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Graphite is a widely used fossil material valued for its versatility, thanks to its excellent thermal and electrical
conductivity as well as high chemical stability. Producing graphitic carbon from biomass offers a promising
alternative to fossil graphite, but the process requires extremely high temperatures—up to 3000 °C—leading to
significant energy consumption. In this work, we report a greener and more sustainable low-temperature method
(900 °C) for the synthesis of highly graphitized biomass carbon using pure boron as a catalyst and logging
residues (LR) as a carbon source. The work focuses on the correlation between the structural transformation of
the precursors into graphitic carbon and their corresponding electrochemical characteristics as electrodes for
lithium-ion batteries (LIBs) and supercapacitors. The carbons were prepared in two steps, i.e., carbonization at
500 °C with boron, followed by activation with KOH at 900 °C. A control carbon, produced using the same
method but without boron, was used for comparison. The physicochemical characterization results demonstrated
the successful graphitization of the LR-based carbon. In addition, the carbon materials exhibited highly porous
structures with specific surface areas (BET) of 2645 m? g'1 for the boron-treated carbon (BCLR), and 3141 m? g'1
for the control carbon (CLR). The CLR and BCLR electrodes tested in LIBs delivered specific capacities of 386 and
505 mAh g at a 1 C rate at the end of 200 cycles, respectively. CLR and BCLR electrodes were also tested for
supercapacitors, delivering specific capacitances of 87 and 144 F g! at a current rate of 1 A g}, respectively. This
work opens a gateway for a straightforward and cost-effective synthesis method for scaling up biomass-based
carbon electrodes for LIBs and supercapacitors, facilitating sustainable precursors and an industrially viable
approach.

1. Introduction and hybrid electric vehicles [2,3]. Carbon-based materials have been

extensively explored as anode materials for lithium-ion batteries and

Rechargeable lithium-ion batteries (LIBs) are today the leading
choice for portable electronic devices and electric vehicles. However,
the increasing demand for clean energy makes further research and
development of LIBs essential. Similarly, supercapacitors play a key role
in energy-related applications, offering exceptional power density, long
cycle life, and rapid charging capabilities [1]. Beyond LIBs, super-
capacitors are widely used in backup power systems, electric vehicles,
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electrode materials in supercapacitors [4,5], attributed to their superior
conductivity, cost-effectiveness, diverse structure, and natural abun-
dance [6]. Graphite has been predominant among them owing to its
remarkable electrochemical stability, lower lithium intercalation po-
tential, and high conductivity [7,8]. Nevertheless, the critical supply of
natural graphite, the need for high-temperature graphitization to syn-
thesize artificial graphite, and the low theoretical capacity of 372 mAh
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Fig. 1. a) SEM of CLR at 2 K of magnification, b) SEM of BCLR at 2 K of magnification, ¢) SEM of CLR at 10 K of magnification, d) SEM of BCLR at 10 K of

magnification.

g1 are forcing researchers to explore other promising alternatives [7,9].
In the case of supercapacitors, various carbon materials have been
explored to date as electrochemical double-layer capacitor (EDLC)
electrodes, including graphene, templated carbon, and carbon nano-
tubes [4]. However, the intricate production process is stagnating the
development of several such electrode materials. The demand for
graphite is high, and the graphite market is expected to reach around ~
USD 21.6 billion by 2027, due to its multifunctional application in
photovoltaics, electronics, and energy storage devices such as super-
capacitors and batteries [10,11]. Therefore, more sustainable strategies
are required to meet the high demand for graphite. Graphite can be
sustainably produced from biomass resources; however, the process is
energy-intensive, as it is produced at very high temperatures.

In pursuit of a viable solution to these bottlenecks, biomass-derived
activated carbons are drawing attention due to their capability of
replacing graphite as an anode material in LIBs and different types of
carbons used in supercapacitors [12-15]. The intrinsic molecular
structures and architectures of biomass precursors are highly
sought-after in battery applications as they are favorable for charge
transport and storage [16,17]. Therefore, different biomass precursors,
such as rice husk [18,19], peanut shells [20], shells of broad bean [21],
lignin [22], olive and cherry stones [23], gelatin [24], spent coffee
grounds [25], and cotton [26] have been investigated so far for deriving
carbonaceous anode materials for LIBs. These biomass-derived carbons
were able to impart higher capacity and cycling stability as anode ma-
terials to LIBs. Recent works of literature have reported different ranges
of specific capacities, depending on the biomass precursors chosen for
LIB anodes. Among them, carbon derived from spent coffee grounds

delivered a reversible capacity of 285 mAh g7 at 0.1 A g’ over 100
cycles [25]. A specific capacity of 460.4 mAh g™! has been illustrated in
carbon anodes developed from plane tree leaves at a current density of
50 mA g'1 in LIBs [27]. Besides, studies have shown that boron-treating
electrode samples significantly improve the electrochemical properties,
as is evident in the work demonstrated by Kim et al. [28], where they
prepared boron-doped carbon from pyrolysis fuel oil which showed a
reversible capacity of 301 mAh g at a current density of 0.1 C.
Aiming to enhance the graphitization of biomass-based carbon,
many catalysts based on Fe, Co, Ni, and Mn have been utilized [29-32].
Non-metal catalysts, such as boron are a sustainable, efficient, and
environment-friendly alternative to replace toxic and expensive metals.
The use of boron catalysts greatly enhances the graphitization process at
relatively low temperatures, thereby improving the electrochemical
performance of various electrode materials [33]. It is well known that
chemical activation of carbon with KOH as an activation agent helps to
develop a highly porous network with high specific surface area that
may lead to superior electrochemical properties [34]. The activation
process with potassium hydroxide proceeds via complex chemical acti-
vation mechanisms that involve the formation of K;Os3, K5O, and
metallic K. During pyrolysis at high temperatures, water vapor and gases
such as CO5 and CO are generated, which also helps during the process
to develop a porous carbon matrix [35]. Herein, the graphitic activated
carbon was synthesized from pine tree logging residues using boron as a
graphitization catalyst and a facile two-step carbonization process with
KOH activation at temperatures of 900 °C, i.e., significantly lower than
temperatures employed for producing graphite from biomass-carbon via
heat treatments at around 2400 - 3000 °C. The produced graphitized
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Fig. 2. HRTEM images of CLR (a,b) and BCLR (c,d).

carbon presented an exceptional electrochemical performance. As found
in other studies, boron treatment significantly enhanced the formation
of crystalline structures (graphite), which leads to better electro-
chemical performance [36].

To the best of our knowledge, no such approach has been reported in
the literature for achieving a high graphitization degree under such a
low temperature. The boron-treated highly graphitized carbon from
pine logging residue (BCLR) was tested as an anode material in LIBs and
electrodes in symmetric supercapacitors. A systematic electrochemical
analysis was carried out to demonstrate the effect of boron treatment,
the degree of graphitization, and chemical activation on the electro-
chemical performance of the synthesized material. The BCLR exhibited
first charge capacities of 1343 mAh g™ and 886 mAh gl at0.1 Cand 1 C
rates, respectively (1 C = 372 mAh g). Conversely, activated carbon
without boron-treatment delivered 1482 and 834 mAh g at 0.1 Cand 1
C rates, respectively. This study establishes a straightforward and cost-
effective synthesis method for scaling up carbonaceous electrode ma-
terials for LIBs and supercapacitors, facilitated using sustainable pre-
cursors and an industrially viable approach.

2. Results and discussion

2.1. Physicochemical characterization of the CLR and BCLR electrode
materials

SEM was used to examine the morphology of the CLR and BCLR
carbons to gain insights into the impact of the boron-catalyst treatment

on the materials’ morphological aspects. The SEM images of the CLR
(Fig. 1a, 1¢) and BCLR (Fig. 1b, 1d) show a clear difference: the boron-
treated sample (BCLR) exhibits a much rougher morphology compared
to the CLR sample, which has a smoother surface with no cracks or holes
(Fig. 1a,c). Additionally, BCLR appears to exhibit a more disordered
structure with an agglomeration of smaller particles, indicating the
successful modification of the carbon sample’s morphology after treat-
ment with the boron catalyst.

The physical features of the CLR and BCLR samples were further
evaluated in terms of their porosity and surface area characteristics,
which are important properties that significantly influence the electro-
chemical performance of the electrode materials. Results from the Ny
adsorption/desorption isotherms are presented in the Supplementary
Materials (Fig. S1). The Ny isotherms of the CLR sample showed char-
acteristics of type I with a slight hysteresis, meaning a carbon dominated
by microporous structures. The BCLR sample showed a more pro-
nounced hysteresis (from 0.45 to 0.99 of partial pressure), characteristic
of type IV, meaning that this carbon has a broader pore size distribution,
including micropores, and a larger amount of mesopores compared to
the CLR [37]. Such difference between both isotherms could be attrib-
uted to the introduction of boron as a catalyst which may cause the
collapse of small pores (micropores) and the formation of bigger pores
(mesopores), that correspond to the Nj isotherm curve of BCLR. This
transformation is probably responsible for the reduction in the specific
surface area of BCLR sample as the contribution of the micropores to the
specific surface area (SSA) is larger compared to mesopores.

The CLR and BCLR samples exhibited extremely high SSA of 3141
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Fig. 3. CV curves of a) CLR and b) BCLR at 0.1 mV s™'scan rate, discharge-charge profiles of ¢) CLR and d) BCLR and corresponding cycling performance of ) CLR

and f) BCLR at 1 C current rate.

and 2645 m? g’ respectively [38]. The synergistic effect of mesopores
and micropores leads to a positive impact on the electrochemical per-
formance of the BCLR anode material because more mesopores can
provide sufficient space and efficient transport channels for Li*, thus
enabling a faster transport of Li* [39]. Therefore, more presence of
mesopores in BCLR sample could lead to an enhanced the charge
transfer and shortened transport path of Li". In addition, bigger pores
could also be beneficial for buffering the volume change during the
lithiation/delithiation [39].

Raman spectroscopy was employed to evaluate how the boron
catalyst affected the carbon structure in terms of the degree of disorder

and graphitization of the BCLR (Supplementary Information Fig. S2a,
S2b) [38]. The Raman spectra of the LR-based carbons displayed char-
acteristic signatures related to G and D bands centered at ~ 1340 and
1610 cm™ 1, respectively. However, a remarkable difference in the
Raman spectra is observed in the BCLR spectrum (Fig. S2b), with a sharp
G’ peak (2D peak) at 2680 cm ™. G’ peak strongly indicates the presence
of graphene structures with a very high degree of stacking. The G band
suggests the presence of graphitic structure in the carbon network, while
the D band is indicative of structural defects in the carbon lattice. To
further evaluate the graphitization process of the boron-treated sample,
Ip/Ig was calculated, which indicates graphitization degree. BCLR



S.E. Setal

Chemical Engineering Journal Advances 22 (2025) 100762

1400 T T T T T T T
3 ««cg««««««c««f«««««««««««««m, 100

1200 -

- O Efelency l01c 0.1C{ 80
i 01C ~(- Charge
> 01C @ =
= soo-@ @Olr  o0sc i
E - @&o e o 05C )
S 600 0.5C L - O o @ 5
] © o 05C o © b 2
§ @@ & o o T I N 9 & e {40 &

400 - - - @ & o
3 WO Q0 @ [ . % 2 o

200 | @ < 2 ° L 2 120

e =
"] (@ (b)]
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Cycle number

Fig. 4. Rate capability test of a) CLR and b) BCLR samples under various C-rates.

possesses an Ip/Ig value of nearly 0.45 while CLR presented a value of
around 0.81. This clearly suggests that the boron, acting as a catalyst,
effectively enhanced the graphitization degree of LR carbon under lower
graphitization temperatures.

The crystallinity of the CLR and BCLR samples were further evalu-
ated by XRD patterns (Fig. S2¢, S2d, Supplementary Information). The
pattern shows two evident diffraction peaks that correspond to the (002)
and (100) crystal planes of graphitic carbon. The sharp peaks at 26.3°
(002) and 44.9° (100) confirm the crystalline structure of both carbons,
which suggests the alignment of graphitic carbon layers to form a
crystalline turbostratic structure [40]. The XRD spectra (plotted with the
same scale for both samples) show that the BCLR has more intense peaks
compared to CLR, which can indicate a more crystallographic and better
organized aromatic carbon structure in BCLR. These results are in
agreement with the Raman spectroscopic data, highlighting the efficient
graphitization process of the LR carbon by using boron as a catalyst.

The microstructure of the CLR and BCLR materials was investigated
by HRTEM (Fig. 2). Firstly, the TEM images suggest highly porous
structures despite of boron catalyst treatment corroborating the BET
data. TEM images undoubtedly show that the boron-treated sample

(Fig. 2¢,d) exhibits a high degree of graphitization, since orderly stacked
graphene layers are visible in the images. Much less amorphous phases
compared to CLR carbon can be seen (Fig. 2a,b), which although some
graphitic structures are observed it has a lot more obvious amorphous
phase (disordered/random structures). As previously discussed, boron is
an efficient catalyst to promote the graphitization process.

Table S1 shows the elementary composition of the CLR and BCLR
materials. The results were obtained from XPS analysis [38]. The results
from Table S1 show that both CLR and BCLR are composed of carbon
and oxygen. BCLR presented more content of graphitic carbon (C—C
bonds) than CLR, corroborating what was observed by TEM and Raman
analysis. In BCLR sample, boron content was found in traces (0.25 %, a.t-
%), confirming the fact that the boron acted as catalyst not as a dopant.

2.2. Electrochemical performance of the anode materials in LIBs

The electrochemical performance of CLR and BCLR anodes was
evaluated through CV tests and the resulting curves are shown in Fig. 3a,
3b The curves for both samples show typical CV curves for biomass-
based carbons [39]. In the first cycle, the broad cathodic peak

Table 1
Comparative electrochemical performance of CLR and BCLR anodes with the biomass carbonaceous materials as LIBs anodes.
Biomass source Synthesis Method and Morphology Specific Potential Current Initial capacity Capacity Ref.
surface area (VvsLit/ rate (Discharge/ retention
(SBET, m?>g"  Li) (CormAg  Charge) (mAh g1)/
D D) (mAh g™) (cycles)
Coffee waste Non-porous carbonaceous materials by mechanochemical < 10 0.0-3.0 100mA g 764/~380 285+ 5 [25]
grounds dry milling of spent coffee grounds followed by further (100)
carbonization at 800 °C
Calotropis gigantea Activated carbon produced by chemical activation with - 0.01-20 1C 446 137 (100) [44]
wasteland weed CaO0Cl; in normal atmospheric conditions
Microalgae Pyrolysis process in nitrogen flow for 6 h at 900 °C at a 38 0-3.0 1C 370 355 (500) [45]
heating rate of 10 °C min™
Portobello Carbon nanoribbon as free-standing, binder-free, and 19.6 0.01 - 3.0 50 mA g'1 771.3/280 ~260 (700) [46]
mushroom current collector-free Li-ion battery anodes
Commercial Loofah Treated with KOH solution (5 M) and pyrolysed at 1000 °C 270 0.01 -3.0 100 mA g! 250 225 (400) [47]
for 2 h.
Hazelnut shells Hydrothermal carbonization plus pyrolysis at 600 °C for2 150 0.05-20 1C 511 307 (100) [48]
h with KOH activation
Bagasse N,P co-doped bagasse-based sheet-like mesoporous carbon ~ 1307.21 to 0.01 -3.0 100 mA g! 2347.56/ 1186.59 816.36 (50) [49]
by hydrothermal activation method 2118.59
Spongy pomelo Carbonized at 900 °C for 3 h with a heating ramp of 2°C 114 0.0 -2.0 90 mA gt 450 452 (200) [50]
peels min~t,
CLR Pyrolysed at 500 °C and further activated with KOH 3141 0.005 — 1C (372 ~834 386 (200) This
(1:6) at 900 °C for 1 h. 3.0 mA g?h) work
BCLR Pyrolysed at 500 °C with 30 wt. % of pure boron, and 2645 0.005 - 1C (372 ~886 505 (200) This
further activated with KOH (1:6) at 900 °C for 1 h 3.0 mA gh) work
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between 1.5 and 0.1 V can be related to the irreversible solid electrolyte the decomposition of the electrolyte that traps Li-ions permanently onto
interface (SEI) film formation. This peak is not observed in the subse- surfaces of the carbon materials, leading to a significant drop in the
quent cycles, suggesting that the SEI formation predominantly occurred capacity (Fig. 3c, 3d) and resulted in an extremely low first cycle
in the first cycle. The irreversible SEI formation in the first cycle is due to Coulombic efficiency (CE). From the second cycle onwards a non-zero
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reduction current notice from 3.0 to 0.5 V originates mainly from
electrochemical absorption of Li-ions whilst the storage mechanism
turns to intercalation between 0.5 and 0.005 V [41-43]. The CV profiles
show non-zero oxidation current throughout the anodic scan, in the
charging process, which refers to the electrochemical desorption of
Li-ions from CLR and BCLR anodes [41-43]. At 1 C rate, CLR electrode
exhibited first charge capacity retention of 834 mAh g™! that retained 46
% (386 mAh g"l) at the end of 200th cycle, whereas BCLR showed a
respective capacity of 886 mAh g and a higher retention of 57 % (505
mAh g'l) (Fig. 3e, 3f). Nonetheless, both the anodes showed stable ca-
pacity values from 20th cycle onwards as seen in Fig. 3e and Fig. 3f. The
CE was improved, reaching 88 % for both carbons during the 2nd cycle
that further attained 99 % throughout the cycling after initial few cycles,
indicating good cycling stability of the LR carbon anodes. The electro-
chemical metrics of the CLR and BCLR anodes were further improved to
cycling performance at 0.1 C rate (see supplementary materials Fig. S3),
exhibited a capacity of 849 mAh g~ and 909 mAh g ! at the end of 46
cycles corresponding to the capacities retention of 57 and 68 %,
respectively. The continuous sloping capacity curves observed in Fig. 3e,
Fig. 3f, and Fig. S3 indicate that the electrochemical
absorption-desorption of Li ions is the dominant storage mechanism in
all cases, regardless of the applied current densities.

Fig. 4 exhibits the results of rate capability performance for CLR and
BCLR anodes at different current densities (e.g., 0.1 C,0.5C,1C,2C, 3
C, 4 C, 5 C, 10 C). As expected, the cell capacity decreased with
increasing C-rates. However, both electrodes exhibited remarkable re-
covery of their initial capacity when the C-rate was returned to the
initial value (i.e., 0.1 C), giving reversible capacity values of 810 and
941 mA h g! for CLR and BCLR, respectively. Even at very high current
rate of 10 C, CLR and BCLR delivered charge capacities of 58 and 146

mA h g%, respectively which are impractical in the case of commercial
graphite anode [41-43]. Such results strongly suggest an outstanding
capacity reversibility for both materials. The higher capacity of BCLR
samples at all the C-rates confirms that the boron catalyst is an effective
and easy strategy to produce high-performance graphitized anodes from
biomass using low temperature for suitable applications such as anodes
in LIBs.

The electrochemical performances of CLR and BCLR anodes are
compared to those in many reported works in the literature (Table 1).
The graphitized carbon (BCLR) exhibited an extremely high SSA value
(2645 m? g'1) compared to the others. We emphasize that graphitized
carbon outperforms most of the anodes reported in the literature, and it
can be considered a benchmark against the state-of-the-art biomass LIB
anodes, as detailed in Table 1.

2.3. Electrochemical characterization of the CLR and BCLR electrode in
supercapacitors

The impact of boron-assisted graphitization on the electrochemical
performance of a symmetric SCs system was investigated using CV under
different scan rates. Fig. 5a, 5b summarizes the CV test curves for CLR
and BCLR electrodes recorded with 10-500 mV s™! scan rates. The data
show a quasi-rectangular shape in the response acquired at lower scan
rates of 10-100 mV s’ is observed for both materials, which indicates
that both electrodes possess a reversible charge and discharge mecha-
nism and good performance of electric double-layer capacitance (EDLC)
contribution [51,52]. The XPS analysis of both carbons is given in a
previous publication [36], and the elemental composition is reproduced
in Supplementary Materials, Table S1. The pseudocapacitance provided
by oxygen functional groups (C—O-, C = O0) as well as
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Table 2
Gravimetric capacitance of selected biomass-carbon-based non-aqueous
supercapacitors.

Electrode material Capacitance Electrolyte Current Ref.
Fgh (agh
Porous graphene 128.2 2.0 M 1.0 [58]
nanosheets EMIMBF,/
acetonitrile
Porous carbon 80 [BMIM]BF,/AN 2.0 [51]
material (CBW)
3D hierarchical ~124 EMIMBF, 1.0 [59]
porous carbon from
fulvic acid biomass
N and S co-doped 70 EMIMFSI 1.0 [60]
activated carbon
Sulfur-doped carbon 27 1 M TEABF,/ - [57]
nanotubes AN
Pine cone activated 118.01 1 M TEA-BF,4 1 [61]
carbon
Spruce cone activated 122.53 1 M TEA-BF,4 1
carbon
Larch cone activated 105.61 1 M TEA-BF4 1
carbon
Birch wood activated 105 1 M TEA-BE,4 1 [62]
carbon
Spent mushroom 87 1 M TEA-BF,4 1
substrate activated
carbon
Pine cone-activated 105 1 M TEA-BF,4 0.5 [63]
carbon sprayed-
coated
Pine cone-activated 93 1 M TEA-BF, 0.5
carbon blade-
coated
Pine cone-activated 90 1 M TEA-BF,4 0.5
carbon pelletized
CLR 87 EMIMBEF,/ 1.0 This
acetonitrile work
BCLR 144 EMIMBF,/ 1.0 This
acetonitrile work

intercalation/de-intercalation of anions in graphitic structures could be
another plausible reason behind the rectangular shapes. In general, the
ionic transportation phenomenon is diffusion-dominant that results in
rectangular-shaped CV features [51,52]. At higher scan rates, an obvious
change in the CV curve is observed. It acquires a more prolate shape as
seen in Fig. 5a-b due to the ionic transport mechanism change to surface
dominant, which is otherwise also known as the C-rate effect [51,52]. At
high scan rates or C-rates, part of the electroactive process becomes
inactive, thus leading to prolate shapes, and those inactive reactions can
be reactivated at low C-rates, switching the shapes back to rectangular
[52,531, which could be due to the pseudocapacitance provided by ox-
ygen functional groups (C—O, C = O, OH, COOH) as well as
intercalation/de-intercalation of anions in graphitic structure. The
electrochemical performance of the materials was further evaluated
through GCD curves (Fig. 5c¢, 5d). As can be seen, GCD curves at high
current rates exhibited a well-symmetrical triangle, which discloses the
reversible ion adsorption/desorption process and efficient ionic transfer
at the electrode/electrolyte interfaces, which further highlights the
EDLC characteristics of the LR-carbon materials. Fig. Se-f displays the
specific capacitance at different current densities, and the maximum
discharge capacitance was achieved by the BCLR electrode for all cur-
rent densities, with the highest value being 141 F g at 0.1 A g for
BCLR. Sun et al., [54] reported that Graphitic porous carbon possesses
structural merits for SCs application because of its high BET surface area,
well-developed graphitic carbon lattice, and high packing density. The
specific capacitance of the BCLR was higher than that of the CLR due to
the synergistic effect of its graphitic and porous structure within the
carbon network. Such structures can facilitate electron transfer and
charge storage because the electrons can be efficiently delivered into the
pore surface along the graphitic carbon fringes, while the porous
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structures surrounded by the graphitized framework facilitates surface
as well as space charge storage.

The electrochemical stability of the CLR and BCLR-based SCs were
evaluated by successive GCD assays in which a current of 2.0 A/g was
applied, and their results are summarized in Fig. 6a-d. BCLR electrode
showed high retention in the capacitance with almost no loss over 4000
cycles, while CLR exhibited a gradual capacitance decay trend within
3500 cycles (Fig. 6a,c). The degradation in the cycling performance of
CLR samples may be attributed to its predominantly amorphous carbon
framework, which exhibits predominantly lower electrical conductivity
than the graphitic structure. Both samples indicate an electrical double-
layer behavior (Fig. 6b,d), and the better electrochemical performances
of BCLR compared to CLR could also be explained by the optimal bal-
ance between graphitization, pore structure richer in mesopores, and
surface chemistry in BCLR, which provides high conductivity and suf-
ficient active sites for ion storage [55], besides BCLR has a more mes-
oporous structure which facilitates the ions diffusion because they can
accommodate a considerable number of solvated electrolyte ions, which
serve as ion storage reservoirs [55], and thus, improving the capacitance
by favoring a fast double-layer charging and discharging process [56].

Table 2 compares the gravimetric capacitance performance of CLR
and BCLR-based SCs with other similar devices reported in recent
literature. The data displayed in Table 2 confirms the potential of the
graphitic material (BCLR) as the potential electrode for SCs since it
exhibited a very good performance compared to the ones shown in
Table 2. For instance, the SCs based on sulfur-doped carbon nanotubes
[571, displayed a low capacitance of 27 F g at 1 A g}, moreover the
carbon nanotubes are much more expensive and its synthesis is highly
complex. The SCs based on graphene nanosheets exhibited a capacitance
of 128 F gl at 1 A g'> and graphene is an expensive material as well.
Thus, it can be concluded that BCLR material exhibits highly promising
performance on SCs application, as also indicated in LIBs, suggesting
that the BCLR could be employed as an efficient electrode for SCs and
LIBs.

3. Conclusions

In summary, pine tree logging residues, a highly abundant and
inexpensive biomass feedstock in northern countries, were thermo-
chemically transformed into highly porous graphitic carbon using pure
boron as an efficient catalyst to enhance the graphitization process at
low temperatures. The boron-treated sample (BCLR) exhibited a lower
specific surface area (2645 m? g"l) than that of non-boron treated (CLR,
3141 m? g'l); however, the boron-treated sample exhibited far more
graphitic layers in its structure, highlighting its high graphitization de-
gree. The high graphitization degree alongside its well-developed
porosity helped to deliver a much higher specific capacity of 505 mAh
gl at 1 C for the BCLR anode at the end of 200 cycles whilst the
respective capacity for CLR was 386 mAh gl. When applied as super-
capacitor electrodes, the BCLR delivered a much higher specific capac-
itance of 144 F g™ at 1 A g! compared to non-boron treated (87 F g™t at 1
A g1). Furthermore, BCLR exhibited excellent cycle stability (capaci-
tance retention of 98 % over 4000 cycles). The physicochemical and
electrochemical results confirm that graphitized porous carbon derived
from logging residues is a promising candidate for high-rate electro-
chemical performance as electrodes in LIBs and SCs applications.

Appendix. Supplementary materials: The materials and methods are
found in the supplementary information.
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