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ity of aluminum-ion batteries by
adjusting the average pore size of the porous
carbon cathode†

Yifeng Chen, a Hiroo Suzuki, a Shu Fukumoto,a Chiyu Nakano,b

Takeshi Nishikawa,a Shigeyuki Umezawa c and Yasuhiko Hayashi *a

Lithium-ion batteries (LIBs) are widely used but with the increasing scarcity and uneven distribution of global

lithium resources, there is a need to explore alternative battery technologies. Due to its abundance, low

cost, and high theoretical capacity, aluminum is a strong candidate for metal anodes, making aluminum-

ion batteries (AIBs) an area of considerable interest. Current mainstream research focuses on ionic liquid

electrolytes, which offer a wide electrochemical window and high ionic conductivity. Carbon materials

are ideal cathode candidates due to their low cost, abundance, and high voltage platform. AIBs using

carbon materials typically exhibit low discharge capacity. This study addressed the challenge of

improving the discharge capacity of carbon-based cathodes in AIBs. By using porous carbon (PC)

materials with varying specific surface areas, average pore sizes, and total pore volumes as cathodes,

average pore size was found to impact capacity. This contradicts the contention that larger specific

surface areas result in higher capacities. There is a key difference in ion behavior: whereas aluminum

chloride ions intercalate into layered graphite structures, they do not intercalate into PC materials but

are adsorbed to the surface. By adjusting the average pore size, it is possible to increase the discharge

capacity of AIBs, challenging the traditional emphasis on specific surface area. This research does not

fully solve the problem of low discharge capacity in carbon-based cathodes, but provides a new

perspective on the role of pore size in enhancing battery performance, offering valuable insights for

future electrode design.
1 Introduction

With the rapid advancement of portable electronic devices,
energy storage systems, and electric vehicles, the demand for
secondary batteries in the market is increasing, along with the
need for optimal performance.1,2 Lithium-ion batteries (LIBs)
have become themost commercially successful and widely-used
energy storage devices due to their unique advantages.3

However, in recent years, the rising prices of materials, such as
lithium iron phosphate and ternary lithium, have driven up the
costs of LIBs. Moreover, the lack of safety improvements has
severely constrained their large-scale commercial application.
As a result, the research focus has shied to alternative types of
metal-ion batteries, such as sodium-ion batteries (SIBs),
potassium-ion batteries (PIBs), magnesium-ion batteries
tural Science, and Technology, Okayama
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olutions, Okayama University, Okayama

2, Japan
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(MIBs), zinc-ion batteries (ZIBs), calcium-ion batteries (CIBs),
and aluminum-ion batteries (AIBs). These offer benets like
low-cost manufacturing, safety, easy recyclability, and minimal
environmental impact.4–9 AIBs, which use metallic aluminum as
the counter electrode and aluminum salt ionic liquid (IL) as the
electrolyte, represent a new class of electrochemical energy
storage devices.10–12 However, the development of AIBs is
primarily constrained by the electrochemical performance of
their cathode materials, such as low capacity and poor cycling
stability, which severely limits their further advancement and
potential for practical applications. Therefore, the design and
synthesis of cathode materials with high capacity and excellent
cycling stability has become a top priority in current AIB
research.

Currently, the cathode materials used in AIBs include carbon
materials, metal oxides, transition metal chalcogenides, and
metal–organic frameworks.13–16 Of these, carbon materials have
been widely used as cathodes in AIBs due to their abundance,
structural diversity, and tunable redox properties, and they have
demonstrated excellent electrochemical performance. Carbon
materials used in AIBs include graphite, graphene, carbon
nanotubes (CNT), and porous carbon (PC).17–20 PC materials are
particularly notable for their porosity, diverse morphology, and
This journal is © The Royal Society of Chemistry 2025
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ease of preparation. Stadie et al. achieved an extraordinary
energy density of 64 W h kg−1 at 30 W h L−1 using high specic
surface area and dense carbon as cathode materials.21 Due to
their high specic surface area and abundant pore structure,
ordered mesoporous carbons (OMC) are widely used in energy
storage. By utilizing commercially-available mesoporous carbon
frameworks (CMK-3), a long cycle life of over 36 000 cycles with
efficiency exceeding 97% can be achieved.22 Compared to other
carbon materials, the structurally-stable CMK-8 framework
exhibits superior capacity (100.5 mA h g−1 at 300 mA g−1) and
higher rate performance (30.5 mA h g−1 at 5 A g−1).23 Xu et al.
reported a nitrogen-doped, three-dimensional, porous carbon
material (N-3PC) with tunable porosity and disordered struc-
ture.24 The pore size and specic surface area of the composite
were adjusted by the formation of zinc nitrate as a precursor,
resulting in a capacity of 13 mA h g−1 at 2 A g−1. The study on N-
3PC indicates that nitrogen doping and microstructure are two
critical factors inuencing the electrochemical properties of
carbon-based materials in AIBs.

Thanwisai et al. prepared a highly-porous activated carbon
material from coconut shell-derived biomass.25 Their research
suggests that the primary mechanism of this material is surface-
induced capacitive behavior, which is closely related to specic
surface area, mesopores, and defect concentration. Mesopore-
dominated carbon exhibits higher specic capacity and better
rate performance than micropore-dominated carbon, while also
demonstrating excellent cycling stability over 1500 cycles.
Therefore, the electrochemical performance of carbon-based
Table 1 Specific surface area and pore structure characteristics of
PC1, PC2, PC3, PC4, PC5, PC6, and PC7

Sample
Specic surface
area (m2 g−1)

Average pore
width (nm)

Total pore volume
(cm3 g−1)

PC1 1616 1.09 0.76
PC2 2266 1.09 1.00
PC3 2514 2.60 1.41
PC4 3299 2.48 1.71
PC5 709 19.6 2.59
PC6 1031 8.45 2.34
PC7 1500 4.43 1.95

Fig. 1 Nitrogen adsorption–desorption isotherms (a) and pore size distrib
and PC7. PC1 (YP50F), PC2 (MSP-20), PC3 (MSA-20), PC4 (MSC-30), PC5

This journal is © The Royal Society of Chemistry 2025
cathode materials can be substantially enhanced by strategies
such as morphology control and structural adjustment.

The primary hypothesis of this study is that optimizing the
pore size of PC cathodes can substantially enhance the
adsorption and diffusion of AlCl4

− ions, thus improving the
capacity of AIBs. This hypothesis challenges the conventional
focus onmaximizing specic surface area alone by emphasizing
the critical role of moderate pore sizes in facilitating ion
transport and storage. Previous studies have largely overlooked
the interplay between pore size and diffusion resistance. The
current study aims to address this and provide insights for
optimizing large-scale energy storage systems, portable elec-
tronic devices, and other applications requiring sustainable and
efficient energy solutions.
2 Results and discussion
2.1 Structural characterization

To date, many studies have focused on AIBs with graphite
electrodes, but the evaluation of battery performance using
high specic-surface-area carbon materials has rarely been re-
ported. To investigate this, various carbon materials with
different pore sizes were prepared (PC1–PC7) and the impact of
pore characteristics on battery performance was investigated
(Table 1). The porosity characteristics of PC1–7 were charac-
terized by low-temperature nitrogen adsorption. The adsorption
isotherms of PC1–7 did not align with the x-axis, indicating
signicant N2 adsorption capacity and suggesting well-
developed pore structures (Fig. 1a). The adsorption isotherms
of PC1, PC2, PC3, and PC4 all displayed a typical type I pattern
with similar shapes. When the relative pressure (P/P0) was below
0.1, the N2 adsorption capacity of PC1 and PC2 increased
rapidly, which can be attributed to micropore lling, and
a saturation point was rapidly approached. This indicates that
the micropores had been lled and almost no further adsorp-
tion occurred. For PC3 and PC4, the N2 adsorption capacity also
increased rapidly when the relative pressure (P/P0) was below
0.1, but they gradually approached saturation point, suggesting
the presence of a considerable amount of small-sized meso-
pores. In contrast, the adsorption isotherms of PC5, PC6, and
PC7 exhibited a type IV pattern, with a noticeable hysteresis
ution curves (b) for porous carbon materials PC1, PC2, PC3, PC4, PC6,
(CNovel 20 nm), PC6 (CNovel MJ4 010-00), and PC7 (CNovel MH-00).

J. Mater. Chem. A, 2025, 13, 8052–8058 | 8053
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loop observed at relative pressures P/P0 between 0.4 and 0.9.
This suggests that these samples contained not only a small
amount of micropores (<2 nm) but also a substantial amount of
mesopores (2–50 nm).26 The sharp rise in the adsorption
isotherms at P/P0 > 0.9 indicated the presence of macropores in
the PC5 and PC6 materials.27 The pore size distribution curves
of PC1 to PC7 are shown in Fig. 1b, with PC1 to PC7 exhibiting
pore sizes primarily within the range of 1–2 nm (micropores)
and 2–50 nm (mesopores). Table 1 summarizes the porosity
parameters of these materials.

The structure and degree of graphitization of PC1, PC2, PC3,
PC4, PC5, PC6, and PC7 were further characterized using
Raman spectroscopy (Fig. S1–S7†). All samples exhibited
prominent D bands, indicating a high level of defects in these
PC materials,28 providing abundant active sites for ion adsorp-
tion.29,30 The Raman spectroscopy results indicate that, due to
the structure and crystallinity of graphite, all samples exhibit
the identical intensity of D and G bands. As a result, there was
no marked difference in the distribution of adsorption sites
among the samples. Fig. S8–S14† present the eld emission
scanning electron microscopy (FE-SEM) images of PC1 to PC7;
the observed pore sizes were consistent with the nitrogen
adsorption–desorption results.
Fig. 2 Preparation of cathodes and assembly of porous carbon/aluminium
PVDF, polyvinylidene fluoride; NMP, of N-methyl-2-pyrrolidone; IL, ioni

8054 | J. Mater. Chem. A, 2025, 13, 8052–8058
2.2 Electrochemical performance

An amount of 3 mL of N-methyl-2-pyrrolidone (NMP) was added
to 75 mg of polyvinylidene uoride (PVDF), and the mixture was
sonicated for 30 min to fully dissolve the PVDF in NMP (Fig. 2).
Then, 2–5 mL of NMP (depending on the specic PC) was added
to 600 mg of PC and 75 mg of acetylene black (AB), and the
mixture was sonicated for 30 min to achieve dispersion.
Subsequently, the PVDF solution was poured into the PC/AB
mixture and stirred magnetically at 25 °C for 12 h to form the
electrode slurry. The resulting slurry was coated onto a tungsten
substrate, air-dried at 25 °C for 12 h, then vacuum-dried at 25 °C
for 12 h, and nally dried in vacuum at 120 °C for 12 h to
prepare the PC cathode.

Building on an aluminum anode, its practical application in
coin-type cells was investigated by coupling it with the fabri-
cated PC cathodes. The assembly of the coin cell is shown in
Fig. 2. Aer cell assembly, the batteries were activated by
running 10 cycles at a current density of 0.05 A g−1. Fig. 3a
shows the comparison of the discharge capacities at the 10th
cycle for PC1–7 at a current density of 0.10 A g−1 with the
respective specic surface area and pore structure characteris-
tics. The discharge capacities for PC1–7 at the 10th cycle were
44.48, 9.48, 103.66, 137.81, 70.79, 118.81, and 128.79 mA h g−1,
respectively.
polytetrafluoroethylene cell. PC, porous carbon; AB, acetylene black;
c liquid.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electrochemical performance of a porous carbon/aluminium cell. (a) Discharge capability and pore structure characteristics of
aluminium-ion batteries (AIB) with PC1, PC2, PC3, PC4, PC5, PC6, and PC7 as cathode materials at a current density of 0.10 A g−1. (b) Galva-
nostatic charge and discharge curves of AIB with cathode material of PC4 at a series of current densities. (c) Discharge capability and coulombic
efficiency of AIB with cathode material of PC4 at a series of current densities. PC1 (YP50F), PC2 (MSP-20), PC3 (MSA-20), PC4 (MSC-30), PC5
(CNovel 20 nm), PC6 (CNovel MJ4 010-00), and PC7 (CNovel MH-00); PC, porous carbon.
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By analyzing the relationship between specic surface area,
average pore size, total pore volume, and discharge capacity,
these factors were found to have complex and interrelated
effects on discharge capacity. Although a larger specic surface
area generally indicates more active sites, which should
improve electrochemical efficiency, the experimental results did
not fully support this assumption. Specically, PC1 and PC2
had the same average pore size of 1.09 nm, but as the specic
surface area increased from 1616 m2 g−1 (PC1) to 2266 m2 g−1

(PC2), the discharge capacity decreased from 44.48 mA h g−1 to
9.48 mA h g−1. This suggests that the micropores were too small
to act as adsorbers. When the average pore size increased to
2.60 nm (PC3), the capacity increased to 103.66 mA h g−1,
indicating that AlCl4

− ions could be adsorbed into mesopores.
As the specic surface area increased from 2514 m2 g−1 (PC3) to
3299 m2 g−1 (PC4), the capacity also increased from
103.66 mA h g−1 to 137.81 mA h g−1, indicating that increasing
specic surface area under suitable pore sizes can enhance
capacity. However, when the average pore size increased to
19.6 nm (PC5), the capacity decreased to 70.79 mA h g−1, sug-
gesting that large pore size may induce the adsorption of AlCl4

−

ions more efficiently than those of small pore sizes
This journal is © The Royal Society of Chemistry 2025
(approximately 2 nm) when considering its reduction of specic
surface area.

To further investigate the optimal pore size, we tested PC6
with an average pore size of 8.45 nm and observed an increase
in capacity to 118.81 mA h g−1. When the average pore size was
reduced to 4.43 nm (PC7), the capacity reached 128.79 mA h g−1,
despite a relatively low specic surface area of 1500 m2 g−1.
When average pore size was larger than 4 nm, resulting
discharge capacity was roughly proportional to the specic
surface area and the maximum value per unit surface area was
obtained at a pore size of ∼8 nm (PC6 and Table S1†).

The discharge capacity depends on the specic surface area,
and there is a pore size at which the maximum discharge
capacity can be obtained by the unit surface area. However, no
material possesses such a large specic surface area within its
pore size. Among the materials used in this study, PC4
demonstrated the highest capacity. Therefore, controlling the
average pore size and specic surface area of PC materials is
essential to enhance the discharge capacity of AIBs, as merely
increasing the specic surface area may not yield the desired
results.
J. Mater. Chem. A, 2025, 13, 8052–8058 | 8055
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To determine the electrochemical behavior of the PC
cathode material during charge–discharge cycles, the galvano-
static charge–discharge curves of PC4 were investigated at
different current densities (Fig. 3b). At current densities of 0.10,
0.20, 0.50, and 1.00 A g−1, the discharge capacities of the PC4
cathode at the 10th cycle were 137.81 mA h g−1,
122.98 mA h g−1, 101.15 mA h g−1, and 84.56 mA h g−1,
respectively. Even at an ultra-high current density of 1 A g−1, the
discharge capacity remained at 84.56 mA h g−1 (Fig. 3c). At
a current density of 0.10 A g−1, the initial discharge capacity
reached a maximum of 140.31 mA h g−1. As the current density
increased, the discharge capacity gradually decreased. When
the current density reached 1 A g−1, the discharge capacity
was 84.27 mA h g−1. Aer 170 cycles, the discharge capacity
declined to 83.25 mA h g−1, indicating that even aer 170
cycles, the capacity showed almost no decay. PC4 exhibited
excellent stability and a highly-stable retention capacity,
demonstrating good reversibility and structural stability of the
PC4 cathode.
Fig. 4 Rechargeable porous carbon/aluminium cell. (a) Cyclic voltamme
at 2.2 V and at an amplitude of 10.0mV and frequencies ranging from 1.0 M
PC cathodes. PC1 (YP50F), PC2 (MSP-20), PC3 (MSA-20), PC4 (MSC-30),
00); PC, porous carbon.

8056 | J. Mater. Chem. A, 2025, 13, 8052–8058
2.3 Mechanism investigation

This study investigated the reaction mechanism of the PC/Al
battery and the primary sources of its performance. Fig. 4a
shows the cyclic voltammogram of the PC/Al battery at a scan
rate of 1 mV s−1. No distinct redox peaks were observed for PC1
to PC7, and the curves exhibited a parallelogram shape, indi-
cating that their electrochemical behavior was primarily gov-
erned by the adsorption and desorption of AlCl4

− ions (the ionic
radius is 0.528 nm).31 In addition, the current values of PC3 and
PC4 were large. The Nyquist plot (Fig. 4b) illustrates the elec-
trochemical performance differences of PC1 to PC7 based on
electrochemical impedance spectroscopy (EIS) analysis. In the
low-frequency region, PC1 and PC2 exhibited the highest
diffusion impedance (the real part of impedance at 0.1 Hz),
indicating that their pore sizes were not conducive to ion
diffusion (Table 2). PC3 and PC4 show the lowest diffusion
impedance, suggesting that their pore structures facilitated
rapid ion diffusion, whereas PC5 to PC7 exhibited diffusion
impedances between those of PC1–2 and PC3–4, indicating that
try of Al foil and PC at a scan rate of 1 mV s−1. (b) Nyquist plots of PC1–7
Hz to 0.1 Hz. (c) Model diagram of the adsorption of AlCl4

− ions on the
PC5 (CNovel 20 nm), PC6 (CNovel MJ4 010-00), and PC7 (CNovel MH-

This journal is © The Royal Society of Chemistry 2025
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Table 2 The fitted values of R1 and R2 for PC1, PC2, PC3, PC4, PC5,
PC6, and PC7, along with the real part of impedance at 0.1 Hz that
corresponds approximately to Zw + R1 + R2

Sample
The tted values
of R1 (U)

The tted values
of R2 (U)

The real part of
impedance at 0.1 Hz (U)

PC1 2.113 0.7356 20.5
PC2 2.194 0.61106 18.2
PC3 2.446 0.48036 6.52
PC4 1.812 0.22684 7.21
PC5 2.547 1.151 13.6
PC6 2.325 0.91136 12.8
PC7 2.289 0.29664 10.5
Equivalent circuit
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larger pore sizes increased diffusion impedance. Analysis of the
diffusion resistance in the low-frequency region indicated that
pore size substantially impacted ion diffusion performance.
Moderate pore sizes (2 nm) provided more diffusion pathways,
reducing diffusion resistance, whereas smaller or larger pore
sizes restricted ion diffusion, increasing Warburg impedance.
These results indicate that optimizing pore size can enhance
ion diffusion performance in electrode materials, thereby
improving the overall electrochemical performance of AIBs. PC4
had the lowest diffusion impedance and a higher discharge
capacity than PC7 at all current densities, consistent with the
Nyquist plot results (Fig. S15–S18†).

Fig. S19–S24† present the charge–discharge curves of PC1–7
at various current densities. The charge–discharge curves of
PC3 and PC4 exhibited behavior more indicative of a capacitor,
whereas PC1–2 and PC5–7 likely involved some degree of redox
reactions. Fig. S25–S30† present the discharge capacity and
coulombic efficiency of PC1–7 at various current densities.
From the discharge curves, the contribution of the absorption
current was minimal, and the microporous structure with
a pore diameter of 2–8 nm appeared ideal for capacitive appli-
cations. The size of 2 nm is close to the ideal capacitor, whereas
∼8 nm is the optimal value when considering capacity. The
semicircle in the high-frequency region represents charge
transfer resistance, whereas the line in the low-frequency region
reects ion diffusion behavior.32 PC1, PC2, PC5, and PC6
exhibited larger semicircles, indicating higher charge transfer
resistance, whereas PC3, PC4, and PC7 had smaller semicircles,
indicating lower charge transfer resistance (Table 2). This vari-
ation may result from pore sizes that are too large or too small,
thus reducing AlCl4

− ion adsorption efficiency, although the
difference in charge transfer resistance was minor.

In the Nyquist plot (Fig. S31–S37†), the blue line represents
experimental data and the red line represents tted data and
indicates a close t, indicating that the equivalent circuit model
accurately describes the electrochemical characteristics of PC1–
7 electrodes. The R1 value in the high-frequency region reects
electrolyte resistance, the semicircle in the medium-frequency
This journal is © The Royal Society of Chemistry 2025
region corresponds to charge transfer resistance (R2), and the
low-frequency EIS measurement reveals diffusion impedance
(Zw). During charge, electrons ow from the cathode to the
anode, creating a positive charge on the cathode surface,
generating an electric eld that attracts AlCl4

− ions, forming
a double layer and capacitor. Fig. 4c represents the AlCl4

− ion
adsorption model at various pore sizes. When the pore size is
small, AlCl4

− ions cannot enter the pores. When the pore size is
optimal, AlCl4

− ions are efficiently adsorbed, and an increase in
specic surface area provides more adsorption sites, enhancing
capacitation. However, if the pore size is too large, AlCl4

− ion
adsorption efficiency decreases, reducing the efficiency of the
capacitor. Thus, optimizing pore size and specic surface area
can enhance AlCl4

− ion adsorption and, consequently, improve
electrochemical performance.
3 Conclusions

The impact of varying specic surface areas, average pore sizes,
and total pore volumes of PCmaterials used as cathodes in AIBs
on their performance was investigated. An increase in specic
surface areas could enhance battery capacity when the pore
sizes were appropriate. PC cathodes with an average pore size of
2–8 nm exhibited the highest capacity; ∼8 nm was the optimal
value when considering capacity. The surface reactions on PC
cathodes were governed by the adsorption and desorption of
aluminum chloride ions. Therefore, designing PC cathodes
with suitable pore sizes and large specic surface areas can
substantially improve the overall performance of AIBs. This
work represents a novel approach to designing high-
performance cathode materials and presents broad prospects
for practical applications.
4 Experimental
4.1 Cathode preparation

PC1 (YP50F, Kuraray, Japan), PC2 (MSP-20, MC Evolve Tech-
nologies Corporation, Japan), PC3 (MSA-20, MC Evolve Tech-
nologies Corporation, Japan), PC4 (MSC-30, MC Evolve
Technologies Corporation, Japan), PC5 (CNovel 20 nm, TOYO
TANSO, Japan), PC6 (CNovel MJ4 010-00, TOYO TANSO, Japan),
and PC7 (CNovel MH-00, TOYO TANSO, Japan) were purchased
and used directly as cathode materials.
4.2 Electrochemical measurements

Electrochemical measurements were conducted using
a custom-made polytetrauoroethylene (PTFE) cell. The
working electrode was fabricated by coating a tungsten
substrate with a mixture of active material (various PCs),
conductive agent (AB), and binder (PVDF) in a weight ratio of 8 :
1 : 1. Glass ber was used as the separator (Whatman GF/D,
Cytiva, USA), and aluminum foil (99+%, Nilaco, Japan) served
as the anode. The electrolyte was AlCl3/[EMIm]Cl ionic liquid
(AlCl3/[EMIm]Cl = 1.5 : 1, Sigma-Aldrich, Japan). The PTFE cells
were assembled in an argon-lled glove box (O2 < 1 ppm, H2O <
1 ppm). Galvanostatic charge–discharge, cyclic voltammetry,
J. Mater. Chem. A, 2025, 13, 8052–8058 | 8057
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and electrochemical impedance spectroscopy measurements
were carried out using a potentiostat (SP-150 and VSP-300,
BioLogic, France) with a two-electrode system at 25 °C.

4.3 Characterizations

The surface morphology of porous carbon was observed using
FE-SEM (SU9000, HITACHI, Japan). Raman spectroscopy was
performed using a Raman spectrometer (NRS-4500, JASCO,
Japan) with a 532 nm laser. The pore structure characteristics of
the PC samples were analyzed using a fully automatic phys-
isorption instrument (BELSORP MINI, Microtrac, Japan).
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the ESI.†
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