
DA-1100 0.363, and 0.361 nm, respectively. Although there is a slight difference in the layer spacing, the dy,
value of the three temperatures are still much higher than that of graphite (0.335 nm), which can promote the
electrochemical insertion and removal of Li*, and is conducive to increase of the capacity. Especially under the
support of high-rate current, the large layer spacing and disordered carbon structure can effectively deal with the
plugging problem of Li" when inserting into the carbon layer, to improve the cycle stability and capacity retention
rate of high-rate current. For Raman spectra of DA at different temperatures, as shown in Figure 2(d), there are two
separation bands about 1357 c¢cm™' (D band) and 1589 cm ' (G band), corresponding to disordered SP* hybrid
carbon of carbon atom and graphite-like sp> hybrid carbon of ordered layered structure. It shows that DA after
carbonization is composed of disordered SP* hybrid carbon and ordered graphite-like sp” hybrid carbon. In
addition, the peak intensity ratio (Ip/Ig) of D-band and G-band indicates the degree of graphite ordering. The Ip/Ig
of DA-800, DA-950 and DA-1100 are 1.18, 1.24 and 1.12, respectively, and the area ratio is 3.21, 3.34 and 2.64,
indicating that disordered SP* hybrid carbon is dominant. Compared with the other two temperatures, DA-950 has
more disordered SP* hybrid carbon, and the more disordered structure can provide more Li" fast channels in the
process of rapid charge and discharge. Moreover, the disordered structure can support each other and is not easy to
collapse (Xie et al., 2021), which ensures the capacity increase and cycle stability of rapid charge and discharge.

Figure 3. (a)(d) SEM image of DA-800; (b)(e) SEM image of DA-950; (c¢)(f) SEM image of DA-1100

Due to the grinding and screening of DA, DA at all three temperatures presents “frag-like distribution”. The small
particles have poor morphology uniformity, while the large particles are massive and have an ordered and compact
layered structure, exposing more active sites, to maximize and effectively achieve the embedding and extrication
of lithium ions. Due to the grinding and screening of DA, DA at all three temperatures presents “fragmentary
distribution”. As shown in Figure 3(a-c), small particles have poor morphology uniformity, while large particles
have large volume and orderly and dense layered structure, exposing more active sites and maximizing and
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effectively achieving lithium ion embedding and extraction. Further observation shows that da-950 exposes more
defects on the surface than the other two particles, as shown in Figure 3(d-f), which is conducive to the embedding
of Li" at the active point. To sum up, DA-950 has a layered structure just suitable for Li" embedding, which is
conducive to the rapid transportation of Li" and makes it have outstanding performance in magnification
performance.

Figure 4. (a-c) TEM image of DA-800; (d-f) TEM image of DA-950; (g-i) TEM image of DA-1100

In order to further explore the differences in the microstructure of the three materials, TEM characterization was
carried out for the three samples. As shown in Figure 4, the observed DA lattice fringes were staggered and
confused, indicating the overlapping of the isolation layers and the disordered accumulation layer at the graphite
carbon level, which is made up of ordered and disordered layered structure of amorphous carbon, and this structure
can effectively solve the problem that graphite material lithium ion can only from the end of the embedded defects
the carbon layers with different orientations make it easier to embedded and disembodying. Lithium ions
dynamically, providing a superior transmission path and platform for Li", and shortening the transmission path to a
certain extent, which is more conducive to the rapid embedding of Li". In addition, the lattice spacing of DA-950 is
0.367nm, which are better than that of DA-800 and DA-1100, and the layer spacing of the three samples is better
than that of graphite, which is 0.335nm. This means that the three materials of DA will have a higher capacity and
better rate performance.

3.2 Electrochemical Performance Test of Dopamine-Derived Hard Carbon
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Figure 5. (a-c) are curves of voltametric characteristics of DA-800, DA-950 and DA-1100, respectively. (d) and (e)
show the comparison of voltametric characteristic curves of the first and fourth cycles of three DA temperature
gradients. (f) EIS impedance spectra of DA at three temperature gradients

In order to investigate the lithium storage performance of DA hard carbon materials, DA and Li metal were used as
working electrode and opposite electrode to assemble buckle semi-battery. Figure S5(a-c) study the cyclic
voltammetry curves (CV) of three temperature gradients DA. It can be observed that DA-800, DA-950 and
DA-1100 all have two groups of REDOX peaks: strong peaks of DA-800 at 0.17V and 0.31V, strong peaks of
DA-950 at 0.18V and 0.3V, and strong peaks of DA-1100 at 0.15V and 0.26V. All correspond to the peaks of the
ordered graphite-like lamellar structure of lithium embedding and exhuming. In addition, the weak peaks of
DA-800 at 0.61V and 0.82V, DA-950 at 0.60V and 0.85V, and DA-1100 at 0.76V and 0.89V correspond to the
weak bulking peaks and DE lithium peaks of disordered hard carbon structure. The results showed that the CV
curve is in good agreement with the microstructure of electrode material. XRD patterns and Raman spectra
confirmed that DA samples were composed of ordered layered structures like graphite and amorphous structures
with low crystallinity, corresponding to the REDOX peaks in CV curves of different morphologic structures.
Therefore, the CV curves of the three DA gradients all showed a very high degree of overlap after the first cycle,
indicating that DA has good stability in the cycle process and the specific capacity is not easy to decay. As shown
in Figure 5(d) and (e), in the first and fourth circle CV diagrams, the three-temperature materials DA showed
obvious REDOX peaks in the first circle, because the electrode materials need to be activated under the support of
current. The cyclic voltammetry curves of the battery assembled by different electrode resistance were further
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tested under different cycles. When the sweep speed was kept at 0.1mV s, DA-950 had a larger circle area and
specific capacity than the other two materials under the same current, and the capacity distribution was more
extensive under 0~3V, as shown in Figure 5(d). After 4 cycles, the potential difference is reduced, the symmetry is
better, and the irreversible capacity is reduced., indicating that the specific capacity of the DA-950 has a higher
specific capacity.

The electrode materials prepared at three temperatures were assembled into button cells, which were activated at a
current density of 100 mA g™ and tested for impedance, as shown in Figure 5(f). In the high frequency region, the
inflection point value of the first semicircle is Rgg (interface layer resistance), and the inflection point value of the
second semicircle is Ret (charge transfer resistance). The diagonal line in the low-frequency region is the Warburg
impedance (W1), representing the diffusion resistance of lithium ions in the electrode sheet. The results show that
DA-950 exhibits smaller Ry and R, in the high frequency region and smaller Warburg impedance in the low
frequency region, which is more favorable for lithium-ion transport. This is due to the larger lattice stripes of
DA-950 and the greater performance of disordered sp® hybrid carbon compared to DA-800 and DA-1100.
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Figure 6. (a) Charge and discharge curves of DA-800; (b) The charge-discharge curve of DA-950; (¢)
Charge-discharge curve of DA-1100; (d) Comparison of initial charge-discharge curves of DA-800, DA-950 and
DA-1100; (e) Comparison of the third charge and discharge curves of DA-800, DA-950 and DA-1100; (f) Rate
performance of DA-800, DA-950 and DA-1100
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Figure 6(a-c) shows the constant current charge and discharge of DA materials at three temperatures. Can be
observed that under 0.1 V platform related with the proportion of the total discharge capacity decreases with the
increase of cycling times, due to the electrolyte can infiltrate into pores, can effectively reduce the Li" ion diffusion
distance, led to a huge surface area of electrode/electrolyte interface, big enough to absorb the Li"ions, promote
fast charge transfer reaction. The voltage platform of DA electrode consists of two stages, the charge and discharge
process between 0.5~1.0V determined by the amorphous structure and the charge and discharge process between
0.01~0.5V determined by the ordered graphite-like structure. Comparing the first and third charge-discharge
curves of DA-800, DA-950 and DA-1100, as shown in Figure 6(d, e). The initial charging specific capacities of
DA-800, DA-950 and DA-1100 are 331.0 mAh g, 354.4 mAh g, 441.8mAh g”', respectively, and the Coulomb
efficiencies are 57.1%, 61.6% and 47.1%. The DA-950 has high specific charge capacity and high charge and
discharge efficiency. As reflected by Raman curves and TEM images, DA-950, a material with stronger disorder,
not only has the best diffusion channels for lithium ions, but also has abundant active sites. Figure 6(f) compares
the rate performance of DA-800, DA-950 and DA-1100. At 0.2C, 0.5C, 1C, 2C, 3C and 5C, the DA-950 shows
superior magnification performance, especially at large magnification. In addition, when it restored to 0.2c, the
capacity of DA electrode recovers rapidly, which shows that DA has strong adaptability in changing current
density and its structure is stable and not easy to collapse.
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Figure 7(a-d). The cyclic curves of DA-950 at 0.2C, 1C, 3C and 5C

In order to evaluate the long-term cycle stability of DA anode materials at different rates, DA-950, which is
superior in all aspects, is selected for long cycle at 0.2C, 1C, 3C and 5C rates, as shown in Figure 7(a-d). Further
long cycle tests were carried out on da-950 battery samples at different rates. The results showed that the specific
capacity of first charge at 0.2c rate was 337.5 mAh g, and the specific capacity of charge after 100 cycles was
306.5 mAh g, and the capacity retention rate was 89.44%. After 300 cycles of constant current charge-discharge
tests at 1C and 3C rates, the capacity retention rates are 103.9%h and 114.1%, respectively. When upgraded to 5C,
the specific charging capacity still has 132.2 mAh g and coulomb efficiency reaches 115.2% after 300 turns. The
results show that DA-950 has good cyclic stability in the cycle process, and the specific charging capacity of
DA-950 will rise slightly in the process of high-power cycle. This is because under the loading of high-power
current, more active points will be excited and more Li" will be embedded, thus increasing the capacity.
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The cyclic performance and stability of DA-950 under ultra-large rate current were investigated (Figure 8).
DA-950 has a specific capacity of 101.9 mAh g™ at the first charge at the high rate of 10C and 103.3 mAh g after
2000 cycles, with a retention rate of 101.4%. The results show that the structure of DA-950 is stable without the
phenomenon of structural collapse under the addition of 10C super-large multiplier, and it can still stimulate more
active sites, and the capacity also shows a wave trend of small increase.

The excellent lithium-ion transport properties of dopamine hard carbon materials are attributed to the synergistic
effect of the short-range ordered and long-range disordered amorphous carbon structure and the graphitic layered
structure, and the edge defects are the insertion and extraction of lithium ions. Although direct carbonization of
dopamine as an anode material for Li-ion batteries is rarely reported, dopamine, as an endogenous
nitrogen-containing organic compound, can be used as nitrogen-doped carbon sheets as energy storage materials.
Li et al. used dopamine-derived nitrogen-doped carbon sheets as an anode material for high-performance
sodium-ion batteries (Z. Yang et al., 2015), it has excellent cycling stability at a current density of 200 mA g (165
mAh g, without any decay after 600 cycles); In addition, polydopamine (PDA) nanofilms can polymerize and
form polydopamine (PDA) nanofilms on almost any solid surface when exposed to air under weak alkaline
conditions (pH 8.5), and this property is often used as a material coating. In 2018, WU et al. used polydopamine to
coat square ferric oxide, followed by calcination in an argon atmosphere to obtain carbon-coated ferric oxide (Q.
Wang, B. Wang, et al., 2018). The thickness of the carbon layer converted by polydopamine coating is 20—40 nm,
but the overall cost is relatively expensive.

4. Conclusions

A kind of carbon material with graphite layer structure is obtained by carbonizing dopamine HCI (DA) at high
temperature. The carbon structure is the combination of disordered SP® hybrid carbon and ordered sp” hybrid
carbon, showing the mixed channel structure of long-range disorder and short-range order. Compared with
DA-800 and DA-1100, DA-950 has a larger lattice spacing, a more chaotic carbon structure, a larger CV curve
shape and a smaller Rgg;, Rer and Warburg impedance. The DA-950 anode material is more excellent in rate
performance and cycle stability. At the super-large rate of 10C, after 2000 cycles, the specific charging capacity is
103.3mAh g, and the retention rate is 101.4%. The DA-950 shows great potential for commercial applications,
and this work could advance the development of low-cost and sustainable carbon materials.
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