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Abstract 

This study aims to develop high-capacity hard carbon anode materials for alkali-ion batteries 

by controlling the microstructures of non-graphitic hard carbon through an annealing protocol 

and investigating the effects on the alkali-ion storage mechanisms using physical, chemical, 

and electrochemical analytical techniques. The hard carbon materials were synthesized at 

temperatures ranging from 900 °C to 1600 °C. Those synthesized at 1100 °C with high surface 

area and abundant defects exhibited the highest reversible capacity in Li- and K-ion systems, 

with the storage dominated by surface-adsorption mechanisms. In contrast, the hard carbon 

compounds prepared at 1400 °C with numerous curve-featured pores delivered the highest 

reversible capacity in the Na-ion system, indicating that these pores are the preferred Na-ion 

storage sites, particularly in low-voltage plateau regions. This study provides a comprehensive 

understanding of the relationship between microstructures and alkali-ion storage mechanisms 

in non-graphitic hard carbon and highlights the importance of tailoring the microstructures of 

hard carbon to achieve high specific capacity for the desired alkali-ion species. 
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1. Introduction 

Lithium ion batteries (LIBs) have attracted significant interest as energy storage systems for 

various electronic devices owing to their high energy density, long calendar life, and good rate 

capability since their commercialization in 19911. However, the potential scarcity of lithium 

resources and rapidly increasing demand for energy storage systems has led researchers to 

search for alternative battery systems that rely on earth-abundant resources. Sodium- and 

potassium-based systems have been extensively studied as alternative metal-ion batteries 

among various earth-abundant resource-based rechargeable batteries 2 as their entrance into the 

market is expected to be relatively easier than that of other battery systems given their similar 

operation principles as LIBs3. The development of high-performance electrode active materials 

is essential to realize the commercialization of sodium-ion batteries (SIBs) and potassium-ion 

batteries (PIBs). Researchers have recently reported several high-performance cathode active 

materials, including oxides, organic and polyanionic compounds, for SIBs and PIBs4-8. For 

anode active materials, carbonaceous materials have been widely adopted in alkali-ion batteries 

as promising candidates9. In particular, non-graphitic hard carbon (HC) demonstrates good 

performance in alkali-ion batteries, and the synthesis of HC is relatively simple and affordable3, 

9-11. Non-graphitic HC can uniquely store and release Na ions reversibly with a high specific 

capacity (> 200 mAh/g) and low voltage (< 0.5 V), whereas ordered graphitic carbon can 

exhibit a limited specific capacity below 10 mAh/g in SIBs. Even at high temperature chemical 

reaction conditions, only high stages of NaCx (x ≥ 42) could be synthesized12, 13. Non-graphitic 

HC anodes have also been studied for PIBs by several research groups to take advantage of 
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their amorphous-like structural feature that could have smaller volume change upon K-ion 

storage and release than graphite14. 

An insightful understanding of the relationship between the alkali-ion storage behaviors and 

HC structures is required to develop improved HC anode materials. In this respect, several 

research groups have investigated the alkali-ion storage mechanisms in non-graphitic HC 

materials; however, there exists debate on the proposed mechanisms. For example, the Dahn 

and Nagao groups suggested the “house of cards” structure model for the sodium and lithium 

insertion mechanisms in HC compounds15-17. In a recent study, Kei et al. reported that lithiation 

is driven by interlayer insertion into defective carbon planes, whereas sodiation relies on 

pseudometallic Na cluster formation in micropores and potassiation mainly involves 

intercalation into narrow interlayer spaces of graphitic carbon planes18. A pore-filling storage 

mechanism, where Na or K ion could be stored in pores in the low-voltage region, has also 

been proposed19. Au et al.20 and Reddy et al.21 also reported Na adsorption/insertion at sloped 

voltage region followed by pore-filling mechanisms at plateau regions. Therefore, several 

synthesis approaches, such as using a pore-forming agent, pre-oxidation, and high-temperature 

carbonization, have been adopted as pore-tuning methods to utilize the pore-filling mechanism 

of HC22-24. In contrast, Gomez-Martin et al.25 and Escamilla-Perez et al.26 claimed the Na 

intercalation mechanisms in non-graphitic HC at low voltage plateau regions. 

Although significant advances have been made in understanding the alkali-ion storage 

mechanisms in non-graphitic HCs, it is still debatable how alkali ions are stored in HC. In 

particular, it remains unclear how the intrinsic properties of HCs activate the pore-filling or 

intercalation mechanisms, how Na ions are stored in HC, how the Na storage mechanisms are 

affected by the local structure, and how the storage of Na in HC is different from that of other 
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alkali ions such as Li and K. To answer these questions, in this study, we control the curved 

features of carbon sheets to form pores through the annealing protocol and investigate the 

effects on the alkali-ion storage performance. Various techniques, including X-ray diffraction 

(XRD), Brunauer–Emmett–Teller (BET) analysis, small-angle X-ray scattering (SAXS) 

analysis, Raman spectroscopy, and transmission electron microscopy (TEM), characterized the 

structural evolution of non-graphitic HC during the heat treatment. Raman analysis provides 

details of the structural evolution such as the curved feature, and we correlate such structure 

evolutions and alkali-ion storage properties in non-graphitic HC. By doing so, we find that 

curved features greatly affect the Na-ion storage properties but not Li- and K-ion storage. These 

findings indicate that the ideal storage sites depend on the type of alkali ion, emphasizing the 

need for tailored engineering of the microstructure of non-graphitic HC to maximize the 

specific capacity for the desired alkali-ion species. 

2. Experimental methods 

2.1. Synthesis of hard carbon 

HC materials were synthesized by two-step heat treatment, and cellulose (Sigma-Aldrich, 

Product number: C6288, description: Fibers (Medium)) was used as a starting material. The 

cellulose was first heated at 275 °C for 1 h in ambient air, followed by high-temperature heat 

treatment at varied temperatures from 900 °C to 1600 °C for 8 h under continuous Ar flow.  

2.2. Structure characterization 

The crystal structures of the obtained materials were analyzed using XRD on a Rigaku 

Miniflex 600 with Cu Kα radiation. The BET surface area of the samples was calculated by 

nitrogen (N2) gas adsorption/desorption isotherms measured using an adsorption analyzer 
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(ASAP 2020, Micromeritics Instrument Corp., Norcross, GA, USA) at 77.0 K. Prior to the 

analysis, the samples were out-gassed under vacuum at 200 °C overnight. The dried sample 

weight was measured to calculate the specific area corresponding to the adsorbed amount of 

N2. SAXS measurements were performed at beamline 12-ID-C of the Advanced Photon Source, 

Argonne National Laboratory. The energy of the X-ray beam was 25 keV (wavelength λ = 

0.4959 Å), and two setups (small- and wide- angle X-ray scattering, SAXS and WAXS) were 

used in which the sample to charge-coupled device detector (MAR research, Hamburg) 

distance were adjusted to achieve scattering q values of 0.0003 < q < 0.893 Å−1, where q = 

(4π/λ)sinθ and 2θ is the scattering angle. The 2θ angles of all the diffraction patterns were 

converted to corresponding angles for λ = 1.54 Å for easy comparison with other published 

XRD data. Raman spectra were collected using a Raman microscope system (Horiba Jobin 

Yvon USA, Inc.) equipped with an Ar-ion laser (Lexel Laser TM) adjusted to 633 nm. The 

spectra were collected with a microscope objective (Olympus America Inc.), and the laser 

power (~10 mW) was controlled to prevent sample damage. The laser spot size at the sample 

was approximately 2 μm in diameter. SEM images were recorded on a dual-beam focused ion 

beam-scanning electron microscopy (SEM) system (FIB-SEM, FEI Helios UX). The hard 

carbon powders were placed on the typical SEM carbon tape to fix them on the stage. 

Transmission electron microscopy (TEM) images were acquired on an FEI TitanX 60-300 

microscope at an acceleration voltage of 300 kV. The hard carbon powders were diluted in 

Isopropyl alcohol (99.5%, anhydrous, Sigma-Aldrich) and sonicated for good particle 

dispersion. The TEM samples were prepared by drop-casting the solution onto a standard 300 

copper mesh TEM grid with lacey carbon support. The samples were loaded into an FEI dual-

tilt holder. X-ray photoelectron (XPS) measurements were performed on a Thermo Scientific 

K-Alpha XPS System with a monochromatic Al Ka X-ray source in the Molecular Foundry at 
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LBNL. 

2.3. Electrochemical test 

The electrodes were prepared by mixing the active material of HC (85 wt%), Super P carbon 

black (Timcal, 5 wt%), and sodium carboxymethylcellulose (Na-CMC, MW: 250,000, 10 wt%) 

binder with deionized water solvent. The slurry was pasted on Cu current collectors and dried 

in a 70 °C oven overnight. The test cells were assembled into 2032 coin-cells in a glove box 

with a two-electrode configuration using Li-, Na-, and K-metal counter electrodes. Electrolytes 

of 1 M LiPF6, NaPF6, and KPF6 in ethylene carbonate/ diethyl carbonate (EC/DEC, 1:1 vol 

ratio) were used for the Li, Na, and K cells respectively. A separator of grade GF/F (Whatman, 

USA) was used for all the cell tests. The electrochemical tests were performed using a battery 

testing station (BT-2000, Arbin Instruments).  
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3. Results 

3.1.Structure evolutions of cellulose-derived hard carbons upon heat treatment  

 

Figure 1. Structure evolutions of non-graphitic hard carbon upon heat treatment from 

900 °C to 1600 °C. (a) XRD, (b) BET surface area, (c) Pore size distribution obtained from 

BET data, and (d) SAXS characterization results of non-graphitic hard carbon synthesized from 

cellulose.  

HCs were synthesized from cellulose at varied pyrolysis temperatures (900 °C, 1100 °C 

1300 °C, 1400 °C, 1500 °C, and 1600 °C) under continuous Ar flow, and the materials are 

denoted as HC900, HC1100, HC1300, HC1400, HC1500, and HC1600, respectively, hereafter. 
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Figure 1a presents XRD patterns for all the HCs, with two broad peaks appearing at the 

diffraction angles of 2θ = 22°–26° and 2θ = 42°–46°, representing the graphite planes of (002) 

and (101)27, 28, respectively. The (002) peak position gradually shifts to a higher angle with 

increasing pyrolysis temperature, which implies a decreased averaged lattice space along the 

c-axis. The interlayer distance of d(002), crystallite size along the c-axis (Lc) and a-axis (La) of 

the prepared samples, calculated from the fitting results (Figure S1), are summarized in Table 

1. The sharper (002) and (101) peaks of HC1600 as compared with that of HC900 demonstrates 

that the local graphitic domains become larger at higher temperatures. 

Nitrogen adsorption–desorption measurements were conducted to investigate the surface 

area of the prepared samples. Figure 1b shows the specific surface areas of HC samples 

calculated by the BET method. The BET surface areas of the prepared samples are summarized 

in Table 1. We observed that the surface area of the HCs decreases significantly as the pyrolysis 

temperature changes from 900 °C to 1300 °C. At temperatures above 1300 °C, there is 

insignificant fluctuation in the surface area of the HCs, indicating that the loosely packed 

carbon structures are more ordered and densified at higher temperatures. Figure 1c shows the 

pore size distributions in HC samples, which were estimated by Barrett-Joyner-Halenda (BJH) 

model. It demonstrates that the pore size increases as the synthesis temperature increases.  
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Table 1. Calculated interlayer distance of d(002) and crystallite size along the c-axis (Lc) and 

a-axis (La) from fitting curves of XRD and BET surface area. 

Sample 

Interlayer 

distance 

(Å) 

Crystallite size 

along c-axis 

(nm) 

Crystallite size 

along a-axis 

(nm) 

BET surface 

area 

(m2 g-1) 

HC 900 3.749 1.07 1.65 479 

HC 1100 3.744 1.11 1.70 277 

HC 1300 3.777 1.14 1.78 1.6 

HC 1400 3.715 1.23 2.02 29.4 

HC 1500 3.715 1.24 2.34 2.85 

HC 1600 3.675 1.32 2.31 16.15 

 

We employed the SAXS technique, where the energy of the X-ray beam was 25 keV 

(wavelength λ = 0.4959 Å), to evaluate the closed pores inside the HC matrix because BET 

technique is sensitive open pores at the surface only. Figure 1d represents the scattering 

intensity, which is a function of the electron density fluctuation, as a function of the scattering 

vector (0.0003 < q < 0.893 Å−1, q = (4π/λ)sinθ and 2θ is the scattering angle). The 2θ angles of 

all the diffraction patterns were converted to corresponding angles for λ = 1.54 Å for easy 
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comparison with other published XRD data. The SAXS patterns of the prepared HC samples 

show two broad maxima: one between 0.02 and 0.1 Å, and the other between 0.1 and 0.5 Å, 

which arise from the nanopores and micropores in the carbon matrix, respectively28, 29. The 

scattering intensity of the peaks increases with temperature, suggesting an increase in the 

electron-density contrast between the carbon matrix and closed pores30. This suggests that the 

total volume of closed pores increases in the HC structure as the synthesis temperature 

increases. Given that the BET surface area decreases with increasing temperature, the increase 

of the total closed pore volume might indicate that the open pores are transformed into closed 

pores in the non-graphitic HC because the high BET surface area usually comes from the open 

pores at the surface of carbon. 
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Figure 2. Raman spectra with 633-nm wavelength laser. (a) Raman spectra of prepared 

samples with proposed spectra deconvolution; (b) position change of 2D-, G-, and D-band peak; 

(c) FWHM change of 2D-, G-, and D-band peak; (d) intensity ratio change of D3/G, D4/D3, 

and D/G. 

 Raman spectroscopy was used to further characterize the fine structural information of the 

HCs, including the crystallinity, carbon-atom hybridization, defect concentrations, and 

ordering range31. Figure 2a presents the Raman spectra of the HC samples in the region from 

500 to 3500 cm−1 obtained using a 633-nm wavelength laser. The first-order Raman spectrum 

of the HC samples could be deconvoluted into five components, including the D, G, D4, D3, 

and D’ bands32, 33. The D band, assigned to K-point phonons of A1g symmetry, is related to the 

breathing modes of six-atom rings. The presence of the D band usually implies discontinuity 

of the sp2 symmetry in carbon domains, which is associated with the edge effects, point defects 

and structural disorder. The G band, assigned to zone-center phonons of E2g symmetry, is 

related to the in-plane bond stretching modes of all the sp2 atoms in both carbon hexagonal 

rings. The D4 band, attributed to sp2–sp3 bonds, is related to C–H termination groups such as 

C=C/C–C stretching motions in a polyene-like structure34. The D3 band is related to the 

vibrational response of the amorphous carbon content and indicates the presence of amorphous 

domains in the structure32, 35, 36. The D’ band is related to the graphitic lattice vibration mode 

of the surface graphene layers32, 37. The second-order Raman spectrum could be deconvoluted 

into four components, including D+D’’-, 2D-, D+G-, and 2D’ bands. All four components are 

related to overtones and combinations of known lattice fundamental vibration modes32. The 

fitting parameters of all the HC samples, which are the peak position, normalized intensity, 

FWHM, and area, are listed in Table S1. 
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To highlight the structure changes of HCs at varied heat-treatment temperatures, we plot the 

position and full width at half maximum (FWHM) changes of the 2D-, G-, and D-band peaks, 

as represented in Figure 2b and c. We observed the continuous upshift of the G-band peak 

position, indicating that the sp3 component decreases, whereas sp2 component increases, with 

increasing treatment temperature. This observation points to the phase transformation from 

amorphous carbon to nanocrystalline graphite or a more ordered carbon structure upon 

heating33. Interestingly, the FWHM of the G-band peak increases from 900 °C to 1400 °C and 

then decreases from 1400 °C to 1600 °C, which can be interpretated as the C–C bond length 

becoming more diversified until the heat-treatment temperature reaches 1400 °C and then 

unified at higher temperatures38. This finding might indicate that there exist some C5 and C7 

rings and/or an incomplete C6 local structure with an open edge in the HC. We expect these 

defect components likely contribute to the formation of curvatures of HC materials39, 40, and 

these curved features of non-graphitic HC form micro- and nanopores, as confirmed by the 

SAXS analysis (Figure 1d). The gradual decrease of the FWHM of the D-band peak with 

increasing temperature indicates an enlarged graphitic basal plane41. The increase in the D-

band peak intensity along with the decrease in the D’-band peak intensity (Figure S2) could be 

attributed to structural defects such as edges with different chirality or vacancies42, 43. The 2D-

band peak is often used as an indicator of the stacking level of the graphene layers33, 44. The 

shape of the 2D-band peak in Figure 2a shows a symmetric feature, indicating that synthesized 

HCs have the Bernal stacking (ABA) rather than rhombohedral stacking (ABC)45. The position, 

FWHM, and intensity change of the 2D-band peak strongly depend on the rotational angle of 

the graphene layers46. The observed continuous increase of the 2D-band peak intensity and 

variation in the 2D-band peak position and FWHM with increasing temperature in Figure S2 

and Figure 2b,c could be attributed to the unconventionally stacked multi-layer graphene 
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induced by an increase in the misorientation angle between layers46. Figure 2d shows the 

I(D)/I(G), I(D3)/I(G), and I(D4)/I(D3) ratio change. Interestingly, the I(D)/I(G) ratio does not 

change monotonically. The I(D)/I(G) ratio, which is often used to estimate the degree of 

graphitization,40, 47 decreases from 900 °C to 1300 °C and gradually increases above 1300 °C. 

This might indicate the structure evolution is not a simple process from amorphous to ordered 

structure. Because the I(D3)/I(G) and I(D4)/I(D3) ratios are indicators of the C–C bond angle 

disorderness32, we speculate that the reduction in the I(D3)/I(G) ratio and the rise in the 

I(D4)/I(D3) ratio indicate an increase of the C–C bond angle orderness in the turbostratic 

carbon with increasing synthesis temperature31, 32. Given that the C–C bond angle in a 

honeycomb structure becomes more ordered, the diversification of the C–C bond length by 

heat treatment up to 1400°C, as observed from the change of the FWHM of the G-band peak 

in Figure 2c, could be attributed to the incomplete formation of the C6 ring, in which one C–C 

bond edge is open, rather than C5 and C7 ring formations. With all these Raman spectra 

observations, we conclude that the structure evolution of HC compounds is not a simple 

transformation from disorderness to orderness as the temperature increases. Instead, we find 

that increasing the synthesis temperature up to 1400 °C induces the growth of graphitic basal 

planes and an increase of the C–C bond angle orderness yet increases structural disordering 

such as the growth of disordered carbon clusters and increased open edges, vacancies, and 

misorientation of the layers. Temperatures higher than 1400 °C lead to a more ordered structure 

of HCs overall.  

From the comprehensive analysis using XRD, BET, SAXS, and Raman spectroscopy, the 

structural evolution of cellulose-derived HCs with elevated synthesis temperature can be 

categorized into three stages, leading from amorphous-like carbon to turbostratic carbon. Stage 
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1 (900 °C – 1100 °C) consists of amorphous-dominant carbon, containing many defects, and 

high surface area. In stage 2 (1100 °C – 1400 °C), the graphene sheets start to have the curved 

features and form micropores while the graphene sheets become aligned. In stage 3 (1400 °C 

– 1600 °C), the interlayer distance between graphene sheets decreases and the C–C bond length 

is unified to form flattened and ordered nano-graphitic carbon. The microstructure still contains 

hierarchical porosity, including nanopores and micropores but much fewer curved features of 

the carbon sheets. 

Figure 3. SEM images of cellulose, and HC samples synthesized at varied temperatures. 

SEM images of (a) cellulose, HC sample synthesized at (b) 900 °C, (c) 1100 °C, (d) 1300 °C, 

(e) 1400 °C, and (f) 1500 °C.  

We further characterize morphology and microstructure evolutions of HC samples by heat 

treatment. Figure 3 shows the SEM images of cellulose, and HC samples synthesized at varied 

temperatures. We confirm that the fiber-like morphology of cellulose is maintained even at 

high temperature treatment up to 1500 °C while the surface becomes more wrinkled. Figure 4 

exhibits TEM images of HC samples synthesized at varied temperatures from 900 °C to 
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1500 °C. For HC900 and HC1100 samples, we observed tiny domains that are randomly 

oriented (Figure 4a-b). Interestingly, we find curved fringes in HC1300 and HC1400 samples 

(Figure 4c-d), and these curved features of carbon sheets disappear in HC1500 sample (Figure 

4e). This behavior is more highlighted in the edge side of the carbon samples. For example, the 

edge of the HC900, HC1100, and HC1500 samples show relatively flattened features compared 

to HC1300 and HC1400 samples that exhibit heavily curved features (highlighted area in 

Figure 4c-d). These microstructure evolutions are in a good agreement with our interpretation 

from Raman analysis. 

 

Figure 4. TEM images of HC samples synthesized at varied temperatures. TEM images of 
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HC sample synthesized at (a) 900 °C, (b) 1100 °C, (c) 1300 °C, (d) 1400 °C, and (e) 1500 °C.  

3.2.Electrochemical Li, Na, and K storage properties 

 

Figure 5. Electrochemical properties of non-graphitic hard carbon in Li cells. (a) Charge–

discharge profiles, (b) capacity vs. synthesis temperature plots, (c) cycling stability of HCs.  

The electrochemical performance tests of cellulose-derived HCs were conducted in Li half 

cells to investigate the electrochemical characteristics of non-graphitic HCs as anodes for LIBs. 

Figure 5a shows the first and second charge–discharge profiles at a current rate of 15 mA/g in 

the voltage range of 0.001–2.0 V vs. Li/Li+. All of the cellulose-derived HCs show the plateau 

at approximately 0.9 V in the first discharge, with the plateau disappearing in the second 

discharge. The plateau at 0.9 V can likely be attributed to the irreversible solid-electrolyte 

interphase (SEI) layer formation48. In the first cycle, the reversible/irreversible capacity of 

HC900, HC1100, HC1300, HC1400, HC1500, and HC1600 are 291/496, 298/350, 201/83, 

187/133, 138/97, and 139/108 mAh/g, corresponding to a low coulombic efficiency (CE) of 

37.0%, 46.0%, 70.8%, 58.4%, 58.7%, and 56.3%, respectively. The large irreversible capacity 
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of the first cycle can be ascribed to the decomposition of the electrolyte on the particle surface 

with the formation of the SEI layer49. We find that the irreversible capacity decreases and the 

CE increases significantly when the synthesis temperature is higher than 1100 °C, as shown in 

Figure 5b, which is highly likely related to the lower surface area confirmed by BET analysis. 

The maximum reversible capacity is obtained from the cellulose-derived HCs synthesized at 

1100 °C. Figure 5c displays the cycling stability of the cellulose-derived HCs in Li cells. All 

the cellulose-derived HCs exhibit good cycling performance up to 40 cycles. 

 

Figure 6. Electrochemical properties of non-graphitic HC in Na cells. (a) Charge–discharge 

profiles, (b) capacity vs. synthesis temperature plots, (c) cycling stability of HCs. 

The Na-ion storage behavior of the cellulose-derived HCs was studied at a current rate of 15 

mA/g in the voltage range of 0.001–2.0 V vs. Na/Na+, as shown in Figure 6a. The cellulose-

derived HCs show typical initial charge–discharge curves of HC electrodes, with a sloping 

voltage region above 0.2 V and a plateau region below 0.2 V vs. Na/Na+ (Figure 6a)50. The 

reversible/irreversible capacity of HC900, HC1100, HC1300, HC1400, HC1500, and HC1600 

are 164/176, 265/109, 273/62, 286/99, 220/30, and 200/45 mAh/g with a CE of 48.2%, 70.9%, 
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81.5%, 74.3%, 88.0%, and 81.6%, respectively, for the first cycle. We expect that the 

irreversible capacity mainly originates from the electrolyte decomposition and SEI formation49. 

Figure 6b exhibits the reversible and irreversible capacities along with the CE as a function of 

the synthesis temperature. We find that the irreversible capacity decreases dramatically when 

the synthesis temperature increases, which is similar to the lithium storage behavior in HCs. 

The reversible capacity increases as the pyrolysis temperature rises, and the maximum 

reversible capacity is obtained from the cellulose-derived HCs synthesized at 1400 °C, which 

implies that the Na storage mechanisms could differ from the Li storage mechanisms. The 

cellulose-derived HCs synthesized at 1400 °C deliver the most stable cycle life among the 

samples tested, as illustrated in Figure 6c. 

 

Figure 7. Electrochemical properties of non-graphitic HC in K cells. (a) Charge–discharge 

profiles, (b) capacity vs. synthesis temperature plots, (c) cycling stability of HCs. 

We further tested the electrochemical potassium storage performance of the cellulose-

derived HCs at a current rate of 15 mA/g in the voltage range of 0.001–2.0 V vs. K/K+. The 

cellulose-derived HCs deliver reversible/irreversible capacities of 52/125, 80/134, 57/94, 
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42/102, 25.8/117.2, and 22.5/116.5 mAh/g with a CE of 29.4%, 37.4%, 37.7%, 29.2%, 18.0%, 

and 16.2%, respectively, during the first charge and discharge process, as shown in Figure 7a. 

We observed a much larger portion of irreversible capacity and much lower coulombic 

efficiency in the K cells than in the Li and Na cells. In addition, unlike for Li and Na cells, a 

significant decrease of the irreversible capacity was not observed at high synthesis temperature. 

In fact, the irreversible capacity was not noticeably affected by the synthesis temperature. 

These behaviors might indicate that the K electrolyte (1 M KPF6 in EC/DEC) used in this study 

has a relatively low reduction stability. In fact, it was reported that carbonate-based K-

electrolytes have relatively low reductive stability51, 52. Figure 7b and Figure 7c summarize the 

reversible and irreversible capacities and CE of the HC samples and their cycling stability, in 

which HC1100 shows the maximum reversible capacity, similar to the results from the Li cells.  
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Figure 8. Synthesis temperature of HC vs. reversible capacity in Li, Na, and K cells. 

Figure 8 summarizes the reversible capacities of the cellulose-derived HCs in Li, Na, and K 

cells as a function of the synthesis temperature. The Li and K storage capacities are maximized 

at 1100 °C and decrease at higher temperatures. In contrast, the reversible capacity for Na 

storage increases as the synthesis temperature increases up to 1400 °C and decreases at higher 

temperatures. This observation indicates that the optimized synthesis temperature of the 

cellulose-derived HCs can vary depending on the ion species being stored. We find that the 

reversible capacity decreases monotonically in Li and K cells above 1100 °C and that the 

charge–discharge curves have no noticeable plateaus, as demonstrated in Figure 5a, 7a, and 8. 

Therefore, we expect that Li and K ions are mainly stored at the surface and/or defect sites of 

the cellulose-derived HCs. We suspect that lower K ion storage capacity in non-graphitic hard 

carbon than Li ion is attributable to the stronger electrostatic repulsion between K ions and/or 

steric effects due to larger ionic radius of K ion than Li ion. These can limit the total amount 

of adsorbed K ion on the non-graphitic hard carbon surface. However, we could not exclude 

the fact that the K-electrolyte is relatively less stable against K metal and at low voltages51, 52. 

The significant electrolyte decomposition can lead to a large polarization of the cells, limiting 

reversible capacity. In contrast, the reversible capacity increases as the synthesis temperature 

increases from 900 °C to 1400 °C, and the highest reversible capacity is obtained from HC 

1400 in Na cells. We also want to highlight that the charge–discharge profiles of Na cells are 

distinct from the Li and K cells. In Na cells, HCs exhibit plateaus in the low-voltage region (< 

0.2 V vs. Na/Na+), which are absent in Li and K cells. These results indicate that the Li and K 

storage mechanisms in HC might differ from that of Na in HC.  
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3.3.Understanding Na storage mechanisms in cellulose-derived HCs.  

 

Figure 9. (a) Charge–discharge voltage profiles of HCs synthesized at varied temperatures in 

Na cells. (b) Synthesis temperatures vs. discharge capacities. (c) Discharge capacity obtained 
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below 0.2 V (plateau region) vs. FWHM of the G band.   

We plotted the second-cycle voltage profiles of cellulose-derived HCs in Na cells to capture 

how the Na storage behavior changes with the synthesis temperature, as shown in Figure 9a. 

To more easily distinguish the capacity obtained from the sloped voltage region (> 0.2 V) and 

plateau (< 0.2 V), we put these discharge capacity values together obtained from cellulose-

derived HCs, as shown in Figure 9b. We find that the discharge capacity over 0.2 V (sloped 

voltage region) decreases as the synthesis temperature increases. More precisely, the discharge 

capacity in the high-voltage region is maximized at 1100 °C and decreases monotonically, 

which is identical to the results for Li and K cells. Therefore, we expect that the high-voltage 

region (> 0.2 V) likely corresponds to the surface adsorption of Na ions and/or Na storage at 

defects. The cellulose used in this study has composition of (C6H10O5)n, indicating the HCs 

will have C and O only after the heat treatment. By the XPS analysis, we found that O-related 

functional groups are reduced at higher temperature process as shown in Figure S3. It is well 

understood that O-related functional groups can take alkali ions at relatively high voltages by 

the adsorption mechanism53. Therefore, we expect that the O-containing functional groups 

contribute to the alkali ion adsorption/desorption at sloped voltage regions. As the synthesis 

temperature increases up to 1400 °C, the capacity obtained from the plateau region increases 

linearly but then decreases at higher temperatures. This behavior cannot be explained by the 

porosity increase observed in the SAXS results alone.  

Interestingly, we find that the higher FWHM of the G band from the Raman spectra 

corresponds to a higher discharge capacity in the low-voltage plateau region, as shown in 

Figure 9c. The capacity from the low-voltage region decreases above 1400 °C with decreasing 

FWHM of the G band, although the total volume of pore increases, as evident in the SAXS 

Page 23 of 33

https://mc04.manuscriptcentral.com/jes-ecs

Journal of The Electrochemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

24 

 

results (Figure 1d). This finding might imply that the favorable sites for Na for the pore-filling 

mechanism are pores surrounded by curved carbon-sheet features.  

 

4. Discussion 

 

Figure 10. Schematic illustrations of sodium storage mechanisms and structural evolution 

depending on synthesis temperature. 

 To investigate the sodium storage mechanisms in the cellulose-derived HCs and confirm the 

effect of the structural changes, as a function of the synthesis temperature, on the sodium 

storage mechanisms, the electrochemical properties and structural parameters that were 

characterized are summarized in Figure 10. Based on our analysis above, we conclude that the 

cellulose-derived HCs have two dominant storage mechanisms: adsorption in region 1 and pore 

filling in region 2. The ratio of the capacities in region 1 and region 2 is directly related to the 

structure of the cellulose-derived HCs, as shown in Figure 10. With the structural evolution 
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from an amorphous-like to turbostratic structure, the graphitic domain and volume of pores 

increase while the defects decrease. The gradual decrease of the specific capacity in region 1 

is attributed to the absorption site decrease with increasing degree of graphitization and 

decreasing defects and surface area, which is in agreement with the literature54. However, it is 

not possible to completely exclude the Na-insertion mechanism in the inter-slab distance 

between graphene sheets21, 55. We expect that the pore-filling mechanism dominates the Na 

storage in the low-voltage region39, 56. However, we find that the capacity obtained in the low-

voltage region does not monotonically increase as the temperature increases, which agrees with 

previous reports20, 25. Interestingly, the specific capacity in region 2 gradually increases until 

the synthesis temperature reaches 1400 °C and then decreases, which is attributed to the 

increase in the curve-featured pores up to 1400 °C and the decrease in the curve-featured pores 

above 1400 °C as confirmed by Raman analysis and TEM observations while the total pore 

volume increases monotonically as the temperature increases40. At temperatures above 1400 °C, 

we expect that the curved-featured carbon sheets are flattened and that less capacity is obtained 

in the plateau regions despite more pores being present. In our study, we could not find a linear 

correlation between interlayer space and Na storage capacity at low voltage plateau regions, 

which might exclude the Na intercalation mechanism at low voltage plateaus in our system. 

We suspect that the microstructure evolution of HCs is extremely sensitive to the synthesis 

processes and it can trigger distinct Na storage mechanisms, which requires further studies. 

 

5. Conclusion 

In this study, the structural evolution of cellulose-derived HCs prepared at various pyrolysis 

temperatures was characterized to understand the effects of the local structure, particularly the 
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curved features, on the alkali-ion storage mechanisms using several physical, chemical, and 

electrochemical analytical techniques. We found that increasing the pyrolysis temperature 

results in two distinct effects on the non-graphitic HC structure. First, it leads to the 

development of graphitic basal planes and an increase in the orderness of the C–C bond angles. 

Second, it causes various forms of structural disordering such as the expansion of disordered 

carbon clusters, increased angle of edges, the formation of vacancies, and misalignment of 

layers until the temperature reaches 1400 °C. At temperatures above 1400 °C, the carbon 

structure becomes more ordered overall. These structural changes affect the ion-storage 

properties, and their effects depend on the alkali-ion species. HC 1100 delivered the highest 

reversible capacity in the case of Li and K ions, mainly due to the adsorption reactions. This 

finding indicates that Li and K ions are stored at the surface and/or in defects rather than in 

pores because HC 1100 shows a delicate balance between graphitic domain and defects but 

contains few pores. In the case of Na ions, it was revealed that the origin of the reversible 

capacity is the pore-filling mechanism in the low-voltage plateau region. Although HC 1400 

contains fewer pores than HC 1500, HC 1400 with curve-featured pores displayed a higher 

reversible capacity than HC 1500. This result might indicate that curve-featured pores are the 

preferred Na-ion storage sites in the low-voltage plateau region. This work can be further used 

as a reference to develop efficient HCs for anodes in alkali-ion storage devices. 
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