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HIGHLIGHTS

e VTe, is introduced as a new cathode material for rechargeable aluminum batteries.
o Electrochemical activity comes from V°*/V** and Te*"/Te?~ redox pairs.

e Charge storage mechanism is based on interaction with AlCl; anions.

e Ti3C,T, and CMK-3 modified separators mitigate shuttle effect and extend cycling.

e VTe, performance improves from 10 mAh g~! (cycle 75) to 63 mAh g~ * (cycle 300).
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Vanadium telluride VTey has been successfully synthesized via hydrothermal reaction and characterized for the
first time as a cathode for rechargeable aluminum batteries. The electrochemical activity of VTe; originates from
the redox pairs Te**/Te?~ and V°*/V**. VTe, delivers a first discharge capacity of 275 mAh g~! at 100 mA g~*

Catho_d s . vs. an Al anode. The charge transport within VTey is based on interaction with AlCl; anions, while the charge
Transition metal chalcogenides A R . ? i

Vanadium storage mechanism is dominated by surface-controlled processes at low voltages and by diffusion-controlled
Tellurides processes at high voltages. However, VTe; suffers a rapid, drastic capacity loss and a short cycle life (<100
MXene cycles) due to the corrosive chloroaluminate electrolyte, which dissolves the cathode active material upon

charging and causes the shuttle effect. TizgCoTy MXene (forming a composite with VTe;) and CMK-3 mesoporous
carbon (embedded onto the separators) are used as strategies to avoid the shuttle effect of soluble species to-
wards the anode. This enables the reversibility of the redox reaction, allowing VTey to develop a sustained
electrochemical activity. VTey/TizCoTyx composite with CMK-3 modified separators shows improved electro-
chemical performance over as-prepared VTe,: 63 mAh g™ after 300 cycles vs. 10 mAh g™! after 75 cycles at 100
mA g’l.

1. Introduction performance [1,2]. However, due to LIBs success and the exponential

demand for batteries that comes with global electrification, world

In the last decades, energy storage has become crucial, as society has
been trying to carry out the transition from fossil fuels to more envi-
ronmentally friendly technologies, such as rechargeable batteries. Dur-
ing this time, Li-ion batteries (LIBs) have been the most prominent
energy storage technology due to their outstanding electrochemical
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lithium resources are draining, causing the price of LIBs to increase [3].
To alleviate this situation, researchers explore alternative energy storage
systems, aiming to develop the so-called post-lithium batteries. During
the last decades, several post-lithium battery chemistries based on
different metals have been widely explored, e.g, sodium [4,5],
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magnesium [6], potassium [7,8], calcium [9], zinc [10,11] or aluminum
[12-15].

Among such post-lithium batteries, rechargeable aluminum batteries
(RABs) are an interesting alternative to LIBs for several reasons: sus-
tainability, as aluminum is the most abundant metal element in the
earth's crust and has well-established recyclability; high theoretical
volumetric capacity, almost four times higher than lithium; and safety,
because of the excellent air stability of aluminum metal [16-18].
However, RABs are in an early stage of development (just in 2015, the
first RAB prototype with proper reversibility was developed at a lab
scale [19]), so scientific efforts have been focused on overcoming
technical issues during this phase. For instance, designing a suitable
electrolyte for RABs has been a challenge [20] until it was discovered
that the ionic-liquid (IL) mixture of AlCl3 and 1-ethyl-3-methylimidazo-
lium chloride (EMImCI) enables reversible plating and stripping of
aluminum [21]. Nevertheless, its highly acidic, corrosive nature makes
it difficult not only to find proper cathodes, but also other components of
the cell, such as the binder and the current collector, which can be
dissolved and corroded [22]. It has been reported that the most common
materials employed as current collectors in other battery systems
(aluminum, copper, stainless steel and more) undergo electrochemical
reactions with the electrolyte [23]. Molybdenum foil is widely used as a
current collector for RABs, but it also reacts with the electrolyte at high
voltage values, above 1.8 V [24], especially after several
charge-discharge cycles. Something similar happens with the binder: the
acidic electrolyte can dissolve and react with the most common binders,
such as polyvinylidene fluoride (PVDF) [25] and carboxymethyl cellu-
lose (CMC) [26]. The cathode material must be subjected to thorough
scrutiny because the other cell components easily interact with the
electrolyte, leading to electrochemical activity coming from them and
not from the active cathodic material [21,27]. Another drawback caused
by the corrosivity of the electrolyte is the hindered application of certain
advanced, operando analysis techniques to RABs, which can be
addressed by designing and developing special types of cells for in situ
measurements. Concerning more technical issues that RABs may afront
because of the electrolyte, the cost of the battery can be mitigated by the
cost-effective aluminum metal used as anode [28], and regarding
large-scaling, it can be helped by the existing research on other RABs
electrolytes for industrial-scale aluminum plating [29].

Since graphite was employed in the first lab-scale prototype by Lin
et al. [19], it has been considered the most used cathode for RABs due to
its high operating voltage (about 2.3 V vs. Al anode) and long lifetime
[30]. However, graphite as a RAB cathode shows some drawbacks, such
as its low specific capacity and sustainability issues [31]. The charge
storage mechanism of graphite, like many other RAB cathode materials,
is based on an AlICl; anion insertion mechanism, known as the dual-ion
mechanism because both AICl; and Al;Cl; anions are involved in the
electrochemical activity at the cathode and anode, respectively. On the
one hand, AICl; anion species are incorporated into the cathode during
charging, and on the other hand, the electroplating of aluminum, orig-
inating from Al,Cl; anions, takes place at the anode. In dual-ion bat-
teries, the electrolyte acts as a) a medium for ionic contact between the
cathode and the anode and b) an active component of the cell, being the
source of the AICl; and Al>Cl; anions required for electrochemical en-
ergy storage. As a result, the charge storage mechanism of dual-ion RABs
differs significantly from that of rocking chair metal-ion batteries, where
the electrolyte acts solely as a carrier of the ions [32]. A fair number of
different compounds have been reported to be suitable cathodes for
RABs, such as carbon-based materials [15,33], transition metal oxides
[34,35], polymeric compounds [36] and transition metal chalcogenides
(TMCs).

TMCs are an appealing family of RAB cathodes due to their abun-
dance, high capacity and high electronic conductivity. Some examples of
TMCs with interesting electrochemical performance in terms of specific
capacity and cycle life are NiTe [37], Cuj g1 Te [23], VSz [38], VS4 [39,
40] and VSey [41] (see Table S1). However, the voltage value vs. Al
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anode at which their electrochemical processes take place is rather low,
barely exceeding 1 V. In addition, their electrochemical stability could
be improved by avoiding the dissolution of the active material. Vana-
dium telluride has attracted our interest for several reasons. On the one
hand, vanadium is an interesting transition metal because of its rich
redox chemistry and variety of oxidation states, which explains the great
number of vanadium-based cathodes in other battery systems [42,43].
On the other hand, tellurides usually exhibit a higher electronic con-
ductivity compared to sulfides or selenides, given the higher conduc-
tivity of Te (2 x 102S em™ 1) than that of S (5 x 10 1°Sem ™) or Se (1 x
107* S cm™Y) [44]. In addition, tellurium has the largest ionic radius
among the chalcogens, leading to larger unit cell volumes, which entails
the accommodation of ions and mitigates the volume effect caused by
ions (de)insertion [45]. Finally, VTey has been thoroughly studied for
other battery systems, such as an agent to prevent the shuttle effect of
polysulfides in Li-S batteries [46] or as a cathode for Zn-ion batteries
[47], albeit it is the only vanadium chalcogenide that has not yet been
studied as a cathode for RABs so far.

However, TMCs present a main setback when used as cathodes for
RABs: they suffer from side reactions with the Lewis acidic electrolyte,
leading to the dissolution of the active material. Specifically within
tellurides, AlClz ions from the electrolyte are prone to interact with Te?~
ions to form the soluble species AlTeCl [44]. In addition, Te2" poly-
cationic clusters resulting from the electrochemical oxidation of Te?~
(similar to the well-known 5[21— polysulfides from Li-S batteries), interact
with AlCly ions as well, forming soluble Te,(AlCl4)2 [48,49]. Te*t ions,
also originating from the electrochemical redox reaction, tend to form
the ionic complex TeClj in the AlCl3-EMImCI electrolyte [50,511,
leading to the soluble TeCl3AlCl4 compound. As a result, these soluble
species can undergo a shuttle effect and diffuse through the separator,
causing a progressive loss of the active material from the electrode and,
thus, an irreversible capacity fading. In order to alleviate the dissolution
of TMCs, several approaches have been followed, such as the prepara-
tion of composites [44] or the use of modified separators [37,52]. These
strategies retain the TMC on the cathode side, preventing the loss of
material due to the shuttle effect towards the anode and allowing the
soluble compounds, originating from the electrochemical oxidation re-
action (like TeClI3AlCl4 and Te,(AlCl4)5), to be reduced back at the
cathode side.

Herein, VTe, synthesized through a hydrothermal method has been
characterized for the first time as a cathode for RABs. Cell components
were carefully selected considering their potential reactivity with the
acidic electrolyte. To mitigate the shuttle effect of soluble species and
retain the active material at the cathode side, a synergistic approach was
employed by compositing Ti3CyT, MXene with VTe,, and by modifying
the separator with CMK-3 mesoporous carbon. Moreover, this work has
shed light on the kinetics of the redox reactions involved in the transport
of AICly ions in VTey through the characterization of its charge storage
mechanism. The results presented here constitute another example of
the attractive electrochemical properties of tellurides (and TMCs in
general) and their potential as promising cathodes for advanced elec-
trochemical storage systems, such as RABs.

2. Experimental section
2.1. Synthesis of VTey

All the reactants were purchased from Sigma-Aldrich. The synthesis
route followed was previously reported by Sree Raj et al. [53] In Solu-
tion A, 5 mmol of NH4VO3 (99 %) were dispersed in 30 mL of water
using magnetic stirring and ultrasonication. In another Solution B, 85
mg of TeO3 (99 %) were subjected to reduction with an excess of hy-
drazine hydrate (98 %). After 1 h of stirring, Solution B was carefully
added to Solution A. Once the solution became homogeneous and
transferred into a Teflon hydrothermal autoclave, the reactants were
heated at 200 °C for 2 h. In order to synthesize the VTey/TizCaTy
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composite, 80 mg of Ti3CyT, were added to Solution A. The choice of this
amount of MXene was taken on the basis of the mentioned work [53]
(see Supporting Information). The balanced chemical reaction for the
described synthesis (Eq. (1)) is the following:

4 TeO, + 2 NH4VO;3 +5 NyH, - H,O — 2 VTey +19 H,O + 6 Ny Eq. 1

2.2. Synthesis of TisCaTyx

The synthesis of Ti3CyT, follows what was reported by Mathis et al.
[54] In short, the stoichiometric Ti3gAlC; MAX phase was made by sin-
tering a mixture of TiC (Alfa Aesar, 99.5 %), Ti (Alfa Aesar, 99.5 %), and
Al (Alfa Aesar, 99.5 %) powders in a molar ratio of 2:1.25:2.2 at 1380 °C
for 2 h under Ar gas flow. The heating and cooling rates were 3 °Cmin .
The sintered Ti3AlC, MAX phase was milled down to powders using a
TiN-coated milling bit and washed with 9 M HCI (Fisher Scientific) to
remove impurities. The acid-washed powders were washed with DI
water until pH 7, dried in a vacuum oven at 80 °C, and sieved through a
400-mesh (38 pm) sieve. To make Ti3CoT, MXenes, 1 g of the TizAlC,
MAX is mixed with 20 mL of etchant (6:3:1 vol ratios of 12 M HCI (Fisher
Scientific), DI water, and 50 wt% HF [Acros Organics]) at 350 rpm at
35 °C for 24 h. The etched multi-layer TizCoTx MXene was washed with
DI water until pH 6. The multi-layer Ti3CoT, MXene was dispersed in 50
mL 0.5 M LiCl at 400 rpm for 4 h to intercalate Li-ions. The
Li-intercalated Ti3CyT, MXene was washed with DI water to remove
excess Li-ions in the solution. After that, the Li-intercalated multi-layer
TizC,T, MXene was delaminated via mechanical agitation and collected
by repeated centrifugation and collection of supernatants. The super-
natants contain the delaminated single-layer Ti3CoT, MXene and are
kept in the refrigerator for storage.

2.3. Morphological and structural characterization

The morphological characterization of the synthesized compounds
was carried out by scanning electron microscopy (SEM) using a Zeiss
Supra 55 microscope (primary energy: 15 eV). Structural characteriza-
tion was performed by means of X-ray diffraction (XRD) using a high-
resolution diffractometer (STOE Stadi P) with Mo K,; radiation (A =
0.70932 A) in transmission geometry using rotating borosilicate capil-
laries (0.5 mm diameter) in order to avoid surface preferred orientation,
a phenomenon often observed for compounds with 2D morphology
when the samples are assembled on a flat plate in Bragg-Brentano ge-
ometry. Analysis of XRD data was made using FullProf software.

2.4. Chemical characterization

Raman spectroscopy experiments were carried out by a microscope-
type HORIBA LabRam Evolution HR with a laser source (A = 523 nm, 10
mW) from 150 to 800 cm™*. Elemental analysis of pristine and ex situ
samples was performed through electron dispersive X-ray spectroscopy
(EDS) in a Zeiss Supra S5 microscope. On the other hand, the evolution
of the oxidation states of the elements upon electrochemical activity was
studied through X-ray photoelectron spectroscopy (XPS) measurements.
All samples were analyzed using a K-Alpha spectrometer (Thermo Fisher
Scientific) equipped with an argon glove box to avoid any air contact,
applying a micro-focused, monochromated Al K, X-ray source (1486.6
eV) with 400 pm spot size. The K-Alpha charge compensation system
based on a combination of both electrons and low-energy argon ions was
used. Data acquisition and processing were conducted with the Thermo
Avantage software. The binding energy was referenced to C 1s at 284.4
eV while the overall binding energy scale was controlled using well-
known photoelectron peaks of metallic Ag, Au, and Cu.

2.5. Electrochemical experiments

Experiments were carried out in two-electrode Swagelok cells, which
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were assembled in an argon-filled glovebox (H20 and O3 < 0.1 ppm). All
the parts of the cells were made of materials resistant to the corrosive IL
electrolyte: the body and rings were made of Teflon, while the rods were
made of tungsten, which is reported to be the least reactive among
metals towards the IL electrolyte [55]. The positive electrode was pre-
pared by a slurry mixture in N-methylpyrrolidone (NMP, Sigma-Aldrich)
consisting of the active material (either VTey, TigCoTy or the composite
VTey/TizCoTy), conductive carbon (C65 Timcal), and polyvinylidene
chloride (PVDC) binder (GoodFellow) in an 80:10:10 wt ratio. The slurry
was coated onto 12 mm diameter carbon paper disks (Quintech, 120 pm)
with a wet thickness of 100 pm. Carbon paper was used as a current
collector, since carbon fiber-based materials are inert to electrolyte
corrosion, unlike the widely used molybdenum [24,56]. As for the
binder, even if PVDC also reacts with the acidic electrolyte like the
commonly used PVDF or CMC, the by-products of the reaction are
chlorine-based, as the species present in the electrolyte [25]. Using
PVDC instead of PVDF prevents the formation of fluorinated species that
can interfere with a proper behaviour of the electrolyte [25,57]. Before
being introduced into the glovebox, the electrodes were dried at 110 °C
for 12 h in a Biichi oven. The mass loading was ~5 mg of composite
corresponding to 3.7-4.2 mg of active material (either VTey, TigCyT, or
the composite VTey/Ti3CoTy) per electrode, that is, ~3.5 mg ecm™2 A
disk of Al foil (GoodFellow, 0.075 pm, 99 %) served as the negative
electrode, and 250 pL of IL mixture of AlCl3:EMImCI (1.5:1 M ratio) as
the electrolyte. Two separator disks (Whatman, GF/D) were employed,
either untouched or modified with CMK-3 mesoporous carbon. For the
preparation of CMK-3 modified separators, a dispersion of CMK-3 mes-
oporous carbon together with PVDC binder in a weight ratio of 16:1 was
prepared in NMP, employing the required amounts to give a concen-
tration of 0.6 mg mL ™! in CMK-3. The dispersion was stirred for 30 min
and subjected to ultrasonication for 1 h. Vacuum filtration of the
dispersion was then carried out using a disk of glass fiber separator as a
filter. Once the separator disk was completely covered with a black layer
of CMK-3, it was dried at 60 °C for 12 h. Finally, small disks of 12 mm
diameter were punched out to be used in the electrochemical cells, with
the CMK-3-coated side facing the cathode. The resulting mass loading of
CMK-3 is ca. 0.4 mg per separator. The used voltage range for the
electrochemical experiments was 2.3-0.3 V. Note that the term 'voltage'
is employed instead of 'potential, as for full cells, because metallic
aluminum is a real anode used in RABs and 2-electrode cells with no
reference electrode have been used in this work [58]. Nevertheless, the
specific current and specific capacity values given here are normalized
to the mass of the cathodic active material only for the sake of com-
parison with literature data. The high voltage cutoff is defined by the
irreversible oxidation of Cl™ ions of the electrolyte to Cl; gas atca. 2.5V,
while the low voltage cutoff is defined by the plating of aluminum
(coming from the reduction of AI®" jons of the electrolyte) on the pos-
itive electrode at 0 V. As a standard procedure, galvanostatic experi-
ments were conducted at 100 mA g~! current, while cyclic voltammetry
(CV) experiments were performed at 0.2 mV s’l, unless otherwise
specified. Galvanostatic intermittent titration technique (GITT) experi-
ments were performed to determine the diffusion coefficient. Each
current pulse consisted in applying a current of 100 mA g~ for 5 min.
After each current pulse, the system was allowed to reach equilibrium
during an open-circuit period until the variation of voltage was less than
1 mV h™!. Concerning the preparation of the charged and discharged ex
situ electrodes, they were prepared by charging (and subsequently dis-
charging in the case of the discharged samples) at a current of 100 mA
g~ to 2.3 and 0.3 V, respectively. After that, the potential was held and
the system was allowed to relax and reach equilibrium within 24 h. The
electrodes were then removed from the cells inside an argon-filled glo-
vebox and rinsed with 1,2-difluorobenzene, which has been reported as
a suitable diluent for IL electrolytes, increasing their fluidity and thus
facilitating the removal of excess chloroaluminate electrolyte [59]. The
samples were transferred under an argon atmosphere to the micro-
scope/spectrometer, where they were analyzed.
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3. Results and discussion
3.1. Structural and morphologic characterization

The dark green powder obtained from the hydrothermal synthesis
was confirmed to be VTey, as demonstrated by the results of the LeBail
fitting of the VTey pattern (Fig. 1a). The crystalline structure of VTe;
could be successfully indexed with monoclinic space group C2/m. The
fitted lattice parameters are a = 18.9643(4) A, b = 3.5677(7) A, c=
9.0908(9) A and B =135.1(1)°, which are in full agreement with those
previously reported by Bronsema et al. [60] As for the structure of VTey
(Fig. 1a inset), it is arranged in two-dimensional layers consisting of
distorted VTeg octahedra sharing edges. These octahedra are arranged
along the a and b crystallographic directions, forming sandwich-like
layers of Te—V—Te stacked perpendicular to the ¢ direction. These
layers are held together by Van der Waals forces. A small amount of
elemental tellurium (space group P3121) as a minor secondary phase
(4.2 %) has been included in the refinement of the VTe, pattern
(y>-factor without including the secondary phase would be increased up
to 20.1). Raman spectroscopy (Fig. 1b) was employed to confirm the
composition of VTey through the analysis of its characteristic vibrational
bands. The Raman signal of the VTe, spectrum observed at 138 cm™! is
ascribed to the characteristic out-of-plane A;g vibrational band, corre-
sponding to Te atoms vibrating perpendicular to the plane [61]. Besides,
other characteristic bands appear (which have been indexed according
to other TMCs), such as the E;; mode from the in-plane Te vibration at
190 cm™ L the overlapping E; and second-order 2LA(M) modes
centered at 280 cm™!, and other second-order bands at higher fre-
quencies [62]. The SEM micrograph in Fig. 1c shows the morphology of
VTe,, which appears granular, with particles whose average size is 1-2
pm, although some reach 5 pm, which aggregate to form secondary
particles. Elemental analysis (EDS) of the VTey is shown in Fig. 1d and e,
evidencing that vanadium and tellurium are evenly distributed in VTey,
which confirms the success of the hydrothermal synthesis.

Journal of Power Sources 669 (2026) 239403
3.2. Electrochemical characterization

Electrochemical characterization of VTe; was performed by means of
cyclic voltammetry (CV) and galvanostatic cycling experiments (Fig. 2a
and b). In view of the CV results (Fig. 2a), three main redox processes
occur during the charge and discharge of VTe,. In the first cycle, a
reduction peak centered at 1.8 V is observed (R1), followed by a peak at
1.45 V (R2) and a flattened peak at 1.0 V (R3). During the subsequent
oxidation scan, the same processes are observed, albeit at displaced
voltages due to polarization phenomena. These include 03, O2 and O1
signals. During the second cycle, the CV curve exhibits some changes. In
addition to the peaks becoming less intense, which indicates a loss of
capacity, peak R2 shifts to lower voltages, now being centered at 1.25 V.
However, the corresponding oxidation peaks are still present, and the
following cycle shows a similar behavior. These results point to an
activation process during the initial cycle, after which the reduction/
oxidation process becomes reversible [63]. According to the literature,
03 and R3 peaks correspond to the Te®/Te?~ redox pair, 02 and R2 to
Te?t/Te’, and O1 and R1 to both V>*/V** and Te**/Te?" redox pairs,
although they are indistinguishable due to the close voltage value of
both redox pairs [64]. Fig. 2b shows the galvanostatic curves corre-
sponding to the first three cycles of VTe, at 100 mA g~ ! specific current.
The three electrochemical processes determined by CV during (dis)
charge are reflected as voltage plateaus in the galvanostatic profile,
located at consistent voltage values. A notable capacity decrease can be
observed, with a reduction of approximately 60 % in discharge capacity
after the first cycle, from 275 to 107 mAh g’l, and a further decrease to
56 mAh g~! by the third cycle. Such decay can be attributed to the
dissolution of the active material during oxidation and the subsequent
shuttle effect of the soluble species migrating towards the anode,
resulting in a loss of active material from the cathode [65]. Another
possible reason for the capacity loss is the formation of a
cathode-electrolyte interphase (CEI) layer on the cathode during the
initial cycles [66]. These phenomena also impact the coulombic effi-
ciency, especially in the first cycle. At this point, it is important to note
that the VTey/Ti3CoT, composite, whose enhanced electrochemical
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Fig. 1. a) LeBail fitting of the XRD pattern of VTe,/Ti3C,T, composite. Red circles: experimental pattern; black solid line: calculated pattern; bottom blue line:
difference between experimental and calculated patterns; vertical bars: position of Bragg reflections (green: VTe,, purple: Te). Inset: projection of the structure of
VTe; along b axis; VTeg: red octahedra, Te: gold spheres; b) Raman spectrum of VTe,, ¢) SEM micrograph of VTe, and the corresponding EDS of V (d) and Te (e).
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cyclic voltammetry at 0.5 mV s~ scan rate and d) charge/discharge profile at 100 mA g~! of the VTe,/TizC,T, composite vs. Al anode.

performance over as-prepared VTe; will be discussed below, experiences
the same redox reactions as those observed in Fig. 2a and b, in view of
the identical CV and galvanostatic curves (Fig. 2¢c and d). This finding,
together with the lack of significant peaks in the CV profile of TizCoTy
(Fig. Sla), confirms that the electrochemically active species in the
composite is VTes. Interestingly, Ti3CoT, does not exhibit substantial
electrochemical activity, despite its high specific capacity during the
first oxidation, which decreases rapidly in the subsequent cycles,
evidencing its irreversibility (Fig. S1b).

3.3. Characterization of VTey/TizCoTy composite

VTey/TizCoTy composite was characterized to prove the suitability of
the employed synthesis route and the validity of the results presented in
the following section. Fig. 3a compares the XRD patterns of as-prepared
VTey, TigCoTy and VTey/TizCoTy composite. As for VTey, the synthesis of
VTey/Ti3CeTy composite yields a small amount of impurities of Te (4.2
%), while as for Ti3CyT,, some TiO; (anatase) has been detected, coming
from the surface oxidation of the MXene. In the case of VTey/Ti3CoTy,
reflections coming from both compounds appear, although only the
(002), (106) and (110) reflections of Ti3CyT, are observed due to its
lower amount in the composite. The XRD pattern of Ti3CyT, shows the
typical (00D) reflections ascribed to the c lattice parameter at low angles
(20 < 15°) and higher order reflections at high angles (20 > 15°). From
the 20 value of the (00D reflections, it is possible to determine the
interlayer spacing of TizCyTy, 10.06 A, which is consistent with previous
reports [67]. Raman spectra of VTey, TigCaTy and VTey/Ti3CoTy, com-
posite are shown in Fig. 3b. In the case of the Ti3CyTy, the spectrum
shows its characteristic profile, divided into three distinct regions: the
low-frequency region corresponding to the vibration of the whole layers
(Ti, C, and T,), with the most intense signal, the A1, vibration band, at

203 cm™Y; vibrations in the 250-500 cm™! frequency range related to
surface terminal groups, and high-frequency vibrations ascribed to
carbon and terminal groups (C, T,) [68]. The Raman spectrum of
VTey/Ti3CyTy exhibits similar vibrational bands to those of VTe,, con-
firming the presence of VTe; in the composite. In addition, some amount
of TizCoTy was detected in the composite, since several characteristic
bands of MXenes were observed in the spectrum of VTey/TizCyTy,
especially the most intense band A;; at 203 cm L. The morphology of
the studied compounds was analyzed by SEM micrographs (Fig. 3c—e).
Ti3CyTy exhibits the 2D layered morphology characteristic of MXenes:
on the one hand, the plane surface has some rough areas and defects, and
on the other hand, the side section evidences the restacking of the
TigCaTy sheets (Fig. 3d). Concerning the VTey/Ti3CoT, composite, it
shows morphological features of both TigC,T, and VTey: particles con-
sisting of stacked layers can be observed, with different lengths and
widths but a consistent thickness of 5-6 pm, while smaller particles of
about 1 pm are attached to the surface of the layered particles and even
embedded in between their sheets (Fig. 3e); elemental analysis results
shown below also evidence that VTey is actually covering the entirety of
the surface of the MXene layers. As previously confirmed by XRD results,
SEM images demonstrate the close contact between VTey and TigCyTy in
the composite. Elemental analysis (EDS) of the three samples is shown in
Fig. S2. Titanium and carbon are evenly distributed in TigCyT,. In
addition, an intense signal corresponding to oxygen and fluorine has
been observed, originating from the T, terminal groups, such as —O—,
—OH, and —F, derived from the synthesis of the MXene. In the case of
VTe,/Ti3CoTy composite, the four main elements exhibit a homogeneous
distribution. Based on the ratio between V and Ti elements, the VTes/-
Ti3C,T, composite was determined to be 87.8 at% VTe; and 12.2 at%
TisCoTh.

As discussed in the previous section, VTe; suffers a drastic capacity
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Fig. 3. a) Selected angular region of XRD patterns of VTe,, Ti3CoT, and VTey/Ti3CoT, composite. Selected reflections are indexed. Reflections from Te (*) and TiO,
anatase (+) are marked; b) Raman spectra of VTe,, TizC,T, and VTe,/Ti3CoT, composite; SEM micrographs of ¢) VTe,, d) TizC,T, and e) VTe,/TizC,T, composite.

drop already in the initial cycles (Fig. 2b), which is associated with side
reactions between the cathode and the chloroaluminate electrolyte,
leading to the dissolution of the active material and the subsequent
shuttling of the soluble species towards the anode through the separator.
Fig. 4a shows that the decay of capacity keeps going during the
following cycles, delivering a poor cycling performance, barely
completing 75 cycles and with an almost total loss of capacity (<10 mAh
g_l) at that point. VTey/Ti3CyT, composite delivers a better cyclability
(>300 cycles), although the capacity stabilizes at only 18 mAh g1, with
a coulombic efficiency of 95 %. Interestingly, pure MXene delivers a
similar capacity value (17 mAh g~?) at cycle 300 under the same current
density, evidencing the total dissolution of VTe, present in the VTey/
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Ti3CaTy, composite. In view of these results and considering the
87.8:12.2 atomic ratio of the VTey/TizCyTy composite obtained by EDS
analysis, the MXene can be considered an additive compound that en-
hances the electrical properties of the active material, as deduced from
the comparison of the electrochemical performance in terms of capacity
retention and cycle life of VTey and VTey/Ti3CoTy. In addition, TizCoTy
prevents the shuttle effect of the soluble species originating from the
cathodic active material, dissolved by the corrosive electrolyte, at least
for a certain number of cycles. Fig. 4b shows the performance of the
studied compounds at different current densities. A comparison of these
results with the constant current experiments (Fig. 4a) allows us to draw
two main conclusions. Firstly, VTe, does not experience a cell failure as
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Fig. 4. a) Evolution of specific discharge capacity versus the number of cycles at 100 mA g~ ! current density and b) Rate capability at different current densities of

VTe,, Ti3CoTy and VTe,/TizCoT, composite vs. Al anode.
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it did after 70 cycles in the constant current experiment (Fig. 4a). This
behavior can be explained by the fact that the higher the applied cur-
rent, the faster the charge and discharge steps will be completed. During
the oxidation process, soluble species generated from the dissolution of
cathodic active materials are produced. Conversely, during the reduc-
tion reaction, these species are transformed back into non-soluble
compounds, assuming they remain at the cathode side of the cell and
there are no shuttle effect phenomena. If the oxidation and reduction
processes occur rapidly enough due to a high applied current, the sol-
uble active species do not have sufficient time to migrate through the
separators towards the anode, preventing the loss of active material
from the cathode and leading to a stabilization of the cell performance.
Secondly, in the case of the influence of the MXene on the electro-
chemical performance, which is studied by comparing the results of
VTe, and VTe,/Ti3CyTy, it has the same effect as in the constant current
galvanostatic cycling (Fig. 4a): acting like an additive compound, the
amount of MXene present in the composite leads to an improvement of
the electrical properties, which is reflected in the better cyclability of the
VTe,/Ti3CoTy composite with respect to VTe,. Nevertheless, the disso-
lution and shuttling of the active material is still an issue, considering
the low capacity. This problematic issue will be addressed in the next
section with CMK-3 modified separators.

3.4. Stability optimization via CMK-3 modified separator

In order to retain the soluble species at the cathode side and improve
the electrochemical performance of VTe,/Ti3C,T, composite (Fig. 4), a
CMK-3 modified separator was employed. The uniformity of the coating
of CMK-3 on the surface of the separators has been demonstrated by the
SEM cross-section images (Fig. S3). Fig. 5a shows the cycling perfor-
mance of a cell bearing a VTey/Ti3CyT, composite cathode and CMK-3
modified separators. Even if there is still a significant capacity decay
during the first five cycles, the value tends to stabilize afterward, with
VTey/Ti3CqTy delivering an acceptable capacity of 63 mAh g’1 at cycle
300, which represents a 3.5-fold increase in the capacity value obtained
with conventional separators (Fig. 4a). Such results evidence a syner-
gistic effect of Ti3C,T, and the CMK-3 modified separators that entail an
improvement of the capacity retention of VTe,. The CV and galvano-
static cycling results of VTey/Ti3CyT, with CMK-3 modified separators
(Fig. S4) show similar behavior to those obtained from cells of VTey/
Ti3CoT, with conventional separators (Fig. 2¢ and d). In addition, the CV
of a cell bearing a blank electrode without active material and CMK-3
separators shows no significant peaks (Fig. S5). Both findings demon-
strate that the improvement in the capacity retention of the VTey/
TigCaTy composite is due to the modified separators preventing the
migration of the soluble active species to the anode, thereby discarding
any electrochemical activity that these separators may have and leaving
VTe; as the only active species in the system. It is important to note that
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the CV shown in Fig. S5 also demonstrates the suitability of carbon paper
as current collector, discarding any possible reactions with the chlor-
oaluminate electrolyte even under electrochemical activity. Several re-
ports have already demonstrated the ability of CMK-3 modified
separators to retain soluble species on the cathode side of the cell, not
only in chalcogen-based RABs [52,69] but also in other battery systems
such as Li-S [70]. In this work, we have further proven this beneficial
property of the modified separators through ex situ elemental analysis
experiments, focusing on the amount of Te on the aluminum anode, as
this is the only element present in the cathode that forms soluble species
capable of migrating through the separator towards the anode. Fig. S6
compares the aluminum anode of a VTey/Ti3CoTy cell with modified
separators and a VTey/Ti3CoTy cell with conventional, unmodified
separators. Both electrodes were removed from the cell in the charged
state to ensure the maximum amount of soluble species in the system. In
the case of the anode from the cell with modified separators, the amount
of Te in the anode is significantly lower than when the conventional
separators were used, confirming that the CMK-3 modified separators
are suitable for retaining the tellurium-based soluble species in the
cathode. However, the fluctuating behavior of the coulombic efficiency
(Fig. 5a) suggests that shuttle effect phenomena may still occur
(although parasitic reactions in the electrolyte cannot be discarded):
given the smooth variation of the discharge capacity, the fluctuations in
the coulombic efficiency originate from the charge process, that is,
oxidation. Considering that soluble species are generated upon oxida-
tion [48-51], it can be concluded that a certain amount of the active
species still migrate towards the anode through the separators. Our
group is currently working on optimize the procedure for modifying the
separators in order to mitigate the shuttle effect of soluble species. In any
case, the coulombic efficiency and discharge capacity values eventually
become stable. Such capacity value, together with the high voltage of
the electrochemical processes of VTey (with the main plateau located at
1.8V, second only to graphitic materials [71]), makes this compound an
appealing cathode material for aluminum batteries. For comparison,
Table S1 shows the electrochemical performance of other reported
cathodes for RABs. Employing CMK-3 modified separators also con-
tributes to the improvement of the electrochemical performance at high
rates (Fig. 5b). By using modified separators, the specific capacity
delivered by the VTe,/Ti3CoT, composite increases from 31 to 75 mAh
g 1 at 100 mA g™, from 18 to 50 mAh g~ at 250 mA g}, from 11 to 38
mAh g~! at 500 mA g1, from 8 to 33 mAh g ! at 750 mA g~ ! and from 7
to31 mAh g 'at1Ag~! (compare Fig. 4b and 5b). Both cells show good
capacity retention considering the value of capacity after coming back to
the initial specific current of 100 mA g~!. The fluctuating behavior of the
coulombic efficiency of the VTey/Ti3CyT, composite is not observed in
this experiment. As in the case of VTey/Ti3CyoT, composite with con-
ventional separators (Fig. 4b), if the applied current is high enough, it
can mitigate the shuttle effect of the soluble active species. In addition,
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the hypothetical parasitic reactions in the electrolyte are avoided at high
current values, as their kinetics are usually slower.

3.5. Analysis of the charge storage mechanism

The experiments conducted to determine and analyze the storage
mechanism on VTe; were performed on the VTey/Ti3CyT, composite
due to its better stability towards the corrosive electrolyte (as concluded
from a better capacity retention than as-prepared VTey, see Fig. 4) while
preserving the same redox chemistry as the as-prepared VTe, as
demonstrated in Fig. 2. In RABs, the charge transport of cathode mate-
rials can be fundamentally classified into two main categories: AICly
anions or Al®" cations as hosted ions [72]. To determine which mech-
anism takes place in VTey, we performed ex situ elemental analysis of the
electrodes (Fig. 6). EDS mapping of the charged electrode (Fig. 6a)
shows that both Al and Cl are present in significant amounts compared
to the discharged electrode (Fig. 6b), indicating that the charge trans-
port within VTey is based on AICl; anions. Note that, in the case of the
dual-ion mechanism, the anionic species are inserted in the cathode
during charging and leave during discharging. The mapping of V is
included to show the correlation between the location of the observed Al
and Cl and the particles of the VTey, indicating an electrochemical
interaction of chloroaluminate species with the active material. In
addition, this approach allows the electrochemically active Cl~ of the
chloroaluminate species to be distinguished from the inactive Cl~ of the
PVDC binder, which is visualized as a "cloud" covering the entire image
area. Even if the electrodes were rinsed with 1,2-difluorobenzene to
remove the electrolyte, some residual amount can remain adsorbed to
the electrode, explaining the presence of Al and Cl in the discharged
electrode. Other work has also proposed that these additional amounts
of Al and Cl might come from a CEI layer formed during the first cycles
[66]. In any case, a mechanism based on AI®* cations can be excluded,
since this would imply an increase in Al in the discharged electrode,
whereas the EDS mapping shows an evident decrease in Al after
discharge.

Changes in the oxidation state of the different elements constituting
the cathode active material upon electrochemical activity were studied
by ex situ XPS, which unveils the redox mechanism of VTe, as cathode
for RABs (Fig. 7). The clear O 1s signal at 530.3 eV stems from the
oxidized species of the different metals (V—0O, Te—O and Ti—O) and is
accompanied by two further peaks at 531.6 and 533.0 eV corresponding
to C=0 and C-O species, respectively, mainly originating from the
contamination commonly observed during air handling of the pristine

Journal of Power Sources 669 (2026) 239403

samples. In the case of vanadium, the V 2p doublets reveal binding
energies corresponding to VT (V 2ps3 at 517.3 eV) and V4 (V 2ps 5 at
516.0 eV) oxidation states [73]. In the pristine electrode, it can be
observed that the main contribution stems from V°* and not from the
expected V** oxidation state, which was attributed to surface oxidation
phenomena, given the high stability of V°* oxidation state compared to
Vv*. After charging up to 2.3 V, a 1:1 ratio between V°* and V** is
observed, whereas the discharged electrode down to 0.3 V shows a
dominant contribution of V**, indicating that almost all the V>* of the
charged sample has been reduced upon discharge. On the other hand, a
total (or quasi-total) oxidation of V** to V> is not observed, probably
because the electrode has not reached a thermodynamic equilibrium
state during the electrochemical charge. Concerning the discharged
electrode down to 0.3 V, the dominant contribution is now from V**,
indicating that almost all the V°* of the charged sample has been
reduced upon discharge. These results, despite surface oxidation
perturbations, demonstrate that the redox pair V°*/V** plays a role in
the electrochemical activity of VTe,. Te 3d spectra are shown in Fig. 7b.
Two doublets can be distinguished corresponding to two different
oxidation states: one with Te 3ds/, at 573.0 eV attributed to Te?~ and a
second one at 576.5 eV attributed to Te*" states [74]. Again, as in the
case of vanadium, a surface oxidation is observed for the pristine sample
with a main Te*" peak and a weaker Te?~ signal. When the electrode is
charged up to 2.3 V, the Te?~ peak disappears and its concentration is
under the detection limit, which indicates that a total (or quasi-total)
oxidation to Te*" occurs. Subsequently, after discharging the electrode
down to 0.3 V, the Te?~ peak is observed again with a high intensity,
while the Te*" peak almost disappears, evidencing the quasi-total
reduction of Te*" back to Te?~ upon discharge. XPS experiments have
thus demonstrated that both vanadium and tellurium are involved in the
electrochemical activity of VTe, through the redox pairs V>*/V** and
Te*"/Te?". Titanium from the MXene present in the VTey/TigCoTx
composite was also analyzed by ex situ XPS experiments (Fig. S7). It must
be noted that the signals are weak and noisy due to the low concentra-
tion of Ti. Nevertheless, the spectra could be deconvoluted into two
doublets, attributed to Ti** (458.5 eV) and Ti** (455.6 eV) oxidation
states [75]. Whereas Ti" is one of the several oxidation states that
titanium exhibits in TisCyTy, Ti*" has been attributed to surface
oxidation, due to Ti*" being the most stable among the cations of
titanium. Most importantly, no changes are observed in the Ti 2p spec-
trum upon electrochemical activity, which indicates that Ti does not
participate in the electrochemical activity of the VTe,/Ti3CyT, com-
posite. These results demonstrate that Ti3CyTy is not electrochemically

Fig. 6. SEM micrographs and EDS mapping of Al, Cl and V of ex situ VTe,/TizCyTy electrodes after a) charge (2.3 V) and b) discharge (0.3 V).
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Fig. 7. High-resolution XPS of a) O 1s and V 2p and b) Te 3d of VTe,/Ti3C.Ty electrodes at pristine, charged and discharged states.

active and that VTe; is the only active species in the composite, with the
MXene acting as an additive compound that enhances the
electrochemical properties of VTep, as previously proven by the
electrochemical experiments upon TizCyTy (Fig. S1).

In addition, the trend of the amounts of Al and CI observed in the XPS
results confirm that the charge storage mechanism is based on AlCl4
anions, in agreement with the results obtained through EDS elemental
analysis (Fig. 6). It should be noted that an N 1s peak at 402.0 eV is
observed on both charged and discharged electrodes. This signal is
attributed to residual EMImCI salt from the electrolyte, which cannot be
rinsed even with 1,2-difluorobenzene [25]. The atomic percentage of Cl
coming from the salt was determined from the amount of N. In addition,
“covalent” Cl coming from the PVDC binder can be distinguished, since
its signal appears at 200.5 eV, whereas the signal of “ionic” Cl from
chloroaluminate species is located at 198.9 eV. Taking these consider-
ations into account, the atomic percentages of Al (3+, 74.9 eV) and Cl
(1-, 198.9 eV) coming from the electrochemical interaction of chlor-
oaluminate species with cathode (i.e. discarding the contributions from
residual electrolyte and binder) are 7.5 at% and 3.3 at% for the charged
electrode and 3.7 at% and 1.7 at% for the discharged electrode,
respectively. It can be observed that the charged sample is rich in AI®*
and Cl™ while the amount of these elements in the discharged sample is
lower, although both are still present in the discharged sample. Even if
the ratio between both elements is not as expected, this behavior can be
explained by the fact that AlICl4, as an anion, goes into the cathode
during charging and leaves the cathode during discharging. In any case,
a mechanism based on Al** cations can be discarded, as it would entail
an insertion of AI*" during the discharge process, whereas the XPS
results show a clear decrease in the atomic percentage of Al in the
discharged electrode compared to the charged one. The residual amount
of Al and Cl in the discharged electrode could be due to the remaining
chloroaluminate electrolyte that has not been rinsed, or due to a lack of
equilibrium conditions during the electrochemical preparation of the
electrode.

In order to further analyze the species formed upon charge and
discharge, we performed ex situ XRD. Fig. S8 compares the XRD patterns
of charged and discharged electrodes of VTey/TizCyTy, including the
pattern of pristine VTe,/TizCoTy as a reference. The XRD pattern of the
electrode charged up to 2.3 V evidences the formation of TeCl3AlCly,
which is the species that Te** forms in chloroaluminate ionic liquids
[50,51]. The charged electrode also shows some remaining amount of
VTe; that has not been oxidized. After discharging down to 0.3 V, VTey
is again formed upon reduction of Te*! to Te? . In addition, the
impurities of Te present in the pristine sample are no longer observed
due to a total reduction of Te, although some amount of TeCl3AlCl4

formed upon charging is present. The ex situ XRD analysis confirms the
results of the XPS experiments, demonstrating that the Te**/Te?~ redox
pair participates in the electrochemical activity of VTey and that the
redox reactions involved are fully reversible. In addition, VTey; powder
was soaked in the chloroaluminate electrolyte to check if this compound
undergoes chemical changes besides electrochemical changes. The
angular position of the reflections from the XRD patterns (Fig. S9) before
and after the treatment shows no changes, indicating that the electrolyte
reacts with VTes only upon electrochemical activity, specifically upon
oxidation. However, a broadening of the reflections is observed, which
indicates the loss of crystallinity of VTe; upon contact with the
electrolyte. In addition, the separator of an open cell after operation
exhibits a yellowish color (Fig. S10), coming from the vanadium and/or
tellur-chlorine complexes (the electrolyte is originally colorless), which
evidences the dissolution of the cathode.

Considering the results obtained through ex situ XRD and XPS
experiments, it is possible to describe the reactions that VTes
experiences as a cathode for RABs. First, during the synthesis, pristine
VTe, undergoes surface oxidation (Eq. (2)), which affects the oxidation
state of V and Te, producing elemental Te (as observed in the XRD
pattern in Fig. 1) and V,0s (as demonstrated by the observed V°* in the
XPS results of Fig. 7a) in a minor amount according to the stoichiometry,
which would explain the absence of V,0s in the XRD pattern. In
addition, XPS reveals the presence of Te*' in the pristine sample
(Fig. 7b), which may come from further oxidation of Te to TeO,
(Eq. (3)).

4VTe; +50, — 8Te +2V,05 Eq. 2

Te + Oy — TeOo Eq. 3

Regarding the electrochemical reaction, both V and Te are involved
in the redox reaction as demonstrated by the ex situ XPS experiments
(Fig. 7). In the case of vanadium, V** from VTe, is oxidized to V°* upon
charge, which forms the complex species VClg in chloroaluminate IL
environments [76]. On the other hand, the tellurium oxidation state
increases from Te?~ in VTe, to Te** in TeCl3AlCl,, which is the complex
that Te** ions form in the AlCl3-EMImCI electrolyte [50,51]. Note that
the presence of TeCl3AlICl4 upon charge was proven by ex situ XRD
studies (Fig. S8). As mentioned in the Introduction, TeCl3AlCly is soluble
in the electrolyte and can migrate through the separator to the anode.
Therefore, the proposed electrochemical reaction (Eq. (4)) that the
cathode experiences during charge can be expressed as follows:
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nVTey +12nCl , +2nAlCl,,, — 2n TeClAICL ) +n VCly ),

+13ne”
Eq. 4

Concerning the anode, the plating of Al takes place through the
reduction of Al;Cl; species upon charging the cell (Eq. (5)), generating
the AlCly ions that react with the cathode in Eq. (4).

ALCL +3e — Al+AICl, + 3Cl” Eq. 5

3.6. Kinetics analysis of charge storage

To further understand the charge storage mechanism of VTe; as a
cathode for RABs, CV was applied from 0.5 to 2.5 mV s~! (Fig. 8a). In
order to ensure that the evolution of the peaks and the area enclosed by
the CV curves was only dependent on the scan rate, the cell was initially
subjected to several conditioning cycles at 0.5 mV s~ '. Once the CV
cycles were stable, three cycles per scan rate (in increasing order) were
performed. The CV profile remains similar at each scan rate (Fig. 8a),
although more intense signals and greater polarization can be observed
as the scan rate increases. In addition, the shape of the CV profile be-
comes more rectangular, indicating an increase in the contribution of
the surface-controlled, capacitive processes to the charge storage
mechanism [77]. In order to determine the diffusive or capacitive
behavior of each redox process of VTe,, the following formula was
employed [78]:

I=a/ Eq. 6

where I is the current at the peak maximum, v is the scan rate, and a and
b are adjustable parameters. The value of b oscillates between 0.5
(corresponding to a pure diffusion-controlled process) and 1 (indicative
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of a pure surface-controlled process without diffusion limitations) [79,
80]. The calculation of the b-value is made through Eq. (7) in logarith-
mic form:

IgI=1ga+blgv Eq. 7

In a Ig I vs Ig v plot, the slope corresponds to the b-value (Fig. 8b).
Redox processes at low voltages, peaks R3 and O3, are highly surface-
controlled, in view of their high b-values. Moving on to processes at
intermediate voltages, peaks R2 and 02, the contribution of the diffu-
sion mechanism increases while the contribution of the surface mech-
anism is still significant. At high voltages, peaks R1 and O1 exhibit the
lowest b-values, closer to 0.5, indicating that the diffusion contribution
dominates the charge storage mechanism corresponding to these pro-
cesses. This versatility of the charge storage mechanism depending on
the voltage demonstrates that the entry of AlCly ions into the cathode
(which occurs during charging and thus, reaching its maximum at high
voltages), enhances the diffusion of the ions themselves. Such behavior
is likely due to AlCly ions expanding the diffusion paths of the VTe; and
decreasing the diffusion energy barrier for the incoming AlCl4 ions.
However, during discharge, i.e., when moving towards low voltages,
AlCly ions leave the cathode and the diffusion process becomes hin-
dered, as evidenced by the b-values at low voltage.

On the other hand, the CV profiles at each scan rate were deconvo-
luted into diffusion and surface contributions, thus obtaining the ratio
between both mechanisms along the whole voltage range, not only at
the voltage corresponding to the peaks, as in the case of the previous
procedure. In order to determine the ratio, Eq. (6) can be rewritten as:

I= k11/ + kzl/o‘5 Eq 8

where kjv is the current originating from the surface-controlled mech-
anism and kzv*° is the current originating from the diffusion-controlled
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mechanism (note that the exponents, which correspond to the b-value of
Egs. (6) and (7), are 1 and 0.5, respectively). By rearranging and per-
forming a linear fitting of Eq. (8), the parameters k; and k, were ob-
tained at each voltage value along the 2.3-0.3 V voltage range,
providing the ratio between the contribution of diffusion-controlled and
surface-controlled processes as a function of voltage. Fig. 8c visually
shows the ratio between both contributions at 2.5 mV s~ L. At this rate,
capacitive processes provide 52.9 % of the current signal from VTes. In
addition, their contribution is more significant at low voltages than at
high voltages, in good agreement with the b-values obtained in Fig. 8b.
Fig. 8d shows the ratio between the contributions at each scan rate. At
0.5 mV s~ 1, the diffusion-controlled processes dominate the mechanism
(66.7 %), although the surface-controlled processes exhibit a significant
contribution (33.3 %). As the scan rate increases, the contribution of
capacitive processes to the charge storage mechanism becomes pro-
gressively higher, up to 52.9 % at 2.5 mV s~ 1. Interestingly, none of the
mechanisms completely dominates at any scan rate when considering
the whole voltage range, indicating the versatility of the charge storage
mechanism of VTe; composite, which was previously demonstrated by
Fig. 8b and c.

In order to gain more insight into the kinetics of the diffusion of
AlCly ions, GITT experiments were carried out. Fig. S11a shows the
galvanostatic discharge at quasi-equilibrium conditions, along with the
voltage changes upon current pulses and relaxations versus time. Both
processes at 1.8 V and 1.2 V (previously observed in Fig. 2) are present,
although the process at 0.6 V is not observed here due to voltage limi-
tations: as a full cell, the cell polarity would be inverted below 0 V,
therefore the discharge pulses cannot discharge the cell further from this
point, resulting in a “false” plateau at 1.2 V in the quasi-equilibrium
curve. It is precisely in this low voltage region that VTey shows a
higher polarization as evidenced by the higher voltage increase and time
span, ie., the height and width, of the relaxation steps. Results from
GITT experiments were also employed to determine the diffusion coef-
ficient of AICl; ions (Dajcl4-) using the following expression [81]:
Dii(VM m)z (AES>2

nt\ MS AE;
where D is the diffusion coefficient, t is the time of the current pulse
(300 s); Vi, m, M are the molar volume (43.9 cm® mol 1), the mass
loading on the electrode (4.64 mg) and the molecular weight of the
active material (306.4 g mol™1) respectively; S is the area of the elec-
trode in contact with the electrolyte (1.13 cmz), AE; is the voltage dif-
ference between the last point of two successive relaxations, and AE; is
the voltage difference resulting from the current pulse between them.
For a better understanding, AEs; and AE; from a single relaxation are
illustrated in Fig. S12. Calculated Dpjcl4- values versus voltage are
shown in Fig. S11b. At the charged state, 2.3 V, Dpici4_ is 1.13 x 10~°
em? s7!, which is the maximum value of the entire voltage range.
Immediately, coinciding with the first plateau at 1.8 V, the diffusion
coefficient decreases by four orders of magnitude, down to 7.64x 10713
em? 571, followed by an increase back to 1071~ 107! cm?s~! when the
voltage plateau is completed. At the low voltage region, specifically
during the second voltage plateau at 1.2 V, Dyjci4- decreases again to
even lower values reaching a minimum of 1.85 x 10~ % cm?

Eq. 9

em? 571, From
these results, it can be concluded that the diffusion of AlCly is impeded
when electrochemical processes are taking place, ie., in voltage pla-
teaus. However, when the diffusion is not hindered, VTey/Ti3CyT, ex-
hibits a Dajc14_ of 107°-10"%cm? s_l, which is in agreement with other
diffusion coefficient values reported for chalcogenides as cathodes for
RABs [52,65,82]. Interestingly, considering the maximum and mini-
mum values of Dy, the diffusion process is most favored at high
voltages, while it is most hindered at low voltages, with intermediate
values in the middle voltage range, confirming the results obtained with
the multi-scan rate experiment (Fig. 8).
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4. Conclusions

In this work, VTe; has been proposed for the first time as a cathode
for rechargeable aluminum batteries, as well as subjected to an
improvement of its electrochemical performance by using TizCyTy
MXene and mesoporous carbon CMK-3 modified separators. VTe;
composite has been successfully synthesized via hydrothermal synthesis,
as demonstrated by the XRD and elemental analysis. Regarding its
electrochemical activity, VTe; undergoes 3 redox processes per (dis)
charge in the 2.3 V-0.3 V voltage range vs. Al anode. Ex situ XPS and
XRD experiments show that those electrochemical processes involve the
redox pairs Te*"/Te?~ and V>'/V**. We propose that the charge
transport within the VTe, cathode is based on AlCl; anions, which are
inserted into the cathode during charge and leave the cathode during
discharge. Cyclic voltammetry and diffusion coefficient determination
by GITT indicate that the charge storage mechanism is dominated by
surface-controlled processes at low voltages and by diffusion-controlled
processes at high voltages. Electrochemical performance has been
enhanced by the synergistic effect of TisCoT, and CMK-3, which can
retain the soluble species generated upon charge on the cathode side and
mitigate the shuttle effect of these species towards the anode. Cells with
VTe; as the cathode and conventional separators exhibit total capacity
degradation after 70 cycles at a current density of 100 mA g 1. In
contrast, cells utilizing a VTey/Ti3CoTy composite cathode combined
with CMK-3 modified separators maintain a specific capacity of 63 mAh
g~ ! over 300 cycles under identical conditions. The results of this work
pave the way for developing the potential of VTe; as a cathode material
for rechargeable aluminum batteries, confirming the promising elec-
trochemical properties of tellurides and chalcogenides. Future research
should focus on how to remove impurities in the synthesized VTe; and
optimize the CMK-3 coating of the separators to prevent the shuttle ef-
fect of soluble species. Concerning the prevention of the shuttle effect,
approaches and strategies investigated in sulfur-batteries, such as the
use of catalysts and wrapping the active materials with porous carbon
structures, MXenes and others, can also be applied to TMCs as cathodes
for RABs.
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