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Hierarchical Porosity Engineering of Birch-Derived Carbons
via KOH Activation for High-Performance Aluminum
Batteries
Sruthy E S, Menestreau Paul, Gopinathan Manavalan, Nicolas Boulanger, Palanivel Molaiyan,
Tao Hu, Ulla Lassi, Christie Thomas Cherian,* Mikael Thyrel, and Shaikshavali Petnikota*

Aluminum batteries (ABs) present a cost-effective, high-energy
alternative to lithium-ion systems, owing to aluminum’s abundance
and high theoretical capacity. Here, it reports the synthesis of birch
wood derived carbons (CBWs) via carbonization of sawdust fol-
lowed by KOH activation and their evaluation as AB cathodes.
Two samples CBW14 and CBW16 are prepared using biochar-to-
KOH weight ratios of 1:4 and 1:6, respectively. Both materials are
highly disordered, predominantly amorphous carbons, exhibiting
Brunauer–Emmett–Teller-specific surface areas of 3015m2 g�1

(CBW14) and 3306m2 g�1 (CBW16). When cycled between 0.01
and 2.2 V at 0.1 A g�1, CBW14 and CBW16 delivered discharge
capacities of 120 and 140mAhg�1, respectively. Notably, CBW16
sustained 35mAh g�1 at a high rate of 10 A g�1 and achieved
energy densities of 155Wh kg�1 at 0.1 A g�1 and 95Wh kg�1 at
1.0 A g�1. These findings underscore the critical influence of KOH
activation parameters on pore architecture and electrochemical
performance, pointing the way toward scalable fabrication of effi-
cient carbon cathodes for next-generation aluminum batteries.

1. Introduction

The variable output of renewable energy sources underscores the
imperative to pair them with high-performance energy storage
systems, among which rechargeable batteries stand out as the

leading solution.[1,2] Among different rechargeable batteries,
lithium-ion batteries (LIBs) have dominated the portable electron-
ics and electric vehicles markets due to their higher energy den-
sity, long cycle life, and low self-discharge rate.[3] Nevertheless, the
shortage and uneven distribution of lithium resources and other
transition metal precursors, safety issues arising from the thermal
runaway, and limited cycle life are a few bottlenecks associated
with commercial LIBs. Researchers are exploring various strategies
to address these challenges for developing cutting-edge “beyond
lithium-ion” batteries, including sodium-ion, magnesium-ion,
aluminum-ion, and potassium-ion batteries. Aluminum batteries
(ABs) are considered a potential candidate to replace LIBs due
to the abundant aluminum reserves, environmental friendliness,
affordability, and three-electron transfer mechanism during charg-
ing and discharging. Aluminum (Z= 13) has the electron configu-
ration [Ne] 3s2 3p1 and requires 578, 1817, and 2745 kJ mol�1 to
remove its first, second, and third valence electrons, respectively,
after which ionization energies rise sharply. The resulting Al3þ ion,
in its most stable oxidation state, can exchange three electrons per
ion in an electrochemical cell, compared to the single-electron
transfer of Liþ.[4] As a result, aluminum-ion batteries boast a
remarkable theoretical specific capacity of 2980 mAh g�1 and a
volumetric energy density of 8046 mAh cm�3, outperforming
many other metal-based systems.[1,5,6] Moreover, aluminum’s ubiq-
uity, as the most abundant metal and the third most abundant
element in Earth’s crust, translates into lower raw-material costs
and enhanced commercial feasibility.[7–12] The slightly smaller ionic
radius of Al compared with Li results in a higher charge density,
enabling greater charge transfer without imposing additional
physical constraints on the electrodes.[4,13] Unlike lithium
or sodium, aluminum can be handled in ambient conditions,
which enhances safety during large-scale manufacturing and
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applications.[1] ABs operate via the following reaction mechanism,
where the deposition/dissolution of aluminum occurs at the anode
(Equation (1)), and intercalation/de-intercalation of AlCl4¯ anions
occurs at the cathode (Equation (2)).[7–14]

Alþ 7AlCl4
� ⇋ 4Al2Cl7

� þ 3e� (1)

Cn AlCl4½ � þ e� ⇋Cn þ AlCl4
� (2)

The intercalation behavior of the chloroaluminate (AlCl4�)
anions and the charge storage capacity of ABs are typically con-
strained by the crystal structure and properties of the host cathode
material.[1,15] Until now, different varieties of cathode materials
have been investigated in ABs based on ionic liquid electrolyte sys-
tems such as carbons,[16–19] sulfides,[20–22] oxides,[23,24] Prussian blue
analogs,[25] and polymer materials.[26] Nonetheless, the cathodes
used in ABs suffer a few challenges, including poor reversibility,
slow kinetics, and difficulties inserting Al-ions into the host mate-
rial, leading to volumetric changes and structural collapse.[27,28]

Graphite has attained significant attention as a cathode material
in ABs among carbon-based materials, owing to its remarkable sta-
bility and electrical conductivity.[28] Despite that, the interlayer
spacing of graphite is too narrow (0.335 nm) to accommodate
the large compound anions (AlCl4�) of size 0.609 nm, eventually
leading to huge volume expansion and pulverization issues after
a few cycles of charging and discharging.[10–12,29] It is imperative
to achieve an optimal balance between the intercalation capacity
and structural stability of cathode materials to facilitate the devel-
opment of high-performance ABs with adequate energy storage
capacity and reversibility.[12,27] The introduction of an additional
energy storage mechanism, such as surface adsorption, represents
a promising strategy to address the inherent limitations of interca-
lation, thereby enabling the development of ABs with increased
charge storage capacity.[12,27] Using activated carbons with high sur-
face area and porous nature as a cathode, can be an appealing strat-
egy that aligns with the above charge storage mechanism. The
porous structure is advantageous for storing the chloroaluminate
anions on its surface via adsorption/desorption. Besides providing
long cycle life, storing chloroaluminate anions on the surface
imparts higher gravimetric capacity.[3,12,30] The amorphous nature
of activated carbon is particularly advantageous for aluminum-
ion batteries because its defect-rich, disordered structure provides
abundant active sites for the adsorption of large AlCl4� anions.
Moreover, the lack of long-range graphitic ordering, combined with
a hierarchical micro-mesoporous network, supports efficient ion dif-
fusion and accommodates large anionic species, resulting in
improved capacity and rate performance.[3] Nonrenewable carbon
sources such as coal, petroleum coke, and other fossil fuels are typi-
cally used to mass-produce porous activated carbons. However, this
approach is associated with high manufacturing costs and time-
consuming processes.[31]

Under these circumstances, the use of biomass-derived mate-
rials as precursors for activated carbon synthesis offers a viable
strategy to overcome the aforementioned limitations.[32] The

inherent structure and composition of biomass or biowaste influ-
ence the structural and morphological properties of the resulting
carbon nanomaterials.[33–36] In this work, an abundantly available
and economically viable biomass-derived precursor was chosen
to develop the cathode for ABs, effectively lowering the battery
cost while ensuring sustainability and environmental compatibil-
ity. Birch trees, when processed in sawmills and pulp industries,
produce substantial amounts of waste, which are typically con-
sidered low-value byproducts. However, these byproducts pos-
sess significant potential for conversion into advanced
materials, making them viable candidates for energy storage
applications, including batteries and supercapacitors. Besides,
wood from European deciduous trees like birch possess features
favorable for pore formation, such as inherent heteroatoms. The
heteroatoms will be removed during carbonization, creating
pores of varied size ranges.[37] The hierarchical porous structure
and low tortuosity of wood, characterized by abundant open
channels, facilitate efficient electrolyte penetration and ion diffu-
sion. However, untreated biomass carbons generally lack the sur-
face area and porosity necessary for AlCl4� storage; an activation
process is essential to achieve the hierarchical pore network
required for effective Al-ion electrochemical performance.[3,38]

Activated carbon with a high specific surface area and intercon-
nected micro-meso pores was synthesized by tuning the morpho-
logical features through the KOH activation method, using birch
wood as the precursor. Activation with chemical agents like KOH
generates a higher specific surface area and well-defined porosity
compared with physical activation.[39] Earlier studies demonstrated
that high purity of carbon precursor, exact tuning of the proportion
between carbon and KOH, and the activation temperature are the
three most important parameters for achieving maximal surface
area. These parameters were tuned using reduced graphene oxide
(rGO) as a precursor and later tested successfully for variety of
biochars.[40–42] In fact, the details of activation method appeared
to bemore critical than the initial source of carbon (rGO or biochars)
as the materials with specific surface area (SSA) exceeding
3000m2 g�1 and very similar pore size distributions have been pro-
duced by the same KOH activation procedure starting from tree
cones, bark, birch wood and even spent wood-based mushroom
substrate.[43–45] In our earlier work on ABs, a high KOH content with
a biochar-to-KOH ratio of 1:8 was utilized to synthesize CBW18 cath-
odes.[8] While increasing the KOH/carbon ratio can enhance the sur-
face area, excessive activation may not be economically or
environmentally viable.[46] However, relying on a single carbon-
to-KOH ratio (1:8) does not present the whole scenario of the poros-
ity evolution and its influence on ABs and other applications such as
LIBs, dye adsorption, water treatment, etc.[45,47,48] Therefore, a com-
prehensive study was conducted on the porosity evolution of the
CBW samples in relation to their performance in ABs. Three different
carbon-to-KOH ratios of 1:4, 1:6, and 1:8 were used to systematically
investigate the impact of activation conditions.

This work systematically investigates the effect of KOH activa-
tion ratios (1:4, 1:6, and 1:8) on the electrochemical performance of
activated carbon derived from a single biomass precursor, sawmill
waste of birch wood. While prior studies predominantly focus on
achieving high surface area through excessive KOH activation
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(typically≥ 1:7),[8,49] this study reveals that moderate activation lev-
els (1:4 and 1:6) result in superior electrochemical performance,
challenging the conventional paradigm that excessive chemical
activation is essential for optimal textural properties. The study
highlights a strong relationship between pore architecture and
electrochemical behavior, where a balanced micro-mesoporous
network facilitates AlCl4� ion diffusion and contributes to the high
reversible capacity and long-term cycling stability exceeding
5000 cycles. Unlike earlier works that often overlook the impact
of pore distribution on long-term performance, this study provides
mechanistic insights supported by detailed structural and electro-
chemical characterization. Moreover, the use of an abundant, low-
cost, and renewable feedstock, coupled with a scalable, less chemi-
cally intensive activation process, emphasizes the innovation of
this work in bridging high-performance energy storage with envi-
ronmental and process sustainability.

2. Experimental Section

2.1. Materials

The synthesis of electrode materials and the fabrication of alumi-
num battery (AB) pouch cells were conducted following the pro-
cedures outlined in our previous work.[7–12]

2.2. Synthesis of Activated Carbon from Birchwood

Figure 1 shows the schematic representation of the synthesis
route. The activated carbon was prepared using a two-step pro-
cedure using KOH pellets EMPLURA (Supelco, Merck) as the
chemical activating agent. The used synthesis method was similar
to the one described by Nordenström et al.,[43] Li et al.[44] and

references therein. Briefly, the precursor was carbonized at
500 °C in a stainless-steel reactor, externally heated by a muffle
furnace, while nitrogen gas (99%, AGA) ensured an inert atmo-
sphere during the procedure. The temperature was increased
from room temperature to 500 °C at a heating rate of 10 °C min�1

and held at this temperature for 1 h. After cooling, the resultant
biochars were mixed with KOH for chemical activation with an
impregnation weight ratio of 1:4, 1:6, and 1:8. Subsequently,
water was added to this mixture of KOH and biochar under
constant stirring until KOH was completely dissolved. After stir-
ring for 7 h, the mixture was dried at 90 °C in an oven overnight.
The impregnated carbon was pyrolyzed at 900 °C in the reactor
described earlier under a nitrogen atmosphere. The temperature
was increased from room temperature to 900 °C at a heating rate
of 10 °C min�1 and held at the final temperature for 1 h. The car-
bons were then washed with HCl (5 M), followed by deionized
water until the wash water achieved a neutral pH. After this,
all samples were dried overnight at 105 °C in an oven to obtain
the activated carbon powder. The prepared activated carbons
were labeled CBW14, CBW16, and CBW18, in which 14, 16, and
18 denote the biochar-to-KOH weight ratios.

2.3. Material Characterization

The elemental mapping and morphology analysis were per-
formed by Schottky field emission scanning electron microscopy
(FESEM) using a JEOL JSM-7900F FESEM. The device is equipped
with an energy dispersive X-ray spectrometer (EDS) and AZtec
software of Oxford Instruments. The analysis was done at
15 kV and a working distance of 10 mm. The surface area of
CBW powder was measured through liquid nitrogen physisorp-
tion using an Autosorb iQ XR sorptometer (Quantachrome) poros-
imeter, with results interpreted using the BET and Quenched

Figure 1. Schematic representation for the synthesis of activated carbons from birch wood.
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Solid Density Functional Theory (QSDFT) equilibrium models.
Adsorption-desorption isotherms were obtained at �196 °C after
degassing the CBWs at 150 °C for 24 h. A 514 nm laser was used
to record Raman spectra using a Renishaw Raman spectroscope.
On a PANalytical Empyrean X-ray diffractometer fitted with a Cu
Kα X-ray tube, X-ray diffraction (XRD) patterns of CBW were cap-
tured, spanning a 2θ range of 10–58°. X-ray photoelectron spec-
troscopy (XPS) was performed with a Thermo Fisher Scientific
ESCALAB 250Xi XPS System, detailed instrumentation parameters
and analysis conditions were reported elsewhere.[50] Transmission
electron microscopy (TEM) imaging was carried out using a JEOL
JEM-2200FS EFTEM/STEM. The sample powders were placed on a
carbon-coated 200-mesh copper grid. The accelerating voltage
and emission current in the measurements were 200 kV and
8–15 μA, respectively. Fourier transform infrared (FT-IR) spectra
were acquired using a Bruker IFS 66 v/S spectrometer with dry solid
samples diluted in KBr powder before analysis. Thermogravimetric
analysis (TGA) was carried out using a TGA/DSC1 STARe device
(Metler Toledo, USA). The post-cycling SEM and Raman analyses
of the electrodes were carried out in ex situ conditions. The electro-
des separated from the pouches in the discharged condition were
dried overnight in vacuum at 60 °C. The subsequent SEM imaging
was done with an accelerating voltage of 5 kV using Carl Zeiss
Merlin field emission scanning electron microscope.

2.4. Electrochemical Characterization, Cell Assembly, and
Testing

For assembling ABs, the synthesized CBWs coated on molybde-
num (≥99.9%, thickness 0.1 mm, Sigma Aldrich) substrate served
as the cathode and aluminum metal (≥99.999%, thickness
0.25 mm, Advent Research Materials Ltd, U.K.) foil as the anode,
separated by the Whatman glass microfiber filter. These were
placed together inside a pouch, three sides of which were sealed.
After vacuum drying at 80 °C overnight inside the glass oven, it
was taken inside the Ar-filled glovebox to complete the cell fab-
rication. To prepare the electrolyte, AlCl3 (99.99%), and 1-Ethyl-3-
methylimidazolium chloride, >98% ([EMIM]Cl) were purchased
from Sigma–Aldrich and IoLiTec Ionic Liquids Technologies
GmbH, Germany, respectively. The pouches were filled with
≈400 μL of 1.3 M AlCl3:[EMIM]Cl electrolyte inside the glovebox,
after which the fourth side was sealed. ABs were tested after a
minimum relaxation period of 8 h, with all testing conducted
at room temperature. The voltage window for testing ABs was
0.01–2.2 V. Cyclic voltammetry (CV) measurements were per-
formed at 1.0 mV s�1 using a BioLogic SP-150e potentiostat.
Galvanostatic charge–discharge (GCD) measurements were con-
ducted at current densities between 0.1 and 10.0 A g�1 using a
BioLogic 800 series battery cycler. Electrochemical impedance
spectroscopy (EIS) was recorded using a BioLogic SP-150e instru-
ment, employing a 10mV AC perturbation over the 200 kHz to
0.1 Hz frequency range. The impedance data were obtained at
open-circuit voltage (OCV) after 5,701 cycles in the charged-to-
2.2 V condition. The data were plotted as Nyquist plots and ana-
lyzed by fitting them to an equivalent circuit using ZView2.

3. Results and Discussion

3.1. Materials Characterization

The specific surface area (SSA), pore area, and volume distribu-
tions were obtained from the N2 adsorption/desorption iso-
therms using the QSDFT model; results are shown in Figure 2.
All samples exhibit a combination of type I and type IV isotherms,
confirming the presence of both micropores andmesopores, with
microporosity being dominant in all cases. CBW16 and CBW18
show relatively higher mesoporosity than CBW14, as indicated
by their hysteresis loops. Brunauer–Emmett–Teller (BET) surface
area analysis remains the standard for quantifying the accessible
specific surface area and pore structure of activated carbon cath-
odes. A higher BET surface area promotes greater adsorption of
AlCl4� anions, directly enhancing charge-storage capacity. By
comparing BET data across samples activated with varying KOH
ratios, one can systematically correlate activation severity with pore
size distribution shedding light on how micro- and mesopores
develop and contribute to electrochemical performance.
However, it is discussed that the cumulative SSA obtained from
the DFT model is more accurate.[42–45] Therefore, the SSA obtained
from both models is reported. Table 1 shows a summary of
the results from the surface area analysis. The cumulative SSA
(2510 m2 g�1) and the total pore volume (1.680 cm3 g�1) of the
CBW16 are larger than those of the other two carbons (Table 1).
The cumulative micropore surface area decreases with increasing
C:KOH ratio, i.e., CBW14 (2292 m2 g�1), CBW16 (2137 m2 g�1),
and CBW18 (1892 m2 g�1), and the cumulative mesopore area
increases, i.e., CBW14 (149 m2 g�1), CBW16 (373 m2 g�1), and
CBW18 (415 m2 g�1). The variation in micro-mesoporosity and sur-
face area arises from the differential etching effects associated with
varying KOH content in the activated carbon samples (CBW14,
CBW16, CBW18). During KOH activation, in the initial stages
(400–600 °C), KOH reacts with the carbonaceous biochar and oxy-
gen-containing surface functional groups to form potassium car-
bonate (K2CO3), potassium oxide (K2O), and hydrogen gas. As
the temperature exceeds 700 °C, the formed K2CO3 and K2O serve
as primary activating agents; these compounds are reduced by car-
bon to produce metallic potassium and carbon oxides, which sub-
sequently gasify and escape from the structure. The major
reactions involved are described in Equation (3)–(5).

4KOHþ C ! K2CO3 þ K2Oþ 2H2 (3)

K2CO3 þ 2C ! 2Kþ 3CO (4)

K2Oþ C ! 2Kþ CO (5)

The intercalation of metallic potassium into the carbon matrix leads
to lattice expansion and the generation of pore channels.[51–53]

Upon cooling and subsequent washing, potassium and its deriva-
tives are removed, resulting in a porous carbon framework. The
evolution of H2, CO, and CO2 gases also plays a vital role by physi-
cally creating pores within the biochar, thereby enhancing the sur-
face area of the activated carbon.[54,55] Increasing the KOH content
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promotes the development of a more extensive pore network and
higher BET specific surface area (SSA) up to an optimal ratio. In the
present study, elevating the ratio from 1:4 to 1:6 markedly
enhanced mesoporosity and yielded a maximum SSA of
≈3306m2 g�1. However, further increasing the ratio to 1:8 did
not produce additional gains; rather, the cumulative SSA declined.
This decline is ascribed to excessive chemical etching at high KOH

loadings, which induces collapse of fragile micropore walls and
their coalescence into larger mesopores, thereby reducing the
overall accessible surface area. Mechanistically, activation proceeds
via in situ formation of K2CO3 and metallic K, which selectively
etch the carbon framework to generate a hierarchical micro-
mesoporous architecture.[56] Further structural and chemical char-
acterization was carried out exclusively on CBW14 and CBW16
samples. Sample CBW18 was not re-examined here, as its electrode
performance and physicochemical properties have been compre-
hensively described in our recent work.[8]

The morphology of the CBW14 and CBW16 carbons is ana-
lyzed using FESEM and EDS techniques; images are shown in
Figure 3 and Figure S1, Supporting Information, respectively.
Individual particles of both the carbons are found in random
shapes, whose sizes ranged from several microns to a few nano-
meters, as seen in Figure 3a–d. The smooth surface finishing fea-
tures of both the carbon particles suggest their amorphous
nature. Particle-size analysis was performed using ImageJ soft-
ware, and the particle length distribution has been plotted as
shown in the Figure S5, Supporting Information. The particle-size
distribution follows a lognormal fit, with CBW14 exhibiting
μ= 3.38074 and σ= 0.67645, while CBW16 shows μ= 3.18682
and σ= 0.69424. Since the characteristic particle size in a

Table 1. Surface area analysis of the birch wood activated carbons.

Name CBW14 CBW16 CBW18

BET SSA [m2 g�1] 3015 3306 3051

Cumul. SSA [m2 g�1] 2441 2510 2307

Micropore SSA [m2 g�1] 2292 2137 1892

Micropore SSA [%] 94 85 82

Mesopore SSA [m2 g�1] 149 373 415

Mesopore SSA [%] 6 15 18

Total pore volume [cm3 g�1] 1.386 1.680 1.603

Micropore volume [cm3 g�1] 1.189 1.195 1.056

Micropore volume [%] 86 71 66

Mesopore volume [cm3 g�1] 0.197 0.485 0.547

Mesopore volume [%] 14 29 34

Figure 2. a–c) Nitrogen adsorption/desorption isotherms, d–f ) QSDFT pore size distribution, and g–i) QSDFT pore volume distribution for the birch wood
activated carbons.
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lognormal distribution is calculated as D = e μ, CBW14 shows a
median particle size of ≈29.4 μm, which is larger than the 24.2
μm obtained for CBW16. The average particle size, calculated
using the formula e(μþσ2/2), further confirms this trend, with
CBW14 exhibiting a larger mean size (≈37.0 μm) compared with
CBW16 (≈30.8 μm). CBW16 exhibits a slightly higher σ value
(0.69424) than CBW14 (0.67645), indicating a broader distribution
with a greater proportion of smaller particles. These statistical
results confirm that CBW16 generally comprises smaller particles
than CBW14, in agreement with the FESEM observations.[57]

EDS analysis as shown in Table S1, Supporting Information, indi-
cates that CBW14 and CBW16 built in with a carbon content of 97.34
and 96.93 at%, respectively. The respective oxygen contents are
found to be 2.66 and 3.07 at%. This elemental oxygen found uni-
formly distributed all over the individual particles of both CBW sam-
ples as seen in Figure S1, Supporting Information. No other elements
are detected in the CBW samples. Our previous study on CBW18
samples shows that a further increase in KOH leads to a significant
reduction in the particle sizes and an increase in oxygen content;
however, the random shapes and amorphous nature of the individ-
ual particles persist.[8] The increasing oxygen trend with KOH is also
commonly noticed for other KOH-activated biomass-derived car-
bons as listed in Table 2. In general, increasing level of KOH leads
to a greater number of residual functional groups such as carbox-
ylates, carbonates, hydroxyl, etc., which eventually contribute to
increased oxygen contents.[7,8] Therefore, morphological evolution
of CBWs is in tune with KOH activator and in good agreement with
the reported similar category of biomass-derived activated carbons.

Figure 4 depicts the HRTEM images of CBW14 and CBW16
individual particles and the corresponding selected area electron
diffraction (SAED) patterns. Both the samples exhibit random

shapes with smooth surface finishing and semi-transparent to
electron beam as common features as seen in Figure 4a,d. The
randomly oriented lattice fringes depicted in Figure 4b,e suggest
that both carbons possess a complete amorphous porous struc-
ture. Lacking even a short-range ordering strongly indicates that
both CBWs are a type of highly disordered carbon. The same is
inferred from the corresponding SAED patterns of both CBWs as
seen in Figure 4c,f. The diffused ring patterns seen are character-
istics of complete amorphous carbons. The TEM inferences of
CBW14 and CBW16 are consistent with their SEM morphological
features and in good agreement with reported CBW18.[3,8,30]

The surface chemical states of the activated carbon samples
CBW14 and CBW16 are examined using X-ray photoelectron spec-
troscopy (XPS), as shown in Figure 5. Both samples exhibit a high
carbon content with comparatively low oxygen content (Table 3);
however, the oxygen contents are slightly higher than those
obtained from EDS, indicating an enrichment of oxygen-
containing groups at the surface. The survey spectra (Figure S2,
Supporting Information) display two dominant peaks at ≈533 eV
(O 1s) and 285 eV (C 1s), with no additional elements detected,
confirming that the CBW materials consist predominantly of car-
bon and oxygen. The high-resolution C 1s spectra (Figure 5a,b)
can be deconvoluted into five components corresponding to
–CO3, O─C═O, C─O─C, C─OH, and C─C moieties. Notably, a pro-
nounced C─C peak is observed, which is attributed to intrinsic
structural defects and partially carbonized domains originating
from the bio-derived precursor. The O 1s spectra further exhibit
contributions from C─O, C─O─C, and C═O species. These oxygen
functional groups (OFGs) play an important role in governing the
electrode–electrolyte interaction. Their presence increases the sur-
face polarity of the carbon, thereby strengthening electrostatic

Figure 3. Morphology of a,b) CBW14 and c,d) CBW16 carbons seen under FESEM at different magnifications.
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interactions with ionic species and enhancing ion accessibility
within the pore structure. Experimental studies have shown
that OFGs improve the interfacial affinity and spreading behav-
ior of ionic-liquid electrolytes on carbonaceous surfaces, a phe-
nomenon directly relevant to the AlCl3–EMImCl medium used
in aluminum-ion batteries. Enhanced interfacial wetting facili-
tates deeper electrolyte penetration into the hierarchical
pore network, promoting more efficient AlCl4� adsorption
and reducing interfacial resistance. In addition, carbonyl- and
carboxyl-type OFGs may contribute minor pseudocapacitive
charge storage through reversible quinone/hydroquinone-type
redox transitions.[3,8,38,58–60]

Figure 6a presents the XRD patterns of the CBW14 and
CBW16 samples. Both the patterns missing characteristic gra-
phitic (002) peak at 26.5° confirms that the carbons are not crys-
talline.[8] A broadened hump-like residual diffraction peak is
found around 44° for CBW14. The peak corresponding to the
(100) plane of graphitic structures indicates the in-plane order
of carbon layers; however, its weak intensity suggests a high
degree of disorder and small crystallite sizes.[7,8] Notably, with
increasing KOH content, the 100 peak broadens further and
becomes less defined, highlighting an enhanced degree of struc-
tural disorder and the amorphous nature of CBW16. These patterns
collectively indicate an amorphous structure of the synthesized

carbon materials, which is consistent with diffused ring SAED pat-
terns seen in TEM analysis. The structural disorder of the activated
carbon samples is analyzed using Raman spectroscopy. The Raman
spectra of CBW14 and CBW16, as depicted in Figure 6b, reveal two
prominent peaks at ≈1350 and 1590 cm�1, corresponding to the D
and G bands, respectively.[7,8] The intensity ratio of these bands
(ID/IG) is a key parameter for assessing the degree of disorder in
the activated carbon materials.[7,9–11,61–63] The ID/IG ratio was deter-
mined to be 0.91 for CBW14 and 0.99 for CBW16. An increase in the
amount of KOH resulted in a slight rise in the ID/IG ratio, indicating
an increased degree of disorder and reduced graphitization. The
noticed disorder is extremely high when compared with commer-
cial graphite that bears an ID/IG ratio of 0.05 only.[9,63] The complete
absence of 2D band around 2700 cm�1 confirm lack of graphitic
planes stacking order along c-direction.[9,63] These findings are in
tune with the XRD results, further supporting the structural char-
acteristics of the materials. TGA results for CBW14 and CBW16
those recorded in air atmosphere with a heating rate of 5 °C min�1

are shown in Figure 6c,d, respectively. The analysis showed that
the ash content of both carbons is very low (around 0.5 wt%).
The negligible amount of retained ash content classifies CBWs
as exceptionally high quality when compared with other similar
birch wood-derived activated carbons with ash content up to
7.4 wt%.[45]

Table 2. Electrochemical performance of the current work and various reported cathode materials.

Source Synthesis method SSA
[m2 g�1]

Current
density
[mA g�1]

Operating
potential [V]

Initial DC
[mAh g�1]

Capacity Retention
[mAh g�1]/(Cycles)

References

Birch wood
(CBW14)

Carbonized at 500 °C under N2, activated with
KOH (1:4), and pyrolyzed at 900 °C under N2

with a heating rate of 10 °C min�1

3015 100
1000

0.01–2.2
0.01–2.2

101
28

120 (250)
25 (5700)

This work

Birch wood
(CBW16)

Carbonized at 500 °C under N2, activated with
KOH (1:6), and pyrolyzed at 900 °C under N2

with a heating rate of 10 °C min�1

3306 100
1000

0.01–2.2
0.01–2.2

163
46

140 (250)
86 (5700)

This work

Birch wood
(CBW18)

Carbonized at 500 °C under N2, activated with
KOH (1:8), and pyrolyzed at 900 °C under N2

with a heating rate of 10 °C min�1

3029 100
1000

0.01–2.2
0.01–2.2

120
60

115 (300)
70 (2500)

[47,48]

Birch wood Carbonized at 400 °C under N2 and activated
with 4 wt.% of NaOH under Ar flow at

600–850 °C

3300 283 0.01–2.5 82 69 (40) [56]

Tar pitch Tarpitch and KOH (1:4) were heated at 850 °C
for 4 h, washed, then heated at 750 °C under

N2 for 2 h

1980 500 0.01–2.25 51 95 (1000) [56]

Sucrose Using KIT-6 as a template, sucrose was
carbonized in H2/Ar atmosphere at 900 °C for

3h along with NaOH etching

1185 500 0.01–2.25 82 70 (1000) [56]

Coconut shell
chars

Chemical activation with KOH at 100 °C for
24 h and carbonization at 850 °C under Ar

atmosphere for 1h

2686 1000 0.01–2.2 90 81 (1500) [51–53]

Lignin
sulfonate

one-step pyrolysis activation (LS:KOH= 1:2) at
900 °C, with a heating rate of 10 °C min�1 for

1 h under N2 atmosphere

1708 100
1000

0.01–2.2
0.01–2.2

91
64

66 (500)
74 (6700)

[57]

Human hair Pyrolyzed dried hair in Ar atmosphere at
300 °C for 90 minutes and mixed with NaOH
(1:2 mass ratio), followed by carbonization at

750 °C for 3 h under Ar

– 50 0.2–2.45 103 100 (50) [58–60]

Pomegranate
peel

Carbonized at 900 °C for 1 h at a heating rate
of 5 °C min�1 followed by ball milling for 5 min

81.38 200 0.01–2.4 150 125 (200) [61–63]
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3.2. Electrochemical Characterization

The electrochemical performance of the activated carbons
CBW14 and CBW16 are investigated in a half-cell configuration
with Al metal as an anode. The electrochemical behaviors of
the developed non-aqueous AB pouch cells were characterized
by galvanostatic charge–discharge (GCD) tests, cyclic voltamme-
try (CV), and rate capability tests. Figure 7a,b shows the CV tests
of the activated carbons CBW14 and CBW16, respectively. The CV
curves demonstrate a charge storage mechanism that is pseudo-
capacitive in behavior. The cathodic and anodic currents exhib-
ited a quasi-rectangular shape with no oxidation or reduction
peaks associated with intercalation/deintercalation mechanisms.
The CV curve of CBW16 exhibits a comparatively larger area than
CBW14, indicating its greater electrochemical performance.
The quasi-rectangular shape of both samples suggests a highly
reversible adsorption/desorption of the chloroaluminate ions
to the surface of the activated carbons.[3,7,8] The overlapping
nature of the CV curves at a constant current highlights the stable
performance of the electrodes. Unlike graphite-like materials and
multilayered graphene cathodes, where the intercalation phe-
nomenon is predominant, the AlCl4� anions are stored via
surface-related mechanisms in the synthesized activated carbons
as described in Equation (1), (2).[3,7,8,14,64] This can be further
confirmed by the GCD profiles recorded with current density
of 0.1 A g�1 as illustrated in Figure 7c,d. The charge–discharge
curve does not exhibit any obvious plateau, affirming that surface

adsorption/desorption is the dominant charge storage mecha-
nism. At a current density of 0.1 A g�1, CBW16 exhibits a higher
specific capacity of 140 mAh g�1 (Figure 7e), whereas CBW14
exhibits 120 mAh g�1 (Figure 7f ). As cycling progresses, the
curves for CBW16 and CBW14 tend to overlap, indicating their
relatively better stability, as demonstrated by the CV curves.
CBW16 exhibits a more pronounced slanted discharge plateau
in the GCD profile due to its higher mesopore content, where
faster electrolyte penetration and quicker activation of accessible
adsorption sites contribute to the enhanced first-cycle capacity.
The first cycle GCD and CV curves are different and exhibit poor
performance compared to the subsequent cycles due to elec-
trode activation and electrolyte percolation. In the first cycle, ions
might be unable to access the electrode due to low wetting of
the electrolyte. For CBW16, the discharge capacity begins at
≈163 mAh g�1 and stabilizes around 140 mAh g�1, whereas
for CBW14, it starts at about 101 mAh g�1 and stabilizes near
120 mAh g�1 at 0.1 A g�1 (after 250 cycles). Figure 7e,f denotes
the cyclic stability of CBW samples evaluated at 0.1 A g�1 up to
250 cycles. The coulombic efficiency is maintained close to 100%
after the initial few cycles. This implies that the charge–discharge
processes are highly reversible without profound side reactions
and loss of chloroaluminate anions.

Figure 8a,b illustrates the GCD profiles of CBW14 and CBW16,
respectively, at a current density of 1.0 A g�1. Even at high current
density, the materials exhibited a similar curve as 0.1 A g�1 cycling
without any plateau, asserting that the charge storage occurs

Figure 4. TEM images and SAED patterns of a–c) CBW14 and d–f ) CBW16.
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through surface-related processes rather than intercalation. In
both electrodes, the capacity increases consistently up to
3000 cycles, after which it begins to decline in the case of
CBW14 while stable performance is noticed for CBW16.
However, the capacity drop in CBW14 is significantly pronounced
compared to CBW16. The high extent of microporosity about 86%
and larger particle sizes are plausible reasons behind the drastic
capacity decline of CBW14. Insertion of larger AlCl4� anions into
CBW14 seems to induce a higher volume expansion level, which

leads to electrochemical rupturing and pulverization of the elec-
trode matrix that eventually contributes to the capacity fading
and deteriorates the cyclic performance.[3,65] The continuous
structural collapse induced by electrochemical stress may have
progressively diminished the accessible diffusion channels and
active sites for charge carriers, i.e., AlCl4� anions, and thus results
in the observed continuous capacity loss of CBW14. Nonetheless,
decomposition of electrolyte species is most unlikely to be
responsible for the capacity degradation as higher CE values
around 100% (before structural changes initiated) rule out the pos-
sibility of such side reactions.[11,66] On the other hand, CBW16 miti-
gated all these issues owing to its increased mesoporosity (29%)
than CBW14 (14%). In general, higher mesoporosity, greater SSA,
and larger pore volumes are favorable for achieving better perfor-
mance as AB cathode material.[3,12] It is worth noticing that CBW16
performed better than its counterparts for being the one that
contains the highest SSA (3306 m2 g�1) and the largest total
pore volume (1.68 cm3 g�1) as furnished in Table 1. At a current
density of 1.0 A g�1, CBW14 loses 58% of its initial capacity
(Figure 8c), whereas CBW16 shows an 11% increase in capacity
after 5700 cycles (Figure 8d). The capacity of 86 mAh g�1 for
CBW16 highlights its superior performance over CBW14, whose
capacity is 25 mAh g�1 only.

Figure 8e,f exhibits the rate capability performance of the
CBW14 and CBW16 cathodes, respectively, at different current

Figure 5. XPS high resolution C1s and O1s spectra of a,b) CBW14 and c,d) CBW16.

Table 3. XPS surface elemental composition of the activated carbons.

Sample CBW14 CBW16

Bonding Position [eV] at% Position [eV] at%

C─C 284.87 59.99 284.8 59.17

C─OH 286.35 15.26 286.26 15.5

C─O─C 288.06 7.85 287.94 8.08

O─C═O 289.73 6.55 289.6 7.04

CO3 291.42 4.74 291.31 5.03

Total – 94.39 – 94.82

O═C 531.57 1.99 531.43 1.88

C─O─C 533.31 3.28 533.16 2.95

O─C 535.20 0.34 534.71 0.35

Total – 5.61 – 5.18
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rates. CBW16 displayed superior rate capability by delivering
discharge capacities of 84, 66, 60, 57, 53, 35, 91, and
135 mAh g�1 at 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 1.0, and 0.1 A g�1,
respectively (Figure 8f ). The specific capacity for both the acti-
vated carbons decreased with increasing current density due to
the lack of efficient ionic diffusion within a short time interval.
Even at a very high current density of 10.0 A g�1, CBW16 exhib-
ited remarkable electrochemical performance, achieving a
capacity of 35 mAh g�1. This is superior to the reported cathode
materials, such as commercially available ordered mesoporous
frameworks, which gave a superior rate of 30.5 mAh g�1 at
5.0 A g�1.[64] In contrast, CBW14 showed poor rate capability
and capacity started to decline drastically at an early stage,
say from the 750th cycle onwards, when current density
switched from 1.0 to 0.1 A g�1 as seen in Figure 8e. Overall,
CBW16 seems to have balanced micro-mesoporosity to yield
the best AB performance and is useful for practical applications
compared to other CBWs and its similar category of other bio-
mass-derived activated carbons.

The energy density (Ed) of the activated carbon cathodes was
calculated using the relation.

Ed ¼ ΔV � Cs (6)

ΔV ¼ Vmax þ Vminð Þ
2

(7)

where ΔV represents the average voltage, Vmax the upper voltage
limit (2.2 V), Vmin the lower voltage limit (0.01 V), and Cs is the
specific capacity (Ah kg�1), yielding energy density in Wh kg�1.
The developed activated carbon, CBW16, demonstrated a supe-
rior energy density of 95 Wh kg�1 at 1000 mA g�1 and
155 Wh kg�1 at 100 mA g�1, outperforming most existing acti-
vated carbon cathodes, including the birch wood-derived acti-
vated carbon synthesized with a carbon to KOH ratio of 1:8.[8]

These energy density values surpass the expensive synthetic car-
bon cathodes such as commercial graphene and CVD graphene
foams.[10,14] Table 2 provides a detailed comparative analysis of
the electrochemical performance of the current work and various

Figure 6. a) XRD, b) Raman, and c,d) TGA analyses of the CBW14 and CBW16.
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Figure 7. CV for a) CBW14 and b) CBW16 at 1 mV s�1 scan rate. Electrochemical features of CBW samples c,d) charge and e,f ) discharge cycling perfor-
mance at 0.1 A g�1 current rate.
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reported similar class of cathode materials. The performance of
the developed activated carbon CBW16 surpassed that of various
biomass-derived carbon cathodes, as shown in Table 2. For

example, lignin sulfonate-derived cathode demonstrated an ini-
tial capacity of 64 mAh g�1 at a current density of 1 A g�1 that
ended up at 74 mAh g�1 after 6700 cycles.[7] In contrast, CBW16

Figure 8. Charge–discharge, cycling features at 1.0 A g�1 current rate and rate capabilities of a,c,e) CBW14 and b,d,f ) CBW16.
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exhibited a lower initial discharge capacity of 46 mAh g�1 at 1 A
g�1; its capacity increased over time and stabilized at 86 mAh g�1

even after 5700 cycles, highlighting its superior long-term stabil-
ity (Figure 8d).

A comparative assessment of various activated carbon cath-
odes is reported in Table 2. Compared with its counterparts,
CBW16 delivers markedly superior cycling stability as seen in
Figure 8 and S3, Supporting Information. After 5700 cycles it
retains 86 mAh g�1, whereas CBW14 fall to 25 mAh g�1. On
the other hand, CBW18 too retained lesser capacity of
70 mAh g�1 after 2500 cycles (Figure S3f, Supporting
Information). Moreover, CBW16 outperforms a broad spectrum
of both biomass-derived and synthetic carbon cathodes reported
in the literature, underscoring its exceptional long-term durability
in aluminum-ion cells. For instance, NaOH-activated birch wood
with comparable surface area retained only 69 mAh g�1 over 40
cycles, while tar pitch and sucrose-derived carbons exhibited infe-
rior capacities of 51 mAh g�1 and 82 mAh g�1 respectively, after
1000 cycles, showing limited long-term stability. Similarly, coco-
nut shell-based activated carbon retained 81 mAh g�1 after 1500

cycles, and lignin sulfonate-derived carbon, though stable over
6700 cycles, exhibited much lower initial capacity. Other sources,
such as human hair and pomegranate peel, offered promising
short-term performance or high initial capacities but lacked sus-
tained retention over extended cycling. In contrast, CBW16 delivers
a compelling combination of high capacity, excellent retention, and
rate capability, validating the advantages of a finely tuned activation
process and pore architecture optimization.

The EIS results showed in Figure S6, Supporting Information,
and the fitted parameters summarized in Table S2, Supporting
Information, clearly distinguish the cycling behavior of CBW14
and CBW16. At OCV, both electrodes exhibit high Rct (resistance
to charge transfer) and Rb (bulk resistance)[8,11] values, indicating
limited initial electrolyte wetting and restricted ion transport,
with CBW14 showing a significantly higher Rb than CBW16, sug-
gesting poorer pore accessibility. After 5700 cycles, both electro-
des undergo activation, as reflected in the substantial reduction
in Rct and Rb; however, CBW16 attains a markedly lower final Rct
than CBW14, indicating more efficient interfacial kinetics and bet-
ter retention of electrochemically active sites. Although Rb

Figure 9. Raman and SEM analyses a) CBW14 fresh electrode, b) CBW14 electrode after 5700 cycles, c) CBW16 fresh electrode, and d) CBW16 electrode
after 5700 cycles (inset: magnified view, scale bar �10 μm).
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converges to similar values for both samples, the increase in Re
(ohmic resistance)[8,11] for each electrode reflects expected long-
term cycling effects. The CPEdl (constant phase element)[8,11]

parameters further underscore the superior structural stability
of CBW16. Its CPE exponent (α) increases from 0.79 to 0.84, dem-
onstrating a shift toward more ideal and uniform double-layer
behavior after prolonged cycling. In contrast, CBW14 exhibits a
significant decrease in α (0.83 ! 0.56), consistent with the rise
in surface heterogeneity, pore blockage, and structural degrada-
tion as seen in Figure 9 an Figure S4, Supporting Information.
These impedance trends correlate with the electrochemical per-
formance, where CBW16 exhibits higher capacity retention and
better long-term cycling stability compared with CBW14.

SEM and Raman characterizations of pre- and post-cycled
electrodes (Figure 9) highlight the contrasting structural stability
of CBW14 and CBW16 electrodes. The fresh CBW14 electrode
(Figure 9a) exhibits a porous activated carbon framework with
irregular rod-like structures. After 5700 cycles, these features
are no longer visible (Figure 9b), indicating electrochemical rup-
turing of the individual carbon particles and subsequent forma-
tion of the continuous electrode matrix. Moreover, Raman spectra
of the cycled CBW14 electrode show complete suppression of the
D (≈1350 cm�1) and G (≈1585 cm�1) bands, confirming the loss of
graphitic domains and the transition to an amorphous state.
The SEM image of CBW14 electrode after the rate capability test
(Figure 8e), as shown in Figure S4a, Supporting Information, and
corresponding Raman spectrum in Figure S4b, Supporting
Information, further confirm the total amorphisation of the elec-
trode matrix. In contrast, CBW16 exhibits remarkable structural
resilience as seen in Figure 9d. The irregularly shaped carbon
architectures and interconnected porous network (Figure 9c) in
the pristine CBW16 electrode are largely retained even after
5700 cycles (Figure 9d), while the Raman spectra continue to
exhibit pronounced D and G bands, indicative of the structural
stability of turbostratic domains and defect-enriched sites crucial
for reversible ion storage. The preserved electrode architecture,
underscoring the robustness of its porous network, explains the
superior cycling stability and capacity retention of CBW16 com-
pared to CBW14. Overall, post-cycling SEM and Raman analyses
confirmed that the capacity decay observed in the case of CBW14
originates from the electrode matrix amorphisation.

A well-connected porous network, as observed in CBW16,
ensures both efficient ion diffusion and structural robustness.
While micropores provide extensive surface area for charge stor-
age, they are highly susceptible to mechanical stress during
repeated charge–discharge cycles, leading to pore collapse, crack
formation, and blocked ion transport pathways, as exemplified by
the micropore-rich CBW14 electrode.[67,68] The limited mesopore
volume in CBW14 further restricts ion transport, thereby reducing
the effective surface area accessible for electrochemical reactions.
In contrast, CBW18, with higher mesopore content than CBW16,
demonstrates that mesopores alone cannot ensure high capacity.
These findings underscore the importance of achieving an opti-
mal pore size distribution, where micropores contribute to charge
storage and mesopores facilitate ion transport while mitigating
structural degradation. By tuning the biomass/KOH activation

ratio, it is possible to engineer a hierarchical pore structure that
maximizes accessible surface area while minimizing diffusion
resistance. This balance, exemplified by CBW16, is key to devel-
oping activated carbon electrodes with both high energy density
and superior cycling stability for aluminum battery systems.

4. Conclusion

Birch wood-derived activated carbons (CBWs) prepared via car-
bonization at 900 °C and KOH activation under N2 have been
shown to offer a synergistic combination of textural and electro-
chemical properties for aluminum battery cathodes. Among the
samples studied, CBW16 (biochar: KOH= 1: 6) exhibited the most
favorable pore architecture, high BET surface area (3306 m2 g�1),
large total pore volume, and a balancedmicro-mesopore network
that translated into exceptional battery performance. In an
AlCl3:[EMIM]Cl ionic liquid electrolyte (0.01–2.2 V), CBW16 deliv-
ered a discharge capacity of ≈140 mAh g�1 at 0.1 A g�1, retained
86 mAh g�1 after 5700 cycles at 1 A g�1, and achieved energy
densities of 155 Wh kg�1 (0.1 A g�1) and 95 Wh kg�1

(1 A g�1). These results surpass both CBW14 and CBW18, and
many reported biomass-derived and synthetic carbon cathodes,
underscoring the critical role of hierarchical porosity in enabling
high reversible capacity, rapid ion transport, and long-term sta-
bility. Furthermore, the use of an abundant, low-cost biomass pre-
cursor and a straightforward activation protocol highlight the
scalability and economic viability of CBW16 for large-scale energy
storage. Overall, this work demonstrates that optimizing KOH
activation levels to achieve a balanced pore structure is key to
unlocking the full potential of carbon cathodes in next-genera-
tion aluminum batteries.
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