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A B S T R A C T

Biochar, a carbon-rich material derived from lignocellulose biomass through pyrolysis, is being considered for 
lithium-ion battery (LIB) applications due to its sustainable sourcing, manufacturing, and favourable electro
chemical properties. A biochar-based anode is a greener alternative to conventional materials, potentially 
reducing the environmental and financial costs of LIB production. Minimizing cost and simplifying the 
manufacturing process for LIBs drive the development of new scalable production of plant-based products to 
create greener anodes for lithium batteries. In this work, bamboo-based biochar (BCs) was prepared through an 
optimized slow pyrolysis route with two thermal treatments at 800 ◦C (B800) and 1000 ◦C (B1000), and used as a 
LIB anode. Compared to B1000, B800 presented higher d-spacing (d002 = 0.3657 nm) and graphitic crystallite 
size (La = 13.8 nm), smaller pore sizes (38 Å) with higher surface area (310 m2/g), and a higher concentration of 
permanent free radicals (PFRs) centered on the carbon (1.85 × 1018 spin/g). Although B1000 is slightly more 
conductive than B800, the physicochemical properties of B800 could enhance the lithiation of the pseudogra
phitic structures and facilitate the reduction of Li+ ions due to the presence of PFRs. The half-cell LIB using B800 
presented a reversible capacity of about 250 mA h/g at C/5 and long-term stability up to 450 cycles. This study 
highlights the potential of bamboo-based biochar as a viable and environmentally friendly anode material for the 
next generation of high-performance LIBs.

1. Introduction

The ever-growing demand for energy storage must be managed by 
engineering solutions that enable scalability while controlling their total 
environmental footprint. The carbon anode material represents a sig
nificant fraction of the total weight of a battery and has a substantial 
weight on the overall materials footprint of a device. Biomass-based 
carbons (biochars, BC) as anodes for sustainable lithium- [1], sodium- 
[2], and potassium-ion batteries [3] (LIB, NaIB, KIB) [4] have been 
explored as abundant, renewable, and low-cost resources to address the 

big issue of graphitic carbons’ scalability production to supply the 
HEV/EV industry [5,6]. The biochar’s properties, production cost, and 
environmental impact depend on the raw biomass sources and the 
carbonization methods [7]. To tune the physicochemical properties of 
plant-derived carbons to improve carbonaceous anodes’ electrochemical 
performance, pre- and post-treatment for chemical modifications and/or 
physical activations have been employed. These additional processes 
will increase the cost of BC.

The redox properties of plant biomass-derived biochar with perma
nent free radicals (PFRs) have electrochemically been characterized 
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[8–10]. More recently, the electron-accepting (EAC) and 
electron-donating (EDC) capacity of wood-based biochars pyrolyzed at 
different treatment temperatures (TT) have attracted attention for 
several applications in redox-mediated reactions [9]. Less attention has 
been paid to the potential impact of reducing Li+ ions during the 
intercalation into the pseudographitic domain of the BC. The reversible 
intercalation mechanism of metal alkaline ions into randomly oriented 
pseudographitic sheets of higher plant-derived BC, as well as the ab
sorption phenomena of the metals in surface edges, active sites, het
eroatoms (N, P, S, B, etc.), defects and nano/micro/mesopores, is still a 
scientific debate [4].

Bamboo is a giant grass as a potential bioenergy feedstock [11]. It is a 
gradient functional material with highly oriented lignocellulose poly
mers distributed to protect the living cells (parenchyma tissue), and the 
lignified sclerenchyma fibers are devoted to protecting the vascular 
bundle system [12,13]. It has already been used for applications in en
ergy devices applications [14]: as supercapacitors [15–19], electrodes 
for solar cells [20], and green anode electrodes for batteries [21–29]. 
Bamboo is an anisotropic material [30–32] that has already bioinspired 
several nanotechnology applications [33,34] and sustainable 
bio-devices [34]. It is a promising natural 3D template for chemical [35,
36] and electrochemical biobased devices (bambootronic systems) [37] 
that takes advantage of its hierarchical architecture, vascular bundles 
microfluidic system, high content of crystalline cellulose, and mechan
ical and electrical anisotropic properties [38,39]. A novel resistive 
three-dimensional carbonaceous material (3D-CM, σ = 6.6 S/m) was 
obtained with a low thermal treatment at 700 ◦C and used as continuous 
3D microfluidic heaters exploring a Joule effect when a direct current to 
the 3D-CM is applied. Increasing the thermal treatment up to 1000 ◦C 
made it possible to modulate the monolithic conductive electrode sen
sors’ electric properties (σ = 250 S/m) [40]. Recently, the production of 
bamboo-based biochar with different PFR contents has been demon
strated to be a pivotal contribution to organic dye removal from water 
solution by an electron transfer mechanism [41]. In this context, there is 
not yet evidence about the contribution of PFR on anode carbonaceous 
material applied in lithium-ion batteries.

Herein, we disclosed a sustainable, environmentally friendly, and 
low-cost conductive biochar obtained from highly oriented crystal 
lignocellulosic imbibed into the hierarchical structure of bamboo. We 
used slow pyrolysis treatment at 800 ◦C (resulting in the material 
labelled B800) and 1000 ◦C (B1000) to obtain monolithic conductive 
carbon without any pre- and post-treatment of the pyrolytic product 
from a pristine Bamboo Dendrocalamus giganteus species. Bamboo-based 
biochar (BCs) B800, compared to B1000, was tested as an anode in LIBs 
with a better reversible capacity of about 250 mA h/g maintained for up 
to 450 cycles.

2. Experimental section

2.1. Sample preparation

Bamboo biochar carbons (BC) were produced from 4-year-old Giant 
bamboo (Dendrocalamus giganteus) cut 2 m away from the root at the 
PUC-Rio campus, Brazil [39,42–44]. The pyrolysis procedure consisted 
of a thermal treatment under N2 atmosphere at two different final 
temperatures, i.e., 800 and 1000 ◦C was fully described previously [40]. 
Hereafter, the samples are named B800 and B1000, respectively. The 
monolithic bulk materials B800 and B1000 were used for electrical 
impedance measurement, Raman spectroscopy, X-ray fluorescence 
(XRF) mapping, and X-ray Photoelectron Spectroscopy (XPS). The bulk 
pyrolyzed bamboo was ground with a Retsch MM 400 ball mill with a 
total collision time of 30 min and a frequency of 15/s. The powdered 
materials used to assemble the half-cell coin were analyzed by X-ray 
powder diffraction (XRPD), electron paramagnetic resonance (EPR), 
inductively coupled plasma-optical emission spectrometry (ICP-OES), 
scanning electron microscopy (SEM-EDX), and Brunauer-Emmett-Teller 

(BET) analysis. For a complete characterization of bamboo-derived 
carbons by electron paramagnetic resonance (EPR) [41], elemental 
chemical analysis, thermogravimetric analysis (TGA), μ-CT, HR-TEM, 
and thermoelectric characterization, the reader is directed to Ref. [40].

2.2. Bamboo bulk and biochar chemical-physical characterization

Electrochemical Impedance Spectroscopy (EIS) of bulk samples B- 
800 and B-1000 with 1 cm3 were connected longitudinally to the scle
renchyma fibers using copper foils on steel plates and mounted in 
custom testing apparatus, allowing control of the electrical measure
ments using four-terminal sensing. A frequency response analyzer (SI 
1260 Electrochemical Interface, Solartron Analytical, Farnborough, UK) 
was used to carry out the EIS measurements by applying a 10 mV AC 
signal in the 1 KHz– 1 MHz frequency range [45]. Raman spectroscopy 
analysis of the thermally treated bamboo was performed with a confocal 
Raman microscope (HORIBA Jobin-Yvon, model XploRA) at an exciting 
wavelength of 532 nm. X-ray fluorescence (XRF) mapping multi-element 
analysis was performed by Tornado M4 Micro X-ray fluorescence. The 
fundamental parameters equation provided the relative quantification. 
X-ray photoemission spectroscopy (XPS) experiments were performed in 
a dedicated ultra-high vacuum (UHV) chamber at a base pressure of 
5⋅10− 8 mbar, using a hemispherical analyzer model 10–360 and a 
monochromatic X-ray source model 10–610 by Physical Electronics. 
Slices of pyrolyzed bamboo were introduced into the chamber through a 
fast entry lock system, after outgassing in the pre-chamber for more than 
24 h. Such a long time is due to the channel structure of the material, 
implying a high specific surface. XPS spectra were acquired using 
monochromated AlKα photons of energy hν = 1486.6 eV from a spot of 
approximately 100 μm diameter and analyzed using the KolXPS soft
ware. Binding energies were calibrated by setting the maximum C 1s line 
to 284.5 eV and cross-checking that the corresponding O 1s binding 
energy agrees with values previously reported in the literature [40,
46–48].

The C 1s region is fitted with a Doniach-Sunjic component convo
luted with a Gaussian and minor additional Voigt components in the 
high-energy tail. The O 1s region is fitted with up to 4 Voigt lines, while 
only two were sufficient to reproduce the weak N 1s intensity. Peak 
areas are affected by an error of ±5 %. For a quantitative evaluation of 
the relative elemental concentration, the fitted C 1s and O 1s areas must 
be weighted for the corresponding atomic sensitivity factor (ASF - taking 
into account the photoemission cross section and the transmission 
function of the analyzer), which is 2.4 times larger for O 1s than for C 1s 
under the present experimental conditions [49].

XRD patterns from 10◦ to 70◦ were collected in Parallel Beam (PB) 
geometry, using a third-generation Empyrean diffractometer (Malvern- 
PANalytical, Westborough, MA) equipped with a 1.8 kW CuKα X-ray 
source operating at 45 kV and 40 mA, automated prefix iCore-dCore 
optical modules for the incident and diffracted beam paths, 0.28◦ par
allel plate collimator (indicated for analysis on samples with irregular 
shape and high surface roughness) PIXcel3D area detector. Measure
ments were conducted at room temperature in an ambient atmosphere 
using a zero-diffraction silicon sample holder. Data analysis was per
formed with HighScore Plus v. 5.2 software.

The Brunauer-Emmett-Teller (BET) analysis was carried out to 
determine the bamboo biochar’s surface area and pore diameter. The N2 
adsorption-desorption isotherms were obtained at 77 K.

Electron paramagnetic resonance (EPR) spectra were recorded by a 
Bruker ELEXSYS E500 spectrometer equipped with an NMR Gaussmeter 
to calibrate the magnetic field and a frequency counter to determine g- 
factors. Measurement conditions: modulation amplitude = 1.0 G; con
version time = 81.92 ms; time constant = 81.92 ms; modulation fre
quency = 100 kHz; field width = 100 G, microwave power = 0.80 mW; 
and microwave frequency = 9.30 GHz.

The morphology of the biochar and the anode slurries was observed 
using scanning electron microscopy (SEM) images acquired on a ZEISS 
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GeminiSEM 560 operated at 2 kV. The signal was collected using the in- 
lens secondary electron detector. EDX data were collected at 20 kV ac
celeration voltage using an Oxford Instruments X-max detector and 
processed within Inca.

2.3. Electrode and coin-cell preparation

The bamboo biochar-based anodes were fabricated using conven
tional slurry preparation and doctor-blade coating. The anode slurry was 
prepared by mixing B800 and B1000 active materials, Super P carbon 
(from Imerys, Graphite & Carbon, Willebroek, Belgium) as a conductive 
agent, and polyvinylidene difluoride (PVdF), from Solvay, Bollate, MI, 
Italy) as a binder in 80:10:10 wt ratio using N-methylpyrrolidone NMP 
(from Sigma Aldrich, Merck Life Science S. r.l., Milano, MI, Italy) as 
solvent. The homogeneous mixture was cast onto a copper foil (15 μm of 
thickness) current collector using the doctor-blade method and dried 
overnight at room temperature. The electrode foil was punched into 12 
mm diameter disks, dried under vacuum at 80 ◦C overnight, and 
transferred in an argon-filled glovebox for the coin half-cell assembly. 
The final active mass loading of the bamboo anodes was 1–2 mg/cm2. As 
an electrolyte, it employed the LP30 commercial solution (1M LiPF6) in 
a solvent mixture of 1:1 w/w of ethylene carbonate (EC) and dimethy
lene carbonate (DMC). The amount of electrolyte was kept constant at 
100 μL for all the fabricated cells.

2.4. Electrochemical testing and characterization of bamboo-based 
anodes

The electrochemical performance of the bamboo biochar-based an
odes was tested in CR2032-coin half cells, formed by lithium chips used 
as counter and reference electrodes, a glass fiber working as a separator, 
and the B800 and B1000 slurry as the working electrode. The assembling 
process was carried out in an MBraun glovebox with water and oxygen 
levels lower than 0.1 ppm. The electrochemical characterization was 
performed in duplicate using a BCS–805 multichannel battery unit from 
BioLogic (BioLogic, Seyssinet-Pariset, France). For the half-cell analyses, 
a constant current (CC) protocol at C/5 was used for long cycling and 
rate capability (C/5, C/2, 1C, 2C, 4C, 10C, and C/5 again) tests. To 
calculate the C-current value, we referred to H. Darjazi et al. work, 
where the 1C value is defined as 300 mA/g [50,51]. Furthermore, cyclic 
voltammetry (CV) measurements were performed at 0.1 mV/s. The 
potential range in all the electrochemical measurements was 0.01–3.00 
V vs Li/Li+.

3. Results and discussion

The electrical conductivity of pyrolyzed bulk bamboo was fully 
demonstrated previously, indicating a direct dependence on several 
physical and chemical parameters from the raw lignocellulosic material 
to the carbon products: highly oriented crystallinity of cellulose fibers, 
graphitization degree, volume shrinkage with higher contact of the 
carbon crystallite domains, density, intraparticle conductivity, C/H 
elemental composition, and surface chemistry [40]. In Fig. 1, electric 
impedance measurements for the bulk samples B-800 and B-1000 along 
the longitudinal alignment of carbon domains demonstrate an electric 
conductivity independent of the applied frequency. This electric 
response is characteristic of a carbon material with a total percolation 
state with a direct-current (DC) conductivity, as observed by Nagle et al. 
[40,52]. The electric conductivities parallel to the fiber of the two 
samples are similar, 102 and 112 S/m, for B-800 and B-1000, respec
tively. In the trade-off between total manufacturing cost and perfor
mance, the negligible difference in electrical conductivity could justify 
the economic and environmental advantages of saving time, energy, and 
other additives to obtain a conductive material at lower temperatures 
without chemical/physical treatments of raw lignocellulose biomass.

Tables S1 and S2 summarize the chemical composition [wt%] of the 

bamboo pyrolyzed powder (B800 e B1000) determined by ICP-EOS 
analysis. For the ICP-EOS quantitative analysis, the pulverized samples 
were treated with HNO3 to extract about 1.5 % w/w of metal ions. The 
most representative metals extracted (Ca, K, Mg, P, Na, and S) were 
below 0.3 %, which did not influence the electric conductivity of the 
monolithic carbon material [40]. A semi-quantitative XRF analysis of 
bamboo bulk confirmed the ICP-EOS analysis (Tables S3 and S4). The 
XRF mapping analysis of the bulk pristine bamboo and B800 sample in 
the transversal and longitudinal sections revealed a different chemical 
distribution of metal ions (Figs. S1–S4). On the transversal surfaces, for 
all the regions of interest (ROI: external, middle, and internal), S, P, and 
Ca are more concentrated in parenchyma tissue, K in the sclerenchyma 
fibers, while Mg is ubiquitous in both tissues. In Fig. S5, the XRF map
ping along the longitudinal section reveals an alternating stratification 
of the metals into the parenchyma, sclerenchyma, and internal channels.

To study the graphitization process with two distinct treatment 
temperatures (800 and 1000 ◦C), bamboo samples were analyzed by 
Raman spectroscopy. In Fig. 2, Raman spectra of B-800 and B-1000 
recorded from 800 to 3200 cm− 1 show the disorder-induced D band at 
1332 cm− 1, the G-band at 1530 cm− 1 and the second-order bands, 
namely the 2D band at 2730 cm− 1 and the D + D′ band at 2915 cm− 1. 
The degree of disorder in carbon materials has been widely ascertained 

Fig. 1. Electric conductivity (S/m) from 1 KHz to 1 MHz for bulk samples (B- 
800 and B-1000) parallel to the uniaxially-aligned fibers.

Fig. 2. Raman characterization of bamboo biochar obtained at different 
temperatures.
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by analyzing the intensity ratio of the D and G bands, ID/IG. There is an 
initial stage of carbon graphitization where amorphous carbon turns 
into nanographite, and the ID/IG ratio rises. In this instance, the ID/IG 
ratio rises from 0.85 for B800 to 1.0 for B1000, whereas graphitic 
crystallite size (La) decreases from 13.8 nm to 12.7 nm. The complete 
interpretation of the evolution of cellulose to carbons during the 
carbonization process and the determination of the graphitic crystallite 
size (La) have already been described previously [40].

The increase of the ID/IG could be related to a higher defectivity of 
the smaller graphene-like domains typical for thermally reduced 
graphite oxide (rGO) [53–56]. These additional defects could be then 
saturated by organic volatile contaminants when the system is exposed 
to air. Coherently, a weak component at binding energy BE = 289.8 eV 
appears in the high-resolution XPS spectra, as discussed later.

Fig. 3 shows the XPS spectra of the B800 and B1000 samples with the 
main elements present at the surface. The C 1s region presents a main, 
graphite-like C 1s line at 284.5 eV, and a small contribution of 
oxygenated carbon at higher BE for the B1000 sample. The shape of the 
peak is in perfect agreement with the one previously observed for py
rolyzed bamboo powders and confirms that the surface consists of C 
atoms in sp2 hybridization [40]. As already mentioned, the small 289.8 
eV and 291.1 eV lines present in the B1000 spectrum are typical of C 
bound to O atoms; they suggest a small surface contamination by 

organic species and by Cl, as revealed also by the weak Cl 2p intensity 
appearing in the survey spectrum.

Finally, the 293.6 eV peak corresponds to the K 2s line and confirms 
the presence of potassium in this sample, as already apparent from the 
survey. The O 1s peak consists of up to 4 components related to the 
organic contaminants already detected in the C 1s spectra and to 
possible OH adsorption. Considering the different atomic sensitivity 
factors of C 1s and O 1s under the present measuring conditions, we 
estimate a C/O ratio of (8.8 ± 0.9) and of (10.5 ± 1.0) for B800 and 
B1000, respectively, in good agreement with the value of (7.5 ± 0.7) 
previously found for a powdered B1000 sample [40]. The slightly lower 
oxygen content detected for the sliced sample compared to the 
powdered one can be explained in terms of the lower specific surface of 
the analyzed spot. Finally, the N 1s intensity is negligible for B1000, 
whereas for B800, it is only reminiscent of the nitrogen content present 
in the original material. Despite that, two inequivalent N 1s species are 
evident. The heteroatoms N could be involved in Li-ion binding during 
the intercalation-adsorption mechanism.

The bamboo samples were analyzed using powder X-ray diffraction 
(PXRD). Fig. 4 shows the XRPD patterns of the bamboo samples treated 
at 800 and 1000 ◦C, and Table 1 summarizes XRD patterns’ data. The 
broad (002) band at an angular position higher than 2θ = 24◦ indicates a 
high degree of graphitization, while the reflection observed at around 
2θ = 43◦ is characteristic of a carbon phase with a two-dimensional 
turbostratic structure. B800 presents the (002) diffraction peak at 
lower angles and broader FWHM, indicating higher interplanar d- 
spacing d002 (3.657 Å vs 3.633 Å) and crystalline domains smaller than 
the B1000 XRD pattern. These values are much greater than that of 
graphite (3.350 Å). Increasing the d-spacing could facilitate the inter
calation between the graphitic layers of the lithium cation with an ionic 
radius of 0.76 Å.

However, we can suppose the tandem mechanism intercalation- 
adsorption already revealed for hard carbons (or non-graphitizable 
carbons) [4]. The adsorption of Li ions might result from the metal 
ions’ insertion into the defect sites confirmed by the Raman D band, 
mesopores, amorphous carbon regions, or binding with residual N het
eroatoms. The mechanism of the intercalation of alkali metals into hard 
carbons is still controversial and beyond the scope of this study. With 
nitric acid digestion, we quantify 1,5 % w/w of metal inside the pyro
lyzed bamboo (Table S1). XRF mapping and ICP-EOS analysis of the bulk 
sample confirmed the most abundant metal (Tables S1–S3 and 
Figs. S1–S4). As demonstrated, the electric conductivity is minimally 
affected by the presence of the metal ions [33], and we decided to avoid 
any chemical treatment of the biochar to optimize time consumption 
and cost and minimize waste.

Fig. 3. (Upper panel) XPS spectra of the B800 and B1000 samples showing the 
main elements present at the surface. The inset reports the survey spectra, 
recorded in the full BE range and showing that the main surface element is C, 
followed by O. The main panel shows an enlargement in the (500; 0) eV energy 
range that allows to appreciate the presence of other elements in much smaller 
amount. (Bottom panel) High-resolution XPS spectra of O 1s, N 1sa and C 1s 
regions for the B800 and B1000 samples. The outcome of the fitting procedure 
and the different components identified for each spectrum are reported. Note 
the magnification factor on each panel. Fig. 4. XRPD analysis of biochars (B800 and B-1000).
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The BET analysis was performed to determine the evolution of the 
surface area and pore size during the thermal treatments. Data plotted in 
Fig. 5 show a decrease in the surface area from 310 to 125 m2/g, while 
the pore size increases from 38 to 72 Å, respectively, from B800 to 
B1000. This evidence will explain the best electrochemical performance 
of the B800-anode compared to the B1000. Smaller pore sizes with 
higher surface area could improve the lithiation and ions intercalation 
into the B800 biochar [4]. For both samples, the isotherm absorption of 
N2 profiles indicates the presence of the mesopores (pore size ranging 
between 2 and 50 nm) (Fig. S6).

Fig. 6 and Table 2 show the results of EPR analyses. The presence of 
permanent free radicals (PFRs) revealed that the concentration of 
paramagnetic centres in the bamboo samples depends on the pyrolysis 
temperature [41]. In particular, the presence of PFRs was significant in 
B800 (1.85 × 1018 spins/g), while it became irrelevant in B1000 (3.40 ×
1015 spins/g). The loss in EPR signal is due to the recombination of the 
radical species during the graphitization process, as evidenced by the 
DRX profile (Fig. 4). These results follow other woody lignocellulosic 
biomass under different pyrolysis biomass [57]. According to the liter
ature, the g-factor value of around 2.0029 was mainly consistent with 
sp2 aromatic π-radicals [58]. This finding suggests that B800 is a more 
efficient electron acceptor for lithium, accommodating a large amount 
of Li-ion during the intercalation and reduction into the anode carbon 
material [59]. In the future, in-situ EPR studies monitoring alkali metal’s 
lithiation/delithiation process will be necessary to understand the 
electron transfer of rechargeable batteries [60–62].

As described in the experimental section, we prepared a carbon- 
based slurry using bamboo biochar as an electrode material for the 
LIB anode. The SEM images of the bamboo-based slurry are presented in 
Fig. 7. The biochar presents an overall inhomogeneity of particles in the 
slurry for both samples. In Figs. S7–10, the EDX 2D mapping shows the 
chemical composition of several elements uniformly distributed onto the 
surface. After electrochemical cycling, inevitable changes are observed 
to the fine structure. In Fig. S11, are shown SEM images from the B800 
and B1000 samples before and after electrochemical testing.

3.1. Performance of bamboo-based biochar negative electrode in LIBs

The storage of lithium and sodium in biochar-based materials 

continues to be a subject of ongoing discussion, primarily due to the 
complexity inherent in their microstructure [4]. The lithium storage 
performance of the B800 and B1000 electrodes has been characterized 
using galvanostatic discharge/charge cycling and cyclic voltammetry 
(CV) (Fig. 8). All the electrochemical measurements were performed 
within the potential window of 0.01–3.0 V vs. Li⁺/Li.

The CV profiles obtained for both negative electrodes during the 
initial and subsequent cycles are shown in Fig. 8a. For the B800 elec
trode, during the first reduction process, the weak and prominent 
cathodic peaks, respectively, at 1,45 V and 0.75 V, are observed during 
the first cathodic scan. Both are attributed to the irreversible reactions 
between the electrolyte and surface functional groups (high specific 
surface area of the bamboo biochar material), namely, the solid elec
trolyte interphase (SEI) formation [26]. The two CV have a similar shape 
to a previously reported article in which ivy-based biochar was used as 
anode in lithium-ion batteries [63], where the authors calculated the 
contribution of the surface (non-faradaic current) and bulk (faradaic 
current) processes to the overall current. Likewise, in our case, the bulk 
reaction is the most dominant process. We notice that both peaks dis
appeared in the following cycles, which is attributed to the complete 
stabilization of the SEI layer during the first reduction cycle (Fig. S12). 
The reduction peak near 0V is related to the lithium intercalation into 
the graphitic carbon layers, which is repeated in the following cycling, 
confirming the reversible Li+ intercalation process [51,64–66].

In contrast, B1000 shows two distinct features around 0.70 and 0.9 V 
during the first cycle. These characteristics can be attributed to the 
interfacial SEI formation process followed by lithium surface absorption 
phenomena [64,66]. The distinct chemical and physical characteristics 
of B800 and B1000, such as surface area, pore size, and PFRs, could be 
relevant to these observations. Conversely, the 

Table 1 
Data analysis of XRPD patterns of pyrolyzed bamboo samples.

Sample 2θ◦

(002)
FWHM (◦) 
(002)

d-spacing (Å) 
d002

(2θ◦) 
(10)

FWHM 
(◦) 
(10)

B800 24.322 8.706 3.657 43.256 7.037
B1000 24.481 8.471 3.633 43.138 6.070

Fig. 5. BET analysis of the bamboo biochar after different temperature treat
ments during pyrolysis.

Fig. 6. EPR spectra of bamboo pyrolyzed powders.

Table 2 
Concentrations, g-factor, and line width of PFRs in bamboo samples obtained at 
different pyrolysis temperatures [41].

Entry Sample Line Width 
(Gauss)

Radicals’ concentration 
(Spins/g)a

g factorb

1 B800 4.37 ± 0.1 1.85 × 1018 2.0029 ±
0.0001

2 B1000 3.10 ± 0.1 3.40 × 1015 2.0028 ±
0.0001

a PFR concentration was determined by comparing the EPR signal’s double 
integral with an external standard solution (3 mM) of tetramethyl pyperidin-N- 
oxyl radical (TEMPO).

b g-factor values were corrected against the perylene radical cation in 
concentrated sulphuric acid (g = 2.00258).
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intercalation/de-intercalation peaks occur near 0.1 V, while a distinct 
anodic peak around 1.0 V is attributed to adsorption at heteroatoms, 
edges, and other sites within the carbonaceous materials [67].

To examine how both materials respond to various currents, the cells 
underwent charging and discharging cycles at rates ranging from C/5 to 
10C, and then back to C/5. Fig. 8b shows the discharge-specific capacity 
as a function of the rate. The B800 electrode exhibits a significant 
discharge capacity of 230 mAh/g at C/5 and 50 mAh/g at 10C. In 
contrast, the B1000 electrode delivers a discharge capacity value of 210 
mAh/g at C/5 and 95 mAh/g at 10C. However, the superior rate per
formance of B1000 at higher C-rates can be attributed to its well- 
developed hierarchical porosity as well as its higher electrical conduc
tivity, which enables efficient ion diffusion throughout the carbon bulk 
from the surface to the storage active sites, including the interlayers of 
disordered and graphitic domains.

The galvanostatic charge/discharge (GCD) profiles and extended 
cycling test at C/5 after activation cycles (low current rate of C/20 used 
during the first three cycles), respectively, are shown in Fig. 8c–e. The 
GCD profiles of both biochar materials consist of two distinct steps: a 
sloping region extending to approximately 0.1 V, followed by a low 
potential plateau (Fig. 8c and d). These characteristics are well- 
described by the adsorption-intercalation model, which explains the 
same features observed previously in the CV curves [68]. As observed, 
the B800 anode delivers a higher reversible discharge capacity of 230 
mAh/g, at C/5, which is slightly higher than that of the B1000 anode 
(200 mAh/g). Both anodes exhibit an excellent capacity retention of 
100 % after 450 cycles.

Nonetheless, the B800 anode also exhibits a higher initial Coulombic 
efficiency (ICE) of 69 %, compared to an ICE of 52 % for the B1000 
anode. The higher specific capacity of B800 can be attributed to its 
larger surface area (310 m2/g) and smaller pore size (38 A), as 
demonstrated by BET measurements (Fig. 5). These characteristics 
reduce diffusion pathways within the graphite interlayers and through 
the defects. Additionally, the higher ICE of B800 can be linked to a more 
uniform particle distribution and less aggregation, as SEM shows less 
interaction between the pores and the electrolyte interior. However, an 
appropriate increase in carbonization temperature generally decreases 
the BET-specific surface area (B1000) [69]. This increase in temperature 
is beneficial for enlarging the closed pore volume and long stripes, 
thereby promoting higher conductivity, which explains the improved 
performance at high C-rates as well.

Table 3 summarizes previous research on biochar derived from 
bamboo and other woods as active materials for negative electrodes in 
LIBs. As observed, the material under discussion exhibits a lower ca
pacity than those presented in the table. However, it is noteworthy that 
this material is the only one that has not undergone any chemical 
treatment or activation procedures, making it highly economical and 
appealing from an industrial perspective. Additionally, the specific ca
pacity of B800 remains stable even after 400 cycles, while B1000 shows 
a slight increase, which is an unusual and positive phenomenon 
compared to the other materials reported. Finally, the temperature 

employed is consistent with the temperatures in other studies, and the 
coulombic efficiency is highly satisfactory. Further investigation into 
this material is necessary. Potential research avenues include studying 
its performance in sodium-ion batteries (SIBs) and exploring the effects 
of implementing a minimally invasive and cost-effective pre-treatment 
on the material.

4. Conclusion

We were motivated to develop a carbon anode for lithium batteries 
using bamboo-based biochar as raw material without any chemical or 
physical treatment. We disclosed a sustainable, low-cost production of 
conductive carbons by slow-pyrolysis of the Dendrocalamus giganteus 
bamboo species.

This study demonstrates the significant potential of bamboo-based 
biochars (BCs) as sustainable and efficient anode materials for lithium- 
ion batteries (LIBs). The B800 biochar, prepared through slow pyroly
sis at 800 ◦C, exhibited superior physicochemical properties compared 
to B1000, including higher d-spacing, larger graphitic crystallite size, 
smaller pore sizes with a higher surface area, and a greater concentra
tion of paramagnetic aromatic π-radicals (persistent free radical-PFR). 
These attributes contributed to improved lithiation and reduction pro
cesses, resulting in a high reversible capacity of approximately 250 
mAh/g and excellent long-term stability up to 450 cycles. The produc
tion of these greener BCs without chemical and physical pre- and post- 
treatments further underscores their environmental and economic ad
vantages. Therefore, bamboo-based biochar presents a promising 
avenue for developing greener, cost-effective, and high-performance 
anodes for the next generation of LIBs, aligning with the broader goals 
of sustainability and efficiency in energy storage technologies.
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Fig. 8. Electrochemical performances of biochar anodes in LP30 as electrolyte within a potential range of 0.01–3 V at room temperature. (a) CV curves obtained, 
scan rate 0.05 mV/s; (b) Rate capability from C/5 to 10C and back to C/5; (c,d) Galvanostatic discharge/charge profiles at C/5; (e) Cycling performance up to 450 
cycles at C/5.
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