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A B S T R A C T   

Biomass is a sustainable precursor of hard carbons destined for use in sodium-ion batteries. This study explores 
the synthesis of hard carbon nanosheets (HCNS) from oxidized cork and impact of synthesis temperature on the 
hard carbon characteristics. An increase in the carbonization temperature from 1000 to 1500 ◦C generally leads 
to lower BET specific surface areas (~55 to 20 m2 g− 1) and d002 interlayer spacing (~ 4.0 to 3.7 Å). The effect of 
synthesis temperature is reflected in the initial coulombic efficiency (iCE) which increases from 72% at 1000 ◦C 
to 88% at 1500 ◦C, as a result of the decrease in surface area, and structural defects in the hard carbon as verified 
using Raman scattering. The impact of cycling temperature (~25, 30 and 55 ◦C) on the rate capability and long- 
term cycling is investigated using high precision coulometry cycler. For a galvanostatic test at 20 mA g− 1 and ~ 
25 ◦C, a reversible capacity of 276 mAh g− 1 is observed with an iCE of ~88%. Increasing cycling temperature 
enhances the rate performance, but slightly lowers the iCE (~86% at 30 ◦C and ~ 81% at 55 ◦C). At 20 mA g− 1, 
the reversible capacities obtained at 30 ◦C and 55 ◦C are on average ~ 260 and ~ 270 mAh g− 1, respectively. For 
constant-current constant-voltage (CCCV) tests conducted at 30 ◦C, reversible capacities ranging from 252 to 
268, 247–252, and 237–242 mAh g− 1 can be obtained at 10, 100, and 1000 mA g− 1, respectively. The respective 
capacities obtained at 55 ◦C are about 272–290, 260–279, and 234–265 mAh g− 1 at 10, 100 and 1000 mA g− 1. 
The applicability of the HCNS electrodes is eventually evaluated in full-cells with Prussian white cathodes, for 
which a discharge capacity of 152 mAh g− 1 is obtained with an iCE of ~90%.   

1. Introduction 

Success in the synthesis of hard carbons with controlled micro-
structures, low surface areas and an interlayer spacing >3.6 Å has 
enabled efficient Na+ storage with gravimetric capacities ranging from 
200 to 380 mAh g− 1 [1–5]. There are overwhelming experimental data 
indicating that variations in the micro-structure, typified by the surface 
areas and porosity, particle morphology, surface chemistry, defects and 
atomic local structure, can cause variable electrochemical performance 
[6–12]. Particle morphologies which minimize interfacial surface areas 
and pore microstructures, while promoting sodium-ion diffusion, can 
benefit the charge efficiency and the kinetics of electrochemical sodium- 
ion storage. These characteristics of hard carbons are related to synthesis 
conditions and precursor materials, and influence both the kinetics and 
mechanism of charge storage [13]. Hard carbons with sheet-, foam- and 
honeycomb-like architectures with thin walls and hierarchical porosity 
can be derived from biomass, and are suited for high rate sodium-ion 

storage [14–17]. Lignocellulosic biomass consists principally of cellu-
lose (30–50% by weight), hemicellulose (20–35%) and lignin (15–30%) 
[18]. It is commonly used as an abundant resource to prepare hard 
carbons endowed with morphologies desired for high rate cycling [19]. 
However, the main downside of biomass is linked to its poor carbon 
yield as mostly below 20% of its original weight transforms to carbon 
[20]. Amongst biomass constituents, lignin is the most aromatic, being 
rich in polyphenols, and yields a significant amount of carbon after 
pyrolysis; it has above 40% [20–22] carbon yield as opposed to 10 to 
15% [20,23] for pure cellulose. Hence, starting materials rich in lignin 
must be selected and a strategy for thermally stabilizing biomass must be 
conceived to increase the efficacy of the carbonization step. 

In this paper, we demonstrate that low surface area hard carbons 
with nanosheet-like morphologies can be derived from oxidized cork 
bark which is rich in lignin and has a cellular microstructure that can 
serve as a template for honeycomb-like carbon materials [24–26]. 
Oxidative heating alters the thermoplastic character of biomass 
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(especially its lignin part) by inducing structural crosslinks which can 
thermally stabilize the cork precursor thereby increasing its carboniza-
tion tendency [27]. Hard carbon nanosheets, synthesized at 
1000–1500 ◦C, are expected to allow for higher mobility of sodium ions 
in the local structure and are attractive for use in high power SIBs. 
Prototype electrochemical cells were fabricated to test the characteris-
tics of the materials. Electrochemical characteristics like rate capability, 
coulombic efficiency and cycle life were assessed using high precision 
coulometry (HPC) in isothermal chambers maintained at 30 and 55 ◦C. 

2. Materials and methods 

2.1. Synthesis 

Natural cork was used to prepare hard carbon nanosheets (HCNS) in 
this study. Any cork waste can serve the same purpose. In this study, 
cork from Fisher® Scientific was initially stabilized by heating in air at 
300 ◦C for 3 h in a muffle furnace. Then, to prepare the final hard carbon 
product, the oxidized precursor was heated at a rate of 5 ◦C to 
1000–1500 ◦C in a tube furnace (Entech® with Eurotherm® controller) 
for 1 h under a continuous flow of argon. 

2.2. Characterization techniques 

2.2.1. Thermogravimetric analysis (TGA) 
Pyrolysis and carbonization of the pristine and oxidized cork pre-

cursors were investigated under nitrogen gas using Q500 TGA1000 ◦C 
(TA® Instruments). About 6.6 mg (pristine) and 5.8 mg (oxidized) cork 
were placed in an alumina crucible and heated in nitrogen atmosphere 
(60 mL min− 1) to 1000 oC at a rate of 5 ◦C min− 1. Same procedure was 
pursued to assess the ash content of the hard carbons (sample size ~3 to 
5 mg) after heating in air. 

2.2.2. Scanning electron microscopy (SEM) 
The powder of HCNS was spread on a carbon tape (Agar® Scientific) 

which was mounted on an aluminium stub. To get rid of loosely attached 
particles, nitrogen gas was carefully blown over the sample. The 
microstructure and morphology of the sample was studied using Zeiss® 
Merlin SEM instrument. All imaging was carried out at a working dis-
tance of 7 mm using a 5 keV electron beam, a probe current of 100 pA 
and collecting secondary electrons with the InLens and the HE-SE2 
detectors. 

2.2.3. Transmission electron microscopy (TEM) 
A sample of the HCNS powder was dispersed in ethanol and soni-

cated in preparation for Transmission Electron Microscopy (TEM) 
analysis. A drop of the dispersion was placed on the TEM grid and dried. 
TEM analysis was conducted on JEOL® JEM-2100F at 200 kV with 
Gatan CCD camera. The selected-area electron diffraction (SAED) and 
TEM images were recorded by a Gatan® Orius 200D and Ultrascan 1000 
XP camera, respectively. The EELS spectra were taken in TEM image 
mode by Gatan Imaging Filter (GIF Tridiem 863). Deconvolution of the 
low-loss features and power law model background subtraction were 
applied to extract the EELS edges in the spectra. 

2.2.4. X-ray photoelectron spectroscopy (XPS) 
The XPS measurements were performed on samples of the hard 

carbon powder using PHI 5500® and Kratos Axis Supra+ spectrometers 
equipped with a monochromatic Al Kα radiation (1487 eV) source. The 
spectra were deconvoluted by non-linear least squares peak fitting 
performed using pseudo-Voight functions in Igor® Pro software. 

2.2.5. Raman spectroscopy 
The Raman spectrum of hard carbon nanosheets was collected using 

a Renishaw® InVia Ramanscope with a 532 nm laser focused through a 
50× objective lens at a power of 0.2 mW (1%). Non-linear least squares 

curve-fitting of the spectra to pseudo-Voight functions was solved using 
Levenberg-Marquardt algorithm in the Rampy python package [28]. 
The integrated areas of the deconvoluted peaks (AD1, AD2, AD3, and AG) 
were used to evaluate parameters that are a measure of the degree of 
graphitization (γ), concentration of defects (δ), crystallite growth (γ/δ), 
and sp3-hybridized carbon bonds (α) in the hard carbons as a function of 
carbonization temperature: 

γ =
AG

Atotal  

δ =
AD1 + AD2 + AD3

Atotal  

α =
AD2 + AD3

Atotal  

2.2.6. Fourier transform infrared (FTIR) spectroscopy 
Attenuated total reflectance FTIR spectrometer (PerkinElmer®) was 

employed to study the structural transformations of pristine cork upon 
thermal oxidation at 300 ◦C and carbonization at 1500 ◦C to prepare 
hard carbon nanosheets. 

2.2.7. Specific surface area analysis by N2-gas physisorption 
Evaluation of the porosity and the BET (Brunnauer-Emmet-Teller) 

[29] specific surface areas of the HCNS samples was conducted using N2- 
gas physisorption at 77 K using ASAP2020 analyzer (Micromeritics®). 
The samples (~23–66 mg powder) were degassed at 100 ◦C under 20 
μmHg for about 4 h and at 250 ◦C under 20 mmHg for 6 h prior to gas 
adsorption/desorption analysis. The pore width distribution was eval-
uated using the kernel non-local density functional theory (NLDFT) 
[30]. 

2.2.8. Electrode fabrication and electrochemical testing 
To fabricate the electrodes a slurry was prepared by mixing 92 wt% 

of HCNS powder, 2% graphitic nanofibers (Sigma-Aldrich®) and 6% of 
CMC binder (Leclanché®) in a mixture of deionized water and absolute 
ethanol in a 9:1 ratio by volume. The mixture was homogenized to a 
slurry consistency on Vortex homogenizer (Vortex® Genie2 from Sci-
entific Industries) and then cast onto carbon-coated aluminium foil on a 
bar coater (RK® Control Coater) setting the thickness to 50 μm using a 
doctor blade (ZFR 2040, Zehntner® testing instruments). The coating 
was dried at ambient conditions and 13 mm disk electrodes were 
punched out using a perforator (Hohsen® electrode puncher). The 
Prussian white (PW), Na2-xFe[Fe(CN)6], electrodes were prepared 
following the same procedure except that the composition was 85% PW 
powder (Altris® AB), 10% carbon black (Super P® conductive, 99%, 
Alfa Aesar®) and 5% CMC binder (Leclanché®). All electrodes were 
dried prior to use in electrochemical cells at 120 ◦C for 12 h in a vacuum 
oven (Büchi® Glass Oven B-585) and stored in a glovebox (GS® Glo-
vebox Systemtechnik) with both O2 and H2O levels maintained at a 
maximum of 0.2 ppm. Pouch cells were then assembled using these 
electrodes and sodium metal disks in half-cell configurations. In all the 
cells, glass fiber separators (240 μm in thickness, Whatman®) impreg-
nated with 100–150 μL of 1 M NaPF6 (min. 98%, Stella Chemifa®)) in 
1:1 EC: DEC (Gotion®) electrolyte were used. The cells were allowed to 
relax at open circuit voltage (OCV) for 12 h before starting the actual 
electrochemical testing. Cyclic voltammetry (CV) and three-electrode 
cell galvanostatic measurements were conducted on Bio-Logic® MPG2 
potentiostats, while galvanostatic tests on two-electrode half-cell were 
conducted using Novonix® High Precision Coulometry (HPC) cycler (at 
30 and 55 ◦C) and Arbin® BTS cycler (at ambient temperature) in the 
voltage ranges from 0 V to 2.5 V vs Na+/Na. In galvanostatic tests 
specific currents were calculated by normalizing the applied current to 
the mass of the hard carbon (~0.3 to 3.3 mg cm− 2). In addition, the 
program shown in Fig. S21, which combined current pulse for 1 min and 
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EIS measurements using MPG2–128 potentiostat, was applied on a half- 
cell to investigate the dynamic resistance (R = ΔV/ΔI) and interfacial 
resistance as a function of voltage during discharge-charge steps over 3 
cycles. Prototypes of full-cell SIBs were assembled using the hard carbon 
nanosheets as negative electrodes (2.17 to 2.68 mg cm− 2) and Prussian 
white positive electrodes (mass loading 2.86 to 4.2 mg cm− 2). The PW: 
HCNS mass ratio was fixed at ~1 corresponding to a charge ratio of ~0.6 
assuming 160 mAh g− 1 for PW and 260 mAh g− 1 for HCNS. Galvano-
static tests were performed using Landt Battery Tester (CT2001A) in the 
voltage range from 1 to 3.6 V for the PW-HCNS full-cells, and 1.5 to 3.8 
for PW-Na half-cells. 

3. Results and discussions 

3.1. Synthesis and structural analysis 

Chemical crosslinking prior to pyrolysis can potentially increase the 
carbon yield and help preserve the desirable microstructure in the pre-
cursors. In this work, oxidative thermal stabilization (Fig. 1(a)) was 
carried out by heating the biomass in air at 300 ◦C, causing dehydration 
and crosslinking. Comparing the precursors with and without thermal 
pre-treatments, it can be seen that the carbon residue increased from 

16% to 49% (Fig. 1(b)). This is evidence for the increased thermal sta-
bility of the oxidized cork via crosslinking and thermo-chemical con-
version of aliphatic cyclic components to aromatic rings as a result of 
dehydration and de-carboxylation processes similar to hydrothermal 
carbonization (HTC) [31]. The FTIR spectra of samples as-received, after 
thermal stabilization at 300 ◦C in air and carbonization at 1500 ◦C in 
argon were used to identify chemical transformations. The FTIR spectra 
in Fig. 1(c) evidenced that the pristine and oxidized cork samples con-
sisted of bands at about 3325 cm− 1 due to -OH stretching vibrations that 
decreased in intensity while the pair of bands at 2925 and 2850 cm− 1 

due to in-phase and out-of-phase -CH2-/CH3- stretching modes became 
much more intense. This could indicate the loss of molecular water and 
conversion of alcohol and aldehyde functional groups to esters as they 
react with carboxylic functional groups. Additionally, the band due to 
carbonyl functional groups, >C=O stretching modes, shifted from 1710 
cm− 1 to 1736 cm− 1 after oxidative stabilization as more aldehyde and 
ester functional groups formed, while the pristine sample consisted of 
mainly alcohols and ketones. Concurrent increases were observed in the 
intensities of vibrational bands of carbonyl-containing functional groups 
hinting at the oxidation of -OH groups in the cellulose and lignin to form 
aldehydes, esters and ketones. The bands at 1653 cm− 1 in the pristine 
and 1604 cm− 1 in the oxidized samples were assigned to the -C=C- 

Fig. 1. Synthesis procedure of hard carbon nanosheets from cork and chemical analyses(a) the schematic of derivation of hard carbon nanosheets from cork tree with 
desirable characteristics for potential applications in SIBs, and the cellular microstructures (b) thermogravimetric curves showing the pyrolysis and carbonization 
pattern of pristine and oxidized corks, (c) FTIR spectra of as-received cork, cork oxidized at 300 ◦C in air and hard carbon nanosheets obtained after carbonization at 
1500 ◦C in argon, (d) The C 1 s and (e) O 1 s XPS of the as-received (pristine) cork, cork oxidized at 300 ◦C in air and hard carbon obtained from cork after thermal 
stabilization at 300 ◦C and carbonization at 1500 ◦C in argon. 
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stretching bands due to the conjugation, the bands became more intense 
and shifted to lower frequency. As anticipated for pure carbon materials, 
no distinctive vibration bands were observed after complete carbon-
ization at 1500 cm− 1. 

Upon oxidation in air at 300 ◦C, the cork samples exhibited a higher 
proportion of carbon species and relatively low amount of oxygen- 
containing species on the surface as compared to the pristine cork 
biomass. That is, the amount of surface oxygen decreased after pre- 
treatment proving that oxygen-containing compounds have evolved 
off during thermal pre-treatment. After carbonization at 1000–1500 ◦C, 
HCNS consisted of predominantly pure carbon with certain amount of 
oxygen on the surface (see Fig. S1 and S3). The elemental XPS spectra 

(Fig. 1(d) and (e), and Fig. S4-S7) also indicated that the carbon mate-
rials consisted of predominantly sp2 hybridized carbon with small 
amounts of sp3 carbon probably due to some oxygen-containing carbon 
species, and trace amounts of calcium and sodium-containing inorganic 
impurities. Soaking a hard carbon sample in concentrated HCl could 
help remove the inorganic impurities as evidenced by the XPS data. Ash 
analysis based on TGA (Fig. S8) indicated the hard carbons, like most 
carbon materials derived from biomass, contained ash residues varying 
from ~4 to 6%. 

The microstructure of the HCNS monoliths shown in Fig. 2(a) and (b) 
can be defined as an assembly of honeycomb-like cells with cell-walls 
measuring on the order of 70–140 nm and connected to each other 

Fig. 2. Morphology and local structure of hard carbon nanosheets (a) an SEM image reveals the cellular microstructure inside the cork-derived carbon monolith, (b) 
an SEM image showing that the cork cell-walls measuring less than 150 nm in thickness, (c) powder obtained by crushing the monolith consists of micrometer-sized 
hard carbon nanosheets, (d) a TEM image display the morphology of the nanosheets, (e) an HRTEM image for the HCNS obtained at 1500 ◦C reveals the nano-
crystalline stacks of graphene layers with an interlayer spacing (002) of approximately 3.7 Å, and (f) the 002, 100 and 200 diffraction rings in the SAED pattern are 
indicative of the disordered and nanocrystalline internal structure of the hard carbons, (g) peak deconvolution of the Raman spectra based on non-linear least-squares 
curve-fitting to pseudo-voigt functions, (h) plots showing the impact of carbonization temperature on defect concentration (δ), amorphous carbon content (α), degree 
of graphitization (γ), and crystallite growth (γ/δ) in the hard carbons. 
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with triangular junctions. Typical of cork microstructure [25], the 
monoliths exhibited more or less same cell geometries and structures in 
all directions as shown in the SEM images of Fig. S10 in which poly-
hedral cells could be seen in directions parallel and perpendicular to the 
principal axes of the monolithic hard carbons. As shown in the Fig. 2(c) 
and (d) and Fig. S10, the later size of the particles approximately ranged 
from ~2 to 10 μm, with an average of about ~4 μm. The thickness of the 
nanosheets, on the other hand, was in the range from ~40 to 140 nm 
averaging ~90 nm. The BET specific surface areas and pore volumes for 
the nanosheets obtained from nitrogen gas physisorption analysis indi-
cated low surface areas and pore volumes, as shown by the isotherms 
and pore width distributions in Fig. S9. In general, the carbonization 
temperature impacted both the BET specific surface area (varying be-
tween 10 and 55 m2 g− 1) and pore volume (varying between 0.02 and 
0.05 cm3 g− 1), which decreased as the temperature increased from 1000 
and 1500 ◦C. Based on the HRTEM images in Fig. 2e and Fig. S11 and 
S12, the d002 interlayer spacing in the hard carbon samples decreased 
from ~3.9 to 3.7 Å as carbonization temperature increased from 1000 ◦C 
to 1500 ◦C in good agreement with previous reports in the literature as 
summarized in Fig. S13. Linear fitting to the data showed that the d002 
decreased form ~4.0 Å at 500 ◦C to 3.84 Å at 1200 ◦C and to 3.76 Å at 
1500 ◦C. The SAED patterns (see Fig. 2f and Fig. S12) showed the 002, 
100 and 110 rings characteristic of the disorder in hard carbons. 
Furthermore, core-loss EEL spectra in Fig. S14 indicated a progressive 
increase in graphitic content [32] of the hard carbons as the 

carbonization temperature increased from 1000 to 1500 ◦C. Further-
more, Raman scattering was employed to detect structural variations, 
degree of graphitization and defect contents in the hard carbons as a 
function of synthesis temperature [33,34]. The Raman spectra of all 
samples (Fig. 2 (g) and Fig. S15) consisted of the D-band at about 1347 
cm− 1 (ring-breathing vibrational modes with A1g symmetry) associated 
with defects, and the G-band at about 1588 cm− 1 (in-plane stretching 
modes of the sp2-hybridized carbon bonds with E2g symmetry) that was 
indicative of graphitic structure, along with the 2D (~2671 cm− 1), D +
G (~2937 cm− 1), and 2D′ (~3243 cm− 1) [33–36]. The bands were 
further deconvoluted to reveal additional bands at ~1200 cm− 1 (D2) due 
to disordered graphite, ~1500 cm− 1 (D3) due to amorphous carbon 
containing both sp2- and sp3-hybridized carbon bonds, and ~ 1620 cm− 1 

(D′) due to surface graphene layers [34,37]. The ratios of the integrated 
areas under the peaks (Fig. 2 (h)) can be used as a measure of the amount 
of structural defects (δ = AD/Atotal), degree of graphitization (γ = AG/ 
Atotal), growth of graphitic crystallites (γ/δ = AG/AD), and amount of 
sp3-hybridized carbon bonds (α = AD2+D3/Atotal). Accordingly, as the 
carbonization temperature increased from 1000 to 1500 ◦C, the con-
centration of defects and amorphous content in the hard carbons 
decreased, while the degree of graphitization and crystallite sizes 
increased. 

Fig. 3. Galvanostatic electrochemical tests on HCNS obtained at 1000–1500 ◦C in half-cells: the first-, and second-cycle galvanostatic curves measured at 20 mA g− 1 

for half-cells containing HCNS synthesized at (a) 1000 ◦C, (b) 1100 ◦C, (c) 1200 ◦C, (d) 1300 ◦C, (e) 1400 ◦C, and (f) 1500 ◦C. The structure-electrochemistry 
correlations in a range of hard carbons obtained from biomass: (g) the trend in BET specific surface area with increasing temperature and its impact on the iCE, 
(h) the influence of carbonization temperature on the reversible capacity (and the red circles numbered 1 and 2 designate the mean capacity and the maximum 
capacity of HCNS electrodes studied in this work), (i) capacity contributions from the sloping and plateau voltage-capacity profiles as a function of synthesis 
temperature. The data set shown (in blue and green) in plots (g) to (i) were taken from references [1,8,26,38–53], whereas the data points in red are from this work. 
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3.2. Electrochemical performance in half-cells and full-cells 

Typical of hard carbon materials the galvanostatic curves at 20 mA 
g− 1, provided in Fig. 3(a) to (f), show a sloping and flat voltage-capacity 
profiles. The reversible capacity and initial coulombic efficiency (iCE) 
showed some dependence on the carbonization temperature: ~229 
(~72%), ~240 (~82%), ~258 (~86%), ~264 (~88%), ~273 (~88%) 
and ~ 276 (~88%) mAh g− 1 for HCNS obtained at 1000, 1100, 1200, 
1300, 1400 and 1500 ◦C. The respective differential capacity plots (see 
Fig. S16) and cyclic voltammograms (CV) (see Fig. S17) clearly show 
that initial capacity loss generally decreased with increasing pyrolysis 
temperature. From the second cycle onwards, the CE increased to 
98–99% as shown in Fig. S18. The increase in iCE and reversible ca-
pacities of the HCNS with increasing temperature can be correlated to 
the decrease in specific surface areas, structural defects and the d002 
interlayer spacing as discussed below. Furthermore, CCCV cycling of the 
HCNS at 1500 ◦C 10 mA g− 1 shown in Fig. S19 indicated that the initial 
discharge and charge capacities were ~ 300 and ~ 270 mAh g− 1 leading 
to an iCE of ~91%. In the subsequent cycle the reversible capacity was 
262 mAh g− 1 and the CE increased to 98%. To put these metrics into 
perspective, relevant data on bio-derived hard carbons from several 
publications were collated (Fig. 3(g) to (i)) to reveal how synthesis 
temperature impacted the BET specific surface area (SSA), iCE, 
maximum reversible capacity, and the capacity originating from the 
sloping and flat voltage regimes. Hard carbons prepared in a broad 
temperature range (1200 to 1600 ◦C) can deliver reasonably high Na+

storage capacity; in addition, the higher the temperature the higher the 
iCE as can be noted in Fig. 3(h). The BET SSA and iCE exhibited opposite 
correlation with temperature, i.e., the surface area decreased while the 
iCE increased progressively with increasing temperature. It can also be 
concluded that the lower the BET SSA the higher the iCE. At 1500 ◦C, the 
predicted iCE was ~78% whereas the HCNS showed almost 91% at 10 
mA g− 1 for a mass-loading of 2.4 mg cm− 2. The specific capacity exhibits 
a quadratic dependence on temperature, with a maximum capacity of 
~290 mAh g− 1 obtained at 1365 ◦C. Accordingly, at 1500 ◦C the 
maximum capacity on the trend line is ~280 mAh g− 1 as compared to a 
maximum capacity averaging ~276 mAh g− 1 for the HCNS. Increasing 
the carbonization temperature led to lower specific capacity, with some 
reports indicating ~100 mAh g− 1 for 2000 ◦C. Furthermore, tempera-
ture affects the proportion of capacity contributed by the sloping and flat 
voltage-capacity regions in the galvanostatic curves. The plots in Fig. 3 
(i), show that with increasing temperature (500 to 2000 ◦C) the capacity 
contribution of the flat voltage-capacity curve increased while that of 

the sloping part of the curve decreased continuously. Below the 1150 ◦C 
(at the intersection of the two trendlines), the sloping part dominated 
the total capacity. For instance, at 1400 ◦C the flat voltage profile 
comprised up to 62% of the total capacity, and increased to roughly 72% 
at 1600 ◦C. Since higher voltage difference between the positive and 
negative electrode is necessary to achieve more energy, it should be 
noted that hard carbons with larger capacity contribution from the flat 
voltage profiles will be attractive for use in commercial SIBs. All in all, it 
can be concluded that the HCNS could deliver comparable performance 
to other bio-derived carbons. 

Further tests were conducted on the HCNS at 1500 ◦C using high 
precision coulometry cycler in isothermal 30 ◦C and 55 ◦C environment 
test chambers. The reversible capacities at 20 mA g− 1 for 30 and 55 ◦C 
after 5 cycles, were 251 and 265 mAh g− 1, respectively, as can be seen in 
Fig. 4(a). The voltage-capacity plots corresponding to selected cycles of 
1, 2, 10 and 100 are shown in Fig. S18 (a) and (b), while the trend in the 
sloping and flat voltage profiles are provided in Fig. S20 (c) and (d). It 
should be noted that after the first cycle, the capacity fading could be 
attributed to loss of sodium ions in the sloping voltage region, particu-
larly at 55 ◦C. That observation pointed to the presence of irreversible 
surface reactions involving the electrolyte in the course of forming the 
solid electrolyte interphase (SEI) layer. The capacity contribution from 
the sloping voltage regions decreased continuously over 100 cycles. 
Further study is required to identify what types of reactions are 
involved. Increase in cycling temperature appeared to promote the rate 
capability. For instance, at 200 and 500 mA g− 1, the maximum revers-
ible capacities were 205 and 123 mAh g− 1 at 30 ◦C, and 221 and 157 
mAh g− 1 at 55 ◦C. At 1 A g− 1, ~ 59 and ~ 79 mAh g− 1 capacities were 
retrieved for Na+ extraction at 30 and 55 ◦C, respectively, which 
conclusively demonstrated that higher cycling temperature could lead to 
optimum rate capability in sodiated hard carbons. Decreasing the spe-
cific current back to 20 mA g− 1, up to 251 and 252 mAh g− 1 were 
observed after 200 cycles at 30 and 55 ◦C, respectively, amounting to 
100 and 95% capacity retention. The considerable reversibility and 
capacity retention could be attributed to the nanosheet-like morphology 
of the hard carbon which helped enhance the mobility of sodium ions in 
the structure. A comparison of the rate capability to the state-of-the-art 
data is shown in Fig. 4(b), in which the HCNS perform remarkably better 
in terms of capacity retention at both 30 and 55 ◦C. 

Decreased capacity retention observed especially as the current 
increased beyond 200 mA g− 1 could be due to the increasing ohmic drop 
across the electrode-electrolyte interface (especially at the sodium metal 
counter electrode in half-cells). As summarized in Fig. S21 and S22, the 

Fig. 4. Galvanostatic tests on hard carbon nanosheets at different specific currents and elevated temperature (a) Rate performance of hard carbon nanosheets 
evaluated at 30 and 55 ◦C with cycling currents ranging from 10 to 1000 mA g− 1), and (b) comparisons to literature data (mostly obtained at ambient temperature) 
taken from (A) Reference [1], (B) Reference [54], (C) Reference [55], (D) Reference [56], and (E) Reference [38]. 
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initial sodiation of hard carbons in half-cells was impeded by much 
higher cell resistance as compared to the reverse process in which Na+

were extracted from the bulk and surface structure of the hard carbon. In 
the following two cycles, the cell resistance during sodiation decreased 
before it stabilized; however, it was still much higher than that observed 
during the de-sodiation steps. To compensate for resistive losses at high 
rates, constant voltage steps (0 on discharge and 2.5 V on charge vs Na+/ 
Na) were incorporated in galvanostatic test as described in Fig. S23. For 
a CCCV test at ambient temperature the iCE was ~91% (Fig. S19) in 
contrast to ~86% and 81% at 30 and 55 ◦C, respectively, as shown in 
Fig. 5 (a) and (b) and Fig. S25. At 1 A g− 1, the reversible capacities of 
237 to 242 mAh g− 1 at 30 ◦C and 234 to 265 mAh g− 1 at 55 ◦C were 
obtained and amounted to 86 to 94% capacity retention. That was in 
stark contrast to tests based on only constant current for which the ca-
pacity retention values at 1 A g− 1 were ~24% and ~30% at 30 ◦C and 
55 ◦C, respectively. Further tests (Fig. 5 (c) on half-cells revealed that 
reversible specific capacities >290, 279, 265 mAh g− 1 at test currents of 
10, 100 and 1000 mA g− 1 at 55 ◦C for mass loadings <0.5 mg cm− 2. At 
30 ◦C the corresponding reversible capacities were 268, 252, and 242 
mAh g− 1 at 10, 100, and 1000 mA g− 1, respectively. At higher mass- 
loadings, ranging from 1.4 to 1.7 mg cm− 2, the specific capacities at 
10, 100, and 1000 mA g− 1 were, respectively, 252, 247, and 237 mAh 
g− 1 at 30 ◦C, and 272, 260 and 234 mAh g− 1 at 55 ◦C. Furthermore, 
extended cycling at 500 mA g− 1 (Fig. 5(d)) demonstrated that the 
discharge capacities at 30 and 55 ◦C stabilize at 224 and 240 mAh g− 1. 
Based on the rate performance, the HCNS electrodes can be attractive for 

use in high power SIBs. 
The performance of the HCNS was next assessed against a Prussian 

white (PW) [57] positive electrode, for which a reversible capacity of 
160 mAh g− 1 and iCE of 95% can be obtained (Fig. 6(a)). The HCNS 
electrodes were pre-sodiated before use in the full-cells to minimize 
impact of irreversible capacity loss during the first cycle. The individual 
voltage-capacity curves of the PW and HCNS electrodes in the full-cell 
are shown in Fig. 6(b). With pre-sodiated HCNS electrodes, the iCE 
was approximately 90% iCE at ~C/8 rate. At C/5 rate, the PW-HCNS 
full-cell delivered a discharge capacity of 152 mAh g− 1 with an iCE of 
~90% (see Fig. 6(c)). Over 20 cycles the discharge capacity stabilized at 
129 mAh g− 1 corresponding to a 94% retention. Further rate tests at C/ 
2, 1C and 2C are shown in Fig. 6(d) for which capacity retentions of 
84%, 89% and 71%, respectively, were observed after 100 cycles. It 
should be pointed out that the performance of these types of full-cells 
can be affected by the choice of the electrolyte. Further work on 
formulation of better electrolytes with solvent and salt additives that can 
enhance interfacial passivation layers on the HCNS and the PW elec-
trodes will be needed to improve the performance of the PW-HC full- 
cells. 

4. Conclusions 

Hard carbon nanosheets (HCNS) were derived from cork biomass 
through oxidative stabilization followed by carbonization at 
1000–1500 ◦C. The BET specific surface area, iCE and the reversible 

Fig. 5. Galvanostatic cycling of HCNS electrodes in half-cells at 30 and 55 ◦C in the 0 to 2.5 V voltage range: (a) the voltage-capacity curves measured at 20 mA g− 1 

and 30 ◦C, (b) the voltage-capacity curves measured at 20 mA g− 1 and 55 ◦C, (c) specific capacities from CC-CV tests on half-cells at 30 and 55 ◦C and at 10, 100 and 
1000 mA g− 1, and (d) extended cycling at 500 mA g− 1. 

H.D. Asfaw et al.                                                                                                                                                                                                                               



Sustainable Materials and Technologies 32 (2022) e00407

8

capacity were impacted by the synthesis temperature. The BET specific 
surface areas and pore volumes of the nanosheets, respectively, 
decreased from 55 m2 g− 1 to 20 m2 g− 1, and 0.04 to 0.03 cm3 g− 1, as the 
carbonization temperature increased from 1000 and 1500 ◦C. With a 
BET specific surface area of ~20 m2 g− 1 and a pore volume of 0.03 cm3 

g− 1, and an interlayer spacing of ~3.7 Å, the HCNS at 1500 ◦C were 
typically suited for efficient and high rate Na+ storage in sodium-ion 
cells. The electrochemical behaviour and performance of the HCNS 
were studied at ambient (~ 25 ◦C) and elevated temperature (30 and 
55 ◦C). The iCE values showed some dependence on temperature of 
cycling and were ~ 88–91% (~25 ◦C) ~ 86% (30 ◦C) and ~ 81% (55 ◦C) 
for tests conducted at 10–20 mA g− 1. After five cycles at 20 mA g− 1, the 
reversible capacities obtained for 30 and 55 ◦C were 251 and 265 mAh 
g− 1, respectively. Over 100 cycles, the capacities stabilized to 254 and 
256 mAh g− 1 with the associated coulombic efficiencies being ~99%. 
Subsequently, more tests were performed at higher currents (50 to 1000 
mA g− 1) to investigate the potential of HCNS for high power applica-
tions. More enhanced rate performance was achieved at 55 ◦C for which 
nearly 91, 83, 59 and 30% capacity retentions were attained at specific 
currents of 100, 200, 500 and 1000 mA g− 1. For instance, when 
increasing the current to 200 and 500 mA g− 1, the reversible capacities 
decreased to 205 and 123 mAh g− 1, respectively, at 30 ◦C, and 221 and 
157 mAh g− 1 at 55 ◦C. At 1 A g− 1, the amount of Na+ extracted corre-
sponded to ~59 mAh g− 1 (30 ◦C) and ~ 79 mAh g− 1 (55 ◦C), which 
conclusively demonstrated that higher cycling temperature led to better 

rate capability. Considerable improvement in the rate performance was 
noted when the cells were cycled using CCCV test programs. For 
instance, at 1 A g− 1 the reversible capacities at 30 and 55 ◦C varied from 
237 to 242 mAh g− 1 and 234 to 265 mAh g− 1, respectively, amounting 
to 86 to 94% capacity retentions with respect to those obtained at 10 
mA g− 1. That was in stark contrast to the ~24% (30 ◦C) and ~ 30% 
(55 ◦C) retentions observed for similar tests but without the additional 
constant voltage steps applied in the CCCV tests. The HCNS electrodes 
were eventually paired with Prussian white (PW) electrodes (with 
practical capacity of 160 mAh g− 1) to design full-cells that were char-
acterized by a discharge cell voltage of 3.2 V and discharge capacity of 
~152 mAh g− 1 at C/5 rate. 

Data availability 

The data that support the findings of this study are available within 
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Fig. 6. The performance of the hard carbon nanosheets in full-cell Na-ion batteries along with Prussian white (PW), Na2-xFe[Fe(CN)6], cathode: (a) typical voltage- 
capacity curves of PW electrode at 20 mA g− 1 (C/8) at ambient temperature, (b) the first-cycle galvanostatic curves at 10 mA g− 1 for a three-electrode full-cell 
consisting of a PW positive electrode, a pre-cycled HC electrode and a Na metal disk reference electrode, (c) the 1st, 2nd, 5th, 10th and 20th-cycle galvanostatic 
curves measured at C/5 for a two-electrode full-cell with pristine PW and pre-cycled HC electrodes (inset are charge-discharge specific capacities of over 20 cycles), 
(d) rate capability tests at C/2, 1C and 2C for full-cells with pristine PW and pre-cycled HC. 
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