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Abstract 

 

 
Hard carbons are promising anode materials for Na-ion batteries that can be produced using a 

wide variety of synthetic or natural precursors. This work focuses on the development of hard 

carbons from natural polyphenols derived from different vegetal extracts. Herein, five natural 

tannin-based polyphenols (catechu, chestnut, myrobalan and two mimosa extracts) were used 

to synthesize hard carbons after a single pyrolysis process at 1500 °C. The morphology, texture, 

structure and surface chemistry of these materials were characterized. The precursors lead to a 

high carbon yield of 35-44%, and the obtained hard carbons have disordered structures. N2 and 

CO2 physisorption assays revealed the presence of a low volume of meso-, micro- and ultra- 

micropores and very low specific surface areas (SSAs) (N2-SSA < 7 m2·g-1 and CO2-SSA < 24 

m2·g-1). These materials exhibit a typical hard carbon structure with large interlayer spacing 

(d002 between 3.55 Å and 3.67 Å) and a small amount of inorganic compounds (< 6 wt.%). The 

electrochemical performance showed a high initial Coulombic efficiency (iCE > 84%), which 

reached 100% after a few cycles, as well as good cycling stability. Myrobalan- and mimosa- 

based hard carbons exhibited reversible capacities of approximately 304 mAh·g-1 when cycled 

at C/10 (C=372 mA·g-1), whereas catechu- and chestnut-derived hard carbons exhibited 

reversible capacities of 280 mAh·g-1, due to the presence of impurities, localized graphitic 

domains and slightly lower d002 values. In addition, the electrochemical behaviour of 

myrobalan- and mimosa-based hard carbons is stable at higher current densities (C), while the 

capacity decreases for the other materials. The best performance was achieved for materials 

with low impurity levels, more disordered structures and low specific surface areas (i.e., 

myrobalan-derived hard carbon). 

Keywords: Hard carbon; Na-ion battery; natural polyphenols; tannins; vegetal extracts; Ar 

pyrolysis 
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1. Introduction 

 

Energy storage demand has increased in recent years, and this trend is likely to continue given 

the global transition from fossil fuels towards renewable energy resources.1,2 However, the 

variability of the latter requires the implementation of enhanced energy storage devices, which 

are critical for maximizing the benefits of those resources. Indeed, it is of utmost importance to 

store the energy generated by renewable resources to deliver it when needed. Li-ion batteries 

(LIBs) currently dominate the energy storage market, and despite the fact that LIBs have been 

widely commercialized since the early 1990s,3 their utilization for large-scale energy storage 

has been delayed due to safety issues, high production costs and the limited and uneven 

distribution of lithium resources around the world.4 These are the principal reasons why 

researchers are looking for a safer, lower-cost and greener energy storage technology. One 

attractive alternative to Li-ion batteries is Na-ion batteries (SIBs). Because sodium and lithium 

have similar physical and chemical properties, sodium has attracted interest as a lithium 

substitute in secondary batteries; in addition, sodium is more abundant and less expensive than 

lithium.5 Furthermore, unlike LIBs, SIB anode current collectors can be processed with 

aluminium instead of copper, lowering manufacturing costs for SIBs.6 

However, the main drawback that limits the widespread commercialization of SIBs is the 

electrode materials, particularly on the anode side. Efforts have been made to develop active 

materials that can perform stably and deliver high capacity cycling performance over a longer 

lifetime. Layered oxides and phosphates,7–9 polyanionic compounds10,11 and Prussian blue 

analogues12 with good electrochemical properties have been developed as SIB cathode 

materials, whereas carbon-based materials have dominated anode research. Graphite, the most 

commonly used anode material for LIBs, showed poor Na+ ion intercalation at an early stage. 

Indeed, graphite intercalation compounds (GICs) with sodium are thermodynamically 

unstable13–15, and graphite can only cointercalate solvated Na ions.16,17 Thus, research has 
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focused on other carbonaceous materials, such as soft carbons (SCs), hard carbons (HCs) and 

heteroatom-rich carbons, as potential economical anode materials.2,18–21 Among these options, 

hard carbons are the most promising anode material for SIB applications. 

Hard carbons, which are non-graphitizable carbon materials, exhibit a disordered-like nature 

and are composed of turbostratic graphene layers (i.e., pseudo-graphitic domains) arranged 

randomly with open and close porosity between the domains. This structure, commonly known 

as the “house of cards”,18,22 has been demonstrated to be favourable for sodium storage by 

adsorption on structural defects, nanopore filling and intercalation into graphene sheets.23,24 In 

fact, hard carbons possess larger interlayer spaces than graphite, making intercalation of larger 

Na+ ions easier (i.e., ionic radii: 1.02 Å for Na+ vs. 0.76 Å for Li+).25 Regardless, the sodium 

storage mechanisms are not yet fully understood,2,26 and hard carbons generally have a low 

initial Coulombic efficiency (iCE), mainly due to the formation of a solid electrolyte interface 

(SEI).27 

Many works have successfully reported hard carbons synthesized from a wide variety of 

precursors for sodium ion storage applications, as reviewed elsewhere.28 This includes waste 

engineering plastics (e.g., PC/PET,29 PVC30), biomasses (e.g., fruit/vegetable peels,31 nut 

shells,32 plants/trees33, kelp34), biopolymers (e.g., cellulose,35,36 sucrose,37 chitosan38) and 

phenolic resins.6,25,39–42 Hard carbons are primarily synthesized by pyrolysis at temperatures 

above 900 °C, and their structure is closely related to the precursors used as well as the pyrolysis 

conditions.43 Furthermore, the presence of other chemical elements, particularly oxygen, boosts 

the suppression of carbon rearrangements during the pyrolysis step, resulting in turbostratic 

microstructures.44 

Despite the abundance and wide variety of biomass precursors, most depend on the season 

and geography, which might lead to a lack of reproducibility in terms of composition/structure. 

On the other hand, the precursors used for preparing phenolic resins are expensive and toxic.45 
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For instance, Hasegawa et al.40 and Asfaw et al.39 used resorcinol and formaldehyde to prepare 

hard carbon monoliths and hard carbon microspheres, respectively. They controlled the material 

properties by modifying the pyrolysis temperature. The best electrochemical performance was 

obtained at temperatures ranging from approximately 1500 to 1600 °C, leading to specific 

capacities ranging from 330 to 350 mAh·g-1. In addition, Hasegawa et al.40 reached one of the 

highest iCEs (92%) using a binder/additive-free monolith with a low specific surface area (3.8 

m2·g-1). Other authors have favoured the use of carcinogenic phenol instead of resorcinol for 

resin preparation. Two examples are the preparation of hard carbon microspheres using a 

hydrothermal carbonization method by Wang et al.46 and the multistep synthesis process 

(solution - spray drying - preoxidation) developed by Shi et al.47 Hard carbon microspheres 

were obtained at lower pyrolysis temperatures (1250 °C and 1100 °C, respectively), leading to 

higher initial specific capacities (517 mAh·g-1 and 394 mAh·g-1). However, the high specific 

surface area of Wang’s HC microspheres46 drops off the iCE to 60% (i.e., reversible capacity 

of 300 mAh·g-1), whereas the multistep synthesis47 achieves 85% iCE (i.e., reversible capacity 

of 334 mAh·g-1). It is worth noting that all works detailed above have cycled their materials at 

a low current density of 20 mA·g-1, which might promote larger capacities. Greener phenolic 

resin synthesis methods have also been proposed, such as the use of phloroglucinol and 

glyoxylic acid25 extracted from natural sources. Hard carbons obtained in this manner have been 

tested as anodes for SIBs, yielding reversible capacities of approximately 270 mAh·g-1 with 

iCEs of 76% when cycled at a higher current density (37.2 mA·g-1). The main disadvantage of 

these precursors is their higher cost than other natural resources (price comparison presented in 

Table S1, Supporting Information). One eco-friendly solution to cost and toxicity issues is to 

use natural polyphenols as hard carbon precursors. Polyphenols are phenol-based molecules 

produced by the secondary metabolism of plants.48 Tannins, the natural counterpart of 

resorcinol, belong to this family and are classified into two categories: hydrolysable tannins and 
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condensed tannins. They are abundant, nontoxic and economical; in addition, they can be 

extracted from different tree barks at an industrial scale. Indeed, tannins are among the only 

natural resources with reproducible compositions that can be produced at large scales and used 

for various carbon production.45,49–51 Tannin-based polyphenols were first proposed by our 

group as green and efficient precursors for hard carbon sphere preparation and utilization as 

high-performance anodes in SIBs (~300 mAh·g-1 at 50 mA·g-1).52 This patented procedure 

involves the polymerization and precipitation of tannins and a cross-linker, followed by a 

pyrolysis step. Therefore, a simplified single-step pyrolysis method for synthesizing hard 

carbon materials from tannins is of great interest. In addition, the high amount of carbon derived 

from such polyphenols makes them appropriate candidates for use as sole carbon sources. 

Motivated by such advantages, this work proposes a green approach for synthesizing hard 

carbons from natural polyphenols with a single pyrolysis step. This process reduces both cost 

and time by using less expensive precursors and simplifying the synthesis method. Five 

different extracts containing either hydrolysable or condensed tannins were selected as 

precursors. The influence of the carbon source on the resulting HC properties (morphology, 

structure, texture and composition) was evaluated. These materials were then tested as SIB 

anodes, exhibiting reversible capacities between 277 and 304 mAh·g-1 at C/10 and an initial 

Coulombic efficiency greater than 84%. The differences in material performance are discussed 

in terms of carbon properties and the applied electrochemical conditions. 

2. Experimental section 

 

2.1. Hard carbon synthesis. 
 

Five polyphenols derived from natural sources were selected for hard carbon synthesis: 

catechu extract (C), chestnut extract (CH), myrobalan extract (M) and two mimosa extracts, 

one purchased from Green’ing, France (MG) and one graciously provided by Mimosa Extract 

Company (Pty) Ltd, South Africa (MC). The precursors were used as-received without any 
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further purification. The raw materials were heat treated at a heat rate of 5 °C·min-1 at 1500 °C 

under an Ar flux of 15 L·h-1 and kept for 1 h at this temperature; then, the samples cooled down 

naturally. The selection of pyrolysis temperature was based on our previous studies53 showing 

the best electrochemical performance for materials pyrolysed between 1400-1600°C 

temperature range. The as-obtained hard carbons were manually ground for better homogeneity, 

and they were labelled “HC-X” hereafter, where X designates the nature of the extract used for 

the heat treatment; e.g., HC-MG is the hard carbon associated with the mimosa extract from 

Green’ing. 

2.2. Physico-chemical characterization 

 

The chemical fingerprint of the precursors was analysed using a Bruker Fourier transform 

infrared spectrometer (model IFS66/S) with an MCT detector in the 4000-400 cm-1 range. The 

carbon content was determined by the weight loss during thermal pyrolysis. Additionally, 

thermogravimetric analysis (TGA) was performed with a Mettler-Toledo TGA 851e by heating 

the natural extracts to 950 °C at a heating rate of 5 °C min−1 under a N2 atmosphere. Further 

TGA tests were performed on hard carbons under air to quantify the mass of residual inorganic 

compounds (residual ashes). The hard carbon morphology was observed by scanning electron 

microscopy (SEM). Micrographs were acquired with an FEI Quanta 400 scanning electron 

microscope equipped with a high-resolution low-vacuum field emission gun (FEG). This 

microscope was also equipped with a JED 2300 detector for energy-dispersive X-ray 

spectroscopy (EDX) analysis. Several EDX acquisitions (3) were performed in large areas, and 

the average values are presented herein. X-ray diffraction (XRD) patterns were obtained using 

a Bruker D8 Advanced diffractometer with flat-plate Bragg–Brentano θ-θ geometry equipped 

with a LynxEye XE-T high resolution energy dispersive 1-D detector (Cu Kα1,2). A step size of 

0.01° (2θ scale) in the range of 10 to 90° was used for data acquisition. The graphite interlayer 

space (d002) was determined by applying the Bragg equation using the (0 0 2) peak, while the 
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crystallite sizes Lc and La were estimated using the Scherrer equation on the (0 0 2) and (1 0 0) 

peaks, respectively. The Raman spectra were recorded on a LabRAM BX40 (Horiba Jobin- 

Yvon) spectrometer equipped with a He–Ne excitation source (532 nm wavelength) at room 

temperature. Several spectra were acquired (mapping), and the average spectrum was used for 

this work. High-resolution transmission electron microscopy (HRTEM) images were obtained 

with a high voltage JEOL ARM-200F instrument operating at 200 kV. The hard carbon surface 

chemical composition and the nature of the functional groups were analysed by X-ray 

photoelectron spectroscopy (XPS) in the 0-1200 eV range. The spectra were recorded using a 

VG Scienta SES 2002 spectrometer equipped with a monochromatic X-ray source (Al Kα = 

1486.6 eV) and a G Scienta XM780 monochromator. N2 and CO2 physisorption experiments 

were carried out at -196 °C on a Micromeritics ASAP 2420 instrument and at 0 °C on a 

Micromeritics ASAP 2020 instrument, respectively. The samples were first out-gassed under 

vacuum for 12 h at 300 °C in the degassing port and then for another 2 h in the analysis port to 

remove any traces of molecules. The equivalent BET specific surface areas were determined 

from the linear plot in the relative pressure range P/P0 of 0.05–0.3 for N2 and 0.01–0.03 for 

CO2. The pore size distribution was obtained from the N2 and CO2 adsorption isotherms using 

two dimensional nonlocal density functional theory (2D-NLDFT) with a heterogeneous surface 

pore model for the carbon materials carried out by SAIEUS software (Micromeritics). The 

density measurements were performed on a Micromeritics AccuPyc II 1340 gas pycnometer. 

The samples had been previously out-gassed under vacuum for 12 h at 300 °C. Helium (He) 

was used as the displacement medium, and the density was determined after 100 cycles. Based 

on the gas adsorption data and the He density, the volume ratio percentages of close porosity 

(RCP) and open porosity (ROP) were determined according to previously developed 

methodology.38,42 
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2.3. Electrochemical characterization 

 

Galvanostatic electrochemical characterizations were performed at room temperature on an 

Arbin Instrument BT2000 battery cycler operated by MITS PRO software using CR2032-type 

coin cells. The electrodes were composed of the active material (synthesized hard carbon, 90 

wt.%), polyvinylidene fluoride (PVDF 5130 from Solvay, 5 wt.%) as a binder and carbon black 

(Super C65 from IMERYS, 5 wt.%) as a conductive additive. The slurries were stirred in N- 

methyl-2-pyrrolidone (NMP from Sigma Aldrich) and uniformly tape casted with a 100 μm 

long doctor blade onto an aluminium current collector (25 µm thick) using an Elcometer 4340 

automatic film applicator. The electrodes (diameter: 14 mm) were cut with a disk cutter and 

then dried under dynamic vacuum at 80 °C for 48 hours in a Büchi® oven. The coin cells were 

assembled in a glove box under an Ar atmosphere (O2 < 5 ppm, H2O < 5 ppm) using sodium 

metal (Sigma Aldrich 99.9% purity) both as a reference and as a counter electrode (i.e., half- 

cell configuration). Two separators were employed. The electrolyte, provided by TIAMAT- 

France, was 1 M NaPF6 in ethylene carbonate and dimethyl carbonate (EC:DMC, 1:1 vol.) with 

2% fluoroethylene carbonate (FEC) as an additive, with 150 µL of the electrolyte deposed over. 

The electrochemical measurements were performed in two stages during the reduction step: 

first, a galvanostatic stage in the voltage range of 2.5–0.01 V vs. Na+/Na, followed by a 

potentiostatic stage at 0.01 V vs. Na+/Na, until the current density reached 3.72 mA·g-1. The 

oxidation step was only performed in the galvanostatic mode between 0.01 V and 2.5 V vs. 

Na+/Na. During the galvanostatic stage, the current density was 37.2 mA·g-1 for 5 cycles and 

then cycled at 372 mA·g-1. The densities were selected to correspond to C-rates of C/10 and C, 

respectively, taking into account a specific theoretical capacity C of 372 mAh·g-1. The specific 

capacities presented hereafter were calculated based on the hard carbon content of the 

electrodes (3-5 mg). 
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3. Results and discussion 

 

3.1. Raw material characterization 

 

The natural polyphenol extracts used for hard carbon synthesis are primarily composed of 

either condensed or hydrolysable tannins (see Table S1, SI). The FTIR spectra of the raw 

materials (Figure 1) provide information about the chemical bonds present in the precursors 

and reveal the chemical differences among them. For instance, all precursors exhibit similar 

FTIR spectra when varying the intensities of their bands. The intense absorption observed in 

the 3000–3700 cm-1 range is attributed to the –OH bonds on the aromatic rings of the tannins. 

Bands centred at approximately 2930 cm-1 are assigned to the vibration of the aliphatic –C–H– 

bonds associated with the polyphenol bridges. The band at approximately 1600 cm-1 

corresponds to –C=C– stretching vibrations in the aromatic rings. In addition, phenolic C–C 

vibrations are observed in the 1400-1500 cm-1 range, whereas out-of-plane vibrations of 

aromatic –C-H are detected in the 600-900 cm-1 range. The presence of NO– bonds is also 

observed due to the initial precursor composition. Traces of nitrogen were detected by elemental 

analysis (Table S2, Supplementary Information). The major differences observed in the spectra 

depend on the nature of the precursor (i.e., condensed or hydrolysable tannins). Hydrolysable 

tannins (chestnut and myrobalan extracts) exhibit intense bands at 1720 cm-1 and 1250 cm-1. 

Both bands are associated with the C=O and =C–O stretching vibrations of tannic acid 

(gallotannin). The stretching vibration of –C–O–C– is also observed at 1100 cm-1. On the other 

hand, polyphenols mainly composed of condensed tannins (catechu extract and both mimosa 

extracts) do not exhibit the previously mentioned bands. However, the catechu extract shows a 

band at approximately 1285 cm-1, which is characteristic of flavonoid-based tannins and 

attributed to C–O stretching.54,55 This extract is the only one that exhibits a peak at 1140 cm-1, 

which is associated with –C–O–C– stretching vibrations. In addition, all three condensed 



11  

tannins present a broad band centred at 1370 cm-1, which is assigned to phenolic C–O stretching 

and O–H deformation.55 

 

 
Figure 1. FTIR spectra of natural polyphenol extracts used as hard carbon precursors. 

 

Thermal analysis techniques (TGA/DTG, presented in Figure 2) were used to evaluate the 

thermal conversion of the natural extracts into carbon, thus determining the carbon yield after 

the pyrolysis process. Raw materials containing condensed tannins (MC, MG and C) exhibit 

similar thermal behaviours, and both mimosa extracts become more stable as the temperature 

increases (Figure 2a). Three decomposition domains were identified on the DTG graph (Figure 

2b) for all five natural extracts, despite the fact that those composed of hydrolysable tannins 

(CH and M) showed distinct thermal behaviours. The first decomposition step was observed in 

the 30-170 °C range and was associated with the release of adsorbed water or water formed by 

the condensation of –OH groups (between 8-10 wt.%). Then, a significant mass loss (between 

27-40 wt.%) occurs in the 170-400 °C range, which could be attributed to the thermal 

decomposition of the main precursor constituents: either condensed or hydrolysable tannins for 

MC/MG/C and CH/M, respectively. Notably, myrobalan shows the lowest thermal stability, 

evidenced by the presence of a low temperature peak (~210 °C) and a second very intense peak 

at a higher temperature (310 °C). The higher oxygen and metallic impurity contents of this 
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precursor might increase the precursor decomposition rate (Table S2, Supporting Information). 

In addition, the liberation of H2O, CO and CO2 has previously been reported for similar hard 

carbon precursors25 over the same temperature range. The last section of the DTG graph (after 

400 °C) could be associated with the structural reorganization of the carbon and the thermal 

degradation of the remaining tannins. In particular, the CH precursor shows more 

decomposition in this domain than the other precursors. 

The carbon yield also depends on the nature of the tannins. Extracts composed of condensed 

tannins exhibit higher carbon yields (above 40 wt.%) than extracts composed of hydrolysable 

tannins, such as myrobalan and chestnut extracts, which exhibit yields of 35 wt.% and 36 wt.%, 

respectively. This difference is due to the lower carbon content and higher oxygen and metallic 

contents of the latter (the elemental composition by EDX is presented in Table S2, Supporting 

Information). The carbon yield obtained with these vegetal extracts is greater than those 

obtained with other natural precursors such as cellulose, sucrose, and biomasses (~ 20 wt. %), 

allowing for faster synthesis of larger quantities and lower gas emissions during preparation. In 

fact, the yields are similar to synthetic polymers (PAN and phenol-based resins), with the added 

benefit of using sustainable and renewable resources.28 
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Figure 2. (a) TGA and (b) DTG curves of the different natural polyphenol extracts, recorded 

in an inert atmosphere. 

3.2. Hard carbon structural characterization 

 

Hard carbons were obtained by pyrolysis of natural extracts under an argon atmosphere. 

Because the carbon precursors were used as received, the morphology and particle size of the 

hard carbons were impacted only by the nature of the precursor (initial shape/size and 

composition). These properties play an important role in Na+ insertion mechanisms. SEM 

images of the different hard carbons are presented in Figure 3. All materials exhibit a random 

morphology with a wide particle size distribution ranging from approximately 10-20 μm to 

hundreds of microns. Additionally, all hard carbons, with the exception of HC-C, contain some 

spherical particles that are hollow (broken spheres) in some cases. Indeed, the random particles 

appear to be shattered pieces of larger particles. The morphology of these materials is due to 

the nature of the precursor (Figure S1 of Supporting Information) and was not modified by the 

pyrolysis step. In addition, HC-C has the smallest particles (≈ 2 µm) compared to the other hard 

carbons which have particles of approximately 10-20 µm. 
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Figure 3. Scanning electron microscopy images of the synthesized hard carbons: (a) HC-MC; 

 

(b) HC-MG; (c) HC-C; (d) HC-CH; (e) HC-M. 

 

The EDX technique, which offer deeper analysis penetration depth than other techniques such 

as XPS, was used to determine the composition of different hard carbons (Table 1). All 

materials are mainly composed of carbon (80-90 wt.%), followed by oxygen (7-14 wt.%). 

Interestingly, hard carbons obtained from hydrolysable tannins (HC-CH and HC-M), which 

exhibit lower pyrolysis yields than their condensed tannin counterparts (Figure 2 and Table 2), 

contain the most carbon (90 wt.%) and the least amount of the other elements. It is worth noting 

that the final compositions of the hydrolysable tannin-based hard carbons are quite similar, in 

contrast to their condensed tannin-based counterparts, which exhibit varied elemental ratios. 

The amount of oxygen varies between 10-14 wt.% and increases with the presence of metallic 

elements (e.g., O wt.% and other elements wt.% are the highest for the HC-C sample). This 

might suggest that some elements form metal oxides and metal carbonates when they are 

bonded to oxygen. Further analysis (TGA and DTG curves recorded under dry air are presented 
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in Figure S2, Supporting Information) confirms that HC-C exhibits a slightly higher amount of 

residual ashes after pyrolysis (2.46 wt. %) while HC-MC and HC-CH show percentages below 

2 wt.% (1.52 wt. % and 1.75 wt.% respectively, Table 1). The presence of elements such as Ca, 

K and S forming carbonates and oxides may impair the hard carbon electrochemical 

performance by promoting parasitic reactions during the cycling process, leading to lower iCEs, 

conductivities and cycle stabilities.31,38,56,57 

Table 1. EDX chemical analysis of different hard carbons and inorganic impurities amount 

determined by EDX and TGA under air. 

 

Element (wt.%) HC-MC HC-MG HC-C HC-CH HC-M 

C 87.37 85.05 80.00 90.98 90.27 

O 10.00 11.41 14.10 7.01 7.21 

K 1.65 2.46 0.16 0.65 0.51 

Ca 0.98 0.72 5.54 1.36 1.79 

S --- 0.36 0.20 --- 0.22 

Inorganic impurities (EDX) 2.63 3.18 5.70 2.01 2.30 

Inorganic impurities (TGA) 1.52 2.09 2.46 1.75 2.22 

 

 

The material structure was further examined by X-ray diffraction, as shown in Figure 4a. All 

hard carbon patterns were characterized by 3 broad peaks centred at approximately 24°, 43.5° 

and 79° (2θ), which correspond to the (002), (100) and (110) graphite diffraction planes, 

respectively. The broad shape of those peaks indicates the poor graphitization degree of these 

materials. The (002) plane provides information about the number of layers that compose the 

pseudographitic domains by determining the interlayer spacing (d002) and the crystallite height 

(Lc), which are calculated by the Bragg and Scherrer equations, respectively. Moreover, the 

crystallite width (La) was determined, and all values are presented in Table 2. The hard carbons 

exhibit an interlayer spacing close to 3.6 Å, which is greater than that of graphite and enables 
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Na+ insertion. The HC-C sample has the smallest interlayer spacing of this series of hard 

carbons (3.55 Å), followed by HC-CH (3.57 Å). In addition, HC-C exhibits the largest 

crystallite width La (44 Å vs. 41 Å for the rest of the samples), indicating that its structure is the 

most organized of these materials. The crystallite height, Lc, of the materials ranges from 10 Å 

to 12 Å, and even though no trend was observed, all the hard carbons can stack up to 3 graphene 

layers on average in their pseudographitic domains. 

 

Figure 4. (a) Powder XRD patterns and (b) Raman spectra of the polyphenol-derived hard 

carbons. 

Table 2. Summary of hard carbon physico-chemical properties. 
 

 

 

Materia 

l 

 
d002 

a 

 
(Å) 

Lc
b 

(Å 

) 

 
Nb 

layer 

s 

La
b 

(Å 

) 

 

ID/IG 

c 

N2 

SSAd 

(m2·g 
-1) 

CO2 

SSAd 

(m2·g 
-1) 

 

Density 
e 

 
(g·cm-3) 

C 
yield 
f 

 
(wt. 

%) 

Inorganic 

compounds 
g 

 
(wt. %) 

HC-MC 3.61 11 3.0 41 1.43 1.5 16.5 1.61 43.0 2.6 

HC-MG 3.67 10 2.7 41 1.49 1.3 23.2 1.87 43.5 3.5 

HC-C 3.55 12 3.6 44 1.26 6.9 16.2 1.51 40.0 5.9 

HC-CH 3.57 12 3.4 41 1.36 2.2 15.0 1.36 36.0 2.0 

HC-M 3.64 11 3.1 41 1.43 2.2 14.2 1.82 35.0 2.5 

(a) (b) 
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a Derived from XRD data using the Bragg equation; b derived from XRD data using the 

Scherrer equation; c determined after Raman spectra fitting using Gaussian functions; d specific 

surface area determined by the BET model; e obtained from the He pycnometer; f calculated 

from ATG; g estimated from EDX analyses. 

 

 
In addition to the hard carbon fingerprint, the XRD patterns reveal another five crystal phases 

that are associated with inorganic compounds. Although it was difficult to precisely identify 

and quantify the phases, the following phases were found: CaCO3 (COD 9009668), CaO (COD 

1011094), CaS (COD 9008606), K2Ca(CO3)2-butschliite (COD 9009292) and K2Ca(CO3)2- 

fairchildite (COD 9008300). This confirms the EDX hypothesis that carbonates and oxides 

form during heat treatment. It is worth noting that not all carbons exhibit the same crystal 

phases, as shown in Table S3 (Supporting Information). For instance, HC-C, which has the 

highest percentage of inorganic traces, can contain up to four compounds, while the other hard 

carbons contain only two compounds. 

Any clear relation between the amount of impurities in these hard carbons and their influence 

on the d002, Lc and La parameters is difficult to observe. However, the interlayer spacing (d002) 

is precursor dependent, and the location of the impurities may or may not affect this parameter. 

Previous research has demonstrated that impurities located on the surface of carbon have little 

effect on the d002 value.38,56 In contrast, if those impurities are placed between the layers, d002 

can be enlarged (in a similar way as for Li and Na insertion).31 Furthermore, research has proven 

that metals such as Ca, K, Fe and Si catalyse the transformation of amorphous carbon into 

graphite, and previous works have used CaCO3 as a graphitization catalyst.58–60 The last 

compound was detected on three different hard carbons (Table S3, Supporting information). 

Among them, HC-C contains the highest amount of Ca and most likely also contains the highest 

amount of CaCO3. The presence of these catalytic compounds often leads to local 

graphitization, thus forming graphitic domains and decreasing the interlayer spacing d002. This 

phenomenon was confirmed by TEM micrographs, which will be shown later. However, it is 
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important to keep in mind that impurities may promote parasitic electrochemical reactions 

which will hinder the electrochemical performance of these hard carbons. 

Moreover, Raman spectroscopy, which is a valuable technique for studying carbonaceous 

materials, highlights the degree of disorder in these materials. The hard carbon Raman spectra 

are plotted in Figure 4b, and all samples display two intense bands in the 1200-1700 cm-1 range. 

These peaks are associated with the disorder-induced band (D band centred at 1343 cm-1) and 

the graphitic band (G band centred at 1590 cm-1). In addition, two less intense bands were also 

observed in the 2300-3200 cm-1 range, corresponding to the 2D and D+G bands. The first 

indicates the degree of graphitization, while the latter indicates the presence of defects. 

The disorder-induced band indicates the presence of impurities or defects in the graphitic 

crystal framework, and the ID/IG ratio, obtained by determining the surface under the D and G 

bands, is commonly used to evaluate the degree of disorder in graphitic and pseudo-graphitic 

materials. Here, the ID/IG ratios of the hard carbons were determined and are shown in Table 2. 

They allow for a comparison of these materials, and the results agree with the XRD analysis, 

which follows the same trend. For instance, the ID/IG ratios are greater than 1, which indicates 

that a larger contribution from the D band leads to highly disordered materials. However, when 

this series of hard carbons is compared, HC-C has the lowest ID/IG ratio (1.26), proving that it 

is less disordered than the others (ID/IG ~ 1.4). In contrast, HC-MG has the highest ID/IG ratio 

(1.49), as expected given its larger d002 and Lc parameters. 

The HRTEM micrographs of the hard carbons, presented in Figure 5, reveal the disordered 

structure of these materials. HC-MG and HC-M are mainly composed of turbostratic domains, 

while the other hard carbons, notably HC-C (Figure 5e), exhibit clusters with more ordered 

graphite layers, thus confirming the catalytic effect of the residual inorganic compounds. 

These better-ordered graphene layers form closed pores with graphitic walls, thus reducing 

the apparent density of the material. This type of porosity formation has been observed 
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previously.38 The presence of these clusters is consistent with the Raman spectroscopy and 

XRD results, as samples with smaller d002 and ID/IG values are expected to have more 

pseudographitic domains than samples with larger d002 and ID/IG values. 

In addition, local clusters of graphite layers composed of either straight or curved layers were 

observed, and the d-spacing between them was determined for the white square sections of 

Figure 5. The results follow the trend observed by XRD which indicates that HC-C has the 

shortest d-spacing and HC-MG has the largest d-spacing. 

Three hard carbons were selected for complementary XPS surface chemistry analyses. Their 

elementary surface compositions, presented in Table 3, differ drastically from the EDX results 

(Table 1). The amount of carbon on the surface is lower than that in the bulk (e.g., 90.98 wt.% 

in the bulk vs. 58.72 wt.% on the surface for HC-CH), implying that impurities are mainly 

located on the hard carbon surface. This phenomenon has already been observed in other 

natural-based hard carbons.38,56 It is worth mentioning that HC-C and HC-CH exhibit similar 

carbon and oxygen compositions (i.e., ≈60 wt.% C and ≈20 wt.% O) on the surface, whereas 

HC-MG contains more carbon (71.9 wt.%) and less oxygen (10.5 wt.%). Thus, HC-C and HC- 

CH have more surface impurities than HC-MG. 
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Figure 5. Transmission electron micrographs of synthesized hard carbons: (a) HC-MC; (c) HC- 

MG; (e) HC-C; (g) HC-CH; (i) HC-M. Hard carbon layer spacing of white squares (b) HC-MC; 

(d) HC-MG; (f) HC-C; (h) HC-CH; (j) HC-M. 
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Table 3. Surface chemical composition of hard carbons and C 1s repartition of components 

determined by XPS. 

 

Hard 

carbo 

n 

Element (wt. %)    C 1s (at. %)     

C O Ca K Cl S 
 C 

sp2 
C- 

OR 

C= 

O 

COO 

R 

Csp 

3 

CO3 

2- 

HC- 

MG 

71.8 
6 

10.4 
9 

3.11 
10.5 
0 

2.6 
6 

1.3 
8 

 64.3 
4 

5.8 
4 

1.6 
3 

1.51 3.69 2.27 

HC- 

C 

60.2 

9 

20.6 

3 

16.4 

8 
0.45 

1.2 

7 

0.8 

8 

 
59.7 

8 

1.9 

9 

0.9 

3 
0.60 3.26 5.54 

HC- 

CH 

58.7 

2 

18.1 

1 

12.2 

4 

 

7.34 
3.1 

5 

0.4 

4 

 
49.1 

5 

4.0 

6 

1.3 

3 

 

0.57 
 

4.34 
 

7.56 

 

 

The C 1s high-resolution deconvoluted XPS spectra and the C 1s component repartition are 

presented in Figure 6 and Table 3, respectively (wide XPS spectra shown in Figure S3 of the 

Supporting Information). All three deconvoluted spectra show an intense and sharp peak at 

284.4 eV, which is associated with sp2 graphitic carbon and corresponds to the main carbon 

contribution, which can reach up to 64.3 at % for HC-MG. The other two hard carbons have a 

lower sp2 carbon content (59.8 at. % and 49.1 at. % for HC-C and HC-CH, respectively). 

Moreover, smaller peaks in the 285-289 eV range demonstrate the presence of C sp3 and 

oxygenated functional groups such as ether (C-OR), carbonyl (C=O) and ester (COOR). The 

atomic concentration of sp3 defective carbon61 is similar (≈ 4 at. %) for all samples, which may 

lead to the trapping of Na+ ions on those defect sites during the first cycle. 
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Figure 6. XPS C 1s high-resolution deconvoluted spectra of (a) HC-MG, (b) HC-C and (c) HC- 

 

CH. 
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On the other hand, oxygenated surface groups may participate in redox reactions with Na+ 

ions, thus increasing the hard carbon capacity but inducing SEI formation.62 Because HC-MG 

has a higher concentration of these surface groups (9 at. %) and a higher amount of C sp2, it is 

expected to have a more significant capacity. In addition, two peaks associated with K 2p were 

observed, one centred at 293.3 eV and the other at 296.1 eV. These peaks have smaller 

intensities for HC-C, as this hard carbon contains less potassium than the others. The last XPS 

signal, centred at 290.3 eV, was attributed to the presence of carbonate (CO3
2-), which agrees 

with the XRD results. Interestingly, the carbonate contribution is more important for HC-C and 

HC-CH (5.5 and 7.6 at. %, respectively). This implies that a greater concentration of catalytic 

compounds, such as CaCO3, are present, thus explaining the smaller d002 spacing and lower 

ID/IG ratios observed for these two materials (Table 2). 

3.3. Hard carbon textural characterization 

 

The porosity of the hard carbons was evaluated by N2 and CO2 physisorption assays, and the 

isotherms and pore size distributions are shown in Figure 7. The nitrogen adsorption-desorption 

isotherms exhibit a type II shape according to the IUPAC classification, which is characteristic 

of nonporous materials. The desorption branch does not reach the adsorption branch, indicating 

that some nitrogen is not desorbed and remains trapped in the narrow pores. The BET specific 

surface areas, which are determined by nitrogen physisorption (Table 2), were all below 7 m2·g- 

1. These values are beneficial for reducing irreversible reactions with the electrolyte and thus 

improving the iCE as open pores (determined by gas adsorption) irreversibly trap Na+ ions. 

Hard carbons derived from the same natural precursor (hydrolysable or condensed tannins) have 

similar N2 SSAs, with only the HC-C sample having a slightly higher SSA. One possible 

explanation is that this phenomenon is due to the residual compounds in HC-C, which lead to 
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activation phenomena and consequently to the creation of micro - and meso - porosity, as 

previously observed.38,56 

 

 

Figure 7. Hard carbon (a) N2 and (b) CO2 physisorption isotherms (filled and open symbols 

refer to the adsorption and desorption branches, respectively); hard carbon (c) N2 and (d) CO2 

pore size distributions (Log scale) based on 2D-NLDFT theory (adsorption branch). 

The 2D-NLDFT pore size distributions of all the hard carbons (Figure 7c) display multimodal 

mesoporous distributions in the 2-20 nm range, which confirms a larger mesoporous volume 

for HC-C, which could be associated with the pores having graphitic walls, as observed by 

TEM. Hard carbons exhibit different behaviours in the microporous domain; for instance, HC- 

MC does not appear to have any microporosity, while HC-M has a bimodal micropore 
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distribution centred at 0.45 and 0.85 nm. HC-MG, HC-CH and HC-C hard carbons all show 

monomodal micropore distributions with sizes centred between 0.5 and 0.6 nm. 

CO2 adsorption provides more information about the texture of the material because it can 

access narrower pores than nitrogen; thus, the specific surface areas determined by CO2 are 

higher than those determined by N2 (see Table 2). In fact, the CO2 SSAs of these hard carbons 

range from 14 to 23 m2·g-1, which are lower than those of other hard carbons obtained from 

biosourced precursors (CO2 SSA > 100 m2·g-1).25,31,56,63 This means that these hard carbons 

have a compact structure. Interestingly, HC-C, which has the highest N2 SSA, does not exhibit 

the highest CO2 SSA, which indicates that the ultramicroporosity contribution is less important 

in this sample than in the other samples, most likely due to the densification of the material via 

graphitization. Furthermore, CO2 has been demonstrated to be an efficient gas to highlight the 

presence of ultramicroporosity (d < 0.7 nm) on hard carbon materials.64 The 2D-NLDFT pore 

size distributions (Figure 7d) prove the presence of ultramicropores in all samples. In addition, 

all hard carbons exhibit bimodal pore size distributions centred between 0.5-0.6 nm and 1-2 

nm. 

The density of the hard carbons was determined using a gas pycnometer, with He selected as 

the displacement medium. Table 2 shows the measured densities, which range from 1.36 for 

HC-CH to 1.87 g·cm-3 for HC-MG. They have the following trend: dHC-CH < dHC-C < dHC-MC < 

dHC-M < dHC-MG. These data were essential for determining the volume ratios of closed and open 

porosity (Table S4, Supporting Information). The closed porosity ratio follows the opposite 

trend as the density, which means that HC-CH with the lowest density (1.36 g·cm-3) shows the 

highest closed pore ratio (41 vol.%). Such values appear to be beneficial for Na+ storage because 

Na+ is stored between the graphene planes, defects and eventually the closed pores, according 

to previous work.2,24,53 Interestingly, HC-C and HC-CH, which possess a high graphitization 

degree (lowest d002 and ID/IG values), have the lowest densities, leading to less compact 
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structures. Indeed, the graphitization process densifies the structure but in the same time the 

number of closed pores is increased; thus, closed pores are more prevalent herein because the 

graphitization is local. Moreover, all materials present a low open pore ratio (ROP < 1.7 vol.%), 

which is beneficial for electrochemical performance, as a low open porosity percentage reduces 

the area in contact with the electrolyte. This limits the formation of SEIs and may also improve 

iCE values. 

3.4. Hard carbon electrochemical performance 

 

The hard carbon charge/discharge profiles are composed of two sections: a low voltage 

plateau region (0–0.1 V vs. Na+/Na) and a high voltage or slope region (V > 0.1 V vs. Na+/Na). 

Each section corresponds to a different Na+ ion storage mechanism, and previous studies have 

tried to determine whether the plateau is associated with Na+ adsorption on nanopores and 

defect sites or with the intercalation of Na+ between the graphene layers. While the traditional 

intercalation/slope-adsorption/plateau model18 is universally accepted, recent experimental and 

theoretical works2,53,65 have provided convincing evidence in favour of an alternative Na+ 

storage mechanism (i.e., adsorption/slope-intercalation/plateau). The electrochemical results 

obtained here support the latter. 

The hard carbon electrochemical behaviour versus Na+/Na was determined in half-cells by 

galvanostatic assays by applying a current density of C = 372 mA·g-1. The first charge/discharge 

cycle of all five materials is presented in Figure 8a and shows the typical behaviour of the hard 

carbon sodiation/desodiation process. 
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Figure 8. (a) Charge/discharge profiles of the hard carbons at a current rate of 37.2 mA·g-1 (1st 

cycle); (b) Specific capacity of the 1st, 2nd and 5th discharges by sloping (V > 0.1 V vs. Na+/Na, 

bottom) and plateau (V < 0.1 V vs. Na+/Na, top) percentage contribution; (c) Cycling 

performance of the hard carbons at a current density of 372 mA·g-1 (37.2 mA·g-1 for the first 5 

cycles); filled and open symbols refer to discharge and charge, respectively. All tests were 

performed over a voltage window of 0.01–2.5 V vs. Na+/Na. 
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The first discharge presents a shoulder at approximately 0.5-0.6 V vs. Na+/Na that does not 

appear on subsequent cycles (second cycle presented in Figure S4, Supporting Information). 

This electrochemical behaviour is associated with SEI layer formation, which stabilizes after 

the second cycle (cycle profiles at C/10 and C are presented in Figure S5, Supporting 

Information). The formation of this layer largely contributes to the irreversible capacity after 

the first cycle and dramatically affects the iCE. Other phenomena, such as irreversible sodium 

trapping in the carbon porosity and structure, may also contribute to the irreversibility of the 

first cycle.66 

These hard carbons have initial specific discharge capacities greater than 324 mAh·g-1 and 

iCE values of approximately 85% (Table 4). 

Table 4. Electrochemical performance of natural phenol-based hard carbons: 1st Ch/Dch cycle 

at a current density of 37.2 mA·g-1 (C/10). The 6th and 50th Ch/Dch were cycled at a current 

density of 372 mA·g-1 (C). It is important to note that the current density regime of the same 

coin cell was modified from C/10 to C at the 6th cycle. 

 

 

Material 

1st CDch
a 

(mAh·g- 
1) 

1st 

CSlop 
b
 e 

 

(mAh·g- 
1) 

1st 

CPlateau
c
 

(mAh·g- 
1) 

1st CCh
d 

(mAh·g- 
1) 

 
iCEe 

(%) 

6th CDc 
a
 

h 
 

(mAh·g- 
1) 

6th 

CDc 
a    st 

h /1 

CDc 
a
 

h 

(%) 

50th 

CDc 
a    th 

h /6 

CDc 
a
 

h 

(%) 

HC-MC 345.3 100.8 244.5 294.7 85.4 283.4 82.1 93.8 

HC-MG 350.6 108.5 242.1 299.8 85.5 289.3 82.5 92.9 

HC-C 331.7 72.5 259.2 279.2 84.2 226.6 68.3 81.7 

HC-CH 324.6 84.3 240.3 277.7 85.6 263.2 81.1 91.7 

HC-M 358.7 122.6 236.1 304.3 84.8 305.9 85.3 93.6 

a Discharge capacity; b slope capacity (CDch > 0.1 V vs. Na+/Na); c plateau capacity (CDch < 
0.1 V vs. Na+/Na); d charge capacity; e initial Coulombic efficiency. 

HC-MC, HC-MG and HC-M recover ~ 300 mAh·g-1 upon charging, while HC-C and HC- 

CH recover ~278 mAh·g-1. Although the HC-CH charge capacity is lower than that of the other 
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hard carbons, HC-CH exhibits one of the highest iCEs (i.e., 85.6%). In general, the iCE values 

obtained for these materials are higher (84.2-85.6%) than those obtained by some hard carbons 

synthesized using phenolic resins and cycled even at lower current densities (e.g., iCE of 60% 

for a hard carbon cycled at 20 mA·g-1)46, and they are also comparable to other materials 

reported in the literature (Table 5). The slightly lower iCE for HC-C (84.2%) is due to the fact 

that this sample has the highest amount of residual inorganic compounds, a higher specific 

surface area, and the lowest d002 among these materials, promoting the formation of SEI and 

Na+ trapping into narrower pseudographitic domains. 

As previously mentioned, hard carbon galvanostatic profiles can be divided into two sections: 

the slope region and the plateau region, which correspond to capacities obtained in potential 

ranges of 0.1-2.5 V vs. Na+/Na and 0-0.1 V vs. Na+/Na, respectively. When the capacity 

contributions of the two sections are considered individually, the plateau region contributes the 

most (Table 4 and Figure 8b). All hard carbons have similar plateau capacities during the first 

discharge process, associated with 66-74% of the total discharge capacity, with values of 

approximately 240 mAh·g-1. 

According to the “adsorption-intercalation” model, the intercalated Na+ ions participate in the 

capacity observed at the low voltage plateau. For HC-C and HC-CH, the number of staked 

graphenes layers is the highest one among all materials (Table 2) which would lead to higher 

capacity. However, the amount of carbon in each material is different and moreover, 

heterogeneous in the surface vs. bulk. In particular, the C% is the lowest one for HC-C material, 

therefore, less available sites are available for Na-ion storage. These parameters, i.e., graphene 

interlayer space/staking and the amount of carbon impact Na-ion insertion, reason why, in the 

end, considering the structural and chemical composition differences in the materials, they all 

provide similar plateau capacity. The other contribution (22-34%) correspond to the slope 

capacity. In this region, Na-ion adsorption and SEI formation takes place and they might be 
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affected by several factors, such as the open porosity, surface chemistry (O content), defects 

and impurities. We have proposed previously that the slope capacity correlates with the 

adsorption of Na+ in carbon porosity and defects.23,53 As the specific surface area is rather 

similar for all materials, the amount of defects is more likely affecting the slope capacity. 

Indeed, the lowest ID/IG ratios are observed for HC-C and HC-CH (1.26 and 1.36), leading to 

lower slope capacity (72.5 and 84.3 mAh g-1), whereas the other materials have higher ID/IG 

ratio (1.43 -1.49) and higher slope capacity (100.8 - 122.6 mAh g-1). As this region is governed 

by surface processes, the amount of C in the surface become an important issue as well. This is 

lower for HC-C and HC-CH (~ 60 wt.%, XPS) compared to HC-MG (72 wt.%, XPS), which 

might also explain the slope capacities differences. Nevertheless, the oxygen functional groups 

and the impurities contributes probably in a major extent to the electrolyte decomposition and 

SEI formation. Therefore, the carbon properties impacting the slope capacity are multiple and 

more complex to precisely identify, considering both the Na-ion adsorption and the SEI 

formation occurring simultaneously. These two process varies with the cycling and we can 

observe that the slope contribution decreases while the plateau contribution increases in the 2nd 

cycle and remains stable in subsequent cycles. There is no clear evidence of a trend among 

these materials, as HC-CH has the highest slope retention (≈ 81%), followed by HC-M (≈ 64%). 

However, both materials used hydrolysable tannins as precursors and showed the highest 

carbon content (~ 90 wt%) and the least amount of oxygen (7 wt.%; EDX, Table 1). In terms 

of the plateau capacity of these materials, it is worth noting that hard carbons with larger 

interlayer spaces (d002) and lower closed porosity ratios (RCP) exhibit better capacity retention 

in this region (above 97% between the first two cycles). The other two hard carbons (HC-C and 

HC-CH), which both have lower d002 values, retain approximately 90% of their initial plateau 

capacity. 
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Furthermore, the cycling performance of these hard carbons at C/10 and C is displayed in 

Figure 8c, and their Coulombic efficiencies are plotted in Figure S6 of the Supporting 

Information. The cycling behaviour at C/10 and C is material dependent. For instance, these 

hard carbons exhibit reversible capacities of approximately 300 mAh·g-1, and all of them 

achieve Coulombic efficiencies close to 100% starting with the 2nd cycle. Besides, the materials 

are stable at C/10 (first five cycles) and remain stable at C in the case of HC-MC, HC-MG and 

HC-M. In contrast, a considerable decrease in the capacity was observed for HC-C and HC-CH 

when the regime was changed from C/10 to C (Figure 8c). These two carbons have the smallest 

d002 values (3.55 Å and 3.57 Å, respectively) and lower plateau capacity retentions. Such narrow 

spaces hinder the sodiation/desodiation process 67 at faster regimes, thus limiting Na+ 

insertion/extraction between the graphene layers. This issue continues during cycling for HC- 

C, which exhibits stability problems (faster capacity fading) when cycled at C. For instance, 

this hard carbon exhibits a capacity retention of 82% between the 6th and 50th cycles (cycling at 

C), while the other materials exhibit capacity retentions of approximately 92-93%. 

One explanation could be the presence of residual inorganic compounds, which could lead to a 

less stable SEI.38 Similarly, HC-CH presents a continuous capacity increase during the first 10- 

15 cycles at C (after the regime change). It could be attributed to slow SEI stabilization during 

transition from the C/10 rate to the C rate. However, this progressive increase could also be 

associated to slight structural changes upon cycling leading to a gradual change of the voltage 

profile. To better understand the precise reasons behind the observed behavior, supplementary 

analyses are necessary to be conducted. 

Table 5. Physico-chemical and electrochemical properties of reported hard carbons derived 

from different phenolic resins; one material per article is presented (the best of the report). 
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R: Resorcinol; F: Formaldehyde; P: Phenol; A: Aminophenol; G: Glyoxylic acid; Ph: 

Phloroglucinol; CNT: Carbon nanotubes; NP: Natural Polyphenol; n.a.: Not available/not 

applicable; C=372 mA·g-1. 

Long cycling at C/10 was performed on HC-MC, HC-MG and HC-M (Figure S7 of 

Supporting Information), as these materials exhibited better electrochemical performances at C 

(higher capacities and better stability). As expected, these three hard carbons exhibited good 

stability at C/10, and their capacities and Coulombic efficiencies are similar. Thus, HC-MC, 
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HC-MG and HC-M exhibit good overall capacity retention and stability, as well as higher 

capacities than HC-C and HC-CH, which exhibit stability issues. These results make them 

promising materials for use as anodes in Na-ion batteries. It is important to note that the iCE 

values presented in this work are based on materials obtained through simple pyrolysis of 

natural precursors rather than complex synthesis methodologies. 

 
 

4. Conclusions 

 

In summary, five hard carbon materials were synthesized by simple pyrolysis at 1500 °C 

using natural polyphenols extracted from different plants. The precursors, which are mainly 

composed of either condensed or hydrolysable tannins, have carbon yields greater than 35 wt.%. 

The morphology of the hard carbons depends on the nature of the precursor and does not affect 

particularly affect the material performance. All hard carbons have a disordered structure and 

present some residual inorganic compounds, inherently induced by the parent precursor. The 

concentration of these inorganic compounds impacts the degree of graphitization of the 

materials. For instance, metal carbonates catalyse the graphitization process, thus decreasing 

the interlayer spacing and increasing the number of clusters with better-organized graphene 

layers. HC-C exhibits the most organized structure and has the lowest d002 and ID/IG values, as 

well as the highest amount of inorganic compounds. These characteristics, combined with the 

highest open porosity, hinder its electrochemical performance, promoting capacity fading. The 

interlayer spacing d002 is, in general, large enough to promote the intercalation of Na+ ions. For 

example, myrobalan- and mimosa-based hard carbons, which have d002 values greater than 3.6 

Å, exhibit good cycling stability, even after changing the current regime from C/10 to C (C=372 

mA·g-1). In general, the low surface area of the materials, as determined by N2 and CO2 

physisorption, combined with the low open pore ratio, were favourable for limiting SEI 

formation, thus leading to high iCE values (above 84%). These materials also exhibit reversible 
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capacities of approximately 300 mAh·g-1 with good stability when cycled at 372 mA·g-1. This 

performance is similar to or even better than that of other hard carbons with tailored properties 

(e.g., morphology, porosity) obtained through multiple and/or complex synthesis methods. In 

addition, the electrochemical behaviour of these materials is in accordance with the adsorption- 

intercalation mechanism for Na+ storage. This simple approach provides new possibilities for 

the use of vegetal extracts with tannins as electrode materials for SIBs, as they provide a 

reliable, natural, renewable, nontoxic and low-cost resource for hard carbon production. 
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