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Abstract: This study presents groundbreaking results in the field of
rechargeable aluminium-ion batteries, achieving stable capacities
exceeding 300 mAh g for more than 300 cycles. The key to this
achievement lies in the utilization of tailor-made carbon materials and
a urea-AlCls-based electrolyte. The article investigates the optimal
physicochemical properties of the active material necessary for
effective electrodes for these aluminium-ion batteries. This
investigation employs a wide range of materials characterization
technigues (XRD, SEM-EDX, N, adsorption-desorption isotherms, Hg
porosimetry, XPS, FTIR, Raman and TEM-EDX) and electrochemical
performance analyses to delve into the subject. These findings
represent a significant improvement in the capacity of aluminium-ion
batteries, bringing us closer to their implementation and
commercialization. This achievement is attributed to the utilization of
readily available, cost-effective, and non-corrosive materials. The
ability to customize carbon xerogels and the use of the urea-AlCl;
electrolyte offer promising avenues for the practical implementation of
these advanced battery technologies, leading to further
enhancements in their performance and widespread adoption in

various applications.

Introduction

Electrical energy storage devices have gained increasing
attention due to the growing demand for mobility devices and
renewable energy storage related applications. While

lithium-ion batteries (LIBs) have served as the primary power
source for portable electronics and electric vehicles, there is
still substantial room for improvement in their performance
and energy storage capabilities. This is where aluminium-ion
batteries (AIBs) come into play, with the potential to
revolutionize how we store and utilize energy [1]. AIBs are
composed of a metallic aluminium anode, a carbonaceous
material or a transition metal oxide cathode [2-4] and an
electrolyte based on an ionic liquid capable of moving the
redox active species (AICls and AlL,Cl7). Among the various
emerging energy storage system options, AIBs are
positioned as a promising alternative to LIBs. Al anode
presents a high theoretic gravimetric capacity (2980 Ah kg-
1), low cost (Al bench market price is 2 USD/kg versus Li 300
USD/kg), great abundance (the most abundant metal in the
earth's crust), and high safety [5,6]. However, for these
batteries to become viable, three main identified problems
need to be solved:
0] The limited specific cathode capacity. Currently,
the best results obtained do not exceed 200 mAh g*
[3,7]. This problem is related to the size and quantity of
complex ions to be intercalated in the cathode [8]. To
solve this drawback, it is necessary to search for new
and more compatible cathode materials.
(i) The low cathode stability. Materials reported have,
generally, low efficiency (~ 80%) and low capacity
retention [3,7].
(iii) The corrosivity of chloroaluminate-based ionic
liquids. Typically, varying mixtures of 1-ethyl-3-
methylimidazolium chloride ([EMIm]) and AICls, known
as EMIC, are used. In fact, this corrosivity restricts the
choice of materials for the separator (polyethylene), the
binder (PVDF), the current collector (Al, stainless steel,
Ni), and the cell casing. Thus, these electrolytes
represent a significant increase in cell cost, not only due
to the cost of the electrolyte itself but also to the cell
adaptation required [2,9,10]. Therefore, a less corrosive
electrolyte as well as more resistant materials (metal
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alloys, ceramics, polymers) must be developed and/or
selected for these components.

In this work, an effective solution is proposed to produce an
AIB with potential to become commercialized. This solution
is based on the substitution of the EMIC by an electrolyte
based on urea and AICI; and the use of carbon xerogels as
cathode material. The potential use of this eutectic mixture
as electrolyte in AIBs has been previously reported, since it
has important advantages over EMIC, i.e., ~ 50 times lower
price, less corrosive and much more eco-friendly [11,12].
However, it has been observed that for the correct operation
of this electrolyte it is necessary to look for cathode materials
not only compatible with the redox species of
chloroaluminates, but also with the subspecies of urea which
are present in this electrolyte [13-16]:

2AI1Cl5 + 2 urea — [AICl, (urea),]* + AlCly
with AlCl; excess: AlCl; + AlCl; — Al,Cl7

Carbon materials, renowned for their low cost, wide
availability, and diverse range of precursors, as well as their
unique blend of electrical, mechanical, and physical
properties, have found extensive application as electrode
materials in metal-ion batteries [17], including their utilization
as cathodes in AIBs (Table S1). However, despite
considerable efforts, the optimal properties required for
carbon cathode materials in AIBs remain elusive.
Furthermore, achieving reproducibility in carbon properties
poses a significant challenge due to the inherent variability in
precursor composition, typically sourced from biomass
and/or fossil fuel waste. Hence, the strategic design and
synthesis of synthetic carbons with high reproducibility and
meticulously controlled properties emerge as the most viable
approach. In this context, sol-gel technology enables the
design of carbon materials with tailored properties [18,19],
allowing for control over porosity and chemical composition.
Drawing on studies demonstrating the advantageous effects
of nitrogen presence in cathode materials for AlBs [20], and
recognizing the significance of an appropriate pore size [21],
we have developed nitrogen-doped and undoped carbon
xerogels to investigate their compatibility with the above
mentioned electrolyte in order to developed a new optimized
AIB. Additionally, it is crucial for the synthesis process to be
both scalable and industrially applicable. Therefore, the
primary objective of this study is to design and manufacture
carbon xerogels through an optimized sol-gel process
assisted by microwave heating, with improved
electrochemical properties, including high capacity, high
efficiency, and cycling stability for AIB cathodes.

This new aluminium — ion battery proposed not only exhibits
high specific capacity values (> 330 mAh g%), but also
features high efficiency and capacity retention, low cost for
all the materials used, and avoids system safety related
issues.
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Experimental

Synthesis of carbon xerogels

Two carbon xerogels with a pore size able to insert the redox
active species (pore size > 1000 nm > AICl, ionic radius
[8,22]) with different surface chemistry were designed by
means of the polymerization of resorcinol (R, Indspec 99%)
and formaldehyde (F, Merck 37% stabilized with 10 wt.%
MeOH). The organic precursor was synthesized using the
stoichiometric molar ratio (i.e., R/F = 0.5), a dilution ratio of
7.7 and a pH of the precursor mixture of 4.6. The precursor
solution was placed in a microwave oven at 85 °C for 5 h,
allowing gelation, ageing and drying in the same device,
according to a synthesis procedure previously optimized
[23]. The resultant organic gel was carbonized in a tubular
furnace at 1000 °C for 2 h under an inert atmosphere to
obtain its carbon derivative CX.

A second nitrogen-doped carbon xerogel (CXN) was
obtained. A portion of CX was powdered and subjected to an
additional treatment in the presence of melamine at a weight
ratio of CX: melamine of 60:40. The heat treatment was
conducted at 700 °C for 2 hours under an inert atmosphere
to introduce nitrogen surface functionalities on the carbon
xerogel.

Structural/textural characterization techniques

CX and CXN materials were characterized by means of their
porous properties and chemical composition. Prior to the
characterization, both materials underwent vacuum
outgassing overnight at 120 °C. The porous properties were
determined using helium density (dHe, AccuPyc 1330), N;
adsorption-desorption isotherms (Tristar Il, Micromeritics),
and Hg porosimetry (Autopore Micromeritics). The specific
(Seer) and external (Sex) surface areas, as well as the micro-
(Vmicro) @and mesopore (Vmeso) VOolumes were obtained from N
adsorption-desorption isotherms using the BET, t-plot, and
Dubinin-Radushkevich equations. The macropore volume
(Vmacro), pore size distribution, and mean pore size were
determined from Hg porosimetry. Additionally, the
morphology of the materials was characterized with a
Quanta FEG 650 SEM working with an accelerating voltage
of 20 kV. Furthermore, chemical and structural
characterizations were performed by energy-dispersive X-
ray spectroscopy (EDX) coupled to SEM; elemental analysis;
X-ray photoelectron spectroscopy (XPS); X-ray powder
diffraction (XRD); Micro-Raman; and infrared spectroscopy
(FTIR). Scanning electron microscopy (SEM) images were
obtained in a FEI Inspect-S SEM instrument. Energy
dispersive X-ray microanalysis (EDX) elemental mappings
were acquired with a QUANTAX 70 detector (Bruker, Berlin,
Germany) attached to a Hitachi TM3000 SEM microscope
working at 15 kV. XPS analysis was performed in a SPECS
PHOIBOS 100 using a monochromate Al source. XRD
patterns were measured at room temperature with a
PANanalytical X PERT POWDER diffractometer using Cu Ka
radiation (A = 1.5418 A). Micro-Raman measurements were
carried out at room temperature in a Horiba Jobin-Ybon
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LabRAM HRB800 on an Olympus BX 41 confocal microscope
system with a 633 nm He-Ne laser. The FTIR spectra were
collected in ATR using a ThermoNicolet-6700 FT-IR
spectrometer equipped with a MCTA detector.

The electrical conductivity of the carbon xerogels was
determined using disk-shaped electrodes. For the
preparation of these electrodes, a powdered sample of the
xerogels is mixed with 10 wt.% of polytetrafluoroethylene
(PTFE) as the binder to obtain a homogeneous mixture. The
mixture is worked to obtain a film that is cut and pressed
uniaxially into circular electrodes of 1 cm diameter. The four-
point probe procedure (FPP, model SR-4-6L, Ever-being) is
performed by applying a constant current (model 6220 DC
current source, Keithley) while the four in-line points and the
surface of the disk-shaped electrodes are in contact. The
voltage drop is measured using a digital voltmeter (model
2182A, Keithley) thus quantifying the electrical resistance of
the material. Finally, from the electrical resistance, the
conductivity is calculated using Van der Pauw's equation.

Cell preparation and electrochemical techniques

The electrochemical tests were performed at room
temperature in 13 mm diameter Swagelok-type cells (PTFE
cell body and Mo plungers) assembled in an Ar-filled dry box,
using graphite paper (Carbon-Foil, Goodfellow) with the
same diameter as current collector (for both negative and
positive electrodes). An Al metal foil (99.99%, Nature Alu) of
13 mm diameter was employed as the negative electrode,
while a Whatman GF/D borosilicate glass fibber sheet,
saturated with a mixture of urea (crystalline urea, Fertiberia)
and AICI; (99%, Sigma Aldrich) 1:1.5 by mol, was used as
electrolyte. The volume of electrolyte corresponds to one-
fourth of the deposited cathode material, measured in mL
(i.e., ~ 0.25 mL/mg). For the cathode, the carbon xerogel (CX
or CXN) was mixed in a battery slurry mixer at a rotation
speed of 300 rpm for 1 h with carbon SP (Carbon black,
Imerys) and sodium alginate (Sigma Aldrich) as conductive
additive and binder, respectively, in deionised water. The
obtained slurry was uniformly applied onto graphite paper
using an automated Battery Electrode Film Coating Machine
at a fixed height of 100 pm. Subsequently, the coated
electrodes were dried overnight at 40 °C. Cathodes with a
diameter of 13 mm and a targeted material loading of
approximately 5 mg (-~ 4 mg cm?) were prepared. Electrodes
with various weight ratios of active material and binder, with
and without carbon black, were prepared and labelled based
on the type of carbon xerogel (CX or CXN), the weight
percentages of binder (xB) and carbon black (yCB). Thus,
electrodes without carbon black would be denoted as CXxB
or CXNxB, while CXxByCB or CXNxByCB would represent
electrodes containing both binder and carbon black. For
better comparison of the results and a more realistic
estimation from an application perspective, all per-gram
values correspond to the total weight of material deposited
on the current collector, i.e., active carbon material +
conductive additive + binder. It is important to underscore
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that the graphite paper used as current collector does not
actively partake in the electrochemical processes observed
in the cathode, as substantiated by prior investigations [4].

Charge-discharge cycling, and cyclic voltammetry
experiments were performed using an Arbin BT — 2143
Battery Tester potentiostat. The measurements were
conducted in a voltage range between 0.4 V and 2.4 V to
assess the electrochemical performance of the system
(voltage limits in which the response of the Urea-AlCl;
electrolyte has been proven to be stable [14]). During charge-
discharge experiments, the cells were subjected to a
constant current, including 100, 200, 500, and 1000 mA g,
to evaluate their energy storage capabilities. Cyclic
voltammograms (CVs) were obtained by sweeping the
voltage at different scan rates (1, 2, 5, 10, and 20 mV s?)
within the specified voltage range, after completing five
charge/discharge cycles to ensure the stabilization of the
electrochemical system and obtain better-defined profiles.
Electrochemical Impedance Spectroscopy (EIS) data were
acquired using a Biologic BCS-810 battery tester by applying
an AC voltage of 5 mV over a frequency range of 0.01 to 100
kHz. The acquired data were subsequently analysed using
the BTS-Lab software. The EIS measurements were
conducted under two conditions: open-circuit voltage (OCV)
and charged (2.4 V) after five charge-discharge cycles.

Ex-situ electrode characterization

For the ex-situ characterization of the electrodes, the cells
were disassembled in an Ar-filled dry box, and the electrodes
were cleaned with n-butanol. The ex-situ measurements
were always performed after completing different
charge/discharge protocols, with the number of cycles
varying depending on the specific study.

Ex-situ Transmission electron microscopy (TEM) coupled
with EDX was performed in a JEOL JEM 2100 located at the
facilities of the ICTS-Centro Nacional de Microscopia
Electrénica, operating at an acceleration voltage of 200 kV.
The samples were prepared by crushing the electrode
powder under n-butanol and dispersing it over copper grids
covered with a holey carbon film. The ex-situ FTIR
measurements were performed using a Perkin Elmer
Spectrum Two instrument equipped with an attenuated total
reflectance (ATR) accessory with a diamond window and a
LiTaO3; detector, in the wavenumber range of 350 to 4000
cm. The electrodes were placed directly onto the window,
and pressure was applied using the arm of the instrument to
ensure good contact between the electrode sample and the
ATR window.

Results and Discussion

Textural and chemical properties of carbon xerogels

The textural properties of CX and CXN carbons are
summarized in Table 1. Both materials have a similar helium
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density (pre) around 2 g cm, which is a very common value
for carbon xerogels treated under similar thermal conditions.
Moreover, as can be appreciated in Figure 1a, both samples
show a characteristic adsorption-desorption isotherm of
micro-macroporous materials (i.e., type Il) [24]. However,
differences in the profiles were observed among them. CX
presents a higher N, adsorbed volume at low relative
pressure than CXN, which is attributed to its higher surface
area and microporosity (i.e. defect in the structure). As
reflected in Table 1, Vmico and Sger decrease from 0.24 to
0.09 cm® g and 632 to 221 m? g1, respectively, by effect of
the treatment with melamine applied. Moreover, at higher
relative pressure, CXN shows an H4 hysteresis loop, which
indicates a slight increase in the mesoporosity of this
material. Such differences are in good agreement with
previous reports on the variation of textural properties in
carbon materials doped with melamine [25]. These reports
have shown that using temperatures below 750 °C for
grafting nitrogen on the surface of carbon materials, results
in blocking microporosity of the carbon support and the
formation of mesopores due to the presence of subproducts
from the decomposition and further recombination of
melamine.

On the other hand, CX carbon was confirmed to have a
macroporous nature through Hg porosimetry. This material
exhibited a Vmacro Of 2.71 cm?® g (Table 1) and a main pore
size centred at 1142 nm (Figure 1b). The Hg intrusion
method is unable to determine the main macropore size in
powdered samples, such as CXN. However, based on the
comparable values of the specific external surface area (Sext)
of the materials (Table 1) and the shape of the isotherms
near the saturation point (i.e., p/p°=1, Figure 1a), it can be
inferred that the treatment applied for the introduction of
nitrogenated species did not alter the macropore structure in
the CXN material.

Table 1. Textural properties of CX and CXN carbon xerogels.

CX CXN
PHe (g cm3) 2.08 2.04
Sger (M2 g) 632 221
Sext (M2 g) 11 16
Vmicrol?l (cm3g)  0.24 0.09
Vmesol®l (cm3 @) 0.03 0.04
Vmacro! (cm3g?) 271 N.D.lI

[a] From N2 adsorption-desorption isotherm. [b] From Hg porosimetry. [c] N.D.

non-determined.

Furthermore, to corroborate this fact, SEM characterization
(Figures 2a — b) reveals that CX and CXN materials have a
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comparable nodular morphology, with polymer clusters of
similar size, that would give rise to an analogous
macroporosity in both samples.

In summary, the carbon xerogels CX and CXN exhibit a
macropore size of approximately 1 pum, promoting favourable
electrolyte diffusion, along with similar external surface area
(indicating similar most accessible surface) but different degrees
of microporosity (i.e. structural defects) that has been identified
as a factor influencing on carbon materials electrochemical
response because of its interaction with the active redox species
[18,26]. It is imperative to strike a balance, as the pore size must
be sufficiently large to enable the insertion and extraction of active
species, yet excessively large sizes may be counterproductive,
leading to the accumulation of AICI,” and subsequent undesired
reactions among them [21].
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Figure 1. () N2 adsorption-desorption isotherms at -196 °C of CX and CXN and
(b) Pore size distribution of CX.

In good agreement with the bulk elemental analysis (Table S2),
the semi-quantitative results from EDX analysis (Figures 2c — d)
show that CX primarily consists of carbon (C) with a composition
of approximately 94.3 wt.% / 95.7 at.%, along with a small signal
indicating the presence of oxygen (5.7 wt.% / 4.3 at.%) (Figure
2c). On the other hand, in CXN, the oxygen content decreases
(3.6 wt.%/ 2.7 at.%), while the dominant signal is still carbon (90.9
wt.% / 92.5 at.%). Additionally, a new signal for nitrogen is ob-
served (5.5 wt.% / 4.8 at.%) in CXN, indicating its presence in the
doped carbon xerogel (Figure 2d). The EDX mapping further con-
firms the homogeneous distribution of nitrogen within CXN (inset
Figure 2d). Importantly, no signals of other elements were found
in any of the materials, demonstrating the absence of impurities
in their composition.
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Figure 2. SEM images and EDX chemical composition of (a,c) CX and (b,d)
CXN carbon xerogels. Mapping inset in d) corresponds to N distribution in CXN.

XPS results present the same trend in the material's composition.
CX only contains 93 at. % C and 7 at. % O. Whilst in the case of
CXN, the composition comprises a similar content for C (92.5

10.1002/batt.202400114

WILEY . vcH

at.%), lower oxygen content (4.1 at.%), and 3.4 at. % of nitrogen.
It is noteworthy that the oxygen content reported by XPS is higher
than in the EDX and bulk elemental analysis, which suggest that
oxygen concentrates on the surface. This observation is crucial
for understanding any surface interactions. Table S3 and Figure
3 present the deconvolution results of the detected elements (i.e.,
C, O, and N) in the carbon xerogels. The deconvolution of the N1s
band indicates that nitrogen was introduced in CXN as different
functional groups: pyridinic (398.6 eV), pyrrolic (400.2 eV),
graphitic (401.0 eV), and oxidized species (403 eV) [24,26,27].
Among them, pyridinic nitrogen was detected in much higher
proportion (Table 2), which is consistent with previous reports on
carbon materials doped with nitrogen compounds [25,27,28]. The
analysis of the O1s band reveals a significant decrease in oxygen
content in CXN, suggesting that nitrogen was primarily introduced
through interaction with oxygenated groups on the surface of CX.
However, both carbon xerogels exhibit a similar distribution of
oxygen in O=C (~25.5 %, 531.5 eV), O-C (~43 %, 532.3 eV) and
0OC=0 (~30 %, 534 eV) species. Additionally, the deconvolution
of the C1s band for both materials shows a very similar profile, as
the signals of the oxygen and nitrogen bonds coincide at the same
binding energy. These signals include C-O/C-N eV, C=0/C=N
and COO/N-C(N)-N at 286-286.7, 286.7-287.5 and 288.5-289 eV,
respectively [27,29,30]. However, the higher signals at around
287 and 289 eV, show the introduction of C=N and N-C(N)-N
functionalities.
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Figure 3. XPS profiles and deconvolution of C1s, O1s, and N1s bands obtained from XPS analysis of CX (a, b) and CXN (c, d, e) carbon xerogels.

The structural characterization of the carbon xerogels, CX
and CXN, was completed using XRD, FTIR, and Raman
measurements (Figure S1). The XRD patterns exhibited
broad peaks at around 26 of ~ 26° and ~ 44°, corresponding

to (002) and (100) reflections (PDF 00-001-0646),
respectively, indicating their carbon amorphous nature
(Figure Sla)) [31]. This amorphous nature is further
supported by Raman measurements (Figure Slc), in which
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the carbon characteristic D and G bands (located at ~1320
and ~1600 cm, respectively) show pronounced broadening.
It is noteworthy that the nitrogen-doped sample has a more
disordered and defective character, thus featuring a broad
band centred at ~2700 cm™ [32]. This band aligns with the
presence of the nitrogen groups detected through XPS,
known to induce defects in carbon structures upon doping
[20]. Furthermore, the FTIR spectra (Figure S1b) confirmed
the presence of nitrogen species on the surface of CXN, with
additional peaks corresponding to triazine species (at 804
cm) [22], CN stretching vibrations (at 1010, 1210 and 1396
cm) [20], and C=N bonds (at ca. 1500 cm™). The high-
temperature carbonization process resulted in fewer
functional groups on the surface of CX. Only C-O stretching
vibrations around 1000 cm™? and C=0 stretching vibration
from carboxylic acids at 1500 cm™ are detected. This
observation agrees with the less disordered structure
observed in Raman analysis.

Electrochemical performance of carbon xerogels as
cathodes

Initially, the electrodes were prepared without carbon black
conductive additive, with a weight ratio of active material:
binder (sodium alginate) of 90:10. It is worth mentioning that
sodium alginate was selected as the binder due to its ability
to enhance the intercalation of AICI, ions in carbonaceous
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cathode materials, leading to increased specific capacities
[33]. Additionally, the use of this binder also promotes a safer
and more environmentally friendly battery manufacturing
process by eliminating the need for toxic solvents like NMP.

These electrodes were labelled as CX10B and CXN10B,
respectively. Figure 4a shows the CVs of the batteries, at a
scan rate of 1 mV s, using CX10B and CXN10B as
cathodes. As seen, both electrodes present similar redox
peaks at2.1V, 1.7 V and 1.2V, which have been previously
ascribed to intercalation, the first one, and deintercalation,
the other two, of the active chloroaluminates species in
graphitic-based cathodes of Al-ion batteries with urea-based
electrolytes [14,34]. However, compared to these cathodes,
the redox peaks in CX10B and CXN10B appear less defined.

Therefore, it can be assumed that the electrochemical
reactions accepted for graphitic materials also occur in both
carbon xerogel-based cells:

Negative electrode reaction
4 ALCl;” + 3 e < Al + 7 AICIl,~ / [2 AICI; - (urea),] * + 3 e
< Al + AICls~ + 4 (urea)

Positive electrode reaction
AICl,~ + CX < CXJ[AICl,] + e

20[{b) | 100
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Figure 4. (a) CVs at 1 mVs™ for CX10B and CXN10B, (b) Voltage and current vs. time plots for CX10B charging/discharging protocol, (c) Specific capacity and

coulombic efficiency vs. cycle number, at 100 mA g%, for CXN10B in the 0.4 — 2.4 V voltage range and (d) First cycle charge-discharge voltage curves vs. specific

capacity for CXN10B, at 100 mA g
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Among the two xerogels-based cathodes, it can be noticed
that CXN10B shows larger area enclosed in its CV. This
result starts to highlight the better electrochemical
performance of the nitrogen-doped xerogel as cathode
material for AIBs when the urea-based electrolyte is used.
This observation aligns with recently conducted density
functional theory (DFT) calculations, revealing that even a
low presence of nitrogen groups enhances the binding
energy between the cathode active material and AICl4 redox
active species. The stronger this binding, the more facile it
becomes for AICIs to overcome van der Waals forces and
intercalate into the active material [20].

Figure 4b shows the charge and discharge curves of CX10B
cathode at a current density of 100 mA g*. It can be observed
that CX material is not able to complete even one entire
charge since it starts to self-discharge when it reaches ~2.1
V, even by applying current. Although CX material has a
considerable number of defects (i.e., microporosity, see
Table 1) for the interaction with AICl, active species, the
stability of the electrode is far from satisfactory (Figure 4b).
After the first complete discharge, this electrode appears to
be totally damaged, not even being able to recover its open-
circuit voltage. These results suggest an interaction CX-
electrode/electrolyte not favourable. It is noteworthy that this
evaluation was repeated multiple times, without observing
any significant improvement in the results.

In Figure 4c, the specific capacity and efficiency versus cycle
number plots are presented for the electrochemical system
using CXN10B as cathode, with cycling conducted for 25
cycles at a current density of 100 mA g=. In contrast to CX,
CXN exhibits remarkable stability, maintaining a capacity of
over 300 mAh g throughout the cycling process with a
coulombic efficiency exceeding 95%. Figure 4d shows the
voltage versus specific capacity profile for the initial charge-
discharge cycle, revealing poorly defined plateaus consistent
with earlier observations in the CVs.

These results clearly demonstrate the determinant role of the
nitrogen functionalities present in CXN. However, there is
limited research on whether different nitrogen functionalities
in carbon materials have an equal impact on the interaction
with AICl,. According to a recent theoretical study [20],
pyridinic and graphitic nitrogen produce a strength
interaction with AICl,, thereby reducing the formation of
AlLCl; and Cl or Cl,. This leads to increased storage capacity
and reduced emission of chlorine, which may produce a
further degradation of the electrode. Based on these studies,
the significant pyridinic and graphitic nitrogen portions (more
than 60% of the total nitrogen content, Table S3) present in
CXN are likely responsible for its excellent electrochemical
performance as compared to that of nitrogen-free CX
counterpart.

Moreover, this excellent performance surpasses that of any
previously reported cathode material with the same
electrolyte (Table S1), highlighting the good behaviour and
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great potential of CXN to be considered an effective material
in aluminium-ion batteries. However, as the cycling
progresses, a decline in efficiency and a degradation are
observed at around cycle 18 (Figure 4c). This may be
attributed to the inherent low electrical conductivity of the
CXN material (Table S4) or the poor CXN10B electrode
mechanical stability (the continuous anion storage can
gradually deteriorate the electrode, leading to a loss of
contact between particles) [28,31,35].

Considering the results obtained without an electric
conductive additive, new cathodes based on CXN were
prepared incorporating different carbon black (CB) contents
to enhance the electrochemical stability and enable them to
withstand a higher number of cycles. It has to be taken into
accounts that CB is not only a conductive additive but also
contributes to the adhesion of the particles in the electrode,
improving its consistency and durability. The best proportion
of CB was found to be 25 wt.%. Moreover, the quantities of
CXN active material and binder (sodium alginate) were
varied. Cathodes with weight percentages of 45% CXN, 30%
binder, and 25% carbon black (denoted as CXN30B25CB)
and 55% CXN, 20% binder, and 25% carbon black (denoted
as CXN20B25CB) were found to exhibit the best
electrochemical performance as regards capacity and
cycling efficiency (Figure 5).

It is important to note that carbon black was also subjected
to electrochemical characterization in the same conditions,
using an electrode composed of carbon black and sodium
alginate in a 90:10 weight ratio (Figure S2), to evaluate its
individual contribution. As depicted in Fig. S2, this additive
shows a maximum capacity of 28 mAh g in the first cycle,
followed by a continuous capacity decrease and complete
degradation after a few cycles. These results dismiss a
significant involvement of carbon black in the in the storage
processes of the redox active species, confirming its main
role as a conductive material, in addition to its contribution to
the conformation of the electrode.

Comparing the CVs of the new CXN30B25CB and
CXN20B25CB electrodes (containing the active material
CXN, binder and CB) in Figure 5a with that of CXN10B
electrode (without CB), it can be inferred that the
electrochemical mechanism does not change, i.e., the redox
peaks are practically in the same positions (no significant
changes of more than 0.1 V are detected in any peak). This
observation is corroborated by the similarity of the voltage
profiles of the three electrodes (Figure 5b).

Figures 5c-d present the capacity and coulombic efficiency
profiles as a function of the number of cycles for the CXN-
based cathodes containing carbon black. Comparing these
results with those in Figure 4c, it is evident that the addition
of carbon black to the cathode, along with an increase in the
binder proportion, significantly enhances its electrochemical
stability, consistently delivering capacity values of = 200 mAh
g?! throughout the cycling process. Notably, CXN20B25CB
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(Figure 5d) stands out, providing capacity values exceeding
300 mAh g with efficiencies > 95% for almost all of the
cycling period (300 cycles). Approximately between cycles
50 and 75, a gradual small decrease in capacity is observed
for this electrode. However, it underwent a rapid recovery of
its initial capacity and subsequently stabilized again,
highlighting the CXN material's remarkable ability to readjust
its structure and maintain excellent electrochemical stability
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within this system. The only difference between
CXN20B25CB and CXN30B25CB electrodes is the binder
content and therefore the percentage of active material in the
electrode. Indeed, increasing the content of the active
material in the electrode would result in a higher capacity for
the overall system (Figure 5c-d).
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Figure 5. () CVs at 1 mV s and (b) charge-discharge voltage curves vs. capacity of cycle #10 at 100 mA g* for CXN10B, CXN20B25CB and CXN30B25CB
cathodes, and (c), (d) specific capacity and coulombic efficiency vs. cycle number at 100 mA g for CXN30B25CB and CXN20B25CB cathodes, respectively.

From these results, it is evident that the addition of
conductive carbon black is necessary to enhance, among
others, the electrical conductivity of the electrode.
Additionally, the binder plays a crucial role in providing
consistency and durability to the electrode structure.
Optimizing the proportions of the different cathode
components by finding the right balance between active
material, conductive additive, and binder is essential for the
good operation of the AIBs. This optimization process aims
to achieve a composition that combines high capacity and
cycling stability, good conductivity, and mechanical stability,
ultimately leading to improved AIB performance.

As mentioned above, the capacity values determined for
CXN-based cathodes surpass those previously reported for
AIBs using carbon materials cathodes in urea-based
electrolytes, which typically do not exceed 100 mAh g with
lower efficiency values (Table S1). Moreover, in the case of
CXN20B25CB cathode, the capacity increase is over three
times higher. This significant improvement emphasizes the
potential of developing high-capacity batteries using cost-
effective materials, without the need to rely on lithium-ion

batteries. To gain further insights into the excellent
electrochemical performance of the CXN-based electrode
(Figure 5d), the cell was opened, and the cathode was
subjected to TEM-EDX analysis (Figure S3) following the
charge/discharge cycling. After more than 300 cycles, both
the morphology and crystal structure of the CXN material
remain intact, further substantiating its high electrochemical
stability in urea based AIBs. The only notable difference
observed was the detection of Al and CI through EDX
analysis after cycling, which is likely attributed to the
presence of chloroaluminates species.

CXN20B25CB cathode (Figure 5d) was further subjected to
cycling at different current densities to assess its rate
capability. Figure 6a illustrates the variation of specific
capacity and efficiency versus cycle number, with an
increasing current density and returning to the initial value of
100 mA g'. As expected, an increase in current density from
100 to 1000 mA g* results in a gradual decrease in the
cathode capacity. However, even at 200 mA g1, a capacity
of ~ 200 mAh g* with an efficiency above 95% was achieved.
Once again, these capacity values surpass those previously
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reported for any material in this type of battery when cycling
at current densities higher than 100 mA g?* [12,14,34].
Furthermore, it is worth noting that this electrode exhibits
excellent recovery properties upon returning to 100 mA g+
(Figure 6), providing discharge capacity values of 355 mAh
g?! with an efficiency close to 100%, indicating that no
cathode degradation occurred.
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Figure 6. (a) Specific capacity and efficiency versus cycle number at
increasing current density (from 100 to 1000 mA g, and back to 100 mA
gl and (b) representative voltage profiles for each applied current
density, for CXN20B25CB cathode.

Furthermore, CV tests were conducted at different scan rates
on the CXN20B25CB electrode (Figure S4a) to explore the
insertion mechanisms in the main redox peaks. With
increasing scan rates, the redox peaks located at ~2.1 V
(intercalation) and ~1.2 V (deintercalation) showed an
increase and shifted to higher/lower voltages, respectively.
These observations align with the relationship described by
the equation i = av®, where i represents the measured
current, v is the scan rate, and a and b are adjustable
parameters. The b parameter reflects the slope of the linear
line obtained by plotting log i versus log v, with values
typically ranging from 0.5 to 1.0. A b value close to 0.5
indicates diffusion-controlled intercalation, while a value
close to 1.0 suggests predominantly (pseudo)capacitive
processes [36]. Regression analysis (Figure S4b) revealed
values of 0.5 < b < 0.6 in both cases, indicating mechanisms
primarily governed by diffusion-controlled processes, with
some contribution from pseudocapacitive behaviour. This is
consistent with the previously observed mechanisms of
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intercalation/deintercalation of AICl; ions into/from the
carbon xerogels [26].

For comparison, the electrochemical performance of CX
material (without nitrogen) was also investigated using the
same optimal electrode formulation, denoted as
CX20B25CB. The specific capacity and efficiency versus
cycle numbers can be found in Figure S5. It was observed
that the addition of carbon black and an increase in the
binder content allowed for the completion of several cycles
with high efficiency (> 95%), which was not achieved
previously (as seen in Figure 4b). However, unlike
CXN20B25CB, the capacity values provided by the CX-
based cathode did not exceed 40 mAh gX. These values are
similar to those previously reported for other carbon-based
cathodes in AlIBs [12,14,34]. Therefore, while the addition of
carbon black and binder clearly improved the
electrochemical performance of the carbon xerogels
materials studied, they alone do not explain the exceptional
results achieved by using CXN material as the cathode. Nor
does the greater microporosity (i.e., defects content) present
in CX material, which could have somehow interacted with
the AICIs species, seem decisive. In summary, the presence
of nitrogen functionalities appears to be the key for the
optimization of cathodes performance in AIBs.

To investigate the electrochemical processes occurring in
the different electrodes, electrochemical impedance
spectroscopy (EIS) measurements were conducted on the
CX10B, CXN10B, C€X20B25CB, and CXN20B25CB
cathodes. The Nyquist impedance and admittance for all of
them were analysed during both Open Circuit Voltage (OCV)
and once the electrode was charged after completing five
charge-discharge cycles. Interestingly, they exhibited similar
behaviour in the initial OCV state (Figure 7 a-b). The
corresponding impedance plots showed a nearly linear trend
with minimal initial semicircles. This characteristic indicates
a reduced resistance at the electrode-electrolyte interface
and efficient charge transfer kinetics.

However, the CXN-containing electrodes stood out with a
steeper slope in this linear region, suggesting an even lower
resistance at the interface. This observation was
corroborated when analysing the admittance curves, which
exhibited smaller semicircles for these CXN-containing
electrodes. The presence of smaller semicircles suggests
improved charge transfer processes, highlighting enhanced
accessibility of reactants to the active sites on the electrode
surface [37,38]. After 5 cycles, the EIS analysis revealed
distinct behaviour among the electrodes (Figures 7 c-d). The
CX-based exhibited well-defined semicircles in their
impedance plots, indicating a certain level of resistance at
the electrode-electrolyte interface. In contrast, the CXN-
cathodes showed a more linear nature in their impedance
plots, accompanied by smaller semicircles in the admittance
curves [37,38].
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Figure 7. Nyquist impedance and admittance of the electrodes under the following conditions: open-circuit voltage (OCV) (a-b) and charged after 5

charge-discharge cycles (c-d).

Moreover, these findings strongly support that the presence
of nitrogen in the electrode active material proved to be
instrumental in enhancing charge transfer kinetics and
reducing resistance at the electrode-electrolyte interface.
Consequently, it leads to higher battery capacity and
significantly enhanced the overall battery performance.

To gain further insight into the differences between CX- and
CXN-based cathodes performance, CX20B25CB and
CXN20B25CB were analysed by FTIR after completing 5 full
charge-discharge cycles and the obtained spectra are given
in Figure 8. By comparing the spectra of the cycled cathodes
with those of the original CX and CXN materials (Figure S1),
it becomes evident that, in addition to the characteristic
peaks previously observed in these samples within the range
of 550 to 1550 cm™* (shown within the grey dashed box), new
peaks associated with both urea and the active redox
species emerge. Mainly at 3400-3500 cm™ and 1560 cm™,
the bands corresponding to urea from the electrolyte are
clearly bigger for CX20B25CB electrode. Similarly, the bands
at 1700 cm*and 500 cm™, corresponding to the AICI, seems
to be also bigger in the case of CX20B25CB. These facts can
only be justified by a higher retention of these electrolyte
species by the CX material, probably because it exhibits
higher microporosity than CXN (see Table 1) [39—44]. This
microporous structure in combination with the low binding
strength of carbon with AICl,, may allow the reaction of
electrolyte species minimizing the storage capacity of the
material [19]. Furthermore, these findings are corroborated
by EDX spectra of these electrodes (Figure S6). It is evident
that CX20B25CB exhibits a significantly higher aluminium
and chlorine concentration compared to the CXN20B25CB.
This discrepancy indicates the pronounced retention of

redox-active species, leading to their interaction and the
generation of Cl,. This phenomenon aligns with previous
postulations derived DFT analyses: Nitrogen doping
increases the binding energies without creating any
significant energy barrier for AICI,~ mobility, reducing the
formation of Al,Cl;~ and CI [20].

Besides, for CXN20B25CB, an additional band appears at
3030 cm* which is associated with -NH bonds, indicating a
CXN/electrolyte interaction that is not present in
CX20B25CB (Fig. 8). These findings lend support to the
hypothesis that nitrogen in cathode materials improves the
electrochemical performance among active materials in AIBs
utilizing urea-based electrolytes, as previously suggested in
other studies [11,12,19].
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Figure 8. FTIR spectra of CX20B25CB and CXN20B25CB discharged
electrodes after 5 full charge/discharge cycles.
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Conclusion

In this work, the electrochemical performance of a
rechargeable aluminium-ion battery (AIB) has been
optimized based on carbon xerogels as active material for
the cathode. These carbon materials are cost-effective and
easy to produce with tailored properties able to fit any
specific requirements. The AIB presented here uses a non-
corrosive urea-based electrolyte, which, in combination with
a nitrogen-doped carbon xerogel, results in high specific
capacities and efficiencies. Results proved that the presence
of nitrogen in the xerogel significantly enhances the battery
performance (up to one order of magnitude higher).

Furthermore, the optimal operation of these batteries has
been observed under low current densities, where the
intercalation and deintercalation processes are totally
effective. This leads to a stable capacity of 335 mAh g over
300 cycles, with an efficiency exceeding 95% at a current
density of 100 mA g. These results surpass the limitations
of low capacities previously obtained in these kinds of
batteries.

Overall, this work demonstrates the great potential of carbon
xerogels doped with nitrogen together with a urea-based
electrolyte  to achieve remarkable performance
improvements in aluminium-ion batteries, positioning them
as a strong candidate in the energy storage market.
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This study reveals ground-breaking advancements in rechargeable aluminium-ion batteries, achieving remarkable stability with
capacities surpassing 300 mAh g* over 300 cycles. Using tailor-made carbon materials and a urea-AICl; electrolyte, the research
investigates optimal physicochemical properties, employing various characterization techniques. These findings promise significant
progress in commercializing aluminium-ion batteries, driven by cost-effective and customizable materials.
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