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Elucidating the Iron-Based Ionic Liquid [C4py][FeCl4]:
Structural Insights and Potential for Nonaqueous Redox
Flow Batteries

Christian Balischewski, Biswajit Bhattacharyya,* Josh J. Bailey, Scott D. Place,
Peter Nockemann, Jiyong Kim, Armin Wedel, Shashank Gahlaut, Ilko Bald, Weiyang Li,
Yann Garcia, Eric Sperlich, Christina Günter, Alexandra Kelling, and Andreas Taubert*

In this study, a low-melting organic-inorganic crystalline ionic liquid
compound, N-butyl pyridinium tetrachlorido ferrate (III) is described. The
material can easily be synthesized using a one-pot approach in an ionic liquid
medium. Single-crystal X-ray diffraction confirms that the basic inorganic
block is [FeCl4]−, which is counterbalanced by an N-butyl pyridinium cation.
The compound exhibits a melting point of 37.6 °C by differential scanning
calorimetry, which is among the lowest values for a pyridinium-based
metal-containing ionic liquid. The material shows promising electrochemical
behavior at room temperature in both aqueous and nonaqueous solvents, and
at elevated temperatures in its pure liquid state. Given its appreciable
solubility in both water and acetonitrile, the compound can act as a
redox-active species in a supporting electrolyte for redox flow battery
applications. These classes of low-melting ionic solids with long-range order
and interesting electrochemical applications are potential candidates for a
range of green energy storage and harvesting systems.
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1. Introduction

Low-melting ionic solids are emerging as
an alternative sustainable material for vari-
ous applications, including energy storage,
sensors, and catalysis.[1–6] Above their melt-
ing points, these materials can be classified
as either inorganic or organic molten salts,
depending on their nature. For example,
inorganic chloroaluminate molten salts of
lithium, sodium, and potassium in various
ratios have melting points below 100 °C
and are extensively used as solid-state
battery electrolytes.[7] Conversely, organic
molten salts such as ionic liquids with low
melting points, have also been used for
similar applications.[8] Upon cooling (and
solidification) these materials may be amor-
phous, crystalline, or liquid crystalline.[9,10]

Due to their task-specific designer
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Figure 1. a) Photograph of some liquid crystals of [C4py][FeCl4]. The crystals look pale yellow but after melting turn into a brown-colored liquid. b)
Molecular structure of [C4Py][FeCl4] with atomic labels. Displacement ellipsoids are shown at the 50% probability level. Hydrogen bonds are shown in
Figure S4 (Supporting Information).

material character and their broad range of electrochemical prop-
erties, these materials are also emerging as strong alternatives for
solution-based electrochemical applications, such as electrolytes
in fuel cells or redox flow batteries. Here the main advantage is a
generally higher ion mobility paired with better contact between
the electrolyte and the electrode surface.

Over the last decade, there has been remarkable progress in
organic-inorganic hybrid materials within material science.[11]

More specifically, organic-inorganic metal halides have emerged
as one of the most intensively researched and applied materials
in energy and optoelectronic applications.[12] In this regard, ionic
liquids based on organic–inorganic metal halides are also gaining
interest in recent times due to their unique physical and chem-
ical properties, which can be tailored by the choice of metal and
ligand components.[13–20]

Here we demonstrate a new iron-based organic-inorganic
ionic liquid compound, N-butyl pyridinium tetrachlorido ferrate
(III), which is synthesized through a single-step procedure in an
ionic liquid medium. The material forms needle-shaped crystals.
Single crystal X-ray diffraction (XRD) shows that the basic struc-
ture is [FeCl4]− stabilized by an N-butyl pyridinium cation. Differ-
ential scanning calorimetry (DSC) and thermo-gravimetric anal-
ysis (TGA) show that the material has a remarkably low melt-
ing temperature of 37.6 °C and exhibits thermal stability up to
250 °C. In addition to its structural and thermal properties, the
material displays interesting electrochemical properties both at
room temperature and at temperatures above its melting point.
Cyclic voltammetry data show interesting prospects in different
solvents and charge–discharge cycling in an H-cell setup illus-
trates its use as a redox-active species, demonstrating its potential
applicability in energy storage.

2. Results and Discussion

N-butyl pyridinium tetrachlorido ferrate (III) ([C4py][FeCl4]) has
been synthesized via a single-step, one-pot synthesis method with
high yields (see Experimental for details). In short, the precursors
are mixed in isopropanol, heated to reflux, and then allowed to
cool to room temperature. The basic reaction scheme of the syn-
thesis is shown in Figure S1 (Supporting Information). Figure 1a

shows some of the resultant crystals of [C4py][FeCl4]. The crys-
tals have a distinct pale-yellow color that turns deep brown upon
melting. A photograph of the pure liquid state has been provided
in the supporting information (Figure S2, Supporting Informa-
tion) along with its attenuated total reflectance infrared (ATR-IR)
spectrum (Figure S3, Supporting Information).

The crystal structure of [C4py][FeCl4] was determined by
single-crystal XRD analysis, with details found in the Experi-
mental and Supporting Information sections. The compound
[C4py][FeCl4] crystallizes in the trigonal space group P31c with
18 formula units per unit cell (see Table S1, Supporting Informa-
tion). There are three [C4py]+ cations and three [FeCl4]− anions
in the asymmetric unit. Figure 1b) shows a part of the unit cell,
showing that three of the five anions are located on three-fold
axes of rotation. The butyl chain of the cation with N3 is disor-
dered in two positions at a ratio of 84:16. In Figure 1b, only part
A of the disordered structure is shown. Besides this compound,
only two other compounds are known so far with an alkyl pyri-
dinium cation and a [FeCl4]− anion (CSD Ref. Code CERJUE and
WETPAO).[21] In both compounds, other anions are present in
addition to the [FeCl4]− anion.

Despite the large number of potential proton acceptors (14 Cl
atoms in the asymmetric unit), only a few hydrogen bonds ex-
ist between the cations and anions due to the low acidity of the
hydrogen atoms in the compound. In total, only four C-H-Cl hy-
drogen bonds, with an acceptor-proton distance of up to 2.9 Å,
are observed (see Figure S4, Supporting Information). As already
seen in similar compounds,[13–15] anion-𝜋 interactions between
the cations and the anions significantly influence the molecu-
lar arrangement. Overall, nine of the 12 symmetry-independent
Cl atoms form anion-𝜋 interactions with an aromatic-Cl distance
less than 4.5 Å (Figure S5, Supporting Information). The [FeCl4]−

anions exhibit tetrahedral geometry. The Cl atoms that are not
involved in anion-𝜋 interactions, i.e., Cl3, Cl6, and Cl11, form 𝜎-
hole interactions with the Fe atoms of neighboring anions. This
leads to intermolecular anion chains aligned along the crystallo-
graphic c-axis (Figure 2a).

A 3D geometry analysis using Conquest (CSD) software[22]

showed that this intermolecular linkage to anion chains occurs
relatively frequently in compounds with tetrahedral [FeCl4]−
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Figure 2. a) Anion-anion chains formed by 𝜎-hole interactions between the Fe atom and the Cl atom of a neighboring anion. b) Arrangement of cations
and anions with hydrogen bonds, anion-𝜋 interactions, and 𝜎-hole interactions, viewed along the c-axis.

anions (see, e.g., CSD Ref. Code CURBIC[23] or DIRKEU01[24]).
A Conquest search, using both intermolecular Cl-Fe distance
and the Fe-Cl-Fe angle as parameters, revealed a total of 252
compounds (CSD version 5.43 + November 2022 update). The
intermolecular distance between a Cl atom of a [FeCl4]− anion
and the Fe atom of a neighboring anion was determined to be
between 2.6 and 5.0 Å and the Fe-Cl-Fe angle between the anions
to be between 50° and 180°. Figure S6 (Supporting Information))
shows the heat plot of the results with the intermolecular Cl-Fe
distance on the Y axis and the Fe-Cl-Fe angle on the X axis.
The region where the values for [C4py][FeCl4] are located has
been marked with a red dot. The distance between the anions

is very short (Cl-Fe distance below 4 Å) and the arrangement
of the anion is highly directional (Fe-Cl-Fe angle above 178°).
This indicates a strong attractive interaction between the anions.
Figure 2b shows the packing of [C4py][FeCl4] including the hydro-
gen bonding (red dashed lines), the anion-𝜋 interactions (purple
dashed lines), and the 𝜎-hole interactions blue dashed lines,
along the c-axis). Both parts of Figure 2 show that the tetrahedral
structures of the anions are not identically placed but rather alter-
nating in their alignment as a result of minimizing the repulsive
interactions. Interestingly, the compound shows an absence of
strong Coulomb interactions between the ions and strong inter-
molecular interactions, such as N-H-Cl bonds, which probably

Adv. Funct. Mater. 2024, 34, 2311571 2311571 (3 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Powder XRD pattern of [C4py][FeCl4] where the red line is the experimentally obtained pattern and the green line is the simulated pattern.
The simulated pattern is calculated from the single-crystal structure. b) Comparative powder XRD data of [C4py][FeCl4] (red line) and [C4py]2[CuCl4]
(black line) at the lower angles of two theta.

explain the low melting temperature. Figures S7–S9 (Support-
ing Information) show the cell view along the three spatial
directions.

Furthermore, the Fe-Cl bond lengths are ≈2.2 Å, as shown
in Figure 2a. This is in agreement with a previous study on
tetrachlorido ferrate compounds, reporting average bond lengths
of 2.19 Å for the [FeCl4]− anion and 2.29 Å for the [FeCl4]2−

anion, with the Fe(II) variant showing a flattened tetrahedral
structure.[25–30] The single crystal analysis resulted in a cation:
anion ratio of 1:1. Consequently, as the N-butylpyridinium cation
can only be charged +1, the oxidation state of iron has to be +3.
In combination with the average bond length, which is typical for
FeIII, the analysis confirms that the compound contains Fe(III)
instead of Fe(II).

Figure 3a shows the powder XRD pattern of [C4py][FeCl4]. The
experimental data (green line) corresponds well to the simulated
powder XRD pattern (red line) based on the single crystal anal-
ysis. This shows that the bulk material does not include sig-
nificant amounts of side products or exhibit degradation. How-
ever, the experimental powder XRD data is quite different from
other reported tetrachlorido compounds, as shown in Figure 3b.
Although both compounds share a similar tetrahedral environ-
ment, this implies a difference in the central metal oxidation
state of iron. In order to further confirm the oxidation state,
Mössbauer spectroscopy was performed for [C4py][FeCl4], shown
in Figure S10 (Supporting Information). As seen in Figure S11
(Supporting Information), no signal could be observed after 3
weeks of accumulation. Given that enough iron centers were
present in the material, the absence of signal is attributed to a soft
crystal lattice, leading to a low recoilless fraction at room temper-
ature. As a result, X-ray photoelectron spectroscopy (XPS) was
carried out to better identify the oxidation state.

High-resolution XPS analysis was performed to investigate the
chemical state of Fe present in [C4py][FeCl4] (Figure 4), where
the binding energy of C-C bond (aliphatic chain of [C4py]+,
Figure S12a, Supporting Information) was charge-corrected by
setting it as equal to 285.0 eV. The Fe 2p data of [C4py][FeCl4] re-
quires two components to be fitted, and its primary component,
peaking at 711.73 eV, shows a slightly higher binding energy than
that of FeCl3 (711.3 eV).[31] Basically, in the binding energy shift of

Figure 4. High-resolution XPS spectrum of Fe 2p in [C4Py][FeCl4].

XPS, the more chemical bonds with electronegative atoms (e.g.,
anions) located in the chemical structure, the greater the posi-
tive XPS chemical shift.[32,33] In other words, when FeCl3 forms
the [FeCl4]- anion of [C4py][FeCl4] (Figure S12b, Supporting Infor-
mation), an additional Cl anion can induce greater cationic char-
acteristics in the central Fe cation, which alludes to causing the
Fe 2p of [C4py][FeCl4] with higher binding energy. On the other
hand, the minor component, peaking at 710.06 eV, corresponds
to the binding energy in Fe2O3, and its O 1s peak was simulta-
neously detected (Figure S12c, (Supporting Information), which
means the surface of [C4py][FeCl4] was partially oxidized in air
during and/or after synthesis.[34] Also, as there is only one N
signal, which can be assigned to cationic nitrogen at 422.55 eV
(Figure S12d, Supporting Information); this strongly supports
that both the [C4py]+ cation and the [FeCl4]− anion exhibit ionic
bonding characteristics.[35–37]

The anisotropic crystal structure of [C4py][FeCl4] leads to in-
teresting thermal properties. Figure 5 shows the corresponding

Adv. Funct. Mater. 2024, 34, 2311571 2311571 (4 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. DSC data of [C4py][FeCl4] where the red line is the second heat-
ing cycle and the black line is the second cooling cycle of the measure-
ments.

DSC data. The red and black lines represent the heating and cool-
ing cycle, respectively. [C4py][FeCl4] does not show any glass tran-
sition. The sharp peak at 0 °C indicates a cold crystallization (Tc)
and the intense signal with a slightly broader peak at 37.6 °C is
the melting transition (Tm). Interestingly, the compound has a
much lower melting point than the parent compound N-butyl
pyridinium chloride and one of the lowest melting points for
a metal-containing ionic liquid structure.[13–20] The decrease in
melting temperature is probably due to the anisotropic tetrahe-
dral arrangement of the [FeCl4]− moiety and due to the lack of
anion-𝜋 interactions and hydrogen bonds in the long-range order
of the material. TGA of the sample shows the compound is sta-
ble up to 250 °C without any degradation, as shown in Figure S13
(Supporting Information).[38]

Figure 6a shows the solid-state UV–vis spectrum of
[C4py][FeCl4] at room temperature. The spectrum shows a
strong absorption band in the 3 eV region, which is the typical
optical absorption for [FeCl4]− in a tetrahedral geometry.[39]

Other small peaks at 2.75 eV (450 nm) and 2.35 eV (530 nm) are
the corresponding absorptions of 1A6 to 2E(a) and 1A6 to 2E(b)
states of the N-butyl pyridinium ligand. Figure 6b shows the
Raman spectrum of [C4py][FeCl4]. The vibrations for the [FeCl4]−

complex anion with Td symmetry can clearly be observed. The
value of 330 cm−1 is ascribed mainly to the A1 mode which is
very similar to all reported tetrachlorido ferrate anions.[38,40–42]

It is also reported as a totally symmetric stretch of [FeCl4]−.
The peak at 420 cm−1 would imply that there could be a laser-
induced dimerization form such as [Fe2Cl7]−.[43] However, no
corresponding peak was observed at 370 cm−1.

Iron-based materials are gaining increasing attention for their
potential in energy storage systems. This is mainly due to their
generally safe character and the abundance of iron, which results
in cost-effectiveness. In 2017, Valvo et al.[44] used a nanomate-
rial based on lithium and iron as an electrode in a rechargeable
lithium-ion battery, creating a more environmentally friendly and
safer system due to the exclusion of fluorine, while maintaining

the performance of the conventional LiFePO4 system. More ap-
pealing still is the use of Fe-based materials as electrolytes. The
first rechargeable Fe-Fe-batteries using IL-based compounds as
electrolytes are emerging as promising alternatives to standard
Li-based devices. Here, the movement of the Fe3+ ion between the
electrodes during the charge-discharge process is the proposed
charge-carrying mechanism of the battery.[45]

A specific battery type that has gathered increasing interest
in the last decade, particularly for large-scale, long-duration stor-
age, is the redox flow battery (RFB). RFBs are attractive due to
their long lifecycles, customizability, and scalability.[46–48] Typ-
ically, this battery type employs two different electrolytes, at
the positive electrode (the posolyte) and at the negative elec-
trode (the negolyte). The electrolytes store energy while re-
dox reactions take place at the electrodes, with a membrane
separating the two to prevent mixing and short-circuiting, as
well as to facilitate the transfer of charge-carrying ions.[46] Al-
though vanadium-based RFBs are now semi-commercialized,
the high costs and price volatility of vanadium have hindered
market adoption. Iron-based RFBs are attracting increasing at-
tention as they present a more cost-efficient approach.[49,50]

The all-iron hybrid battery system (Fe3+/2+|Fe2+/0), introduced
in 1981 by Hruska and Savinell,[51] demonstrated the poten-
tial for such a system, but given that the negative electrode
involves plating or dissolving solid metal iron, the capacity of
the system and attainable power of the cell are no longer de-
coupled. This type of battery also suffers from dendrite forma-
tion and hydrogen evolution.[48,51] Since then, various organic
molecules have been investigated as ligands in iron complexes
for their electrochemical properties,[52–54] and various iron-based
RFBs based on these complexes have been studied, including:
Fe3+/2+|Br2/Br−,[55] Fe3+/2+|Co3+/2+,[56–59] and all-soluble, all-iron
systems (Fe3+/2+|Fe2+/1+) and (Fe3+/2+|Fe3+/2+).[60–67] Despite com-
petitive efficiencies with the incumbent vanadium system, many
of the systems involve strongly alkaline systems, and recent ef-
forts have focused on moving to near-neutral systems to mini-
mize pH-dependent stability issues and lessen the demands on
suitable cell materials.[68]

In this context, [C4py][FeCl4] was investigated for its electro-
chemical suitability as a redox-active species. A unique advan-
tage of this iron-based ionic liquid over traditional aqueous metal
complexes is the absence of an added base and a potentially
simplified system.[69] Moreover, [C4py][FeCl4], like many other
pyridine-based ionic liquids,[13–15,70] has an appreciable solubil-
ity in both aqueous (e.g., 0.5 m in H2O) and non-aqueous (e.g.,
0.3 m in MeCN) solvents, allowing for analysis of its redox be-
havior in the context of aqueous or nonaqueous RFBs. Cyclic
voltammetry (CV) was performed in the pure liquid state at el-
evated temperatures as well as for [C4py][FeCl4] dissolved in wa-
ter, and [C4py][FeCl4] dissolved in MeCN, to fully probe its redox
behavior. The cyclic voltammogram for the pure liquid state (at
60°C) is shown in Figure S14 (Supporting Information), demon-
strating reproducible oxidative and reductive peaks but display-
ing a large peak-to-peak separation (>1 V at 50 mV s−1) due to
low ionic conductivity, resulting from high viscosity and no sup-
porting electrolyte. Further cyclic voltammetry data of the pure IL
is presented in Table S2 (Supporting Information). Its redox po-
tential, +0.275 V (vs AgCl/Ag), is similar to that measured on a
Pt electrode for [C1C2im][FeCl4],+0.207 V (vs AgCl/Ag).[71] Given

Adv. Funct. Mater. 2024, 34, 2311571 2311571 (5 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202311571 by T
est, W

iley O
nline L

ibrary on [02/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 6. a) Solid-state absorption spectra of [C4py][FeCl4] at room temperature. The data have been acquired through UV reflectance measurements.
b) Raman spectrum of [C4py][FeCl4] with the A1 mode highlighted in gold.

Figure 7. a) Cyclic voltammograms of [C4py][FeCl4] in a solution of 100 mm TBAP (tetrabutylammonium perchlorate) in MeCN; b) Cyclic voltammograms
of [C4py][FeCl4] in a solution of 1000 mm KNO3 in H2O.

the higher viscosity associated with the pure metal ionic liquid,
and the inherent pumping losses associated with circulating this
around an RFB cell, the focus here is the redox behavior when
dissolved in a solvent medium, dramatically reducing its viscos-
ity.

Figure 7 shows the cyclic voltammograms of [C4py][FeCl4] un-
der dissolved conditions; MeCN (Figure 7a) and water (Figure 7b)
were used as solvents, as MeCN is a standard solvent for non-
aqueous RFBs,[72,73] while water is naturally the solvent of aque-
ous RFBs.

Clearly, two redox processes are visible in the non-aqueous
case (Figure 6a); a pseudo-reversible redox process at −0.415 V
(vs Fc+/Fc) and an irreversible process at +0.516 V (vs Fc+/Fc).
For the irreversible process, at a given scan rate, the oxida-
tive peak is larger than the respective reductive peak, with
the ratio of peak oxidative current (Iox) to the peak reduc-
tive current (Ired) increasing with decreasing scan rate. This
might represent the oxidation of chloride to elemental chlo-
rine, whereby the latter diffuses away readily, and at the low-
est scan rate (5 mV/s), no chlorine would be present to be
reduced such that the reductive peak is absent. The pseudo-
reversible redox process at −0.415 V (vs Fc+/Fc) is assigned to
the [Fe(III)Cl4]−/[Fe(II)Cl4]2− redox process. A negative redox po-

tential versus Fc+/Fc has been observed previously where the
redox potential of [Fe(III)Cl4]−/[Fe(II)Cl4]2− in an ionic liquid
medium was determined at a Pt electrode to be −0.220 V (vs
Fc+/Fc).[74] In this case, the redox active species was derived from
dissolving FeCl3 and 1-N-butyl-1-methylpyrrolidinium chloride
([C1C4pyrr][Cl]) in 1-N-butyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide ([C1C4pyrr][TFSI]). Although a direct com-
parison is difficult as the solvent environments are different, it
may be that the [C4py]+ cation yields a lower redox potential com-
pared to when [C1C4pyrr]+ is the counter-cation. This redox pro-
cess has a peak-to-peak separation, ΔEp, of 78 mV at 5 mV s−1.
As this value is close to the reversible value of 59 mV, this likely
indicates an outer-sphere electron transfer wherein no bonds are
made or broken.[73,75,76] Support for attributing these processes to
the peaks observed is given by the fact that oxidative currents for
the irreversible process at +0.516 V (vs Fc+/Fc) are approximately
two times greater than those at−0.415 V (vs Fc+/Fc), which might
indicate two-electron oxidation of chloride to chlorine however,
this is only a hypothesis as we do not know the exact reaction
mechanisms and kinetics involved at this stage. Consequently,
the irreversible redox process occurring at higher potentials has
to be further investigated to be identified conclusively. Nonethe-
less, it is likely that the reversible redox process is a one-electron

Adv. Funct. Mater. 2024, 34, 2311571 2311571 (6 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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transfer at the iron center, as the potential is similar to that re-
ported in the literature. Given that the redox process at negative
potentials is pseudo-reversible, a Randles-Sevcik analysis can be
applied to estimate the diffusion coefficients of the oxidized and
reduced species, as per Equation (1).[73,77]

ip = 2.69 × 105 n3∕2AC
√

D𝜈 (1)

Where ip is the peak current in A, n is the number of electrons
in the redox process, A is the electrode area in cm2, C is the con-
centration in mol cm−3, D is the diffusion coefficient in cm2 s-1,
and 𝜈 is the scan rate in V s−1.

Taking the peak oxidative and reductive currents across the
50–400 mV s−1 range, the diffusion coefficients of the oxi-
dized and reduced species are estimated to be 8.5 × 10−7 and
2.5 × 10−6 cm2 s−1, respectively (Figure S15, Supporting Infor-
mation). These values are on average an order of magnitude
greater than those measured for [Fe(III)Cl4]−/[Fe(II)Cl4]2- in an
ionic liquid ([C1C4pyrr][TFSI]) medium (≈1 × 10−7 cm2 s−1)
which may result from the lower viscosity in MeCN versus the
ionic liquid.[74] Cyclic voltammograms for ferrocene and TBAP
in MeCN and solely TBAP in MeCN are included for complete-
ness in Figure S16a,b, (Supporting Information) respectively.

In the aqueous case, there is a couple at +0.514 V (vs AgCl/Ag)
which is much less electrochemically reversible than the non-
aqueous case, with an ΔEp of 248 mV at 5 mV s−1. In addition
to this, two minor reductive peaks are visible at ≈0 and −0.575 V
(vs AgCl/Ag), which might suggest that in H2O, [C4py]+ is more
susceptible to irreversible reduction. Nevertheless, as the CV was
performed in the open air, dissolved gases may also give rise
to the small additional peaks observed.[73] Additional CV data
for both aqueous and non-aqueous measurements are shown in
Table S3 (Supporting Information). Given the greater solubility
of [C4py][FeCl4] in water, further investigation into limiting these
processes (or removing impurities) responsible for these peaks
is warranted but beyond the scope of this work.

Given the pseudo-reversibility of the non-aqueous system
and the negative potential of the IL (vs Fc+/Fc), [C4py][FeCl4]
dissolved in MeCN was paired with a highly reversible redox
couple, TEMPO+/TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl),
which is also soluble in MeCN and has a positive potential
(≈+0.2 vs Fc+/Fc).[78] Charge-discharge cycling was performed
with the H-cell set-up described in the Experimental and shown
in Figure S17 (Supporting Information). Figure 8 shows the po-
tential and current as a function of time during charge-discharge
cycling at a constant current of +/-4 mA (≈+/-8 mA cm−2 based
on geometric active area). We do acknowledge the rather large
voltage drop in the initial H-cell tests. This is rather common in
H-cell setups as there is a comparatively large distance between
the electrodes. Additionally, this is further explained by the ab-
sence of a supporting electrolyte, which was not used to ensure
that the occurring redox processes are strictly in the active species
of interest.

Cyclic voltammograms of the negolyte ([C4py][FeCl4]) and
posolyte (TEMPO) in the full cell set-up are shown in
Figure S18a,b, (Supporting Information)respectively, giving rise
to an open-circuit voltage (OCV) of 0.621 V. In the charge-
discharge cycling, 0.1 m solutions without supporting electrolytes
were investigated, in line with many recent studies of non-

Figure 8. Plot of galvanostatic charge-discharge cycling data of 0.1 m
[C4py][FeCl4] in MeCN solution as negolyte and a 0.1 m TEMPO in MeCN
solution as posolyte in an H-cell set-up.

aqueous RFB systems.[45,79–81] This lowers the impact of mass
transport polarisation, particularly significant in a static H-cell
set-up, but gives rise to substantial ohmic polarisation given the
limited ionic conductivity of the system. Nonetheless, charge-
discharge behavior for this system is demonstrated for the first
time (Figure 8), with average coulombic and voltage, and effi-
ciencies of 40% and 18%, respectively. Although these efficien-
cies are relatively low, this is an unoptimized cell and substan-
tial improvements will be made in future work. It is important
to highlight that the here presented unoptimized cell is the first
iteration of a system that can be improved in many ways, such
as cell geometry, electrode, and membrane choice, or selection
of corresponding posolyte. Therefore, this setup presents the
first promising step in an ongoing longer development process
with multiple optimization options. The fact that the maximum
charge time of 270 s (first cycle) at 4 mA constitutes 0.3 mAh
which represents ≈1% of the available redox active materials is a
further indication that cell optimization is needed. Among oth-
ers, the high overpotentials may lead to unwanted side reactions
but the charge-discharge data clearly demonstrates a proof-of-
concept.

3. Conclusion

This article presents a promising iron-based ionic liquid com-
pound, [C4py][FeCl4], showcasing its potential for energy storage
applications. The structure of the metal-containing ionic liquid
is elucidated through single-crystal and powder X-ray diffraction
providing the first crystal structure for this compound. Along
with its thermal and optical properties, the oxidation state of
the Fe species in the tetrachloridoferrate anion has been inves-
tigated through Raman spectroscopy, crystal structure analysis,
and X-ray photoelectron spectroscopy. Additionally, the solu-
bility and redox activity of the compound in both aqueous and
non-aqueous solvents are explored, highlighting its versatility.
The electrochemical behavior of the Fe-based MIL is studied
using cyclic voltammetry in the two most common flow battery
solvents (MeCN and water) and charge-discharge cycling in an

Adv. Funct. Mater. 2024, 34, 2311571 2311571 (7 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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H-cell setup demonstrates its potential as a redox active species
for non-aqueous RFBs. The findings of this study pave the way
for further exploration and optimisation of this compound,
contributing to the development of more cost-efficient and
environmentally friendly energy storage systems.

4. Experimental Section
Chemicals: N-butyl pyridinium chloride (Merck, ≥98.0 %), Anhydrous

Iron (II) Chloride (Alfa Aesar, ≥98.0 %), Propan-2-ol (VWR, ≥99 %), Mag-
nesium sulfate AnalaR NORMAPUR (VWR, ≥98.0 %,), Acetonitrile (VWR,
≥99.9 %) and 2,2,6,6-tetramethylpiperidine-1-oxyl, also known as TEMPO
(TCI, ≥98.0 %) were used as received.

Synthesis: [C4py] [FeCl3] has been synthesized in a single-step method
with slight modifications from the other reported transition metal-based
halidomellate compound. 1000 mg (5.8 mmol) N-butyl pyridinium chlo-
ride (C4pyCl) and anhydrous FeCl2 salt with the equimolar ratio (770.6 mg
of FeCl2) were dissolved in 10 mL Propan-2-ol. The reaction was held at
110 °C for 180 min under reflux conditions. Then the reaction mixture was
cooled and kept at room temperature overnight. Rotary evaporation was
used to remove the solvent and additional water, and the compounds were
then dried under vacuum (10−3 bar) for 6 h. The final compound was di-
rectly used for further analysis without purification. The absolute chemical
yield of the reactions was close to 90%. The synthesis was repeated mul-
tiple times to show reproducibility.

The compound [C4py][FeCl4] was crystalized using the following steps:
1) saturated solution of [C4py][FeCl4] was prepared using a mixture of
ethanol and propan-2-ol. Then it was kept in a cold place. After 8 weeks,
crystals were formed. 2) crystals were collected directly from the bulk ma-
terial and used for single-crystal analysis.

Infrared Spectroscopy: A NICOLET iS5 by Thermo Scientific was
used for the IR measurements alongside an ID7 ATR-attachment with a
diamond crystal. The samples were measured using the ATR mode be-
tween 4000 and 400 cm−1 with a resolution of 4 cm−1 and 64 scans. The
sample was measured as a powder.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was
carried out on a Mettler Toledo TGA 2 Thermogravimetric Analyzer (tem-
perature range: 25 to 1000 °C, mass resolution: 0.1 mg) at a heating rate
of 10 K min−1 under nitrogen flow in aluminum crucibles.

Single Crystal Structure Analysis: A suitable single crystal of the com-
pound was selected using a Leica M205C light microscope and was sep-
arated with oil. The X-ray diffraction experiment was carried out on a
Stoe Stadivari with monochromated Mo-K𝛼 radiation (𝜆 = 0.71073 Å)
and a Pilatus 200 K detector. The measurement was done at 210 K us-
ing an Oxford Cryosteam cooling device. The data were corrected us-
ing the program X-Area and the structure was solved by direct meth-
ods and refined against F2 on all data by full-matrix least-squares using
the SHELX suite of programs.[82,83] The crystal structure was visualized
with Diamond.[84] The crystallographic data (CCDC-2244818) can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre,
http://www.ccdc.cam.ac.uk.

Powder X-ray Diffraction: X-ray powder diffraction data were collected
on a PANalytical Empyrean powder X-ray diffractometer in a Bragg–
Brentano geometry using Cu K_𝛼 radiation (𝜆= 1.5419 Å). It was equipped
with a programmable divergence, an anti-scatter slit, and a large Ni-beta
filter. The PIXcel1D detector was set to continuous mode with an active
length of 3.0061°. Scans were run in a 2𝜃 range of 4–70° with a step size
of 0.0131° operating at 40 kV and 40 mA. A sample rotation time of 1 s
was used.

Differential Scanning Calorimetry: DSC measurements were done us-
ing a Netzsch DSC 214 Polyma at 5 or 10 K min−1 under nitrogen. Each
run consisted of three heating-cooling cycles.

UV/Vis-Spectroscopy: UV/Vis measurements were conducted using a
Perkin-Elmer Lambda 950 with the solid material attachment Harrick Sci-
entific Products Inc. Praying MantisTM . During the experiments MgSO4
AnalaR NORMAPUR by VWR was used as a background material. The

measuring range was 𝜆 = 850–250 nm with a resolution of 2 nm. The
Kubelka–Munk equation was used for the analysis of the UV/Vis data.

K
S

=
(1 − R)2

2R
(2)

K = absorption coefficient, S = scattering coefficient, R = reflectance.
Based on the UV/Vis analysis the optical band gaps were graphically

analysed using the Tauc plot. The plots were then fitted via Origin.

(𝛼hv)1∕n = A
(

hv − Eg

)
(3)

h = Planck’s constant,𝜈 = photon’s frequency, 𝛼 = absorption coeffi-
cient, Eg = band gap, A = proportionality constant with the following val-
ues for n: n= 1/2 for direct allowed transitions, n= 3/2 for direct forbidden
transitions, n = 2 for indirect allowed transitions, n = 3 for indirect forbid-
den transitions.

Raman Spectroscopy: Raman spectra of [C4Py][FeCl4] were measured
on the HORIBA LabRAM HR Evolution Raman spectrometer at 532 nm
laser excitation. The sample was taken on a cleaned glass slide under a
10× magnification objective with 0.25 numerical aperture (NA). Integra-
tion time was kept at 2 s for five number of accumulations.

Mössbauer Spectroscopy: 57Fe Mössbauer spectra were recorded at
room temperature in transmission geometry with a constant acceleration
mode conventional Wissel spectrometer equipped with a Cyclotron Ltd
high quality 50 mCi 57Co(Rh) source and a Reuter Stokes proportional
counter. The [C4py][FeCl4] solid sample was refrigerated and stored in
a cold room prior to measurement. 232 mg of sample was transferred
to a plexiglass circular sample holder and mounted on the spectrometer.
Calibration was preliminary performed with a reference standard (𝛼-Fe) at
room temperature.

X-Ray Photoelectron Spectroscopy: X-ray photoelectron spectroscopy
(XPS) spectra were obtained with an Axis Supra+ (Kratos Analytical, UK),
where a monochromatised Al K𝛼 radiation was used for an excitation
source (15 kV, typical 20 mA). CasaXPS software was used for data pro-
cessing and interpretation, in which XPS signals were fitted using GL (30)
lineshapes that combined the Gaussian (70%) and Lorentzian (30%) line
shapes.[31] This line shape has been applied equally in the fitting of XPS
spectra.

Cyclic Voltammetry: Aqueous CV was performed on solution contain-
ing 5 mM [C4py][FeCl4], 1000 mM KNO3 dissolved in H2O, using a three-
electrode set-up consisting of a glassy carbon (⌀ = 3 mm) working elec-
trode (WE), Pt mesh counter electrode (CE) and a AgCl/Ag reference elec-
trode (RE) in a 3 m KCl environment. The WE was polished sequentially
using 1.0 and 0.3 μm alumina on polishing pads (MicroCloth, Buehler) be-
fore use. The potential was scanned using a potentiostat (PGSTAT302N,
Autolab) from +1.0 V to −1.0 V (vs AgCl/Ag), set at scan rates of 5, 10, 20,
30, 40, 50, 100, 200, 300, and 400 mV s−1 in proprietary software (Nova 2,
Autolab).

Non-aqueous CV was performed on a solution containing 5 mm
[C4py][FeCl4], 100 mm tetrabutylammonium perchlorate (TBAP) dissolved
in MeCN, using a 3-electrode set-up consisting of a glassy carbon
(⌀ = 3 mm) WE, Pt mesh CE, and a Ag+/Ag RE calibrated against a fer-
rocene standard in the same solution. A blank CV of solely 100 mm TBAP
in MeCN solution was also run for confirmation of the electrochemical
stability window of this supporting electrolyte.

Galvanostatic Charge Discharge Setup: An H-cell setup was used to
explore the charge-discharge behavior of [C4py][FeCl4] in a nonaqueous
environment. A Nafion cation exchange membrane (N117, Chemours,
US) with 180 μm thickness, was soaked in a 100 mm TBAP in MeCN solu-
tion for 4 h at room temperature. The soaked membrane was sandwiched
between two glass half-cell vessels as shown in Figure S13 (Supporting
Information), using laser-cut sponge rubber gaskets (ethylene propylene
diene monomer, PAR Direct, UK), parafilm, and a metal clamp. Graphite
felt materials typically used in RFB cells (Sigracell GFD 4.6 EA, SGL
Carbon, Germany) were used as electrodes, with titanium rods threaded
through as current-collecting wires. Cyclic voltammograms of both
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negolyte (Figure S16a, Supporting Information) and posolyte
(Figure S16b, Supporting Information) 10 mm solutions (with 100 mM
TBAP supporting electrolyte) were performed in a three-electrode set-up
and calibrated against a ferrocene standard to estimate OCV. Subse-
quently, a four-electrode set-up was used, with positive electrode current
and voltage sense connected to the TEMPO solution, and the negative
electrode current and voltage sense connected to the metal ionic liquid
solution. In this case, a 15 mL 100 mm [C4py][FeCl4] in MeCN solution
was used as the negolyte, and a 15 mL 100 mm TEMPO in MeCN solution
for the posolyte, allowing for both solutions to be soaked into the porous
graphite felt before testing. Galvanostatic charge-discharge cycling at
+/-4 mA was conducted using the same potentiostat as used for cyclic
voltammetry, with upper and lower cut-off voltages of 1.20 and 0.05 V,
respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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