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Abstract

Through two redox molecules, mono- and dicarboxylic ferrocene anions (FcMono and FcDi,
respectively), interleaved between the lamellae of a layered double hydroxide Mg,AI(OH)e
(LDH), have been synthesized and investigated as electrode materials inwater in salt
electrolyte using lithium bis-(trifluoromethanesulfonyl)-imide Li'[N(SO,CFs),]  (LiTFSI) mixed
in different amount of H,0. The redox activities of the composite electrode materials
including Mg,Al(OH)g[FcMono]; o and Mg,Al(OH)e[FcDilos suffer from the dissolution of the
active redox species migrating out of the host structure in water based electrolyte when low
molalities are used. However, while increasing the molality of the electrolyte solution
Mg,Al(OH)¢[FcDi]o s electrode material performs better than Mg,Al(OH)g[FcMono],, ones
according to the cycling stability For Mg,Al(OH)g[FcDi]os, an optimum behavior is observed
for a concentration of LITFSI of at least of 10 m . The electrode exhibits a stable capacity of
25 mAh g which is maintained after more than 100 cycles with 100 % coulombic efficiency.
Such stability during cycling is explained by two complementary processes: the preservation
of the lamellar structure of Mg,Al(OH)g[FcDilos, FcDi molecule being tethered by its two
ends (unlike FcMono tethered at one end only), in connection with the high concentration of
the electrolyte in LiTFSI, which helps slowing down the migration of the interleaved redox
species out of the structure. This opens the route to re-evaluate LDH-based hybrid materials

for water-based energy storage devices.

1. Introduction

Layered double hydroxides (LDHs) are brucite type (Mg(OH),) layered materials, which
follow the general formula [M**1.,M>*((OH),]*(A™) n - v H20, where M*" and M** are
divalent and trivalent metals cations. Since the [M**1_,M>*(OH),]** layers bear a net positive
charge, A" anions are intercalated between the metal hydroxide layers to ensure charge
compensation of the material 151 A common example of this structure is hydrotalcite

[MggAl>(OH)16]CO5 - 4 H,0 (x = 0.25) 1%,

[11-13]

LDHs have been investigated for many applications such as ion exchange , drug

[14-17] [18-22] [23-25] [26-29]

delivery , water purification , polymer or anti corrosion additives,



[30-35] [51,52]

sensors and catalysis 36501 The same is true for LSH in energy storage application

[53-63] [64—74]

in batteries and high power hybrid devices

The pioneering work by Mousty et al.,where organic redox active moieties were inserted
into LDHs structures led to the production of a new type of sensor [7s], Inspired by this work,
we presented the two model LDH materials Mg,Al(OH)g[FcMono]io x 3.6 H,O and
Mg,Al(OH)g[FcDilos x 2 H,0, which will be referred to MgAl-FcMono and MgAl-FeDi 76789,

The structure of both MgAl-FcMono and MgAlI-FcDi was recently reported (791,

These two LDH’s utilize the redox activity of the inserted ferrocene group for energy storage
81-88] Even though the intercalation of redox active ferrocene anions during synthesis was
successful and their electrochemical activity in the MgAI(OH)e structure for electrodes based
on MgAI-FcMono and MgAl-FcDi has been demonstrated, stable charge/ discharge cycles
were not observed "8, The first cycle has a capacity close to the theoretical values of 56.7
and 37.5 mAh g* for MgAl-FcMono and MgAI-FcDi respectively, thus indicating that the
lamellar confinement does not impede the redox activity of the interleaved species.
However, this capacity drops significantly right from the first discharge and subsequent

[79

cycles ! This loss in specific capacity during cycling is caused by the dissolution of the

ferrocene compound into the aqueous electrolyte as explained in our previous studies [77.79]

In a recent work, we found that highly concentrated electrolytes like ionic liquids can hinder
this dissolution and therewith increase the cycling stability for both MgAl-FcMono and MgAlI-

FcDi based electrodes !

In this work, we scrutinize the behavior of MgAl-FcMono and MgAl-FcDi based electrodes in
dilute electrolytes like 1M LiTFSI in H,0O and highly concentrated ones like neat ionic liquids.
In doing so, we aim to highlight the positive effects of the higher concentrated electrolytes
on the cycling stability of MgAl-FcMono and MgAl-FcDi. For this purpose, we tested MgAl-
FcMono and MgAIl-FcDi based electrodes in the five electrolytes 1, 5, 10, 15, 21 molal LiTFSI
in H,O (mol of salt per kg of solvent). This should help to define the best compromise
between capacity, power capability and cycling ability of the electrodes since based on our
previous results [79], highly concentrated water-in-salt electrolytes should provide a higher

stability.



2. Experimental

MgAl-FcMono and Di were prepared using a coprecipitation method as reported
elswhere.”® The synthesis reactor was pre-filled with 100 mL of ferrocene solution (0.02 mol
L™ FcMono or 0.01 mol L™ FcDi) in water and the pH was initially adjusted to 9.5 using 1 mol
LY NaOH solution. The cation solution prepared from chloride salts (0.333 mol L
MgCl, 6H,0 and 0.167 mol LY in AICI5, 6H,0) was added drop-wise (0,05 mL min‘l) 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 ng. = 4ny in the final solution. 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, whilst the solution was stirred, after which
the precipitate was recovered by three washing/centrifugation cycles and then dried in oven

at 40°Cin air.

The working electrodes were prepared with a composition of 60 wt% LDH, 30 wt% carbon
black and 10 wt% binder. To do so, MgAl-FcMono or MgAl-FcDi were mixed with conductive
additive (Super Graphite, Superior Graphite Co.) in 20 ml Ethanol (EtOH) to form a
suspension, which was rotated horizontally overnight in a closed glass vial with glass beads
(d =2 mm) to ensure homogenization between the two components. The suspension was
then dried in an oven at 60 °C for 3 h. PTFE (Sigma Aldrich) was added to the dried residue in
the form of a 60 % suspension in water to form the composite electrodes. This mixture was
mixed in a mortar with the addition of a few drops of EtOH for 10 min. The resulting dough
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.
After drying at 60°C overnight, these electrodes resulted in a final area of 0.5 cm?, a

thickness of 200 um and an average mass loading of 12 mg cm™.

The counter electrodes used in the cells were oversized self-standing carbon electrodes. For

their preparation, activated carbon (YP50, Kuaray), carbon black (Super Graphite, Superior



Graphite Co.) and PTFE (Sigma Aldrich, 60% solution) were mixed in a weight ratio of 85:10:5
and 60 ml of EtOH were added to the mixture. The suspension so obtained was stirred at 70
°C until a dough was formed. This dough was 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 cm?) and a thickness of 1.3 mm were punched

out. These electrodes had an average mass loading of 53 mg cm™.

The investigated electrochemical cells were assembled in a 3-electrode Swagelok setup. The
working electrode was a LDH composite electrode, the counter electrode was the self-
standing carbon electrode and a silver wire was used as the pseudo-reference electrode. A
glass fiber separator (Whatman) filled with 150 ul of electrolyte separated the two

electrodes.

Electrolytes were prepared by dissolving LiTFSI (Solvionic) in H,0 to produce 1, 5, 10, 15 and

21 molal solutions.

The viscosity was measured using a rheometer (Anton Paar, MCR 72) with a shear rate of

1000 1/s,

The ionic conductivities were measured by electrochemical impedance spectroscopy (EIS)
using Biologic-VMP3 equipment with Swagelok cells and stainless steel blocking electrodes.
A Teflon ring placed in the Swagelok cell allowed for the control of the form factor (3 mm x
110 mm?2). The frequency ranged from 1 MHz to 100 mHz with a polarization amplitude of
20 mV. The measurements were performed at +23 °C in a thermally regulated room. The
ionic conductivity o (S.cm-1) was calculated from the resistance values obtained with the EIS,

following the equation (1).
o=t/(RS) (1)

Where t is the thickness of the electrolyte (cm), S the surface (cm?) and R the resistance (Q).
An aqueous 1M KCl electrolyte was used as a standard with an ionic conductivity of 111 mS

cm™ at 23°C.

Electrochemical tests were performed using a multichannel potentiostatic-galvanostatic

workstation (BiolLogic Science Instruments, 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 performed at a scan rate of 1 mV s™ in a voltage
window of — 0.5 to 0.8V vs. Ag. A ferrocene-free electrode prepared with the same
composition has been tested in 1m LiTFSI aqueous electrolyte and the contribution is less
than 1 C g™ (0.3 mAh g™), mainly coming from carbon black additive. This value was not

subtracted from the capacity values reported in the manuscript.

Constant current galvanostatic charge/discharge experiments were performed with a 1C
rate, which is defined as the current needed to charge or discharge the electrode in 1 h with
respect to the full utilization of the theoretical capacity of the LDH active materials (56.7
mAh g’ for MgAl-FcMono and 37.5 mAh g™ for MgAl-FcDi). For the calculation of the
theoretical capacity of the electrode, the molar mass of the ideal structures of
Mg,Al(OH)g[FcMono];9x 2 H,0 and Mg,Al(OH)g[FcDilos x 2 H,0 have been used. Cycling has

been carried out between -0.5 and 0.8 V vs. Ag.

3. Results and Discussion

At first, in order to understand the influence of the different concentrations of electrolytes
on the electrochemical performance of the tested MgAl-FcMono and MgAl-FcDi based
electrodes, the viscosity and ionic conductivity of 1m, 5m, 10m, 15m, 21m LiTFSI in H,0 were

measured and depicted in Figure 2.
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Figure 1 : Viscosity and conductivity of LiTFSI in H,O electrolyte for molalities 1, 5, 10, 15 and
21m at 23°C in mol/kg of H,0.

As expected, the viscosities of these aqueous electrolytes increase with increasing salt
concentration. Thus, for a molality of 1m, 7.7 mPa st were measured at a temperature of
23°C, whilst the maximum viscosity of 300 mPa s is reached with the water-in-salt
composition at 21m. The correlation of concentration and ionic conductivity on the contrary
is not an increasing monotone. A maximum conductivity of 44.5 mS cm™ is obtained at 5m.
This value is similar to already reported ionic conductivity[sg][go’gll (maximum value of 50 mS

[92]

cm™ for 5 molal LiTFSI in water), while Suo et al ®? reported a maximum ionic conductivity of

45 mS cm™ for the same molality. The maximum ionic conductivity value was also measured

for a lower molality (58 mS cm™ at 4 moIaI)[gsl.

At higher molalities, the ionic conductivity decreases, which means that although a higher
number of charge carriers is present, the dissolved ions are hindering each other. At 21m, a
conductivity of 7.6 mS cm™ is measured. From these results, the best electrochemical
performance of MgAl-FcMono and MgAlI-FcDi based electrodes should be obtained when 5m

LiTFSI in H,0O is used as the electrolyte.



To verify this assumption, Figure 2 compares the electrochemical performances of the first
and 50" cv cycle of MgAl-FcMono and MgAlI-FcDi based electrodes using a scan rate of 1 mV

s in LiTFSI based aqueous electrolytes using molalities ranging from 1m to 21m.
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Figure 2: A and B) 1%, C and D) 50" CV cycle for MgAl-FcMono and MgAl-FcDi based
electrodes in 1m, 5m, 10m, 15m and 21m LiTFSI in H,0 at 1 mV s,

Figure 2A and B display the first cycle of MgAl-FcMono and MgAlI-FcDi based electrodes in all
tested electrolytes. For both materials, major differences in redox signals are visible with

respect to the electrolyte concentration.

Figure 2A displays the highest current densities of all CV’s presented in Figure 2, from which
the peak specific currents can be measured. Using 10m LiTFSI in H,0 for example, leads to
0.37 A g'1 for the oxidation of ferrocene. However, during the corresponding reduction, only
- 0.27 A g was obtained. This phenomenon of much lower currents during the reduction
process is present for all concentrations and indicates an irreversible reaction with low

coulombic efficiencies in the first cycle.

Figure 2C shows the electrochemical behavior of MgAl-FcMono based electrodes after 50 CV

cycles at 1 mV s™*. The specific peak currents obtained range between -0.065 and 0.075 A g™



and reveal a significant loss in current, and thus redox activity, for all electrolyte

concentrations.

In Figure 2B, similar peak currents as in Figure 2A are obtained for MgAl-FcDi. With 0.32 and
-0.30 A g'l, the highest currents are again measured in 10m LiTFSI in H,0. However, in
contrast to the results for MgAI-FcMono, reduction peaks for MgAl-FcDi show similar peak
currents as the oxidation process. This indicates an improved reversibility of the redox
reaction of ferrocene. In addition, this higher reversibility is retained in Figure 2D, where
after 50 CV cycles, a much lower fade in peak intensity is shown. An exception from this are
the redox peaks of MgAIl-FcDi in 1 m LiTFSI in H,0O where the current is reduced to 0.1 and -
0.1Ag"

In general, it can be observed from these results that a higher cycling coulombic efficiency
and cycling stability can be expected with MgAl-FcDi and with aqueous LiTFSI electrolyte
concentrations higher than 1m compared to MgAIl-FcMono or to low concentrations of LITFSI

in the electrolyte.

The cyclic voltammetry experiments provide a first general indication of the electrochemical
behavior of the MgAl-FcMono and MgAl-FcDi electrodes. Since the detailed discussion of
every measured peak current, redox potential and peak shape of the resulting CVs would be
complex and cluttered, Figure 3 summarizes this data and presents the calculated capacities

of all plotted redox peaks with respect to the electrolyte concentrations.
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Figure 3 : Capacities calculated from CV’s in Figure 3 for A) MgAl-FcMono electrode and B)
MgAl-FcDi.



In general, higher capacities are obtained for the oxidation than for the corresponding
reduction. Indeed, the oxidation of ferrocene into ferricenium species could lead to the
release of these species in the electrolyte, which in turn will decrease the overall capacity of

the electrode.

Figure 3A shows the first oxidation capacity and corresponding reduction of MgAl-FcMono in
red, whilst the capacities after 50 cycles of CV at 1 mV stare displayed in green. For the first
CV cycle, an increase in oxidation capacity is observed when the electrolyte concentration is
increased. The highest capacities are reported for 10 and 21 m. This result is surprising, since
the highest ionic conductivity was measured for 5 m. In particular, the high initial capacity
obtained at 21 m is contradictory to the low conductivity of 7.6 mS cm™ at this
concentration. For the first reductions, a loss in charge to a value of 28 mAh g'1 is recorded.
Again, an exception is seen for 21 m, where 37 mAh g are displayed upon reduction.
Nevertheless, for all concentrations, a strong difference between oxidation and reduction
capacities is calculated, indicative of low coulombic efficiencies for all CV’s. It can be noted
that the theoretical capacity of 56.7 mAh g'1 was never observed for MgAl-FcMono, and a

maximum of 82% of this value was measured in 21 m electrolyte solution.

Much higher efficiencies are shown after 50 CV cycles but at much lower capacities. For the
oxidations, however, only 5 mAh g'1 are obtained at 1 to 15m with corresponding 4 mAh g'1
on reduction revealing the low cycling stability of MgAl-FcMono. At 21m again, higher values

of 11 and 10 mAh g'1 are obtained showing a lower decrease in capacity at higher molalities.

Figure 3B highlights the different behavior of MgAlI-FcDi based electrodes. For the first CV,
lower specific capacities are obtained, which is in line with the lower theoretical capacity of
MgAl-FcDi. The highest capacities of 31 mAh g are obtained during the oxidation in 5 and
10m LiTFSI in H,0. Furthermore, the values of oxidation and reduction capacities are much
closer yielding a higher coulombic efficiency than for MgAl-FcMono whatever the electrolyte
concentration. The smallest capacity is measured in 1 and 21m electrolytes. The most
evident difference in CV cycling between MgAIl-FcMono and MgAIl-FcDi is the much higher
cycling stability of MgAI-FcDi over 50 CV cycles. Here an average 24 mAh g is obtained with

high efficiencies close to 100 % for 5 to 21m LiTFSI in H,0. An exception is shown for the 1m



electrolyte in which a much lower capacity of 9.9 mAh g is measured. This reveals a
reduced cycling stability of MgAI-FcDi in 1m LiTFSI in H,0O, while the cycling stability is
drastically improved in more concentrated electrolyte. As for MgAl-FcMono, the theoretical
capacity of 37.5 mAh g for MgAl-FcDi was never achieved. A maximum of 82% of this value
was measured in 5 m electrolyte, which is similar to what was measured for MgAl-FcMono in

21 m.

The findings of the CV experiments shown in Figure 2 and Figure 3 are verified in Figure 4
where the constant current galvanostatic charge discharge (CCGCD) plots of the first, second

and 10" charge/ discharge cycles at 1C of MgAl-FcMono and MgAI-FcDi are shown.
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Figure 4 : Constant current galvanostatic charge discharge (CCGCD)

profiles of charge/

discharge cycles 1, 2 and 10 for MgAl-FcMono and MgAI-FcDi based electrodes in A and B)

1m, Cand D) 5m, E and F) 10m, G and H) 15m and | and J) 21m LiTFSI in H,0 at 1C.

Figure 4A displays the CCGCD profiles of MgAl-FcMono in 1m LiTFSI in H,0. For the first

charge a very high capacity of 128 mAh g™ is presented, which is more than the double of

the theoretical capacity of 56.7 mAh g. At this lower LITFSI concentration, but higher H,0

concentration, a second oxidation plateau is observed which could correspond to an oxygen



evolution reaction. Indeed, he usual potential vs Ag quasi reference electrode is close to
+0.25 V vs NHE. At pH = 7, oxygen evolution reaction is supposed to occur at +0.81 V vs NHE,
i.e. at +0.56 V vs the Ag quasi reference electrode. The observed plateau is located at a
higher value as observed in Fig. 4A, B and C, which can be related to some overpotential for
oxygen evolution reaction. Moreover, in the case of Fig. 4A, B and C, the oxidation took
more than one hour which is 3 times longer than for the CV experiments. Thus, the
electrodes are staying a longer time in a critical oxidation potential zone during the

galvanostatic experiments compared to the CV experiments.

For the following reduction, however, only 15 mAh g'1 could be discharged (n = 12 %). On the
second cycle, this capacity loss is not regained and continues. After 10 cycles only 13 mAh g™
are stored during the charging process. This trend of capacity fade while cycling is
reproduced for 5m, 10m, 15m and 21m (Figure 4C, E, G and |). However, with increasing
LITFSI concentration (and lower H,O concentration), this process is slowed down, with the
highest capacity measured for MgAl-FcMono in 21m LiTFSI in H,0 after 10 cycles (43 and 32
mAh g!). As an indication, a molality of 21m has a molecular ratio of 1 LITFSI to only 2.6 H,0

whereas 1m has a H,O:LITFSI ratio of 56.

MgAI-FcDi in 1m LITFSI (Figure 4B) mimics the behavior of MgAl-FcMono under the same
conditions, but the second oxidation plateau is not clearly seen in this case. For the first
charge, the theoretical capacity of 37.5 mAh g'1 is reached. Nevertheless, as seen in the
previous graphs, the first reduction and subsequent cycles show a fast decline in capacity
down to 18 mAh g'l. On the contrary, beginning from 5m in Figure 4D, a lower initial charge
capacity is measured but a much more stable cycling is displayed for MgAIl-FcDi in higher
concentrated electrolytes. For 5m, 10m, 15m and 21m LiTFSI in H,O (Figure 4D, F, H and J),

cycle 10 presents similar discharge capacities as during the first cycles.

Figure 5 displays the 100 subsequent charge/discharge cycles after the 10 first cycles

previously shown in Figure 4 at 1 C for MgAl-FcMono and MgAl-FcDi for each concentration.
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Figure 5: Charge/ discharge cycling stability of MgAl-FcMono and MgAI-FcDi based
electrodes in A and B) 1m, C and D) 5m, E and F) 10m, G and H) 15m and | and J) 21m LiTFSI
in H,0 at 1C for 100 cycles.

In Figure 5 the tendencies shown in Figure 4 still remain. MgAl-FcMono based electrodes
show a weakcycling stability over the course of 100 cycles at 1C. The highest stability is
obtained with a 21m concentration. Furthermore, in all the MgAl-FcMono plots, a low
coulombic efficiency is obtained upon the first 30 cycles whatever the concentration (Figures

5A, 5C, 5E, 5G, 5I).

Figure 5B displays a similar behavior in 1m LiTFSI in H,O for MgAl-FcDi as the one observed
for MgAIl-FcMono. However, in 5m and higher concentrations (Figures 5D, 5F, 5H, 5J), a
much more stable cycling with a higher coulombic efficiency are achieved upon 100 cycles.
Therefore, stable cycling is possible using MgAl-FcDi in highly concentrated LITFSI

electrolytes (> 1 m).

From these findings, it is clear that the cycling stability is influenced by the electrolyte
concentration. Moreover, it seems that the MgAl-FcDi is able to sustain stable cycling at
electrolyte concentration equal and higher than 5m unlike MgAl-FcMono which is still
loosing capacity even at highly concentrated electrolyte. One possible explanation could be
the stronger interaction of ferrocene di-carboxylate anions with the positively charged
cationic layers: two negative charges on the anion enabling coulombic interactions with the
upper cationic layer and the lower cationic layer. Mono-charged mono-carboxylate anions
only interacts with one cationic layer, thus leading to a weaker interaction of the anions with
the host structure. Ongoing in-situ measurements should provide further insights in the

future in order to shed light on this phenomenon.

4. Conclusion

In this work, two LDH-based electrodes intercalated with redox active anions,

Mg,Al(OH)e[FcMono]; o and Mg,Al(OH)g[FcDi]o.s (MgAl-FcMono and MgAl-FcDi, respectively),



were investigated in water-based electrolytes, namely 1, 5, 10, 15, 21 molal LiTFSI in H,0.
The redox activities of the composite electrode materials, suffer from the dissolution of the
active redox species migrating out of the host structure when low molality electrolyted are
used (< 5 m). However, while increasing the molality of the electrolyte solution, MgAl-FcDi
electrode material exhibits a better stability upon cycling compared to MgAIl-FcMono. An
optimum behavior is observed for a concentration of LITFSI of at least of 10 m for MgAIl-FcDi
electrode with a stable capacity of 25 mAh g over 100 cycles with 100 % coulombic
efficiency. The strongest interaction of ferrocene di-carboxylate anion inside the LDH
structure is suspected/likely to be responsible of such improved cycling stability. Such finding
opens the way for re-evaluating LDH-based hybrid materials for water-based energy storage

devices.
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