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1. Introduction

The contemporary increasing demand for energy has
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As the development of aluminum-ion batteries is still in its infancy, researchers are still dedicated to
exploring suitable host materials and investigating their aluminum intercalation behaviours. Here, a series
of cyanido-bridged chain compounds with the formula {[Fe"(Tp)(CN)slo[M"(H,0)]}, (M = Ni, Co, Mn, Zn,
Cu) are studied as cathode electrodes for aluminum-ion batteries with [EMIm]CI-AICls (1-ethyl-3-methyl-
imidazolium chloride—AlICls) ionic liquid as the electrolyte. The electrochemical properties suggested
Fe>*/Fe?" to be the redox-active couple during the aluminum intercalation and deintercalation processes
of these compounds, and the observed maximum specific capacity obtained by the Fe—Co compound is
200 mA h g* despite the rapid specific capacity fading. To gain a deeper understanding of the capacity
decay suffered by these compounds, further investigation was conducted to explore the evolution of
compounds during the electrochemical measurements. It has been attributed to the following reasons: 1.
thermodynamic instability results in the transformation/damage of two of the chain structures (for the
Fe—Ni and Fe—Co compounds) during heat treatment on electrodes, a crucial step in electrode prepa-
ration; 2. the acidic nature of the electrolyte triggers the destruction of the chain structure, with the
appearance of partial reduction of Fe** to Fe?*, and a new interaction of the cyano group with aluminum;
3. the high charge density of inserted Al ions makes the chain structure suffer from structural damage
during both the charging and discharging processes. The progressive accumulation of trapped interca-
lated ions hampers their involvement in the reaction, consequently decreasing electrochemical
reversibility.

electrode materials." Prussian Blue (PB) and its analogues
(PBAs), of general formula A,M'[M(CN)¢],;nH,O (M and M’ =
divalent or trivalent transition metal ions and A = alkali metal

prompted extensive research into energy storage/conversion
technologies, and the continuous search for new electroactive
materials is amongst the solutions. Transition metal cyanides
because of the structural robustness and electronic tuning of
polycyanido-metallate [M(CN),]”” building blocks (M: tran-
sition metal) have been recognized as promising candidates as
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ions), are among the best-known examples that have been con-
tinuously reported as electrode materials for secondary bat-
teries. A lot of effort is currently focused on the study of het-
erometallic PBAs and the influence of their structuration in
ion batteries.>® Since these cyanide-based compounds have
led to appealing results, we and other groups started a few
years ago to explore the potentialities of related cyanido-based
molecular materials with more complex but more versatile and
tuneable electronic properties.” We more specifically focused
on the use of the triscyanido, fac-[Fe™(Tp)(CN);]~ complex (Tp:
hydrotris(pyrazolyl)borate),® which has proven effective at
leading discrete and polymeric frameworks of cyanide
materials.” The scorpionate Tp~ ligand acts as an ancillary
ligand to facilitate the preparation of low-dimensional
materials. Interestingly, it can also be functionalized to adjust
the electronic properties of the Fe complex. When the cyano-
metallate complex fac-[Fe™(Tp)(CN);]” is reacted with metal
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cations, polymeric frameworks, generally heterometallic chain
structures, can be formed. In a seminal work,'® we reported
the lithium-ion storage capabilities of the iron-nickel bi-
metallic one-dimensional (1D) coordination polymer,
{[Fe™(Tp)(CN);],[Ni"(H,0),]},. The result first confirmed the
reversible Li" (de)intercalation in the 1D cyanide-bridged mole-
cular material. This result aroused our interest in further
exploring the possible insertion of aluminium ions into such
1D coordination polymers. Aluminium-ion batteries (AIBs) are
recognized as a promising future post-Li battery technology,
particularly in terms of safety, low cost and high theoretical
capacity (Al metal: 2978 mA h g™ and 8034 mA h L™)."!
However, the development of AIBs is full of challenges. A
major difficulty is finding suitable cathode materials able to
reversibly intercalate such high-valent cations whose diffusion
suffers from poorer kinetics due to the higher electrostatic
interactions when compared to monovalent Li ions. Another
difficulty lies in the choice of an appropriate electrolyte.
Despite the availability of molten salt electrolytes, aqueous
electrolytes and ionic liquid electrolytes have prevailed in
recent years in AIBs. Although the research on AIBs dates
back to the early 1970s,"* cathode electrode materials reported
in the literature mainly focus on carbon,”™"” sulphur,'$2°
vanadium-containing compounds,*** metal oxides, metal
sulphides,>?” etc., while fewer studies have been undertaken
toward the application of molecular materials in AIBs. In par-
ticular, the reports on cyanido-metallate compounds are
limited.>®™?

PBAs appear to be the only transition metal cyanide-based
materials that have been investigated in AIBs. Pang et al.>® con-
structed aqueous AIBs with potassium cobalt hexacyanoferrate
(K,Co[Fe(CN)g]) as the cathode in the electrolyte of 1 M Al
(NOs);. A reversible discharge capacity of 50 mA h g™* at 0.1 A
g~ was obtained in the potential window of 0-1.2 V with an
excellent capacity retention (76% after 1600 cycles). Aqueous
electrolytes of Al,(SO,); and AICl; were also applied in this
work for comparison, and it was shown that they exhibit less
favorable results than the AI(NO;); electrolyte in terms of
charge/discharge capacity and impedance. So far, most
research studies with molecular materials as electrode
materials for AIBs have been conducted using aqueous electro-
lytes, while the utilization of ionic liquids (ILs) in AIBs with
molecular materials remains scarce. For example, copper hexa-
cyanoferrate has been widely applied in aluminium batteries
with aqueous electrolytes, while the only work with a non-
aqueous electrolyte displays an undesirable electrochemical
performance and a deep understanding of the energy storage
mechanism and capacitance decay needs to be gained. In an
organic electrolyte Al(OTf); in diglyme, cubic particles of
Cu, 5[Fe(CN)g]-6H,O delivered a very low reversible capacity
(between 5 and 14 mA h g™') within an electrochemical
window between 0.1 and 0.7 V despite an initial discharge
capacity of 60 mA h g *.*>° In an aqueous Al,(SO,); electrolyte,
Gao et al.*® investigated KCu[Fe(CN),]-8H,0 nanoparticles and
observed a specific capacity of 62.9 mA h g™" at 50 mA g~' in
the voltage range of 0.2 to 1.2 V, with capacity retention of
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54.9% after 1000 cycles. Moreover, Wills et al.** and Chiang
et al.®* reported separately aqueous aluminium ion intercala-
tion with copper hexacyanoferrate as the cathode. Although
aqueous AIBs are assembled with different anode materials
and electrolytes, they all present a specific capacity of approxi-
mately 50-60 mA h g'. It is worth mentioning that the dis-
charge voltage in Wills’s work is as high as 1.5 V, which sur-
passes many reported operating voltages.

Compared with aqueous electrolytes being limited by the
stability window of water, ILs featuring high conductivity, non-
flammability, nonvolatility, and high thermal stability could be
operated within a relatively wide electrochemical window.** In
particular, 1-methyl-3-methylimidazolium chloride ([EMIm]CI)
outperforms most non-aqueous electrolytes in terms of electro-
chemical window width, liquidus temperature and aluminium
reactivity and maintains the conductivity, viscosity, Lewis
acidity range and solvating power of other salts.** Therefore,
we selected [EMIm]CI-AICI; ionic liquid as the electrolyte and
investigated a series of one-dimensional (1D) materials with
the formula {[Fe"™(Tp)(CN);],[M"(H,0),]}, (M = Ni, Co, Mn,
Zn, Cu) as intercalation cathode materials. We expect that the
lower dimensionality and open framework of these com-
pounds could permit easier ion (de)intercalation and a better
Al-ion host capability. We can also hypothesize that the pres-
ence of an organic shell (Tp ligands) in the chains could favor
weaker electrostatic interactions between the inserted multi-
valent cation and the framework, and thus a better diffusion.
Furthermore, comparisons between compounds bridged by
different divalent metals, including inactive zinc, are intended
to help understand the multifaceted effects of bridged metals
on intercalation performances.

2. Materials and methods
2.1. Materials synthesis

The precursor (NBuy)[Fe(Tp)(CN);] was prepared following the
procedure previously reported by Lescouézec et al., but substi-
tuting PPh,Cl salt by NBu,Cl.®

{Fe"™(Tp)(CN);},{Ni"(H,0),}-3.3H,0-0.4CH;0H (Fe-Ni). Fe-
Ni was synthesized based on the reported method.'® 588 mg
(1 mmol) of precursor (NBuy)[Fe(Tp)(CN);] was dissolved in
20 mL solution of methanol and water with a volume ratio of
7:3. A solution of Ni(NO;),-6H,O (145 mg, 0.5 mmol) in
20 mL of the same solvent was added dropwise to the former
solution. The resulting solution was stirred for 18 h and fil-
tered. The orange-red solid product was obtained after drying
in air at room temperature.

{Fe"™(Tp)(CN);},{Co™(H,0),}-3H,0-0.4CH;0H (Fe-Co). Fe-Co
was synthesized and isolated in a similar manner to that of Fe-Ni
except that Co(NO3),-6H,0 was used instead of Ni(NOj3),-6H,0.

{Fe"(Tp)(CN);}4{Mn"(H,0),Mn"}-1.2DMF-1.8H,0 (Fe-Mn).
(NBuy)[Fe(Tp)(CN);] (558 mg, 1 mmol) in 10 mL DMF was
added to a solution of Mn(NO3),-4H,0 (145 mg, 0.5 mmol) in
10 mL DMF and stirred for 18 h. After filtration and air drying,
an orange-red powder was obtained.

This journal is © The Royal Society of Chemistry 2024
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{Fe"(Tp)(CN);}4{Zn"(H,0),Zn"} (Fe-Zn). Fe-Zn was pre-
pared in an analogous way to that of Fe-Ni. After 18 h of stir-
ring, a dark red precipitate was filtered and dried in air.

{Fe"(Tp)(CN);},{Cu(DMF)}-0.9DMF-1.2H,0 (Fe-Cu). Fe-Cu
was prepared using a similar protocol to that used for Fe-Mn, as
Cu(NO3),-4H,0 (131 mg, 0.5 mmol) was used as the metal pre-
cursor and DMF was used as the solvent for the Fe-Cu synthesis.

2.2. Characterization

Elemental analyses for C, H, and N were performed on a
PerkinElmer 240C analyser.

The powder X-ray diffraction (PXRD) data were collected on
a D8 Advance diffractometer equipped with a linear LynEye
detector and an X-ray tube with a copper anode, working with
the Kal and Ka2 doublet of copper.

FT-IR spectra were recorded for all samples in the
400-4000 cm™" range at room temperature under an ambient
atmosphere on a Vertex 70 Bruker instrument using the atte-
nuated total reflection (ATR) technique (with a 4 cm™
resolution).

Thermogravimetric analysis (TGA) was performed at a rate
of 2 °C min™" under a nitrogen or air flow up to 600 °C on a
PerkinElmer STA-Q600 simultaneous thermal analyser.

SEM micrographs and EDS (energy dispersive spectroscopy)
analyses were recorded with a FEI Magellan 400 scanning elec-
tron microscope with an Oxford EDS probe.

Magnetic measurements were carried out on a
MPMS3 magnetometer in the temperature range of 2-300 K.
The applied fields of 500 Oe and of 5000 Oe were used respect-
ively for low temperature (2-30 K) and high temperature
(20-300 K) measurements. The sample packed in a tin capsule
was introduced under a helium flow at 200 K to avoid solvent
evaporation. All data were corrected by estimating the diamag-
netic contribution of the sample and sample holder.

Electron Paramagnetic Resonance (EPR) spectra were
recorded in quartz tubes with a Bruker ER200 instrument and
a CW X-band (9.33 GHz) spectrometer, equipped with a liquid
helium cryostat.

Electrochemical measurements were conducted on electro-
chemical workstation with three-electrode Swagelok-type cells.
The cell assembling was completed in a glovebox using an Al
sheet as the cathode and Al wire as the reference electrode.
The electrolyte was [EMIm]CI-AICl; (1-ethyl-3-methyl-
imidazolium chloride-AlCl; mixture, molar ratio 1:1.1) ionic
liquid. The working electrode was composed of 80 wt% active
material, 10 wt% conductive carbon and 10 wt% binder (PTFE)
and molybdenum sheets were used as the current collector.
The working electrode was air-dried overnight, and vacuum
heated at 100 °C for 4 hours prior to assembly.

3. Results and discussion
3.1. Materials synthesis and characterization

This series of materials, denoted as Fe-M, with the formula
{[Fe™(Tp)(CN)3]o[M"(H,0),]}» (M = Ni, Co, Mn, Zn, Cu) were
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obtained by the direct precipitation method. The metal Fe/M
ratios of different samples were monitored through energy dis-
persive spectroscopy. The analysis of two different randomly
selected regions of the samples, (Fig. S1-S57) confirmed that
the metal Fe/M ratio is consistent with the molecular formula,
almost all of which is 2 : 1. Their crystal structures were verified
by comparing their powder X-ray diffraction patterns with
those known from bibliographical data collected in the
Cambridge Structural Database (see below). The experimental
formulas were determined by combining elemental analysis
and thermogravimetry. Table S17 lists the exact formulas and
the concordance between theoretical and experimental
content for the materials studied here. The experimental XRD
patterns corresponding to the different products and the calcu-
lated powder X-ray diffraction patterns are presented in Fig. 1
and the enlarged fragments of patterns are presented in
Fig. S6.1

The XRD patterns of Fe-Ni and Fe-Co compounds shown
in Fig. 1a are almost identical, and they match well with the
calculated powder XRD pattern obtained from previously
reported single crystal data.'® Note that the broad background
shown on the XRD pattern of the Fe-Co compound is due to
the fluorescence phenomenon. Therefore, Fe-Ni and Fe-Co
compounds are isomorphic, belonging to the C2/c space
group, and possess a chain structure. This chain structure is
composed of Fe,"Ni," squares (Fe,"™Co," squares) where the
cyanide bridges are almost linear, as shown in Scheme 1.
Within each square, the [Fe(Tp)(CN);]~ unit binds two Ni"
(Co™) ions through two of its three cyanide groups, the third
one remaining terminal. The Ni"" (Co™) are shared between two
squares and their coordination is thus made of four N atoms

(a) (b)
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Fig. 1 Comparison between the experimental powder X-ray diffraction
patterns of the synthesized compounds and calculated powder X-ray
diffraction patterns from single-crystal structures (a) Fe—Ni and Fe—Co,
(b) Fe—Mn and Fe-Zn, (c) Fe—Cu; and (d) infrared spectra of the com-
pounds studied in this work.
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Scheme 1 Schematic illustration for the synthesis of the chain com-
pounds. The images on the right are perspective views of the (Fe,M),
chain crystal structures.

[Fe"(Tp)(CN),I

from four cyanide groups. Two water molecules in the trans
position complete their coordination sphere. The Fe-Mn and
Fe-Zn compounds, which have not been previously reported,
exhibit similar XRD patterns as depicted in Fig. 1b. Notably,
the XRD peaks of both Fe-Mn and Fe-Zn display similarities
to the diffractogram of the {Fe"(Tp)(CN);},{Fe"(H,0),Fe"}
compound (abbreviated as Fe-Fe) which exhibits a chain struc-
ture in the C2 space group, as reported by Sato et al** Small
shifts and deviations (Fig. 1b and Fig. S6T) are, however,
observed, which might be attributed to the different divalent
metals and more importantly to the differences in reaction sol-
vents. The reference compound Fe-Fe is synthesized in a
mixed solution of water and acetonitrile, while Fe-Mn in DMF,
and Fe-Zn in a mixed solution of water and methanol. Within
the chain (Scheme 1), each [Fe(Tp)(CN);]” entity acts as a
bidentate ligand alternately linking octahedrally coordinated
Mn" (zn") and tetrahedrally coordinated Mn" (zn"), as shown
in the yellow frame in Scheme 1. Although prepared in the
DMF solvent, two cis positions of octahedral Mn'" are occupied
by two water molecules, similarly to the Fe-Zn compound
obtained in the mixed water/methanol solvent. The Fe-Cu
product, which crystallizes in the monoclinic space group P2,/
¢, exhibits a different chain structure, which is in complete
agreement with that reported in the previous literature
(Fig. 1c).*® Unlike the above-mentioned compounds, in this
chain, divalent copper ions are coordinated by two bulkier
DMF molecules, which induce an increase of the spacing
between neighbouring chains in the crystal lattice.

Here, Fe-Ni and Fe-Co compounds were obtained in the
mixed solvent of methanol and water applying a previously
reported protocol,'®*® and Fe-Cu was synthesized in DMF fol-
lowing You et al.’s work.”® The newly constructed chain struc-
tures of Fe-Zn and Fe-Cu in our work used the procedure of
synthesizing Fe-Ni/Fe-Co and Fe-Cu, respectively. Despite the
difference in the reaction solvent, both of them present the
same structure as a reported chain structure connected by Fe'"
and Fe'.?*
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Fig. 1d exhibits the collection of IR spectra of the chain
complexes studied herein. Despite the change of the metal ion
coordinated to the Fe'"" ion, the IR spectra are very similar. In
Fig. 1d, all spectra show characteristic peaks of the anionic Tp
ligand in region III ranging from 900 to 1550 cm™'. The pres-
ence of a DMF molecule in compounds Fe-Mn and Fe-Cu is
revealed by a characteristic peak at ca. 1650 cm ™" ascribed to
the C=0 stretching vibration. The broad absorption in region
I corresponds to the B-H stretching vibration from the Tp
ligand in the series of complexes, and the values are collected
in Table 1. The region II emphasizes the characteristic cyanide
stretching vibrations including the characteristic bridging
Fe™-CN-M" (M refers to different metals) at higher vibrations
and the terminal Fe-CN cyanide at lower vibrations, which
are locally magnified and summarized (Table 1).

Thermogravimetric analysis (TGA) was used to investigate
the thermal stability of the compounds under both air and
nitrogen atmospheres. Almost coincident curves exhibiting
three major mass losses are observed in air and N, for Fe-Ni
before reaching 200 °C (Fig. 2). In contrast, Fe-Co shows one
weight loss at lower temperature in air, suggesting the tighter
bond of solvent molecules to nickel than cobalt. This fits
nicely with the Irving Williams series where Ni presents stron-
ger binding force than Co.>” Besides, the percentages of
weight loss (12.2% and 11.9%) of Fe-Ni and Fe-Co samples at
low temperature are consistent with the calculated ones
(12.6% and 12.0%) for the crystallization solvents and two co-
ordinated water molecules, respectively. Crystallization solvent
molecules of Fe-Ni and Fe-Co products are thus removed com-
pletely below 200 °C.

Table 1 FTIR spectra compilation for characteristic stretching
vibrations

v(B-H) V(Fe"'-CN-Ni" ) Bridg_ing v(Fe:"-CN-M")
V(B-H) Jem- V(Fe-CN) ;I'cer:]r_:unal V(Fe'.CN)
\/ 2515 2165 | 2122
Fe-Ni
\/ 2513 2158 | 2123
-Co
2527 2154 2127
2142
Fe-Mn
2510 2162 2124
Fe-Zn
RN
2515 2173 2124
Fe-Cu

2600 2500 2200 2150 2100
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In the case of Fe-Mn, the substantially identical thermo-
gravimetric profiles in both air and nitrogen present two mass
reductions before reaching 200 °C, corresponding to a weight
loss percentage of 15.6% (Fig. 2c¢). This value is exactly the
expected one, considering the crystallization solvents (water
and DMF) and coordinated water molecules. In Fig. 2d,
whether in air or nitrogen, Fe-Zn exhibits little mass loss
(2.4%) at low temperature, which matches with the calculated
weight loss percentage of 2.3%, corresponding to the removal
of free solvent molecules and the coordinated water molecule
in the Fe-Zn sample. The thermal behaviour observed for Fe-
Cu is quite different, as Fe-Cu shows little mass loss (1.8%)
when heated up to 140 °C, which is close to the expected per-
centage for the loss of free solvents (1.6%). Then, a noticeable
loss of mass is observed between 140 and 200 °C, which
cannot be ascribed to the removal of the only bound DMF
molecule and thus suggests a partial decomposition. In air,
the Fe-Cu compound shows a bump between 200 and 300 °C
which is not seen under N, and thus probably a result of an
oxidation reaction in air.

Finally, for all the Fe,M chain compounds, a large weight
loss is observed above 200 °C, which accounts for their
thermal decomposition. As all these degradation temperatures
are notably higher than 100 °C at which we treated electrodes
containing these compounds in a tube furnace, all these com-
pounds are suitable for subsequent electrochemical studies
from a thermal stability perspective.

As mentioned in the Experimental section, all the materials
were dried in a vacuum at 100 °C for 4 h before the assembly
of the electrochemical cells. Subsequently, XRD patterns and
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Fig. 2 (a—e) Thermogravimetric analysis of the compounds in nitrogen
and air atmospheres; (f) calculated percentage of solvent to the total
weight of the molecule.
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partial FT-IR spectra were recorded, and they are shown in
Fig. 3 and the full FT-IR spectra are exhibited in Fig. S7.1 After
the thermal treatment under vacuum, Fe-Zn and Fe-Cu com-
pounds retain the original IR spectra and their XRD patterns
are unchanged (Fe-Zn and Fe-Cu in Fig. 3 and Fig. S7t), while
the other compounds are modified to some degree. In Fig. 3,
Fe-Ni after vacuum heating presents a completely different
XRD pattern from the previous one, and heated Fe-Co
becomes amorphous. For the Fe-Co compound, we observed
that upon heating it is prone to amorphization (Fig. 3). While
we do not have a definitive explanation for this observation, it
is possible that the labile character of the Co-N bond together
with the ability of the Co™ to easily change from octahedral to
tetrahedral surrounding upon desolvation, favours the occur-
ence of defects in the structure that ultimately lead to amor-
phization. Considering their IR spectra, Fe-Ni before and after
vacuum heating show similar features in both the fingerprint
region of the spectra and the cyanide stretching vibration
region (Fig. S7f and partial IR spectra on the right, Fig. 3). In
contrast, Fe-Co cyanide vibrations display changes: a broaden-
ing of the peaks occurs (2124 cm ™" appears as a shoulder) and
more importantly, the appearance of a weak peak at
2067 cm™*, which could accounts for a partial reduction of Fe
(m) to Fe(m).*®* Further insight into this compound may
require PDF (pair diffusion function) analysis or XAS (X-ray
absorption spectroscopy), which are suitable techniques for
investigating local structures. A broadening of the CN stretch-
ing vibration is also observed in the IR spectrum of Fe-Mn
under drying which could account for a higher structural dis-
order. Actually, the XRD patterns of Fe-Mn in Fig. 3 reflect a
relatively lower crystallinity compared to the fresh compound.
Therefore, we hypothesize that Fe-Ni may have lost part of the
solvent molecules while maintaining the chain structure, and
Fe-Co may have suffered from some degree of crystal structure

——VH Sample
—— Sample Fe-Ni | (~2165

%AMMUA:)W o~ ]
Fe-Co| [-2765°'2
[\ 52567
2124
2165
Fe-Mn
2127
21522142
2152 2128

2142

2122

A

21652123

i

Fe-Zn Bt

2162
2125

2161

Fe-Cu ™\_572a |

2173
2124
2172
T T
2200 2100

Wavenumber (cm™)

3

10 15 20
206(degree)

Fig. 3 Powder X-ray diffraction patterns and partial IR spectra of com-
pounds before and after vacuum heating (denoted as VH) at 100 °C.
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collapse, which is present to a lower extent in Fe-Mn. Fe-Cu
and Fe-Zn exhibit relatively good thermal stability probably
because they are on the extremity of the Irving Williams series
and are expected to show the strongest bonding with the N
cyanide. To further probe this hypothesis, we conducted mag-
netic measurements on Fe-Ni and Fe-Co compounds before
and after vacuum heating.

The temperature dependence of the yyT product in the
temperature range of 300-1.9 K is shown in Fig. 4 (where yy; is
the magnetic molar susceptibility per Fel'M" unit). At 300 K,
the yuT of fresh and vacuum heated Fe-Ni chain (Fig. 4a) are
almost the same, 2.70 and 2.66 cm® mol " K, respectively, and
they both agree with the expected value for one octahedral Ni
(1) ion and two low-spin Fe(m) ions with orbital
contribution.'®*® Thus, the drying process does not seem to
affect the metal ions’ redox state. For both compounds, upon
decreasing temperature, the yy7 product first gradually
increases until 50 K and then suddenly increases reaching
maximum values of 110 cm® mol™ K and 37 cm® mol ™" K at
5 K, followed by an abrupt decrease until 2 K. The continuous
increase upon lowering T accounts for the occurrence of ferro-
magnetic interactions between the Fe(m) and Ni(u) ions
through the cyanide bridge. This is coherent with the Kahn’s
model that predicts ferromagnetic exchange coupling between
the orthogonal magnetic orbitals: t,, on the Fe(u) and e, on
the Ni(u) ions.*" The sudden increase of yyuT to high values
below 50 K is coherent with the one-dimensional character of
the compound as the correlation length of the ferromagnetic
domains increases with decreasing temperature.*®*?
Interestingly, the increase is not so pronounced in the dried
sample, which could be due to the occurrence of defects or
distortion in the chain structure upon desolvation.
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Fig. 4 Thermal dependence of the ymT product of Fe—Ni (a) and Fe-Co
(b) in the temperature range of 1.9-300 K.
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The fresh Fe-Co sample exhibits similar properties to the
Fe-Ni ones. The yyT values at 300 K, 4.13 cm® mol™* K are in
the range of the expected theoretical values for magnetically
independent two low-spin Fe(ur) and one high-spin Co(u),
ca.4.0-4.8 cm® mol™" K (both of them having a significant
magnetic orbital contribution). Upon decreasing the tempera-
ture, a first gradual then abrupt (below 50 K) increase of the
xmT value is observed, which accounts for the occurrence of
ferromagnetic exchange coupling propagating along the 1D
compound (as previously observed in similar compounds).*?
The dried Fe-Co sample shows differences that can be
observed using the chemical analyses, FT-IR and TGA. First,
the yuT value at 300 K (3.52 em® mol™" K) is slightly smaller
than that of the fresh sample. This can be associated with a
partial reduction of the Fe(m) ion into the diamagnetic Fe(u)
center which is coherent with the new characteristic cyanide
stretching vibrations (Fig. 3). This hypothesis is in fact coher-
ent with the magnetic measurement at lower temperature. The
xmT value only smoothly increases reaching only 6.43 cm?
mol™ K at 5 K. This is coherent with the loss of long-range
ordering along the 1 D compound.***> Moreover, as the com-
pound loses its crystallinity, the occurrence of structural
defects cannot be discarded. Finally, TGA indicated an almost
complete loss of solvent and coordinated water molecule
which could indicate the occurrence of tetrahedral Co(u)
centers which would also account for a reduction of the y\T
product (Fig. S87).

In summary, the process of vacuum heating for electrode
manufacture does not significantly alter the crystal structure of
the Fe-Mn, Fe-Zn and Fe-Cu compounds, while it causes
noticeable modification of the structure of Fe-Ni and Fe-Co
compounds. However, the magnetic data of Fe-Ni remains
coherent with the preservation of a one-dimensional character.
Greater damage is observed in the Fe-Co compound which
also suffers from partial reduction of the Fe(u) center, result-
ing in the amorphous state with a short-range order.

3.2. Electrochemical characterization

Since Fe-Ni has been confirmed to be capable of lithium
storage in a previous study,'® we are interested in exploring the
possibility of employing it as an aluminum storage host and
comparing this material with similar Fe-M chain compounds.
Swagelok cells were assembled to characterize the electro-
chemical behavior of these materials, with the as-prepared
samples as the working electrode and aluminum metal as
counter and reference electrodes. The ionic liquid 1-ethyl-3-
methyl-imidazolium chloride (EMImCl) mixed with AlCl; in
the ratio 1:1.1 for our studies was selected as the electrolyte
due to a few attractive features such as very low vapor pressure,
relatively high electrical conductivity and a suitable electro-
chemical potential window.>*

In such an electrolyte, the molar ratio of [EMIm]|CI/AIC;
controls the acidity of the electrolyte and determines the pre-
dominant anion species in the electrolyte. The mixture of
more than 50 mol-% AICl; is considered as Lewis acidic and
the aluminium species in the form of Al,Cl,” appears, while
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those with a 1:1 (50 mol-% EMImCI to 50 mol-% AICl;) com-
position are Lewis neutral characterised by AICl,~ and less
than 50 mol-% AICl; are Lewis basic, mainly consisting of
C1™.*® However, the organic cations in EMImCI-AICI; ionic
liquid are reduced at a higher potential than the dominant
AICl,” anions, indicating the aluminium deposition from
AICl,~ in a Lewis neutral ionic liquid is not possible.
Therefore, aluminium deposition, which ensures aluminum-
ion battery operation, only occurs in acidic electrolytes accord-
ing to the following reaction, in which the Al,Cl,” anions are
reduced (—0.2 V vs. Al|Al(ur)):*°

4AL,Cl;~ 4+ 3e” — Al + 7AICIT

To provide more insight into the A’ storage within this
series of one-dimensional compounds, the galvanostatic
charge-discharge (GCD) cycling was performed on the five
compounds at a current of 10 mA g ' in selected voltage
windows (Fig. 5). Firstly, the assembled cells with different
metal compound cathodes were discharged from 1.8 to 0 V. In
the case of Fe-Ni and Fe-Co compounds, the cut-off voltage
had to be increased to 0.4 V to avoid the cathode damaging
observed beyond this value. The corresponding GCD curves
are shown in Fig. 5(a) and (c), while those of Fe-Mn, Fe-Zn
and Fe-Cu compounds are shown in Fig. 5(e), (g) and (i).

The GCD curve of Fe-Ni in the voltage range of 0.4-1.8 V
only shows a discharge plateau at 1.4 V, and its specific
capacity is only 29 mA h g, This is the lowest first discharge
specific capacity of this series of compounds, and the specific
capacity drops to 6 mA h g* by the second cycle. In Fig. 5(c),
Fe-Co exhibits two plateaus at 1.4 V and 0.4 V, respectively,
and its first discharge process presents a similar behavior to
that of Fe-Zn with two plateaus at 1.4 V and 0.2 V of its first
discharge curve. The second discharge plateaus are both
longer, making their first discharge specific capacity as high
as 200 mA h g for Fe-Co and 196 mA h g™ for Fe-Zn, which
are relatively high compared with the specific capacity reported
in the literature for this class of materials in aluminum ion
batteries.””*® It could be suggested that long discharge
process damages or destroys the chain structure, which results
in a great capacity fading, with the specific capacity of the
second cycle for Fe-Co and Fe-Zn falling to 85 mA h g™* and
15 mA h g7, respectively. Although their initial discharge
specific capacity is high, the specific capacity deteriorates
deeply, showing an irreversible electrochemical process. This
deterioration of specific capacity also occurs on the cathodes
composed of Fe-Mn and Fe-Cu compounds. The GCD curve of
Fe-Mn presents three discharge plateaus at ca. at 1.4 V, 1.1 V
and 0.5 V (Fig. 5(e)), and the capacity in the first discharge
process is 44 mA h g™, which is more than twice that of the
second circle (21 mA h g™"). Similarly, the first-discharge
capacity of the electrode based on the Fe-Cu compound could
reach a high specific capacity of 116 mA h g™, although it
decreases to 24 mA h g' for the second discharge process.
The GCD curve of Fe-Cu in Fig. 5(g) exhibits two clear plateaus
at 1.4 Vand 0.2 V.
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Fig. 5 Galvanostatic discharge—charge profiles of the compounds
Fe—Ni (a—b), Fe—Co (c—-d), Fe—Mn (e-f), Fe—Zn (g—h), Fe—Cu (i—j) in the
voltage range of 0-1.8 V/0.4-1.8 Vand 1.0-1.8 V.

Preliminary electrochemical charge-discharge tests of these
five compounds in the selected potential window (0-1.8 V and
0.4-1.8 V) show an irreversible electrochemical process after
the first long discharge process. We believe that the high
capacity of the first discharge process derives mainly from the
large number of cavities in the one-dimensional structure.
After the initial discharge, a large amount of aluminum ions
could be stuck in cavities and not completely deintercalated
during the subsequent charging process. Considering the high
charge density of aluminum ions, both intercalation and dein-
tercalation may cause structural damage. As the number of
charges and discharges increases, this phenomenon intensi-
fies, reflected in a sharp decrease in specific capacity. Then,
compared with the other three compounds, the chain struc-
tures of the Fe-Ni and Fe-Co compounds are even more
unstable, as they cannot even withstand the insertion of large
amounts of aluminum ions when discharging at the potential
window of 0-1.8 V. So, the potential window between 0.4-1.8 V
with increased cutoff voltage was applied on Fe-Ni and Fe-Co
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compounds to limit structural damage or evolution of the
cathode materials.

It is worth noting that the first discharge plateau on the
GCD curves of all compounds appears at approximately 1.4 V,
which may correspond to the redox reaction of Fe*" that is
common to all the compounds. The variability in the sub-
sequent discharge curves is due to the different nature of the
compounds. The excellent first-cycle discharge specific
capacities obtained, accompanied by a large discharge plateau
near 1.4 V, especially for Fe-Co and Fe-Zn compounds
suggests a favourable aluminum ion intercalation in this
process. Nonetheless, the severe specific capacity deterioration
of the second cycle suggests that this process is a one-time
event, as poor cycling stability resulting from structural
damage or collapse occurs. To limit the material damage, the
cut-off voltage was reduced, aiming to increase the reversibility
of electrochemical intercalation and deintercalation at the
expense of the first-cycle discharge specific capacity, thereby
improving cycling stability.

The galvanostatic charge-discharge curves of these com-
pounds in the voltage range of 1-1.8 V at a current of
10 mAg ! are shown in the right column of Fig. 5. The dis-
charge curves for Fe-Ni and Fe-Mn show a consistent dis-
charge plateau at 1.4 V, aligning with previous tests. The first-
cycle discharge capacity of Fe-Ni does not change signifi-
cantly because there is no obvious redox reaction of Fe-Ni
within the potential window of 0.4 V-1 V. For Fe-Mn elec-
trode, as the cut-off voltage increases to 1 V, the specific
capacity drops to 18 mA h g™*, and the capacity retention rate
referring to that of the second cycle increases from 48% to
61%. In Fig. 5(d) and (h), Fe-Co and Fe-Zn exhibit similar
discharge behavior with two plateaus at 1.4 V and 1.2 V,
respectively. Due to the increase in cut-off voltage, both Fe-
Co and Fe-Zn lose the long structure-damaging redox process
at lower voltages, meanwhile their specific capacities
decrease from as high as about 200 mAh g ' to 25 mAh g™*
and 13 mA h g™ ' respectively. The discharge curve in the
1-1.8 V voltage range of the Fe-Cu electrode shown in
Fig. 5(j) also displays two discharge plateaus as in the pre-
vious test. Although its first-cycle specific capacity is reduced
to 49 mA h g™, its second-cycle specific capacity is close to
the previous one, which means that the capacity retention
rate was improved.

The first-cycle and second-cycle specific capacities in
different voltage windows and the corresponding capacity

Table 2 Theoretical capacities, experimental capacities (first two cycles)
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retention of all compounds are listed in Table 2. It is obvious
that increasing cut-off voltage reduces the specific capacities of
these compounds, while the capacity retention rates are
improved (except for the Fe-Co). In addition, in the voltage
window of 1.0-1.8 V, Fe-Cu displayed the maximum capacity
of 49 mA h ¢ among these compounds whereas the capacity
of Fe—Co is as high as 200 mA h g™" in the previous situation.
Considering their capacity retentions, Fe-Zn exhibited the
most stable structure while the stability of Fe-Co was the
worst. Yet, even so, the relatively high irreversible capacities in
the first discharge process and the much lower reversible
capacities in the following electrochemical cycles make them
not impressive for application in reversible aluminum storage
when compared with cathode materials for AIBs with good per-
formance reported so far. For example, Guo et al. investigated
a 2D copper-based MOF and optimized it by in situ coating
reduction graphene oxide (rGO). Then, the AI-MOF battery
based on [EMIm]CI-AICI; electrolyte is constructed with this
optimized MOF as the cathode, delivering a high reversible
capacity (184 mA h g7' at 50 mA g7"), and excellent cycling
stability (beyond 1000 cycles).** In addition, before further
investigating the AI** ions trapped in cavities causing capacity
decay, we conducted the “Compounds Stability Investigation”
section and found issues with AI’* ions being trapped within
structures of compounds and interactions with the electrolyte
leading to their dissolution. This structural deterioration
during their electrochemical reactions complicates quantitat-
ive analysis of the trapped AI** ions, as some may return to the
electrolyte.

3.3. Compounds stability investigation

So far, the substantial performance degradation of com-
pounds. during the electrochemical charge and discharge
process has led us to realize that the damage and collapse of
the structure may be caused by the insertion and deintercala-
tion of ions with high charge density. However, the role played
by the Lewis acidic ionic liquid electrolyte remains to be inves-
tigated. Therefore, open circuit voltage (OCV) was monitored
over time to study the effect of the electrolyte on compounds
and to anticipate the active materials’ behavior and their poss-
ible evolution when inserted in a battery device. Cyclic voltam-
metry (CV) curves recorded after some delays were also
measured and compared to those described above and
obtained straight after battery preparation in the voltage
window of 1-1.8 V.

, and capacity retentions of compounds

0-1.8V/0.4-1.8V 1.0-1.8V

Qtheoretical 1% cycle 2™ cycle Capacity 1% cycle 2™ cycle Capacity

(Fe**/Fe™") (mAhg™) (mAhg™) retention (%) (mAhg™) (mAhg™) retention (%)
{Fe(Tp)(CN);},{Ni(H,0),} 31.13 29 6 21 30 8 27
{Fe(Tp)(CN);},{Co(H,0),} 31.32 200 85 43 25 6 24
{Fe(Tp)(CN),}, {Mn(H,0),Mn}  30.21 44 21 48 18 11 61
{Fe(Tp)(CN);}, {Zn(H,0),Zn} 29.20 196 15 8 13 9 69
{Fe(Tp)(CN);},{Cu(DMF)} 34.48 116 24 21 49 22 45
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The OCV curve of the cell assembled with the Fe-Co com-
pound as the electrode material exhibits the worst stability in
the GCD test (1-1.8 V) as presented in Fig. 6. It displays a
downward trend over time, falling sharply from 1.5 V down to
0 V within five hours. The initial CV curve (in red) exhibits
clear redox peaks between 1.4 V and 1.5 V, which match well
with the position of the first plateau in the GCD curve
(Fig. 5¢). After 24 h, the open circuit voltage of the assembled
cell experienced a sharp decline (blue dot in Fig. 6), and the
voltage after 72 h was close to 0 V. When CV curves collected at
different time delays are compared, the obvious decrease of
the peak area and loss of redox peaks are revealed. This is con-
sistent with the performance of the Fe-Co electrode in the gal-
vanostatic charge-discharge test which shows a strong capacity
decrease and an evolution of the material when applied to the
battery device.

The Fe-Zn compound which shows the most stable per-
formance in galvanostatic charge-discharge test in 1-1.8 V
also shows a time dependent OCV indicating an evolution of
the materials once assembled in battery devices (Fig. 7).
Actually, its open circuit voltage first decreases before rising to
a maximum value near 24 h, and then it decreases and stabil-
izes at around 1.53 V. Although there is an upward and down-
ward trend throughout the process, the open circuit voltage is
controlled between 1.5-1.6 V. All CV curves collected with
delay times of 0 h, 24 h, and 72 h have obvious redox peaks,
indicating that this compound retains good redox ability after
72 hours, which is in contrast to the CV curve of Fe-Co after
72 hours in Fig. 6. However, the covering area of the CV curve
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Fig. 6 Fe—Co product: Open circuit voltage (OCV) and aggregate
curves of CVs with different delay times.
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Fig. 7 Fe-Zn product: Open circuit voltage (OCV) and aggregate
curves of CVs with different delay times.

in yellow is much smaller than the red one, demonstrating
that even the Fe-Zn electrode delaying after 72 h is capable of
redox reaction, it has been changed when in contact with the
electrolyte for 72 h.

Other compounds including Fe-Ni, Fe-Mn and Fe-Cu
suffer from the same evolution when in contact with the elec-
trolyte for a period, as shown in Fig. S9, S10 and S11,} respect-
ively. The OCV curves of Fe-Ni and Fe-Cu electrodes have
experienced the same process of falling, rising and falling
again like that of the Fe-Zn electrode. The Fe-Ni retains a
downward trend even after 146 hours while Fe-Cu, similar to
Fe-Zn, soon stabilizes between 1.5 and 1.6 V. Regarding the
CV curve of Fe-Ni in 1.0-1.8 V, it has almost lost redox ability
after 24 hours of soaking with the electrolyte, as there are no
redox peaks in corresponding CV curve. The CV curves of the
Fe-Cu electrode delayed for 24 h and 72 h only reserved
narrow areas. Therefore, we believe that a large number of
aluminum ions were trapped in the structural framework of
the Fe-Cu compound, resulting in the loss of redox ability. In
Fig. 510, the open circuit voltage of Fe-Mn keeps rising until
168 h, but the CV curve collected at 72 hours of the rising
process no longer has a redox peak. Without exception, Fe-Mn
changed within 72 hours of interacting with the electrolyte,
showing very unstable electrochemical properties.

Overall, not only do the intercalation and deintercalation of
ions lead to structural damage and collapse, but these com-
pounds also suffer from the interaction of the ionic liquid elec-
trolyte over a very short period of time. Firstly, among them,
Fe-Ni and Fe-Co are relatively more reactive, which is reflected
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in the inability to discharge to 0 V in the galvanostatic charge-
discharge test, and the loss of the redox peaks in the
24 h-delayed curves in the cyclic voltammetry test. Then, in the
voltage range of 1.0-1.8 V, Fe-Cu delivered the highest first-
cycle discharge capacity. This might be correlated to the pres-
ence of bulkier coordinated DMF on the divalent ion in the
Fe-Cu compound, which leads to an increase of the spacing
between neighboring chains.?” This could lead to a better Al-
ion insertion and a higher specific capacity. The capacity
retention of Fe-Zn in the voltage range of 1.0-1.8 V indicates
its better stability compared to other compounds, although
the specific capacity is low. It may result from the relatively
stable valence state of Zn>". In addition, it is worth mentioning
that although these compounds are coordinated with different
divalent metals, the redox peaks of their initial state CV curves
in the 1.0-1.8 V potential window are all located near 1.4
V. Therefore, we believe that the process of storing ions in
these compounds mainly relies on the Fe**/Fe®* redox reaction.
The shift of the redox peak positions and the difference of
specific capacities between these compounds result from the
influence of another metal in each compound.

In order to explore the stability of the one-dimensional
compounds in the ionic liquid electrolyte, we dissolved
selected compounds in the electrolyte, and then we performed
EPR and FT-IR measurements on both dissolved and bulk
compounds for comparison.

For EPR, we used a diluted mixture compared with the con-
centration used in batteries (where 100 uL of the electrolyte is
used for ca. 1 mg of active material) to avoid dipolar inter-
action between molecules, and the Fe-Zn and Fe-Cu com-
pounds were selected to facilitate the interpretation of the EPR
spectra. On the one hand, the Zn*" ion is EPR-silent in the Fe-
Zn compound and we thus expected to observe recognizable
signals of the anisotropic low-spin Fe(m) ions. On the other
hand, the EPR spectra of Cu** compounds are well known in
the literature and easily trackable.

Fig. 8 shows the EPR spectra of powder (a) and dissolved
Fe-Zn (b) and powder (c) and dissolved Fe-Cu (d) at 4 K. The
powder spectrum of Fe-Zn (Fig. 8a) is typically that of low-spin
Fe(m), exhibiting a rhombic electronic structure with g; = 3.03,
g, =1.98 and g; = 1.55.%° In contrast, the spectrum of dissolved
1D Fe-Zn (Fig. 8b) presents a narrow peak with g = 2.00 and
several weak peaks with g > 4.29. This clearly accounts for a
decomposition of the [Fe™(Tp)(CN);] subunits According to
the literature, the high g value (g > 4.29) could account for the
occurrence of rhombic high spin Fe(ur) ions, while the signal g
= 2 could be attributed to the presence of iron coordination
clusters containing coupled Fe(m) ions.”*>® The powder spec-
trum of the pristine Fe-Cu compound (Fig. 8c) shows a typical
signal of an integer-spin species resulting from the magnetic
exchange interaction between low-spin Fe(ur) (S = ;) and Cu(u)
(S =1) integrated into the chain.”” In contrast, the spectrum of
the dissolved Fe-Cu material (Fig. 8d) seems to be the super-
position of two signals: (i) a signal at g = 2.00 similar to that
observed in Fe-Zn suggests again a decomposition of the Fe
() subunit and (ii) a signal with g; = 2.06, g, = 2.04 and g; =
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Fig. 8 EPR spectrum of samples of the pristine compounds Fe-Zn (a)
and Fe—Cu (c) and their mixture with the-electrolyte (respectively (b)
and (d)) at 4 K.

2.02 typical of rhombic Cu(u) ions which is also coherent with
a material dissociation. In particular, the hyperfine inter-
actions of the Cu(u) ions are clearly visible on the gx com-
ponent of the spectrum. Overall, the EPR spectra indicate that
both chains are dissociated in the electrolyte into individual
metal complexes that can then evolve.

IR spectroscopy provides another view of the instability of
these compounds in the electrolyte. In this case, the powder
sample of the vacuum heated Fe-Ni compound was immersed
in the electrolyte and the amount of active material is much
higher in this experiment than in the battery set-up. After
24 hours, the compounds seemed to dissolve, and then a
mixture of the dissolved sample and electrolyte in the slurry
state was obtained and probed by FT-IR spectroscopy.
Surprisingly, almost all traces of organic component dis-
appeared, and only weak cyanide vibrations could be observed
as shown in Fig. 9. Three weak stretching vibrations were thus
observed at 2193, 2134 and 2090 cm™ " in the Fe-Ni sample
(which do not appear in the spectroscopy results for the pure
electrolyte). The peaks at 2134 and 2090 cm™" clearly point to
a partial reduction of the Fe(m) to Fe(u) in the material, while
the one at a higher wavenumber could be tentatively assigned
to the formation of the Fe"™-CN-AI"" bridge, as shown in the
zoomed-in images on the right side of Fig. 9(b) and (c).

Furthermore, using the same protocol, a large amount of
precursor (NBu,)[Fe(Tp)(CN);] was mixed with the electrolyte
and then the FT-IR spectrum was recorded (Fig. 9(e) and (f)).
Although the fingerprint region corresponding to the electro-
Iyte and precursor mixture is consistent with that of the elec-
trolyte, a new stretching vibration appears at 2190 cm™". As
mentioned above, this vibration probably accounts for the
occurrence of new Fe"™-CN-AI" bridging units. Actually, when
the terminal cyano-group is metal-coordinated, its v(CN)
stretching frequency will shift to higher wavenumber.>® Note
that similar stretching vibrations for the Fe™-CN-AI"" unit
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heating (noted as VH) at 100 °C and mixture of electrolyte and samples
after vacuum heating: (a) electrolyte; (b and c) Fe—Ni; and the (d and e)
(NBuy)[Fe(Tp)(CN)s] precursor.
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were also reported by Bertran et al. at ca. 2185 cm
summary, the chain compounds when interacting with the
electrolyte probably suffered from competitive coordination of
the cyanide with AI** cations, partial reduction of Fe(m) to Fe(),

and some decomposition.

4. Conclusion

In this work, we investigated the Al intercalation properties in
a series of related cyanido-bridged chain compounds co-
ordinated with different divalent metals (Ni, Co, Mn, Zn, Cu).
We showed that these low dimensional counterparts of the
well-known Prussian blue analogues have the capability of
accommodating aluminium ions when using an ionic liquid
electrolyte and Al metal as the counter electrode. Interestingly,
these compounds exhibited identical voltage discharge pla-
teaus in GCD curves and consistent redox peak positions in CV
curves, suggesting a unified redox-active site at 1.4 V, attribu-
ted to the redox couple Fe**/Fe**. Besides, a maximum first-
cycle capacity of about 200 mA h g™' was observed for the Fe-
Co compound in the potential window of 0-1.8 V. However,
this capacity falls quickly in the following cycles. The thermal
and electrochemical stabilities of all these compounds were
investigated and compared, for better understanding the
differences in structural and electrochemical behaviours
caused by different bridging divalent metals. Although the Fe-
Zn compound appears relatively stable thermally and electro-
chemically among these compounds, the study shows that a
high first-cycle discharge specific capacity obtained by a large
potential window (0-1.8 V) and a good capacity retention
obtained by increasing the cut-off voltage (1-1.8 V) are incom-
patible. Furthermore, we studied the impact of ionic liquid

This journal is © The Royal Society of Chemistry 2024
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electrolytes on the compounds and revealed that the ancho-
rage of intercalated aluminum ions to cyanido groups could
occur. Thus, the formation of the new cyanide bridge (Fe™-
CN-AI"") may create some resistance to the deintercalation of
aluminum ions. This gives us some inspiration for exploring
possibly more suitable Al-ion host candidates such as higher
dimensional materials (2D and 3D) with more stable organic
ligands, due to the higher stability of materials with higher
dimensions and the consideration of avoiding potential overly
tight binding of AI** to donor sites.
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