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H I G H L I G H T S

• Capacity originates from reversible Se redox rather than Co.
• Cobalt dissolves and migrates to the anode, triggering capacity fade.
• Operando XRD and XAS reveal structural amorphization and phase transitions.
• Challenges traditional Al-intercalation models for metal selenide cathodes.
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A B S T R A C T

Cobalt selenide (CoSe) has been explored as a cathode material for rechargeable aluminum batteries, particularly 
under high current densities (1 A g− 1) with a reported capacity of near 250 mAh g− 1 at 5 A g− 1. However, its 
rapid capacity fading has hindered practical applications, and the underlying mechanisms proposed to be 
attributed to the intercalation of Al3+ remain unclear. In this study, CoSe was synthesized via high-temperature 
selenization of a ZIF-67 MOF template, and its electrochemical behavior was investigated using operando, in situ 
and ex situ characterization techniques. Contrary to the previously accepted Al3+ intercalation mechanism, we 
reveal a complex, partially reversible conversion mechanism driven by selenium redox activity. Operando syn
chrotron diffraction and X-ray absorption spectroscopy show a phase transition from hexagonal CoSe to cubic 
CoSe2, alongside selenium oxidation from Se2− to (Se2)2-. Cobalt remains electrochemically inactive but un
dergoes structural reorganization and dissolution, forming soluble chloroaluminate complexes that migrate to 
the Al anode. This process contributes to capacity fade and anode contamination, as confirmed by ex situ SEM- 
EDX and ICP-OES. At high current densities, the desired electrochemical reactions outpace parasitic side re
actions, preserving activity. These findings redefine the charge storage mechanism in CoSe and provide a 
framework for designing more stable cathodes for long-term RAB performance.

1. Introduction

According to the International Energy Agency's 2023 forecast, 
renewable electricity generation is expected to increase by nearly 70% 
from 2022 levels, reaching approximately 14,400 TW h by 2028 [1]. 

Despite the growth, the intermittency and climate-dependency most 
renewable energy sources pose challenges for grid stability and 
cost-effectiveness. Electrochemical energy storage systems, such as 
batteries and supercapacitors, make renewable energy a reliable source 
of electrical power [2], and save power costs by storing electrical energy 
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during off-peak hours when it is cheaper, to use it at peak hours [3].
Secondary batteries offer high efficiency (70-90%) and fast response 

times, making them suitable for applications ranging from small devices 
to grid-scale storage [4,5]. Lithium-ion batteries (LIBs) dominate the 
market due to their performance, but concerns over the limited avail
ability and uneven global distribution of lithium (Li) have prompted the 
search for alternative chemistries, especially for stationary energy 
storage [6].

Table 1 compares key properties of several candidate elements for 
battery systems, including Li, sodium (Na), potassium (K), magnesium 
(Mg), calcium (Ca), zinc (Zn), and aluminum (Al). Among these, Al 
stands out due to its high abundance, stability and high theoretical ca
pacity, 8040 mAh cm− 3 and 2980 mAh g− 1 for plating and stripping [9]. 
These values exceed those of Li (3860 mAh cm− 3 and 2760 mAh g− 1) 
[10], making Al a compelling candidate for next-generation batteries. 
However, progress in rechargeable aluminum batteries (RABs) devel
opment has been hindered by the corrosive nature of the required 
electrolytes [11–14].

RABs typically employ aluminum chloride (AlCl3): 1-Ethyl-3-methyl
imidazolium chloride (EMImCl) ionic liquid electrolytes, where charge 
storage occurs via a dual-ion mechanism: reversible plating and strip
ping of metallic Al at the anode and insertion/disinsertion or conversion 
of the AlCl4− anions at the cathode. Designing stable and high-capacity 
cathode materials for RABs remains a major challenge. Carbon-based 
materials, particularly graphite, exhibit excellent stability and cycling 
performance, but possess low specific capacity, especially at high cur
rent densities [15–22]. Polymer-based materials show promising activ
ity but require conductivity enhancement strategies [23–25]. Transition 
metal oxides and chalcogenides deliver high initial specific capacity but 
degrade rapidly due to dissolution and structure instability [26–33]. To 
address chalcogenide and oxide degradation, heterostructures have 
been developed to suppress active material and improve cycling per
formance [13,34–39].

Among transition-metal chalcogenides, CoSe has attracted attention 
for its tunable morphology and electrochemical versatility, which are 
highly dependent on the synthesis methods. It has been successfully 
applied in various systems, including oxygen reduction catalysts [8], 
zinc-air batteries [40], and sodium-ion batteries [41]. Furthermore, 
CoSe has also been explored as a cathode material for RABs [42,43], but 
suffers from rapid capacity fading. Strategies, such as the incorporation 
of reduced graphene oxide [42] and MXenes layers [44], have been 
employed to improve stability. However, the fundamental mechanisms 
governing its charge storage and degradation remain unclear.

Previous studies on CoSe or CoSe2, such as those by W. Xing et al. 
[43], Cai et al. [42] and Yao et al. [44], suggest that Al3+ ions are the 
primary charge carrier involved in the energy storage mechanism, with 
mechanisms ranging from Al3+ intercalation to conversion reactions 
involving Al3+. In such mechanisms, one would expect Al3+ insertion at 
low potentials (discharge) and disinsertion at high potentials (charge). 
However, if the active species were instead chloroaluminate ions 
(AlCl4− ), the reverse behavior would occur, insertion at high potential 
and disinsertion at low potentials. Moreover, Yao et al. identified cobalt 
(Co) dissolution and shuttling as key contributors to rapid capacity loss 

[44]. These findings highlight the need for a deeper understanding of the 
electrochemical processes and degradation pathways in CoSe.

In this study, we use CoSe as a model transition metal chalcogenide 
system to investigate the fundamental mechanisms of charge storage 
and degradation in RABs, rather than to propose Co-based materials for 
future applications. We challenge the accepted charge storage mecha
nism and charge carrier, hypothesizing that the dominant charge carrier 
is the bulkier AlCl4− . This proposition inverts the expected electro
chemical behavior, suggesting anion insertion at high potentials and de- 
insertion at low potentials. A comprehensive approach is employed, 
combining electrochemical testing, ex situ analysis, and advanced in situ 
and operando synchrotron-based characterization techniques. Our 
investigation focuses on three key aspects: (i) Electrochemical activity 
and reversibility: using galvanostatic cycling with potential limitation 
(GCPL), cyclic voltammetry (CV), and chronoamperometry (CA). We 
distinguish between reversible and irreversible processes and assess the 
contributions of charge storage processes and side reactions. (ii) In situ 
and Operando structural transformations: through in situ XAS and oper
ando synchrotron diffraction (SRD) and X-ray absorption spectroscopy 
(XAS), we analyze phase transitions and local electronic and structural 
rearrangements during cycling, particularly the transition from CoSe to 
CoSe2 and the potential dissolution of Co. (iii) Ex situ degradation 
products: scanning electron microscopy coupled with energy dispersive 
X-ray spectroscopy (SEM-EDX) is used to assess the migration of Co 
species to the anode, Raman and XRD are used to characterize structural 
degradation of the cathode.

By integrating these aspects, we aim to establish a comprehensive 
understanding of the electrochemical mechanism in CoSe, laying the 
groundwork for the optimization of transition metal chalcogenides as 
potential cathode materials for RABs.

2. Experimental procedure

Synthesis of ZIF-67 Template: ZIF-67 was synthesized according to a 
reported procedure [45]. Briefly, a solution of 0.45 g Co(NO3)2⋅6H2O 
(98 %, Sigma Aldrich) in 3 mL deionized (DI) water was rapidly added to 
a solution of 5.5 g 2-methylimidazole (99 %, Sigma Aldrich) in 20 mL DI 
water under stirring. The resulting purple mixture was stirred for 18 h at 
room temperature. The precipitate was collected by centrifugation, 
washed three times with a 1:1 v/v water/methanol mixture, and 
vacuum-dried at 80 ◦C for 24 h.

Synthesis of CoSe: CoSe was prepared via selenization of the ZIF-67 
precursor, according to a reported procedure [43]. The as-synthesized 
ZIF-67 was thoroughly ground with selenium (Se) powder (99 %, 
Sigma Aldrich) in a 1:2 M ratio. The mixture was then annealed in a 
tubular furnace under an inert atmosphere using a two-step protocol: 
first, heating to 350 ◦C at 5 ◦C min− 1 with a 2-h hold to form CoSe2, 
followed by a second annealing at 800 ◦C for 2 h. This high-temperature 
step converted CoSe2 to CoSe and carbonized the organic framework 
into a conductive carbon matrix. Note: Excess Se sublimation during 
annealing necessitates the use of a long furnace tube and regular monitoring 
to prevent blockages.

Electrolyte Preparation: The ionic liquid electrolyte (AlCl3(99.99%, 
Sigma Aldrich): EMImCl (95%, Sigma Aldrich), 1.3:1 M ratio) was pre
pared in an argon-filled glovebox (MBraun, <0.1 ppm H2O and O2) by 
alternately adding small amounts of the components in a glass vial under 
constant stirring.

Electrode fabrication: The cathode slurry was formulated with 80 wt% 
CoSe powder, 10 wt% carbon black (P65, MTI), and 10 wt% poly 
(acrylonitrile) (Mw: 150,000, Sigma Aldrich) binder (3 wt% solution in 
N, N-Dimethylformamide (99.9 %, Avantor)). The slurry was cast onto 
carbon paper (120 μm, Quintech) and dried overnight at room temper
ature. Electrodes were punched into appropriate sizes (2 × 2 cm squares 
for pouch cells; 12 mm in diameter disks for Swagelok cells) and 
vacuum-dried at 90 ◦C for 12 h prior to use. The typical active material 
loading was 1.2 mg cm− 2.

Table 1 
Relevant properties of Li, Na, K, Mg, Ca, Zn, and Al [7–9].

Redox 
potential (V vs 
SHE)

Ionic 
radius 
(pm)

Abundance in 
earth's crust (mg/ 
kg)

Theoretical specific 
capacity (Ah g− 1)

Li − 3.05 90 20 3.86
Na − 2.71 116 23,600 1.16
K − 2.92 152 20,900 0.68
Mg − 2.37 86 23,300 2.20
Ca − 2.87 114 41,500 1.34
Zn − 0.76 88 70 0.82
Al − 1.66 68 82,300 2.98
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Cells fabrication: To mitigate the risk of corrosion from the highly 
acidic electrolyte and considering the susceptibility of the current mo
lybdenum collector to corrosion [3], Swagelok-type cells were con
structed using chemically resistant tungsten bars and a Teflon body. 
Cells were assembled using a CoSe cathode, two glass fiber separators 
(D-GF, Whatman), and an Al foil (0.075 mm, 99.0 %, Goodfellow) 
counter electrode. Electrolyte volumes of 250 μL and 800 μL were used 
for Swagelok and pouch cells, respectively.

Electrochemical characterization: Electrode performance was evalu
ated using Cyclic Voltammetry (CV) at 20 mV s− 1 between 0.3 and 2.3 V. 
Galvanostatic cycling with potential limitations (GCPL) was performed 
at current densities of 25 mA g− 1 and 1 A g− 1 within a 0.3-2.3 V window. 
Two chronoamperometry (CA) protocols were used: (i) at a constant 2 V 
for 2 h for pretreatment procedures (post-CA procedures are detailed in 
the Results and Discussion), or (ii) using a multi-step voltage protocol 
(from 1.2 V to 2.5 V and back to 1.2 V) with 11.5-min holds for in situ 
XAS studies. Linear Sweep Voltammetry (LSV) at 0.5 mV s− 1 from 0.1 to 
2.5 V using inert carbon paper cathodes to assess electrolyte stability 
with pristine and pre-treated electrolytes (pre-treatment procedures are 
detailed in Results and Discussion).

Material Characterization: Pristine and cycled (ex situ) electrodes were 
characterized by X-ray diffraction (XRD, STOE Stadi-P, Mo Kα1 radia
tion), Raman spectroscopy (Horiba LabRam, 633 nm laser), and XAS (Co 
and Se K-edges, easyXAFS300+, with Mo X-ray tube, monochromators: 
Si533 for Co and Ge844 for Se). Ex situ samples were retrieved from 
disassembled cells in a glovebox, washed with 1,2-difluorobenzene 
(unless otherwise specified), and vacuum-dried at room temperature 
for 12 h. Data were processed using FullProf (XRD) and Demeter (XAS) 
software suites. Co dissolution was quantified by inductively coupled 
plasma optical emission spectrometry (ICP-OES, PerkinElmer OPTIMA 
4300DV) after soaking CoSe in the electrolyte for 12 h.

Operando Characterization: Operando SRD and XAS data were 
collected at Deutsches Elektronen-Synchrotron (DESY) during the 
cycling of pouch cells at 1 A g− 1 (0.1-2.3 V). SRD measurements 
(λ = 0.207337 Å) were performed at the beamline P02.1 [46], with LaB6 
(660c NIST standard) for calibration. Diffraction data were collected 
using the Varex XRD 4343 C T (150 × 150 μm2 pixel size, 2880 × 2880 
pixel area, CsI scintillator directly deposited on amorphous Si photodi
odes) and azimuthally integrated using the DAWN software [47]. XAS 
data were collected at beamline P65 in the Co K-edge.

3. Results and discussion

3.1. Electrochemical activity and reversibility

Fig. 1 presents the characterization of the synthesized CoSe. Fig. 1A 
shows the Raman spectrum of CoSe. The D band, at approximately 
1360 cm− 1, corresponds to the breathing modes of sp2 carbon rings. It 
indicates disordered or amorphous carbon. The G band, at 1590 cm− 1, is 
attributed to the in-plane vibrational mode of sp2 hybridized carbon 
atoms, represents graphitic domains. The calculated ID/IG ratio suggests 
a moderately ordered carbon matrix with limited defects. A sharp peak 
at 675 cm− 1 was assigned to C-Se bonding [48]. Additional bands at 468 
and 507 cm− 1 are attributed to Co-Se vibrations, further confirming the 
formation of the CoSe phase [49]. Minor shifts from literature values are 
attributed to differences in stoichiometry and morphology.

Fig. 1B shows the XRD pattern of CoSe; the reflections are indexed to 
the hexagonal phase (space group P63/mmc). This result is consistent 
with the findings reported by Wing et al. [43], confirming the successful 
synthesis of CoSe. The Rietveld refinement yielded lattice parameters of 
a = b = 3.61937 ± 0.00007 Å and c = 5.30124 ± 0.00018 Å, where Co 
atoms form the metallic sublattice and Se occupies the interstitial sites. 

Fig. 1. Characterization of CoSe: A) Raman spectra, B) X-ray diffraction pattern of CoSe (Rwp: 5.08 Rexp: 2.73 χ2: 3.45). C) XAS spectra of CoSe Co K-edge, D) Se 
K-edge.
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Additionally, a minor secondary phase, attributed to CoSe2, was detec
ted. This phase crystallizes in a cubic system (space group Pa-3) with a 
refined lattice parameter of a = b = c = 5.8727 Å. Quantitative phase 
analysis estimated the composition to be 99.81 ± 0.01% for the primary 
hexagonal CoSe phase and 0.19 ± 0.01% for CoSe2. Due to this being 
near the detection limit, and its negligible impact on the refinement 
quality, its presence in the pristine sample should be interpreted 
cautiously. However, as this phase becomes more prominent after cell 
assembly, as will be further discussed in the operando analyses, its for
mation appears to be electrolyte-induced and is proven to play a role 
during cycling.

The XAS spectrum at the Co K-edge is presented in Fig. 1C. As ex
pected, Co0 exhibits the lowest energy absorption edge. CoSe and CoO 
exhibit a slight edge shift to higher energy, consistent with a Co2+

oxidation state, while Co3O4 displays the most pronounced shift, 
reflecting its mixed Co2+/Co3+ valence. The XAS spectrum at the Se K- 
edge (Fig. 1D) shows a minimal shift compared to elemental Se. Liter
ature reports that the K-edge position for Se compounds varies within a 
narrow range [50]. However, the white line of Se0 reference, located at 
approximately 12,669 eV, has a slightly higher intensity compared to 
that for the CoSe (12,660 eV). The intensity and slight shift of the white 
lines suggest a reduced oxidation state in CoSe compared to elemental 
Se, consistent with literature trends [51]. These findings are consistent 
with the covalent nature of the Co-Se bond and align with previous 
studies on cobalt selenides (CoSe and CoSe2) [52,53].

The electrochemical characterization is reported in two main ap
proaches: i) direct measurements conducted on the cell in its pristine, as- 
assembled state, and ii) measurements performed after an initial elec
trochemical pretreatment (CA), as detailed in a later section.

The direct measurements consist of CV and GCPL. As shown in 

Fig. 2A, the CV curves indicate that the first cycle exhibits two main 
reversible processes. The anodic peaks are observed at 1.03 V and 2 V. 
The process associated with the latter peak is incomplete due to the 
settled potential cutoff (2.3 V) to avoid electrolyte decomposition. The 
corresponding cathodic peaks appear at 0.57 V and 1.80 V. The 
following cycles show more pronounced peaks and a slight displacement 
of the anodic peaks towards lower voltages and cathodic peaks to higher 
voltages, for example, by the 10th cycle, the anodic peak is at 1.01 V and 
the associated cathodic peak at 0.66 V. This trend suggests a small 
reduction in overpotential and improved electrochemical reversibility, 
possibly indicating gradual activation of the electrode material, or the 
progressive remotion of the native Al2O3 during the initial cycles [54,
55]. This layer initially impedes Al plating and stripping, but is gradu
ally dissolved by the corrosive chloroaluminate electrolyte [56]. As the 
passive layer is stripped away, charge transfer improves, leading to 
reduced overpotentials and enhanced reversibility, as reflected in the 
evolution of the redox peaks. The development of the multistep redox 
process is more distinctly revealed in the differential capacity (dQ/dV) 
plots, which will be further discussed in the subsequent section.

In Fig. 2B, the measurement begins at the open-circuit voltage (OCV, 
1.55 V) and proceeds toward lower potentials (discharge). The initial 
discharge capacity is negligible (~1 mAh g− 1), likely attributed to 
double-layer formation. While the subsequent charge reaches approxi
mately 118 mAh g− 1. This pronounced asymmetry indicates that the 
CoSe electrode does not undergo significant reduction (cation insertion) 
during the initial discharge, and that charge storage becomes active only 
after an initial oxidation step.

In contrast, Fig. 2C, shows that when cycling starts from the OCV 
(1.73 V) toward higher potentials (charge), charge and discharge ca
pacities in the first cycle are comparable (154 and 114 mAh g− 1, 

Fig. 2. Electrochemical characterization: A) CV curves cycling towards charge, B) GCPL curves starting from OCV toward lower potentials, C) GCPL curves starting 
from OCV toward higher potentials, D) Efficiency and specific capacity of cell start charging.
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respectively). This behavior suggests that, once the electrode has been 
oxidized, reversible ion insertion and extraction can occur.

Taken together, these results imply that the CoSe electrode requires 
an activation process via oxidation before reversible electrochemical 
reactions can proceed. This behavior would rather suggest an anion- 
insertion mechanism, like the AlCl4− insertion into graphite [18,20,
57]. These results contradict earlier reports that identified Al3+ as the 
active species in the CoSe system.

Finally, the theoretical specific capacity of CoSe, assuming Al3+

conversion or intercalation with a three-electron redox process, is 
approximately 409 mAh g− 1. However, the experimentally observed 
capacity is considerably lower. This discrepancy can be attributed to a 
different charge storage mechanism dominated by the transfer of AlCl4− , 
rather than multivalent Al3+. Since AlCl4− involves single-electron redox 
reactions, this results in a reduced theoretical capacity (194 mAh g− 1), 
which is closer to our experimental results.

Fig. 2D shows the charge and discharge capacity and coulombic ef
ficiency over the first 20 cycles, revealing notably low efficiency in the 
initial cycles. Some studies have attributed such behavior to the for
mation of a cathode-electrolyte interphase (CEI), particularly in 
graphitic cathodes [20,22,58]. While the synthesized CoSe includes a 
carbonaceous matrix derived from the MOF precursor, and thus the 
formation of a CEI cannot be entirely dismissed, its presence in 
selenide-based cathodes has not been widely reported.

The electrochemical evaluation of CoSe cathodes was conducted at 
relatively high current density (1 A g− 1), a strategy also adopted in 
previous studies on cobalt selenides [42–44]. Interestingly, when cells 
are cycled at a current density of 25 mA g− 1, they exhibit a prolonged, 
flat voltage plateau near 2 V, referred to as an “infinite plateau” as 
observed in Fig. S1. This behavior is characteristic of a dominant para
sitic, side reaction, likely due to active material dissolution, that over
shadows the intended electrochemical processes.

At low current densities, parasitic reactions surpass the electro
chemical process, allowing them to proceed extensively. This observa
tion explains the low initial coulombic efficiency and supports the 
hypothesis that the initial stages of cycling are dominated by dissolution 
of active species rather than by the formation of a CEI. Although these 
reactions are less visible at higher current densities, they still influence 
the initial capacity and reversibility.

To further investigate the nature of the processes occurring during 
the infinite plateau, CA at 2 V during 2 h was performed on three 
identical cells, each with slightly different active material masses (see 
Table S1). The current–time profiles presented in Fig. S2 deviate from 
classical Cottrellian behavior, which predicts a monotonic current 
decay. Instead, an initial current drop is followed by a distinct, gradual 
increase. The non-Cottrellian response suggests the prevalence of com
plex Faradaic processes over simple double-layer charging. We attribute 
the rising current to parasitic oxidation reactions, likely driven by the 
dissolution of active material (e.g., Co or Se species) into the electrolyte. 
These dissolved species can become electrochemically active in the bulk 
solution, leading to sustained Faradaic currents that mask the stabili
zation expected from capacitive processes [59].

The parasitic reaction is in agreement with the findings of GCPL 
experiments at low current densities, where the voltage profile forms an 
infinite plateau, suggesting a prolonged oxidation process that could 
involve more than just charge storage.

The measurements performed after the CA pretreatment were 
employed to assess the impact of the parasitic oxidation process on the 
performance and the contribution of the parasitic reaction to the ca
pacity. Four electrochemical protocols were applied:

Cell 0 (Control): No CA. GCPL at 1 A g− 1 performed directly after 
assembly.

Cell 1: CA at 2 V for 2 h, followed by GCPL at 1 A g− 1.
Cell 2: CA at 2 V for 2 h, followed by replacing the electrolyte and 

separator with fresh, unused components before performing GCPL at 
1 A g− 1.

Cell 3: CA at 2 V for 2 h, followed by replacing the electrolyte, 
separator, and Al foil with fresh, unused components before performing 
GCPL at 1 A g− 1.

Fig. 3 compares the cycling behavior of these cells. In Fig. 3A it can 
be observed that while Cell 0 begins with the highest initial specific 
capacity (~200 mAh g− 1), it suffers rapid degradation, stabilizing at 
only ~16 mAh g− 1 by the 100th cycle. In contrast, Cell 3 starts with a 
much lower initial capacity (~11 mAh g− 1) but exhibits superior sta
bility, reaching ~31 mAh g− 1 after 100 cycles. This trade-off highlights 
the dual nature of the high-voltage process: while it contributes to initial 
capacity, it also initiates degradation pathways, most likely altering the 
electrolyte composition, compromising long-term performance. The 
pretreatment protocols, particularly the complete replacement of cell 
components in Cell 3, appear to mitigate these effects, enabling a more 
stable and durable cycling behavior. Notably, the difference in capacity 
between Cell 0 and GCPL curves starting from OCV toward higher po
tentials is attributed to the binder used for the fabrication of the elec
trodes (See Fig. S3).

To further dissect the electrochemical behavior, dQ/dV plots were 
generated for all four cells (Fig. 3B–F). These plots provide a high- 
resolution view of the redox processes and their evolution over cycling.

In Cell 0 (Control, Fig. 3C) an immediate and intense activation is 
observed. The high voltage oxidation processes evolve from multiple 
peaks in the first cycle into a single, high-intensity peak. The rapid 
activation is accompanied by the abrupt degradation and poor capacity 
retention. Conversely, Cell 1 (Fig. 3D): presents significantly lower peak 
intensity and a gradual reduction in the overpotential over cycling, 
indicating improved kinetics but limited capacity attributed to the 
consumption of active species in the electrolyte by the parasitic reaction. 
Cell 2 (Fig. 3E) presents similar behavior to Cell 1 but with higher peak 
intensity, reflecting a more robust electrochemical process, likely 
enabled by electrolyte replacement, supporting the theory that the 
parasitic reaction at 2.0 V consumes active species in the electrolyte. 
Finally, Cell 3 (Fig. 3F) shows a slow, steady activation, rather than a 
rapid, destructive one, highlighting the enhanced stability, attributed to 
the replacement of electrolyte and Al anode. This observation demon
strates that the irreversible process at 2.0 V not only consumes active 
species in the electrolyte but also affects the surface of the Al anode.

Another interesting feature observed along the four cells is the 
reduction peak near 0.85 V, observed in Cells 0 and 2 during the first 
cycle (Fig. 3B), but absent in Cells 1 and 3. In subsequent cycles, the 
evolution of this peak differs across the cells. In Cell 3, during the first 
cycle, the passivation layer on the fresh Al anode is restored, and in the 
subsequent cycles, it is gradually removed, leading to the delayed 
appearance of the 0.85 V peak. In contrast, Cell 1 shows no such re
covery, likely because the electrolyte becomes depleted in AlCl4− due to 
its consumption in side reactions during CA. Conversely, the peak is not 
visible in Cell 1 and decreases progressively in Cell 2 to eventually 
disappear upon cycling. Based on these observations, the 0.85 V peak 
can be attributed to Al stripping, as it aligns with the Al mechanism 
proposed by Appiah et al. in which Al stripping occurs through the 
transport of Al2Cl7− from the bulk electrolyte to the anode interface, 
where it is converted into AlCl4− and Cl− , which are then transported 
back into the bulk [56]. This interpretation is further supported by the 
time-dependent effect of electrolyte contact on the removal of the 
insulating oxide layer from the Al anode, as studied by F. Rahide et al. 
[54].

The irreversible capacity loss and distinct electrochemical features 
observed at high voltages suggest the occurrence of an initial irrevers
ible transformation. This process is characterized by the appearance of a 
reduction peak near 0.8 V, which serves as a signature of electrode 
activation. While this reaction is essential for enabling the main charge- 
storage mechanism, it also triggers degradation pathways that, if left 
uncontrolled, lead to rapid performance decay, as observed in the con
trol cell. However, when properly managed through electrode pre
treatment and component replacement, this transformation can act as a 
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beneficial activation step, as demonstrated by the improved perfor
mance of Cell 3.

Based on these results, we propose that the high-voltage irrevers
ibility involves a dual process encompassing both activation and 
degradation. This behavior likely arises from two simultaneous mech
anisms: First, the irreversible conversion of CoSe: near 2 V, CoSe un
dergoes a one-time conversion reaction, possibly forming Cox(AlCl4)y, 
consistent with observations reported in KCl-AlCl3 melts [60]. Second, 
the dissolution and shuttling of Co species: The Co species generated 
during this initial step gradually dissolve into the electrolyte and 
migrate toward the anode. This leads to active material loss, partial 
electrical isolation of CoSe particles, and contamination of the Al anode 

surface, contributing to capacity fading over cycling. This hypothesis 
will be further examined below by ex situ analyses.

The ability to control this initial process, either by suppressing it or 
by isolating it from long-term cycling, is critical for achieving both high 
performance and extended cycle life in CoSe-based RABs.

3.2. In situ and operando structural transformations

The operando SRD data provide a comprehensive view of the struc
tural transformations occurring in CoSe cathodes during cycling.

The most prominent observation is the progressive broadening and 
reduction in the intensity of all reflections associated with the hexagonal 

Fig. 3. High Voltages Irreversibility. Electrochemical Characterization of Al//CoSe Cells with and without CA Pretreatment A) capacity vs. cycle number. Differential 
capacity (dQ/dV) plots B) 1st cycle C) Cell 0 D) Cell 1, E) Cell 2. F) Cell 3.
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CoSe phase (space group P63/mmc), suggesting a progressive amorph
ization of the structure. The loss of long-range order suggests that the 
crystalline CoSe structure is being consumed and replaced by less or
dered or amorphous products (Fig. S4). In addition, the appearance of 
new reflections corresponding to CoSe2 and Co3Se4 (space groups Pa-3 
and C 1 2/m 1, respectively) phases is observed, supporting an initial 
irreversible transformation process. For better understanding, the phase 
transformation is divided into two interconnected phenomena: monot
onous conversion reaction and transient structural changes.

Monotonous conversion reaction: Characterized by the systematic 
decrease in intensity of reflections belonging to the original CoSe phase, 
directly correlated with the growth of reflections from a new CoSe2 
phase, as observed in Fig. 4A and B. The reflection at 4.43◦ (CoSe (101)) 
gradually diminishes until its complete disappearance, while a new 
reflection at 4.52◦ (CoSe2 (210)) intensifies (Fig. 4A). A similar trend is 
observed for the CoSe (110) reflection at 6.64◦, which fades as the CoSe2 
(311) peak at 6.71◦ grows. The reciprocal behavior is indicative of a 
well-defined crystalline-to-crystalline phase transition, indicating that 
the charge storage mechanism involves a chemical transformation 
rather than ion insertion into a stable host lattice. This supports the 
hypothesis that the initial activation of the cathode involves a structural 
transformation of the CoSe, forming new phases and possibly releasing 
soluble Co species into the electrolyte.

Transient structural changes: In contrast to the well-ordered con
version, other regions of the diffractogram exhibit highly dynamic and 
transient behavior. These fluctuations suggest the formation and disso
lution of intermediate species that are metastable, as observed in Fig. 4C 
and D. Disorganized changes in reflections corresponding to CoSe (301), 
(204), and (105), CoSe2 (433), and multiple overlapping reflections 
from Co3Se4 (Fig. 4C). Seemingly reversible amorphization of the CoSe2 
(733) reflection at 16.61◦, followed by the transient emergence of re
flections likely associated with Co3Se4 phase (Fig. 4 D). The transient 
appearance of Co3Se4 reflections indicate that the charge storage 
mechanism in CoSe cathodes is not a simple one-step process. Instead, it 
involves multiple intermediate phases, transient species, and competing 
structural transformations.

Finally, although it is not the primary focus of this study, operando 
SRD data also reveal structural changes in the Al foil anode, as shown in 
Fig. S5 the observed dynamic behavior in the Al-dominated regions 
during cycling remains uncertain and is not attributed to specific phase 
transformations at the Al lattice due to the bulk nature of XRD and the 
early stage of cycling.

To gain deeper insights into the evolution of oxidation state and local 

structural changes of CoSe during cycling, operando XAS at the Co K- 
edge was conducted. This technique enables the monitoring of subtle 
electronic and structural transformations that occur during charge and 
discharge. The results are presented in Fig. 5 (charge/discharge curve is 
presented in Fig. S6).

Fig. 5A presents the initial Co K-edge XANES spectra of CoSe, 
alongside reference spectra of elemental Co and cobalt oxides. CoSe 
presents the same edge position as the pristine sample (Fig. 1C), relative 
to the reference, indicating a stable oxidation state of Co. Fig. 5B shows 
the cascade of Co K-edge XANES spectra collected during cycling. 
Notably, no significant shift in the absorption edge is observed 
throughout the charge and discharge process. The absence of any sub
stantial edge shift indicates that Co remains predominantly in its pristine 
oxidation state + II, suggesting it does not serve as the primary redox 
center within the CoSe framework during cycling. This finding strongly 
suggests that the electrochemical activity of the CoSe cathode is pri
marily driven by Se redox processes. While the inactivity of Co is 
observed within this specific host structure, it might exhibit different 
electrochemical activity if evaluated as a standalone component or 
within a different coordination environment, though further evidence is 
required to confirm these secondary interactions.

Fig. 5C shows the Fourier-transformed extended X-ray absorption 
fine structure (EXAFS) spectra during the first charge process. Although 
no major changes in Co oxidation state are observed, the local structural 
environment of Co is noticeably altered. Particularly, a reduction in the 
amplitude of the first coordination shell, corresponding to the Co-Se 
bond, suggests an increase in structural disorder, likely due to Co 
dissolution and migration during charging. Similarly, Fig. 5D presents 
the EXAFS spectra during the first discharge process. The data show that 
the previously observed structural disorder is only partially reversible. 
These results are consistent with the operando SRD results, which indi
cated a phase transition from CoSe to CoSe2 and Co3Se4, accompanied 
by amorphization but without significant Co oxidation beyond the Co2+

state.
For in situ XAS at the Se K-edge, three sequential measurements, each 

lasting 5 min, were conducted at constant voltages throughout the first 
cycle. The resulting spectra were averaged and smoothed to reduce noise 
and facilitate interpretation. The processed curves are presented in 
Fig. 6. Due to the pouch cell configuration, significant background 
interference from other cell components was present, particularly in the 
pre-edge and post-edge regions. Moreover, it is important to note that 
the Se K-edge position for Se2− compounds varies within a narrow range, 
typically between 12656.0 eV (CuSe) and 12658.0 eV (SeS2) [50]. 

Fig. 4. Operando SRD diffractograms A) 2θ = 4.5◦–4.75◦, B) 2θ = 6.5◦–7, C) 2θ = 11.5◦–12◦, D) 2θ = 16.25◦–16.75◦.
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Fig. 5. Operando XAS: A) Co K-edge XANES spectra of the CoSe 1st scan Co foil, Co3O4 and CoO B) operando XAS Co-edge spectra, C) FT EXAFS spectra for the initial 
charge, D) FT EXAFS spectra for the initial discharge.

Fig. 6. In situ Se K-edge XAS spectra of CoSe cathode for the first cycle A) from OCV to 2.2 V B) from 2.2 to 1.2 V C) from 1.2 to 0.2 V D) from 0.2 to 1.2 V.
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Therefore, significant shifts were not expected. However, despite these 
limitations, more pronounced changes were observed in the white-line 
region (edge maxima). Both the energy and intensity of the white line 
increase upon charging and decrease during discharge. This behavior 
aligns with findings by Olegario et al. [51], who demonstrated that the 
Se K-edge white-line intensity and position correlate with the oxidation 
state of Se. As a result, the analysis focuses on the rising edge region, 
where qualitative shifts in absorption energy can still be discerned.

During charging (Fig. 6A), a slight shift of the absorption edge to 
higher energies is detected approaching the energy position 

characteristic of elemental Se (Se0), but given the differences in local 
bonding environments, this does not conclusively indicate oxidation to 
Se0. The possibility of intermediate species, such as polyselenides 
(Sen)2-, cannot be ruled out, and it is supported by the CoSe2 (Pa-3) 
structure, which inherently possesses Se-Se dimers, and may contribute 
to the observed spectral features. This shift reverses during discharge 
(Fig. 6), indicating a return toward the selenide (Se2− ) state.

The observed trend is consistent with a reversible redox process, 
where Se is oxidized during charging and reduced during discharge, 
confirming its role as the electrochemically active species in the CoSe 

Fig. 7. Ex situ characterization: A) X-ray diffractogram of CoSe soaked in electrolyte (Rwp: 2.60, Rexp: 2.28, χ2:1.31) B) LSV of CoSe soaked electrolyte, C) X-ray 
diffractogram of CoSe after 200 cycles, D) Raman spectra of CoSe after 200 cycles, E) SEM-EDX analysis of Al foil after 20 cycles.
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cathode.
Based on our findings, we have proposed a previously unreported 

charge storage mechanism for CoSe in chloroaluminate ionic liquids. 
Contrary to the prevailing literature, which often attributes capacity to 
Co-based redox and Al3+ intercalation, our operando analyses reveal, for 
the first time, a mechanism where Se is reversibly oxidized during 
charging and reduced back upon discharging. This redox process is 
accompanied by a reversible reconstruction of the host Se framework, 
resulting in a structurally distinct yet stable lattice after the first cycle. 
Furthermore, we provide compelling evidence that Co, rather than 
participating in redox reactions, dynamically interacts with electrolyte 
anions to form a soluble cobalt chloroaluminate complex. While we 
propose a complex such as Co(Al2Cl4)2, to illustrate the migration 
pathway, it is important to emphasize that the exact stoichiometry of 
these soluble complexes remains a hypothetical model and has not been 
demonstrated experimentally. This complex formation facilitates struc
tural reorganization and is crucial for the reversibility of the Se-based 
redox couple.

3.3. Ex-situ degradation products

This section presents ex situ measurements that support and validate 
the proposed mechanism, offering additional evidence for the structural 
and chemical transformations occurring during and before cycling.

Operando characterization revealed that CoSe2 is visible from the 
first measurement, suggesting that degradation may initiate even before 
electrochemical cycling. To investigate this, CoSe electrodes were 
soaked in pristine electrolyte. Visual inspection revealed a color change 
in the electrolyte, from translucent to yellowish, indicating chemical 
interaction. Subsequent ICP-OES analysis confirmed the presence of 
both Co and Se in the soaked electrolyte, providing direct evidence that 
CoSe dissolves upon contact with the electrolyte, even prior to cycling.

The soaked, unwashed CoSe electrode was analyzed via XRD. The 
resulting diffractogram, shown in Fig. 7A reveals significant changes 
compared to the pristine sample. The disappearance of the reflection at 
13.08◦, corresponding to the (100) plane, indicates anisotropic dissolu
tion, disrupting the in-plane registry of the crystal. A general decrease in 
reflection intensity suggests partial dissolution of the material. Finally, a 
shift toward higher 2θ angles implies lattice shrinkage and defect for
mation, likely due to the loss of Co and Se atoms, as supported by ICP-OES 
data. Additionally, XRD measurements also revealed Co3Se4 reflections. 
This phase is present in the operando SRD data and was proposed as an 
intermediate species. The more prominent presence in the ex situ mea
surement can be associated with the exposure of the sample to air. Their 
presence underscores the importance of in situ and operando techniques, 
which avoid such artifacts and provide more reliable insights into real- 
time transformations. The Rietveld refinement yielded lattice parame
ters of a = b = 3.57475 ± 0.00015 Å and c = 5.28828 ± 0.00073 Å for the 
CoSe phase, confirming the lattice shrinkage. Moreover, the quantitative 
analysis reveals that in the soaked sample, the hexagonal CoSe phase 
corresponds to 39.04 ± 1.57 % while the primary phase corresponds to 
monoclinic Co3Se4 (space group C 1 2/m 1) with lattice parameters of 
a = 12.26958 ± 0.00071 Å b = 3.58218 ± 0.00023 Å 
c = 6.20174 ± 0.00041 Å.

To further characterize the electrochemical activity of these dis
solved species, the soaked electrolyte was used to assemble a cell with an 
inert C Paper electrode and subjected to LSV. The results, presented in 
Fig. 7B are compared with the LSV of a pristine electrolyte. The data 
provide definitive evidence that the dissolved species detected by ICP- 
OES analysis are redox-active. An oxidation peak is observed at 
approximately 0.9 V, and the onset of a broader oxidation current begins 
around 1.7 V, confirming that the dissolved species undergo oxidation/ 
reduction processes that could interfere with the cell's intended 
electrochemistry.

XRD analysis of CoSe electrodes after 200 cycles, unwashed, reveals 
extensive amorphization, as shown in Fig. 7C. Compared to the already 

degraded structure observed after soaking, the reflections are further 
diminished, indicating a progressive loss of crystallinity. This structural 
collapse is consistent with the conversion and dissolution mechanisms 
previously described and reinforces the role of amorphization in long- 
term degradation.

Raman spectroscopy of the CoSe electrode after 200 cycles, un
washed (Fig. 7D) demonstrates that the C-Se peak at 675 cm− 1 and Co-Se 
bands at 468 and 507 cm− 1 are still present, although with reduced in
tensity. This suggests that amorphized species remain in the electrode, 
likely contributing to the observed capacity. In contrast, when the CoSe 
electrode is soaked directly in the electrolyte, the characteristic Co-Se 
and C-Se vibrational bands disappear, suggesting that the electrolyte 
dissolves or alters these surface species (Fig. S7). This difference can be 
attributed to the lower electrolyte volume in the Swagelok configura
tion, which limits the extent of dissolution or washing away of the 
species during cycling.

Finally, to investigate the impact of cathode degradation on the Al 
anode, SEM-EDX analysis was conducted on foils retrieved after 20 cy
cles. Fig. 7E shows clear Co deposits on the Al foil after 20 cycles, 
providing direct evidence of Co migration from the cathode to the 
anode, accompanied by substantial degradation of the cathode (Fig. S8 
and Fig S9). This Co deposition likely contributes to anode contamina
tion, disrupting Al plating/stripping and accelerating capacity degra
dation. The improved performance observed in Cell 3, which used a 
fresh anode after activation, supports the hypothesis that anode 
contamination is a key factor in long-term degradation.

Based on the combined findings from electrochemical testing, in 
operando XRD, and in situ/in operando XAS, a comprehensive mechanism 
for charge storage and degradation in CoSe cathodes can now be pro
posed. The main charge storage process is proposed to involve a partially 
reversible phase transition, driven by the redox activity of Se. In oper
ando SRD reveals a phase transition from hexagonal CoSe to cubic CoSe2, 
while Se K-edge XAS confirms a reversible shift in the oxidation state of 
Se between Se2− and a more oxidized form, (Se2)2-. The Co K-edge XAS 
shows no significant change in the oxidation state of Co, suggesting that 
Co remains electrochemically inactive and plays a structural role.

The suggested mechanism begins with an irreversible activation step, 
where the pristine CoSe irreversibly converts into an amorphous Co-Se 
matrix and crystalline CoSe2 via a transient intermediate Co3Se4. This 
transformation is accompanied by the formation of soluble cobalt 
chloroaluminate species. Given the predominance of chloroaluminate 
species in the electrolyte, it is proposed that anions, likely AlCl4−

participate in the reaction as the balancing charge carriers, though 
direct in-situ confirmation of the anion's intercalation remains to be 
established. 

6CoSe + 6AlCl4 − ⟶ Co3Se4 + 3Co(AlCl4)2(sln) + (Se2)
2−

+ 4e− (1) 

The phase transition from Co3Se4 to CoSe2 could happen through 
reintegration of (Se2)

− 2 (2) or further dissolution of Co(AlCl4)2 (3) 

Co3Se4 + 2(Se2)
2− ⟶ 3CoSe2 + 2e- (2) 

Co3Se4 + 2AlCl4- ⟶ 2CoSe2 + Co(AlCl4)2 + 2e- (3) 

The phase transition reaction can be simplified as: 

6CoSe + 6AlCl4- ⟶ 3CoSe2 + 3Co(AlCl4)2 + 6e- (4) 

Or 

6CoSe + 8AlCl4- ⟶ 2CoSe2 + 4Co(AlCl4)2 + (Se2)
2−

+ 6e- (5) 

While the Se K-edge shifts approach the energy of elemental Se0, the 
bonding environment differs, and the formation of Se0 cannot be 
conclusively confirmed. The possibility of amorphous polyselenide 
species forming during charging remains open for future investigation.

Subsequently, the reversible capacity is proposed to arise from the 
reversible oxidation and reduction of Se within the amorphous CoSe 
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2Se2- ⇌ (Se2)
2−

+ 2e- (6) 

While the redox activity of and the structural instability of the 
framework are experimentally supported, the specific stoichiometric 
coefficients and intermediate complexes represent a speculative model 
intended to illustrate the most probable reaction pathway within the 
chloroaluminate system.

The complex charge storage mechanism and degradation pathway is 
visually summarized in Fig. 8.

4. Conclusions

Carbon-encapsulated CoSe was synthesized via high-temperature 
selenization, as confirmed by Raman, XRD, and XAS, and evaluated as 
a cathode for RABs. Electrochemical characterization an initial phase 
transition and amorphization, which is essential for enabling reversible 
capacity but also initiates structural disorder and degradation and is 
accompanied by the dissolution of cobalt chloroaluminate species, 
proposedly Co(AlCl4)2, which migrates through the electrolyte and de
posits on the Al anode. This degradation process causes loss of active 
material, alteration of the electrolyte composition and anode contami
nation, contributing to capacity fade. CA coupled with GCPL experi
ments demonstrated that replacing the electrolyte and Al foil after the 
initial degradation mitigates the effects of parasitic reactions and Co 
dissolution, leading to improved cycling stability.

In situ XRD and XAS studies show that CoSe undergoes a phase 
transition to CoSe2 and Co3Se4, accompanied by structural disorder and 
a loss of long-range crystallinity. This transformation is only partially 
reversible, negatively impacting cycling stability. Se undergoes a redox 
transition from Se2− to (Se2)2- during charging and discharge. However, 
the structure of the discharged material deviates from the pristine state, 
indicating the modification of the Se framework upon cycling.

Ex situ characterization confirmed an initial dissolution of CoSe upon 
contact with the electrolyte and the electrochemical activity of the 
dissolved species. Furthermore, it was confirmed the amorphization of 
CoSe during cycling, but the amorphous species likely remain in the 
electrode as demonstrated by ex situ Raman results. SEM-EDX and 
electrochemical analyses confirmed Co dissolution and its migration to 
the Al anode, causing active material loss and degradation over cycling.

Finally, a new charge storage mechanism is proposed for the first 
time, based on dynamic characterization of CoSe. The primary charge 
storage process is proposed to be governed by an initial irreversible 
transformation from hexagonal CoSe to cubic CoSe2 and amorphization 
of CoSe, within the amorphous lattice, Se is oxidized from Se2− to (Se2)2- 

during charge, and reduced back to Se2− during discharge while Co re
mains electrochemically inactive. Importantly, the insights gained here 
are not limited to CoSe. They could be extrapolated to a broader class of 
transition metal chalcogenides and oxides, such as Co9S8, MoS2, and 
V2O5, where similar dissolution phenomena have been linked to poor 
cyclability and capacity fading. Understanding the dissolution dynamics 
and redox behavior in chloride-rich electrolytes offers a valuable 
framework for designing more stable and reversible multivalent 
batteries.
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