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Understanding and Enhancing the Cycling Stability of
Layered Double Hydroxides with Intercalated Ferrocene
Anions for Energy Storage Application
Patrick Gerlach,*[a, b] Camille Douard,[a, b] Julien Sarmet,[c] Fabrice Leroux,[c]

Christine Tavoit-Gueho,[c] Philippe Stevens,[b, d] Gwenaëlle Toussaint,[b, d] and
Thierry Brousse*[a, b]

In this work, the layered double hydroxide (LDH) Mg2Al(OH)6
was intercalated with redox active ferrocene carboxylate anions
in order to implement charge storage capability to the
interlayer spaces of the LDH structure. Two sets of anions,
namely mono- and dicarboxylic ferrocene, were intercalated to
produce two different active materials: MgAl-FcMono and
MgAl-FcDi. The electrochemical investigation of these two
materials was performed in two model electrolytes: 1 M LiTFSI
in H2O and Pyr13TFSI. In the aqueous electrolyte, the first charge
reaches the full theoretic capacity of ca. 60 and 40 mAhg� 1 for
both materials. However, significantly less capacity is stored and

delivered during subsequent cycles. In-situ UV/vis experiments
identified the loss as a release of charged ferrocene anions from
the LDH during oxidation in the charging process, which is
more severe for MgAl-FcMono. It is possible to prevent this
release of redox species by the use of the ionic liquid Pyr13TFSI
as a high concentrated electrolyte. Subsequently, both materials
cycled very steadily with high coulombic efficiency for 150
cycles. This better understanding of the capacity degradation of
the LDH-ferrocene active material is key to improving this new
and promising concept of using modified LDHs as active
material in energy storage application.

1. Introduction

Layered double hydroxides (LDHs) are brucite-type (Mg(OH)2)
layered materials, that can be described with the general
formula [M2+

1� xM
3+

x(OH)2]
z+(An� )z/n·y·H2O, where M2+ and M3+

are divalent and trivalent metals cations and An� describes
intercalated anions between the metal hydroxide layers.[1–7] The
latter consists of edge-sharing metal hydroxide octahedra
M(OH)6 in which a partial substitution of divalent by trivalent
cations (represented by x) produces an excess of positive
charge in the layers that is compensated by the presence of

anions between the layers. A common and well known example
in nature for this structure is hydrotalcite [Mg6Al2(OH)16]CO3 x 4
H2O (x=0.25).[8,9]

The current interest in LDHs relies upon several properties,
and especially on their compositional diversity for both the
cations in the hydroxide layers and the interlayer anions. The
Mg/Al couple in the LDH layers has been the most widely
studied, but these cations can be substituted by many others,
such as Zn, Co, Ni, Mn, and Fe as divalent cations and Cr, Co, Fe,
V, Mn, Ga, as trivalent cations. Similarly, a great variety of anions
can be intercalated, including inorganic and organic anions,
coordination compounds, polyoxometalates, and
biomolecules.[10] They have been used in many applications like
ion exchange,[11–13] drug delivery,[14–17] water purification,[18–21]

polymer[22–24] or anti corrosion[25–28] additives, sensors[29–34] and
catalysis.[35–49] LDHs have also been investigated in energy
storage application[50] as battery[51–63] and supercapacitor-type
electrode materials.[64–76] In batteries, using a faradic reaction,
the charge storage mechanism uses a change in oxidation state
of the metal cations in the hydroxide layers.

A very recent example of the utilization of LDHs in an
asymmetric supercapacitor (hybrid device) is given by Yao et al.
with the use of a Mg doped Co� Ni LDH confined in mesoporous
carbon.[77] When used with a classical activated carbon
electrode, this LDH storage device reached an energy density of
41 Whkg� 1 at 800 Wkg� 1 and provided a capacity retention of
91% after 30,000 cycles at 10 Ag� 1.

As an aside, the authors would like to highlight that when
charge storage mechanism in LDH-based electrodes involves a
redox reaction, the capacity needs to expressed in mAhg� 1 or
in Coulombs and not in Farads.[78]
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In the work of He et al for example, a CoAl-LDH cathode in
combination with a zinc foil anode was used.[61] In their study,
the CoAl-LDH system was able to outperform a classical Co(OH)2
electrode and the cell provided a maximum energy density of
393 Whkg� 1 at 2.2 kWkg� 1 and a maximum power density of
76 kWkg� 1 at 264 Whkg� 1. Furthermore, 8000 cycles with a
capacity retention of 96% at a current density of 10 Ag� 1 was
achieved.

In these examples, LDH active materials were able to
present a good performance for energy storage application by
the utilization of the redox sites (metal cations) directly present
within the LDH layers, which leads consequently to changes in
the structure of the LDHs.

Another strategy consists in using the LDH as a matrix for
intercalating anionic redox active species. Mousty et. al. were
the first to show in 1994 that redox active anions can be
intercalated into LDHs to produce biosensor or electro catalyst
materials.[34,79,80] In more recent work, we showed that redox
active anions like anthraquinone sulfonate, riboflavin phosphate
or ferrocene carboxylate intercalated in LDH layers, display a
redox activity that can be used in electrochemical energy
storage application using an aqueous electrolyte.[81,82] By
involving both the cationic layers as well as the interlayer space
of the LDH electrode materials for energy storage, this approach
can lead to further enhancement of the specific capacity of LDH
based electrodes. However, in all of these studies very limited
cycling stability has been depicted. In the case of anthraqui-
none sulfonate intercalated in a Mg2Al(OH)6 LDH, dissolution of
the intercalated redox active anthraquinone anions into the
aqueous electrolyte was observed which resulted in a rapid loss
of specific capacity during cycling.[82] There, the dissolution was
described as intrinsic since the charge imbalance in the LDH
structure after reduction forces the anions to leave the
electrode.

In the continuation of these studies, this work aims to
improve the cycling stability of LDHs intercalated with redox
active organic anions. This objective is approached in two ways.
First we tried to clarify the influence of the valence of the
intercalated redox active organic anions on the release of the
active anions from the electrode as previously reported[81,82] and

therewith the cycling stability of the active material. Then the
possible influence of the electrolyte media on the release
phenomenon and subsequently on the cycling stability was
investigated.

To achieve this objective, mono- and dicarboxylic ferrocene
anions were intercalated in the structure of a Mg2Al(OH)6 x 2
H2O LDH leading to two model LDH electrode materials with
the ideal formulas Mg2Al(OH)6[FcMono]1.0 x 2 H2O and Mg2Al-
(OH)6[FcDi]0.5 x 2 H2O. In both cases the substitution factor x is
0.33 (with regard to the general formula [M2+

1� xM
3+

x(OH)2]
z+

(An� )z/n y H2O) which corresponds to the largest AEC (anionic
exchange capacity); hence the largest amount of electroactive
anions that can be intercalated. The structures of the newly
synthesized LDH materials are shown in Figure 1. A more
detailed representation of the structure can be found in the
supplementary information S1.

For the sake of simplicity, these materials are labelled MgAl-
FcMono and MgAl-FcDi. Composite electrodes prepared from
these two materials were tested in two different electrolytes, an
aqueous electrolyte 1 M Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in H2O and an elec-
trolyte composed of a pure ionic liquid (IL), N-propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr13TFSI).

Ferrocene has been widely investigated as an organic redox
active group,[83] as an electrode potential marker in cyclic
voltammetry,[84–89] and as an active material in organic battery
electrode materials[90–92] or in redox-flow energy storage.[93–97] In
these applications, it displays a standard electrode potential of
+0.4 V vs. NHE.[98]

The change in the valence state of the intercalated
ferrocene carboxylate results in two major differences in the
structures of MgAl-FcMono and MgAl-FcDi. First, due to the
divalent charge of the dicarboxylic ferrocene anions, only half
the amount of anions in comparison to monocarboxylic
ferrocene anions is necessary to compensate the positive
charge of [Mg2Al(OH)6]

+ layers leading ideally to 0.5 FcDi anions
per formula unit, which is represented in the formula Mg2Al-
(OH)6[FcDi]0.5 x 2 H2O. On the other hand 1 FcMono anions per

Figure 1. Schematic representation of the structure of A) MgAl-FcMono and B) MgAl-FcDi.
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formula unit are needed for charge compensation and results
to Mg2Al(OH)6[FcMono]1.0 x 2 H2O.

Secondly, the position of anionic groups of the intercalated
ferrocene anions leads to two different configurations of the
anions in the structure. While in the case of FcMono, an
alternating up and down antiparallel arrangement is obtained
(Figure 1), a more compact is displayed with FcDi, where the
position of carboxylate groups at both ends of the anion leads
to a monolayer interlayer arrangement and thus to a more
compact structure (Figure 1B).–1

Finally, the different numbers of intercalated anions in
MgAl-FcMono and MgAl-FcDi result in different theoretical
specific capacities Qth calculated with Equation (1):

Qth ¼
z � F

M � 3:6 (1)

Where z is the number of exchanged electrons (z=1 for MgAl-
FcMono and 0.5 for MgAl-FcDi), F is the Faraday constant (F=

9.65×104 Cmol� 1) and M is the molar mass of MgAl-FcMono and
MgAl-FcDi (MMono =443 gmol� 1 and 350 gmol� 1 MDi). For the
calculation 1 mol of FcCO2

� were assumed per mol of [Mg2Al-
(OH)6]

+ x 2 H2O in MgAl-FcMono and 0.5 mol of Fc(CO2)2
2� in

1 mol MgAl-FcDi. This results to a theoretical capacity of
60.5 mAhg� 1 for MgAl-FcMono and 38 mAhg� 1 for MgAl-FcDi.
The practical capacity of the electrode materials were deter-
mined in the results part.

2. Results and Discussion

The XRD patterns of MgAl-FcMono and MgAl-FcDi samples
displayed in Figure 2A present diffraction peaks that can be
interpreted by a series of a large number of (00 l) and (0kl)/
(hk0) diffraction peaks, which can be indexed in the rhombohe-
dral space group R-3 m, typical for LDH-based systems. The

interlayer distances calculated from the position of (003)
diffraction peaks i. e. d~1.93 nm for MgAl-FcMono and
d~1.49 nm for MgAl-FcDi indicate a bilayer and a monolayer
arrangement of interlayer ferrocene molecules respectively as
reported elsewhere.[79,81] The difference is due to the presence
of two carboxylate groups for FcDi molecule in para config-
uration leading to an interaction on both sides with the
hydroxide sheets. The interlayer arrangement is less constrained
with FcMono bearing one carboxylate group.

The chemical compositions given in Table 1 were obtained
by combining CNSH/ICP and TGA analysis (Figure 2B) of the
bulk powders and EDX analysis of individual crystals. To achieve
a total balance of the charges, we considered the co-
intercalation of carbonate anions which is very likely and quite
common in LDH materials.[99] These experimental compositions
agree well with the expected formulas and confirm the high
purity and homogeneity of the prepared powders. However,
small differences of the real structures with respect to the ideal
ones can be depicted. Specifically the amount of intercalated
H2O molecules results to 3.6 per unit for both materials, which
is higher than expected. This affects the real molar mass and
therewith the theoretical capacity. The formula Mg2Al-
(OH)6[FcMono]1.0 x 3.6 H2O instead of Mg2Al(OH)6[FcMono]1.0 x 2
H2O yields to a molar mass of 472.5 gmol� 1 with a theoretical
capacity of 56.7 mAhg� 1. Mg2Al(OH)6[FcDi]0.5 x 2.4 H2O instead
of Mg2Al(OH)6[FcDi]0.5 x 2 H2O,on the other hand, yields to
357 gmol� 1 and thus 37.5 mAhg� 1.

Figure 2C shows infrared measurements of the single anions
of FcMono and Di as well as the signals of MgAl-FcMono and
MgAl-FcDi. There, the broad and intense band around
3450 cm� 1 corresponds to the vibration of the hydroxyl groups
ν(OH) in the layer and the water molecules adsorbed and
intercalated between the layers. The absorption band around
1600 cm� 1 corresponds to the deformation band of the water
molecules δ(H2O). Their intensities are related to the degree of
hydration of the compound.

Figure 2. (A) XRD (B) TGA and (C) Infrared spectrum of MgAl-FcMono and MgAl-FcDi.

Table 1. Chemical composition of MgAl-FcMono and MgAl-FcDi obtained from ICP/CNHS and TGA analysis of the bulk and EDX analysis of individual
crystals.

Sample ICP/CNHS TGA EDX Experimental formula

Mg/Al Al/Fe C (wt%) H (wt%) H2O (wt%) Mg/Al (at.%) Al/Fe (at.%)

MgAl-FcMono 2.0 0.9 29.2 4.0 11.4 2.0 1.1 Mg2Al(OH)6[FcMono] x 3.6H2O

MgAl-FcDi 2.0 2.1 20.4 3.9 8.5 2.0 2.2 Mg2Al(OH)6[FcDi]0.5 x 2.4 H2O
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The characteristic pics of the C=O (1700 cm� 1) and C=C
(1480 cm� 1) molecules are also visible in the HDL-FcMono and
Fc� Di material. In comparison with the raw molecules the
characteristic band of the C=C bond is not affected by the
introduction of the molecule into the HDL phase. However, the
characteristic peak of the C=O bond is shifted towards lower
wavenumbers, indicating interaction with the layers and there-
fore its intercalation.[100]

The region between 450 and 1100 cm� 1 represents the
vibrational bands of the metal-hydroxyl bonds in the film,
coupled with the release modes of the inter lamellar water
molecules.

SEM images (Figure 3) shows the formation of small
particles in the range of 100 nm and high-resolution TEM
images (Figure 4) clearly highlight the multilayer nature of these
nanoparticles, formed by corrugated stacked sheets.

MgAl-FcMono and MgAl-FcDi based electrodes were tested
in two different electrolytes, which differ significantly in their

chemical-physical properties. As presented in Figure 5A at 23 °C,
the aqueous electrolyte 1 M LiTFSI in H2O displays a very low
viscosity of 0.78 mPas. At the same time, the ionic liquid
electrolyte Pyr13TFSI has a very high viscosity of 63 mPas (at
25 °C) without any solvent. These values have of course a strong
impact on the mobility of dissociated ions in the electrolytes,
which determines the ionic conductivity displayed in Figure 5B.
While in 1 M LiTFSI in H2O 22 mScm� 1 have been measured at
23 °C, Pyr13TFSI has a much lower electrolyte conductivity of
1.4 mScm� 1 (at 25 °C).[101,102] Therewith, significant differences in
the electrochemical performance of MgAl-FcMono and MgAl-
FcDi are to be expected in the two chosen electrolytes,
especially with regard to power capability (response in limited
time) and cycling stability.

The first electrochemical results of MgAl-FcMono and MgAl-
FcDi based electrodes tested in 1 M LiTFSI dissolved in H2O are
summarized in Figure 6. To begin with, Figure 6A and B present
cyclic voltammograms (CVs) of both materials at 1 mVs� 1 for 10

Figure 3. SEM images of (A) MgAl-FcMono and (B) MgAl-FcDi.

Figure 4. TEM images of (A) MgAl-FcMono and (B) MgAl-FcDi.
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cycles in the voltage range of � 0.1–0.7 V vs. Ag. In the first
cycle, the MgAl-FcMono-based electrode shows an oxidation
peak at 0.58 V vs. Ag with an oxidation charge calculated from
the peak area of 38.1 mAhg� 1. The following reduction takes
place at 0.3 V vs. Ag with a reduction charge of 20.6 mAhg� 1,
thus resulting in a coulombic efficiency of only 54%. Never-
theless, with these results the redox activity of the intercalated
FcMono anions in the LDH structure of Mg2Al(OH)6 is confirmed.
However, with ongoing cycling a decrease in peak intensity and
thus in the stored charge is observed. At the 10th cycle, in the
oxidation and reduction, a charge of 17.7 mAhg� 1 and
11.7 mAhg� 1 with a coulombic efficiency of 66% are measured.
This loss in capacity indicates a decrease in the number of
redox active sites of the electrode.

The same experiments were performed with MgAl-FcDi
based electrodes in the same conditions (Figure 6B). In the first
CV cycle, the oxidation peak is obtained at a potential of 0.64 V
vs. Ag and a capacity of 33.6 mAhg� 1. In the corresponding
reduction scan, this capacity drops to 20.5 mAhg� 1 with a peak
at 0.22 V vs. Ag. This results in a coulombic efficiency of 66%
for the first cycle. The change in redox plateau potential could
be explained by additional electron withdrawing effects of the
second carboxylic group. Notably, for both the main oxidation
and reduction peaks a shoulder or second peak can be
observed. For the oxidation, this is visible at 0.4 V vs. Ag, while
for the reduction, a peak at 0.13 V vs. Ag is observed. This peak
splitting could be caused by the presence of Fc� Di anions in
different arrangements in the LDH structure. For example, they
could be present in the discussed pillar arrangement where
both anionic groups are coordinated towards the positive LDH
layers (Figure 1). Next to that, also FcDi anions where only one
of the groups is directly attached to the LDH can be envisioned.
In such case, the electron withdrawing effect of the positive
cations on the redox active ferrocene would shift the redox
potential of the redox reaction in two different ways depending
on whether one or two withdrawing groups are present next to
the anion. This interpretation can also explain why no peak
splitting is obtained during the use of MgAl-FcMono. Since,
only one carboxylate group is present, there is only one
possible arrangement for the intercalated anions in MgAl-

FcMono and thus only one redox potential for the redox
reaction of ferrocene.

The 10th cycle of CV at 1 mVs� 1 delivers a capacity of
20 mAhg� 1 from the oxidation of FcDi and 17 mAhg� 1 for the
subsequent reduction (η=85%). This means that for MgAl-FcDi
there is also a loss in capacity over 10 cycles, which is, however,
not as pronounced as for MgAl-FcMono.

A similar decrease in specific capacity is seen in the voltage
vs. capacity profiles of Figure 6C and D. The electrodes were
cycled over 200 galvanostatic charge/discharge in 1 M LiTFSI in
H2O at the current density corresponding to 1 C cycling rate
(charge or discharge of the electrode in 1 hour assuming the
full theoretical capacity of the active material). During charge of
the MgAl-FcMono, 66 mAhg� 1 are stored in the electrode,
which is surprisingly a higher value than the theoretical
capacity of 56.7 mAhg� 1. Charge/ Discharge cycling of composi-
tional identical Mg2Al(OH)6 based electrodes with intercalated
redox-inactive octane sulfonate at 0.2 mA in 1 M LiTFSI in H2O
revealed a capacity of 0.2 mAhg� 1 (see S2). Therefore, the
additional 9.3 mAhg� 1 can not be attributed to other compo-
nents of the electrode like the conductive additive. Another
explanation would be the presence of more ferrocene than
assumed. However, EDX and ICP/CNHS measurements con-
firmed the correct number of intercalated ferrocene anions in
Mg2Al(OH)6 (1 per unit).

Apart from that, a decrease of the molar mass of the active
material MgAl-FcMono could explain the increase in capacity.
For instance, it is possible that during electrode fabrication the
intercalated H2O molecules are removed via suspending of the
material in ethanol and subsequent drying (see experimental
part). Assuming that all water molecules are removed, the sum
formula of MgAl-FcMono results to Mg2Al(OH)6[FcMono]1.0 and
a molar mass of 407.7 gmol� 1 is achieved. This lower molar
mass yields to a higher theoretical capacity of 65.7 mAhg� 1,
which aligns perfectly with the measured value of 66 mAhg� 1.
Therefore, we can assume that Mg2Al(OH)6[FcMono]1.0 is present
as active material in the working electrodes.

In the discharge process, the measured capacity reduces to
16 mAhg� 1, which is equivalent to a coulombic efficiency of
24%. Therewith, a large loss in available active sites between
the first oxidation and subsequent reduction at the working

Figure 5. A) Viscosity and B) Conductivity of 1 M LiTFSI in H2O and Pyr13TFSI at room temperature; values for Pyr13TFSI taken from Ref.[101].
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electrode is evident and indicates an irreversible charge storage.
In the second charge, this loss in capacity in not recovered as
the charge and discharge capacities result in 30 and 15 mAhg� 1

respectively (η=50%). This decrease in specific capacities
continues until the 200th cycle, where only 3 mAhg� 1 are
accessible for charge storage or delivery, which is 5% of the
initial capacity observed in the first charge.

In Figure 6D the MgAl-FcDi based electrode, displays a
specific capacity of 40.5 mAhg� 1 in the first charge, which is
again higher than the theoretical value of 37.5 mAhg� 1.

If the same logic of released H2O molecules out of the
MgAl-FcDi is applied, as it was done for MgAl-FcMono before,

the molar mass of MgAl-FcDi is 313.7 gmol� 1. With this species
present in the working electrodes of Figure 6D, the theoretical
capacity results to 42.7 mAhg� 1, which is even higher than the
experimental value of 40.5 mAhg� 1. With this difference in
charge, it is possible to expect a number of H2O molecules
between the initial experimental value of 2.4 and the proposed
absence of H2O in the structure of MgAl-FcDi. To calculate this
number of H2O molecules, Equation (1) can be rearranged to

M ¼
z � F

Qexp � 3:6 (2)

Figure 6. Cyclic voltammograms for A) MgAl-FcMono and B) MgAl-FcDi in 1 M LiTFSI in H2O at 1 mVs� 1, Voltage profiles for C) MgAl-FcMono and D) MgAl-
FcDi in 1 M LiTFSI in H2O at 1 C, Cycling Stability for E) MgAl-FcMono and F) MgAl-FcDi in 1 M LiTFSI in H2O at 1 C.
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Where Qexp is the initially measured experimental capacity
during the first charge. With the measured capacity of
40.5 mAhg� 1, a molar mass of 330.9 gmol� 1 is obtained. When
this value is subtracted from the assumed value of 357 gmol� 1

(Mg2Al(OH)6[FcDi]0.5 x 2.4 H2O) a difference in molar mass of
26 gmol� 1 is calculated, which corresponds to the molar mass
of 1.4 x H2O. Thus, it is possible that 1.4 x H2O molecules per
unit of Mg2Al(OH)6[FcDi]0.5 x 2.4 H2O have left the structure
during electrode preparation. Therewith, for the MgAl-FcDi
based electrodes Mg2Al(OH)6[FcDi]0.5 x H2O can be assumed as
the active material of the working electrodes.

The first discharge reaches 27 mAhg� 1, which represents a
coulombic efficiency of 67% and is by far more reversible than
the first cycle presented in Figure 6C for MgAl-FcMono. The
second cycle also shows a decrease in capacity; while the
charging process results in 30 mAhg� 1, the discharge delivers a
capacity of 26 mAhg� 1 (η=87%). This also represents a
noticeable improvement in reversibility compared to the
second cycle of MgAl-FcMono. However by the 200th cycle, the
specific capacity of the electrode decreased further during
cycling until capacity values of 17 (charge) and 16 (discharge)
mAhg� 1 are reached (η=94%). Based on these results, it is
obvious that both electrodes experience a drastic fade in
specific capacity over the course of 200 cycles at 1 C. However,
clear differences in the slopes of this decrease are visible. This is
highlighted in Figure 6E and F, which present the correspond-
ing capacities and coulombic efficiencies of MgAl-FcMono and
MgAl-FcDi. From these comparisons, it may be emphasized that
the electrode using MgAl-FcDi undergoes a much slower
capacity fade associated with a much longer cycle life. For
MgAl-FcDi the specific charge capacity falls from an initial
capacity of 40.5 mAhg� 1 to 17 mAhg� 1, which depicts a
capacity retention of 42% after 200 cycles. On the other hand,
MgAl-FcMono decreases from 66 to 3 mAhg� 1 with a capacity
retention of only 5% after 200 cycles. Moreover, most of the
capacity loss occurs upon the first 10 cycles. These results
suggest that much more redox active anions are stable and
usable for energy storage in the structure of MgAl-FcDi than in
MgAl-FcMono. A possible explanation would be a stronger
interaction of the divalent anions with the positive LDH layer
structure.

During the described cycling experiments, a coloration of
the electrolyte was visible, departing from the working
electrode vicinity. The dissolved material was identified via UV/
vis spectroscopy as the formerly intercalated ferrocene anions.
A dissolution of active material into the electrolyte could
evidently explain the loss of capacity and insufficient cycle life
described above. To investigate this phenomenon further, we
quantified the dissolution of the anions upon time via in-situ
UV/vis experiments. The results are presented in Figure 7.

Figure 7 shows the percentage of ferrocene anions left in
the LDH structure of MgAl-FcMono and MgAl-FcDi based
electrodes, with respect to the initial calculated amount in mol
based on the measured mass of each electrode. The loss of
redox active anions is shown in Figure 7A and B after 110 min
after leaving the electrode at open circuit potential (OCP) and
after 4 cycles of CV at 1 mVs� 1 in a cuvette type cell setup with

5 ml of 1 M LiTFSI in H2O electrolyte. In the case of MgAl-
FcMono (Figure 7A), there is a large difference between the
amount of monocarboxylic ferrocene anions dissolved in the
electrolyte in OCP condition or during CV cycling. Whilst in the
OCP experiment, the initial percentage of ferrocene anions in
the working electrode drops from 96% to 84% after 110 min of
resting in the electrolyte, this values drops down from 92% to
50% after 4 cycles in CV (107 min). Furthermore, the fact that
the initial number of anions in the electrode was found to be
less than 100% for both electrodes indicates that already before
any oxidation, there is a dissolution of redox-active anions
when the electrode is simply in contact with the electrolyte. In
addition, not only the initial and final percentages are of
interest, but also its evolution as shown in Figure 7A. For the
OCP experiment, after a short plateau, the steepest slope for
release of anions can be found in the first 20 min. Afterwards,
the rate slows down and ends in a slow steady decrease in
percentage. For the CV experiment, a completely different
behavior can be observed.

In the first 10 min of the CV experiment (when the electrode
reaches the first oxidation peak), Figure 7E shows a relatively
small decrease in the amount of Fc-anions in the working
electrode, down to 86%. After 10 min as the CV continues its
oxidation cycle, there is the most significant drop to 56% of
leftover active Fc-anions, which happens until minute 22 (the
first reduction peak), after which a slight increase of Fc-anions
in the electrode can be seen to 57% at 38 min (which
corresponds to the second oxidation peak). Between minute 38
and 46 another steep diminution to 50% is observed (Fig-
ure 7C) which is then followed by an increase to 52% at 65 min.
The described phenomenon of strong loss of Fc-anions and
slight recovery repeats itself another time on the next cycle
from minutes 66 to 93. This behavior is monitored three times
in a cyclic manner (in line with the cyclic voltammograms),
where the amount of anion loss into the electrolyte and
recovery into the electrode diminishes with each cycle.

Electrodes hosting intercalated FcDi anions display a very
different behavior (Figure 7B). The electrode during open circuit
starts at a value of 100% of anions in the LDH structure of the
electrode. Again, the most significant release of anions is visible
in the first 20 min of the OCP experiment to a value of 96%.
Then, there is only a slow decrease to 93% after 110 min.

For the CV at 1 mVs� 1, four areas with different slopes of Fc-
anion decrease can be seen (Figure 7D). The first is present in
the first 6 minutes before any redox activity, with a loss from
the initial 98 to 96%. The second runs from 6 to 22 min until a
value of 95% is reached. The next significant dissolution is seen
until 30 min where 93% of anions are left in the electrode. For
the rest of the experiment, there is a slow linear decrease of the
Fc-anion electrode content to a final value of 90%. Importantly,
it can be seen that for the OCP as well as CV experiment, higher
initial and end values of divalent Fc-anions are found in the
electrodes than for the monovalent one, since the general slope
of anion decrease is much slower in Figure 7B compared to
Figure 7A. There is less dissolution of intercalated divalent Fc-
anions into the electrolyte than for monovalent ferrocene
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anions. This indicates a higher stability of intercalated FcDi
anions in the LDH structure of Mg2Al(OH)6.

In order to elucidate this behavior further, Figure 7C and D
display the loss of Fc-anions during the CV experiments, which
have been discussed already in Figure 7A and B, overlaid with
the associated unfolded current measured with respect to the
time from the CV plots.

From Figure 7D it is clear that the loss of Fc-anions during
the CV can be correlated to the oxidation and reduction and
the associated current density evolution of the four CV cycles.

For instance, the most significant loss of Fc-anions from the
working electrode at 10 min, starts almost exactly at the same
time as the maximum of the oxidation peak of the first CV cycle.
At the 22nd minute, where the release of Fc-anions is stopped
and a slight regain is measured, the reduction of the ferrocene
redox couple is found. This pattern of cycle 1 (0–27 min) is
found as well for cycle 2 (27–54 min), 3 (54–81 min) and 4 (81–
107 min). At the same time, a similar periodicity for the release
of ferrocene anions cannot be observed for dicarboxylic
ferrocene anions in MgAl-FcDi based electrode (Figure 7D).

Figure 7. A) In-situ UV/vis measurements of A) MgAl-FcMono and B) MgAl-FcDi in 1 M LiTFSI in H2O at 1 mVs� 1, Anion percentage evolution with overlaid
unfolded CV for C) MgAl-FcMono and D) MgAl-FcDi in 1 M LiTFSI in H2O during 4 CV cycles at 1 mVs� 1, Zoom in on first CV cycle for E) MgAl-FcMono and F)
MgAl-FcDi.
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For better visibility, Figure 7E and F show a zoom-in of cycle
1 of the UV/vis experiment, which happens between minutes
0–27. In Figure 7E, it is highlighted that both changes in the
slope of the percentage curve are occurring at the two extreme
values of the current density curve. The loss of Fc-anions occurs
at the oxidation potential of 0.48 V vs. Ag/AgCl, while the
increase of Fc-anions at the electrode (due to reintercalation in
the electrode or adsorption on the electrode surface) happens
during the reduction at 0.28 V vs. Ag/AgCl. The electrode was
subjected to a maximum potential of 0.7 V vs. Ag/AgCl in
oxidation during the CV. This behavior indicates as a result of
the oxidation of the monocarboxylic ferrocene anions, an
instability in the LDH structure of MgAl-FcMono is created. A
possible explanation for this instability could be a charge
imbalance after the oxidation of ferrocene. In the uncharged
state, the monovalent anions compensate the negative charge
of the LDH layers. After the oxidation, the ferrocene anion bears
a net neutral charge, [Fc]+� COO� . To achieve again charge
neutrality in the LDH structure, anions from the electrolyte are
probably inserted during this process. At the same time, since
there is no interaction between the charge neutral [Fc]+ � COO�

and positive metal hydroxides after the oxidation, Fc-anions are
released from the electrode into the electrolyte.

In Figure 7F, on the other hand, a rather constant release of
anions independent from the redox current flow is measured.

No specific changes in the slope of the percentage curve are
shown at the oxidation potential of 0.51 V vs. Ag/AgCl and the
reduction at 0.25 v vs. Ag/AgCl. In this case, the FcDi anion,
which has two carboxylates, still bears a one negative charge
after the one electron oxidation. Therefore, it is possible that
FcDi remains anchored to the LDH thanks to its remaining
negative charge, and it is not dislodged by incoming [TFSI]�

anions from the electrolyte. Thereby, the dissolution of charged
FcDi is inhibited and the cycling stability of MgAl-FcDi is
increased. The dissolution of charged anions into the electrolyte
is illustrated in Figure 8.

Due to the results shown in Figures 6 and , it was decided
to change the electrolyte media for both MgAl-FcMono- and
MgAl-FcDi-based electrodes in order to reduce the possibility of
dissolution of anions into the electrolyte. Next to other
strategies,[103,104] Ionic liquids have often been reported to
hinder the dissolution of redox active groups into the
electrolyte.[105,106] Therefore, in this work we tested Pyr13TFSI as
neat electrolyte for MgAl-FcMono and MgAl-FcDi. The results of
this approach are shown in Figure 9.

The CVs in Figure 9A and B are significantly different from
those displayed in Figure 6. The first CV cycle of MgAl-FcMono-
based electrodes at 1 mVs� 1 in Figure 9A presents a strong
redox peak separation. The oxidation peak of the ferrocene
anion is found at 0.82 V vs. Ag, whilst the reduction peak occurs

Figure 8. Schematic illustration of the dissolution of ferrocene anions into the electrolyte during the charging process for MgAl-FcMono and MgAl-FcDi.
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at 0.3 V vs. Ag. The corresponding capacity results to
32 mAhg� 1 for the oxidation and 29.7 mAhg� 1 for the reduc-
tion. This yields to a coulombic efficiency of 93%, which is
superior in value with respect to 54% in the aqueous electro-
lyte. This gain in coulombic efficiency indicates already that the
dissolution of redox active anions is reduced by the utilization
of the IL media. However, this is accompanied by a small
decrease in specific capacity of the redox process. Furthermore,
with these reported potentials, the oxidation and reduction are
separated by more than 0.6 V, which denotes a high resistance
in the cell. However, already in the 2nd cycle, the potential of
the oxidation peak is reduced to 0.38 V vs. Ag, while the

reduction stays centered at 0.3 V vs. Ag, which represents a
reversible redox behavior. A wetting process, caused by the
high viscosity of the IL electrolyte, could explain this behavior.
The first oxidation facilitates the wetting of the electrode and
electrolyte penetration. Remarkably, the oxidation and reduc-
tion of cycle 10 display a charge of 27.5 and 27.1 mAhg� 1 (η=

99%). Thus, over the course of 10 cycles there is only a small
decrease in peak intensity and capacities. This proves that there
is no significant dissolution of active moieties into the electro-
lyte comparable to the aqueous system. Figure 9B shows a
similar behavior. The first oxidation of the dicarboxylic ferrocene
takes place at 0.97 V vs. Ag with a capacity of 20 mAhg� 1. The

Figure 9. Cyclic voltammograms for A) MgAl-FcMono and B) MgAl-FcDi in Pyr13TFSI at 1 mVs� 1, Voltage profile for C) MgAl-FcMono and D) MgAl-FcDi in
Pyr13TFSI at 1 C, Cycling stability for E) MgAl-FcMono and F) MgAl-FcDi in Pyr13TFSI at 1 C.
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corresponding reduction is found at 0.36 V vs. Ag with a
capacity of 23 mAhg� 1. The higher reduction capacity (dis-
charge) can be explained by the strong peak separation of
0.6 V, which does probably not represent the oxidation of all
available active sites at the given potential window. However,
this is again overcome in the 2nd cycle. At the 10th cycle, with
27.1 mAhg� 1 for the oxidation and 27 mAhg� 1 for the reduc-
tion, an increase in the capacity is observed. Therefore, it can be
assumed that no significant dissolution of redox active anions is
occurring in the IL electrolyte. The wetting process of the
viscous electrolyte and the other cell components causes the
increase in capacity over cycling.

The voltage profiles of Figure 9C and D suggest a similar
interpretation. They show 150 charge/discharge cycles of the
MgAl-FcMono- and MgAl-FcDi-based electrodes at 1 C. This
time, both electrodes display a very constant cycling perform-
ance. In Figure 9C, the first charge and discharge results in a
specific capacity of 28 and 26 mAhg� 1 (η=96%). After 150
cycles, there is small increase to 28.5 and 28 mAhg� 1 obtained,
which can be explained by the wetting process happening
inside the electrode. Figure 9D performs similarly with
28 mAhg� 1 for the first charge and 26 mAhg� 1 for the first
discharge (η=93%). These values are also maintained after 150
cycles. This behavior of both MgAl-FcMono and MgAl-FcDi
supports the former observations of reduced dissolution of
ferrocene anions out of the electrode leading to higher cycling

stability. The overall smaller values of specific capacities are
explained by the reduced conductivity of Pyr13TFSI compared to
1 M LiTFSI in H2O at room temperature. Therefore, it is possible
that in the given charge time frame of 1 h (due to 1 C), not all
active sites can react. Reduced current density should lead to
an increase in specific capacity and therewith more redox active
ferrocene in the electrodes.

For an overview of the cycling performance, Figure 9E and F
display the corresponding specific capacities to Figure 9C and D
with respect to the cycle number. There, a stable cycling
behavior with discharge capacity retentions of 108% for MgAl-
FcMono (higher than 100% due to wetting) and 96% for MgAl-
FcDi with high coulombic efficiency values near 100% are
observed.

It is obvious that the utilization of the IL electrolyte Pyr13TFSI
significantly improves the cycling stability of MgAl-FcMono-
and MgAl-FcDi-based electrodes. This is probably achieved by
the low solubility of redox active Fc-anions from the electrodes
into the electrolyte due to the viscous, concentrated and ion
saturated nature of the Pyr13TFSI. To be more precise, no
aqueous or organic solvent is present in this IL electrolyte to
solvate the charged FcDi anions.

After these promising results, we decided to proceed with
the electrochemical galvanic cycling of MgAl-FcMono and
MgAl-FcDi in Pyr13TFSI. This was done with the exact same

Figure 10. Rate capability for A) MgAl-FcMono and B) MgAl-FcDi in Pyr13TFSI ranging from 0.1 to 10 C, Cycling stability for C) MgAl-FcMono and D) MgAl-FcDi
in Pyr13TFSI at 0.1 C.
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electrodes presented in Figure 9 and the results are shown in
Figure 10.

Figure 10A and B display the rate capability tests of MgAl-
FcMono- and MgAl-FcDi-based electrodes in the IL electrolyte
in the current range from 0.1 C (charge or discharge in 10 h) to
10 C (charge or discharge in 6 min). In Figure 10A, MgAl-
FcMono presents a discharge capacity of 35 mAhg� 1 at 0.1 C.
With every increase in the current density, the specific capacity
decreases until at 10 C a final value of 15 mAhg� 1 is reached
(43% of the initial value at 0.1 C). This linear decrease of specific
capacity with increasing current is typical for the utilization
organic redox active groups in combination with viscous IL
electrolytes.[105–108] At the same time, the coulombic efficiency
rises from 93% at 0.1 C to close to 100% at 1 C and higher
currents, suggesting less self-discharge at higher currents. The
results for MgAl-FcDi are shown in Figure 10B. At 0.1 C, a
specific discharge capacity of 29 mAhg� 1 is achieved. However,
with this material, the influence of current density is much
more drastic than for MgAl-FcMono. When cycling at 5 C, there
is a significant drop in capacity down to less than 10 mAhg� 1.
At 10 C, there is no electrochemical response measureable at
the working electrode. The reason for the faster kinetics of
MgAl-FcMono in comparison to MgAl-FcDi are yet to be
clarified. Except for the cycles measured at 10 C, all measure-
ments showed a high coulombic efficiency, between 97 and
99%.

In order to verify whether the application of high currents,
and the possible damage of the active materials of the
composite electrodes, charge/discharge cycling stability tests at
the current of 0.1 C were performed after the rate capability
experiments, and they are presented in Figure 10C and D. For
MgAl-FcMono-based electrodes an initial discharge capacity of
30 mAhg� 1 is observed which is already lower than the one in
Figure 10A. After 100 cycles, a specific capacity of 21 mAhg� 1 is
obtained. Thus, both initial capacity and cycling stability are
reduced after the rate capability tests. This indicated electrode
damage due to the stress caused by the application of high
current density. In Figure 10D, MgAl-FcDi shows a discharge
capacity of 29 mAhg� 1 in the beginning of cycling, which is
similar to the value obtained in Figure 10B. After 100 cycles, this
value is reduced to 24 mAhg� 1. Therewith, MgAl-FcDi-based
electrodes display an overall higher cycling stability than
electrodes yielded from MgAl-FcMono.

3. Conclusions

In this work, both mono- and dicarboxylic ferrocene anions
have been successfully intercalated in the structure of a
Mg2Al(OH)6 LDH phase, which resulted to the redox active
materials MgAl-FcMono and MgAl-FcDi. The intercalation was
proven by means of XRD, FTIR, ICP, CHNS and TGA analysis and
demonstrates an increase of interlayer space to 1.93 nm for
Mg2Al-FcMono and 1.49 nm Mg2Al-FcDi, while keeping an
experimental composition close to the theoretical one. These
distances indicate a bilayer and a monolayer arrangement of
interlayer ferrocene molecules respectively. Combined with XRD

experiments TEM-EDX analyses confirm the interlayer distances
for both hybrid LDH phases.

During electrochemical tests with MgAl-FcMono and MgAl-
FcDi based electrodes in the aqueous electrolyte 1 M LiTFSI in
H2O, both active materials showed redox activity in CV experi-
ments and were able to store the full theoretical capacity of
60.5 mAhg� 1 for MgAl-FcMono and 38 mAhg� 1 MgAl-FcDi
during charge at a constant current of 1 C. In both cases,
however, only a fraction of this stored charge is delivered in the
first discharge. This is followed by a continuous decrease in
specific capacity during cycling, which is most prominent for
MgAl-FcMono based electrodes. The reason for this loss in
specific capacity was identified by in-situ UV/vis measurements
as dissolution of charged ferrocene anions into the electrolyte
1 M LiTFSI in H2O after oxidation of the electrodes. This
dissolution is more severe for MgAl-FcMono than for MgAl-FcDi,
due to the difference in Fc-anion charge in the oxidized state;
the FcDi-anion remains negatively charge after oxidation. After
the oxidation of FcMono, the intercalated anion becomes
neutral and therefore does not have sufficient interaction with
the surrounding positive layers of the Mg2Al(OH)6 LDH. In the
case of MgAl-FcDi, the intercalated anions still display one
negative charge after the oxidation process, which provides
stronger interaction of these anions with the LDH structure and
slows down the dissolution into the electrolyte. Furthermore, it
was possible for the first time, to stop the dissolution by the
use of the ionic liquid Pyr13TFSI as electrolyte, which increased
the cycling stability significantly. In this electrolyte, both active
materials reach capacity retentions close to 100%. With these
results, it is clear that both the valence of intercalated anions
and the electrolyte media strongly affect the cycling stability of
the tested LDHs. This additional information on the electro-
chemical behavior of LDHs with intercalated redox active anions
will help to design new and improved candidates for this novel
electrode concept in the future.

Experimental
The samples were prepared using the coprecipitation method. The
synthesis reactor was pre-filled with 100 mL of ferrocene solution
(0.02 M FcMono or 0.01 M FcDi) in water where the pH was
adjusted to 9.5 from the start. The cation solution prepared from
chloride salts (0.333 mol/L MgCl2,6H2O and 0.167 mol/L in AlCl3,
6H2O) was added drop-wise (0,05 mL/min) to the reactor at 25 °C
using peristaltic pumps, under magnetic stirring and a nitrogen
atmosphere. 10 mL of this solution were added so that nFc =4nAl in
the final. The pH of the reaction mixture was kept constant at 9.5
by the simultaneous addition of 1 mol/L NaOH solution. An ageing
time of 24 hours was applied, after which the precipitate was
recovered by three washing/centrifugation cycles and then dried in
oven at 40 °C in air.

X-ray diffraction analyses were performed using a theta–theta
PANalytical X’Pert Pro diffractometer equipped with a Cu anti-
cathode (Kα1,Kα2) and an X’Celeretor detector. The X-ray patterns
were recorded in the Bragg–Brentano geometry in the range of 2–
80°/2θ with a step size of 0.02°.

Scanning electron microscopy (SEM) images were recorded using
a JSM-7500F microscope operating at an acceleration voltage of
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3 kV. Samples were deposited on conductive carbon adhesive tapes
and coated with a gold thin layer.

TEM images were acquired through a JEOL 2100F microscope
operating at an accelerating voltage of 200 kV. A small amount of
sample was dispersed in ethanol (~2 mg/1 mL) and sonicated for
5 min. Then, a drop of the suspension was deposited on a
150 mesh Formvar carbon-coated copper grid and dried at room
temperature. Local chemical composition measurements (1 nm)
were performed using X-ray energy dispersion spectroscopy (XEDS)
with a Jeol Si(Li) detector

Infrared spectra were recorded in transmission mode using the KBr
pellet technique (2 wt %) with a Nicolet 5700 spectrometer from
Thermo Scientific over the wavenumber domain of 400–4000 cm� 1

with a scan number of 128 and a resolution of 4 cm� 1.

Thermogravimetric analyses (TGA) and mass spectroscopy (MS)
were performed using a SETSYS Evolution de Setaram 92 coupled
with a Balzers mass analyzer under air flow (20 mL/min) in the
temperature range of 25–1000 °C with a linear temperature ramp of
5 °C/min.

CHNSO analysis were performed using a FlashSmart Thermo-Fisher.
Samples were prepared in a tin crucible to which an oxidizing
agent such as V2O5 was added in equal proportions. The sample
was then carbonized at 900 °C (10 °C/min). The percentages of
carbon, hydrogen, nitrogen and sulfur were determined using a
calibration line for each element with BBOT (2,5- Bis (5-tert-butyl-
benzoxazol-2-yl) thiophene, 6.1 N%, 72.53 C%, 6.09 H%, 7.44 S%).

ICP analysis were performed using an Agilent 5800 equipment.
10 mg of LDH were mineralized in a mixture of 2 mL of HCl and
6 mL of HNO3 subjected to microwave heating at 230 °C during
30 minutes (10 °C/min, 1500 W).

The working electrodes used in this study were prepared by
combing the respective LDH active material (MgAl-FcMono or
MgAl-FcDi) and a carbon black conductive additive (Super Graphite,
Superior Graphite Co.) in the weight ratio of 6 : 3 in 20 ml Ethanol
(EtOH) to form a suspension. This suspension was rotated
horizontally overnight in a closed glass vial with glass beads (d=

2 mm) to ensure homogenization of the two components. After-
wards the suspension was dried in an oven at 60 °C for 3 h. 10 wt %
(with respect to the total mass of the dried mixture) of binder
(PTFE, Sigma Aldrich) were added to the dried residue in the form
of a 60% suspension in water. This mixture was grinded in a mortar
with the addition of a few drops of EtOH for 10 min to form a
viscous paste, which was kneaded, rolled out and folded several
times on a glass plate to create a mechanically stable sheet. After
the final roll out, electrodes with a diameter of 8 mm were punched
out of the sheet. After drying at 60 °C overnight, these electrodes
resulted to a final area of 0.5 cm2, a thickness of 200 μm and an
average mass loading of 12 mgcm� 2.

For the UV/vis experiments, smaller electrodes with an average area
of 0.04 cm2 and an average mass loading of 20 mgcm� 2 (0.831 mg
average) were pressed into a stainless steel current collector in the
form of a grid under 500 MPa.

The counter electrodes have been prepared as oversized self-
standing carbon electrodes with a similar technique. Activated
carbon (YP50, Kuaray), carbon black (Super Graphite, Superior
Graphite Co.) and PTFE (Sigma Aldrich, 60% solution) were
combined in a weight ratio of 85 :10 :5. To this mixture, 60 ml of
EtOH have been added. The suspension was stirred at 70 °C until
enough EtOH had evaporated to form a viscous paste, which was
afterwards transferred to a glass plate, kneaded, and folded as
described above for the working electrode preparation. After the
final roll out, electrodes with a diameter of 12 mm (1.13 cm2) and a

thickness of 1.3 mm were punched out. These electrodes resulted
to an average mass loading of 53 mgcm� 2.

The investigated electrochemical cells were assembled in a 3-
electrode Swagelok setup, where the working electrode was the
LDH composite electrode, the counter electrode was the self-
standing carbon electrode and a silver wire was used as the
reference electrode. A glass fiber separator (Whatman), which was
drenched with either 150 μl of 1 M LiTFSI in H2O or neat Pyr13TFSI
as electrolyte, separated the two electrodes.

In the case of the UV/vis experiments, a different cell setup was
used. Here a LDH working electrode pressed in to a stainless steel
grid as current collector was submerged in 5 ml of 1 M LiTFSI in
H2O as electrolyte in a glass cuvette together with a platinum wire
as counter electrode and an Ag/AgCl (3 M NaCl) electrode as the
reference electrode. A magnetic stirrer was used during the
experiments to provide even distribution of dissolved ions in the
electrolyte.

Electrolytes were prepared by dissolving 1 M LiTFSI salt (Solvionic)
in H2O. The ionic liquid Pyr13TFSI (Solvionic, 99, 99%) was used neat
as is. Both LiTFSI and Pyr13TFSI were stored in a glove box
(LabMaster, MBRAUN GmbH) under argon inert atmosphere with
values of water and oxygen content below 0.1 ppm.

For electrolyte characterization the viscosity was measured with a
rheometer (Anton Paar, MCR 72) using a shear rate of 1000 1/s,
while the conductivity was determined by scanning impedance
spectroscopy in the frequency range of 10 Hz to 1 MHz using a
multichannel potentiostatic-galvanostatic workstation (BioLogic
Science Instruments, VMP3 with ECLab software). Both measure-
ments were carried out at 23 °C.

Electrochemical tests were performed using a multichannel
potentiostatic-galvanostatic workstation (BioLogic Science Instru-
ments, VMP3 with ECLab software) at room temperature. Before all
electrochemical experiments, the cells were set to equilibrium by
resting at open circuit (OCP) for 1 h.

Cyclic voltammetry (CV) experiments were exerted at a scan rate
of 1 mVs� 1. For measurements in the aqueous electrolyte 1 M LiTFSI
in H2O a voltage window of � 0.1 to 0.7 V vs. Ag was used. In the
ionic liquid electrolyte Pyr13TFSI a voltage window of 0 to 1 V vs. Ag
was accessible.

Constant current galvanostatic charge/ discharge experiments
were performed with a current density of 1 C. 1 C means the charge
or discharge is performed within 1 h with respect to the full
utilization of the theoretical capacity of the LDH active materials.
For the calculation of 1 C, the molar mass of the ideal structures of
Mg2Al(OH)6[FcMono]1.0 x 2 H2O and Mg2Al(OH)6[FcDi]0.5 x 2 H2O
have been used. The voltage limits have been derived from CV
measurements. For rate capability tests, current densities of 0.1, 0.5,
1, 2, 5, and 10 C have been used.

UV/vis analysis was carried out using a UV/Vis/NIR spectrophotom-
eter (PerkinElmer LAMBDA 1050) in transmission mode. The
absorption maximum of ferrocene in the aqueous electrolyte was
located at 268 nm and absorption spectra were measured in the
range between 250–300 nm.
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In this work, mono- and divalent
ferrocene carboxylates are success-
fully intercalated in the layered
structure of Mg2Al(OH)6 to form the
redox active materials MgAl-FcMono
and MgAl-FcDi. Initial limitations con-
cerning the cycling stability of electro-
des based on these materials in
aqueous electrolyte are overcome by
the utilization of ionic liquid electro-
lyte.
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