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Electrochemical characterization of ferrocene (Fc) was investigated to find out diffusion coefficient (D), heterogeneous rate constant (k2), and
relationship between D and k2 with Pt and Au electrode in three common room temperature ionic liquids (RTILs) containing namely 1-butyl-1-
methyhlpyrrolidinium bis (trifluoromethylsulfonyl) imide, 1-ethyl-3-methylimidazolium trifluoromethylsulfonate and triethylsulfonium bis
(trifluoromethylsulfonyl) imide by utilizing cyclic voltammetry and impedance spectroscopy. The D, double layer capacitance (Cdl) and apparent
activation energy (AGexp) of Fc was deduced in order to elucidate the role of RTIL on the electrode kinetics. The k2 of Fc was estimated by
electrochemical impedance spectroscopy by using the Randles equivalent circuit as the model. A graph between In (k2) versus In (n) suggests that
Fc redox process in RTIL with Pt and Au electrodes are adiabatic. The calculated diffusion coefficients and rate constant were of the order of 10-7

cm2 s-1 and 10-2 cm s-1, respectively.
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INTRODUCTION

Room Temperature lonic Liquids (RTILS) has attracted greater
interest in recent years as it exemplify its versatile uses as
electrolyte in many industrial applications as a potential reaction
media.’* RTILs are distinct classes of solvents comprising of
numerous combination of different cations and anions posses
unique physiochemical properties such as non-volatility, high
thermal and chemical stability; large conductivity, wide
electrochemical window and high flexibility are of increasing
interest to various electrochemical applications.'* As a
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consequence of their peculiar properties RTILs are often regarded
as promising designer solvents or as an alternative to organic
solvents and have used extensively as electrolyte for various
applications such as organic synthesis!, solar cell 5®
electrochemical sensors? and electrodeposition of various metals.®
Air and moisture stable RTILs* have attracted much attention as an
alternative solvent media for electrochemistry and act as
intermediate between that of aqueous and molecular organic
solvents.* Owing to higher cathodic and anodic limit of RTIL, it
shows higher electrochemical potential windows that largely non
accessible in aqueous electrolytes allowing the electrodeposition of
metals and semiconductors. Intrinsic conductivity of RTILs avoid
the use of supporting electrolyte and make it suited to improve the
energy storage that are otherwise out of the potential range of
traditional solvents.510

To date, voltammetric measurements in RTILs have mainly
employed quasi-reference electrodes, mostly Pt or Ag wire
electrode. To overcome this problem, many authors use a quasi-
reference electrode in combination with an electrochemically
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reversible ferrocene/ferrocenium (FclFc™) or
cobaltaocenium/cobaltacene (Cc*/Cc) redox couple as it exhibits
nearly ideal reversibility in most of the organic solvent and it is also
recommended as potential referencing by IUPAC, also both
systems are considered as likely “ideal” potential standards.!!-*2
Moreover, heterogeneous rate constant (k°), diffusion coefficient
(D) and double layer capacitance (Cq) of Fc in RTILs are of
significant interest in  both fundamental and applied
electrochemistry as it provides the rate of charge transfer
reactions.’*” Owing to higher viscosity of RTIL, k° of Fc was
expected to lower when compared to organic solvents. 182

In the present work, electrochemical characterization of Fc was
conducted with Pt and Au electrode in three different ionic liquid
namely 1-butyl-1-methyhlpyrrolidinium bis
(trifluoromethylsulfonyl) imide [(Csmpyrr) (NTf;)], 1l-ethyl-3-
methylimidazolium trifluoromethylsulfonate [(C.mim) (OTf)] and
triethylsulfonium bis (trifluoromethylsulfonyl) imide [(Czsulf)
(NTf,)] as these ionic liquids are used as a very versatile electrolyte
in many applications including electrochemical energy storage,
sensor and super capacitor.®2° Hence, the acquisition of accurate
and reliable values of working potential, D, k® and Cgy are of
significant important in these electrochemical systems. The
heterogeneous rate constant of Fc is estimated by the EIS and
further it is correlated with the viscosity of RTIL.

EXPERIMENTAL SECTION

2.1. Chemicals and reagents. RTILs 1-butyl-1-
methyhlpyrrolidinium  bis  (trifluoromethylsulfonyl)  imide
[(Csmpyrr) (NTF)], 1-ethyl-3-methylimidazolium
trifluoromethylsulfonate [(C.mim) (OTf)], triethylsulfonium bis
(trifluoromethylsulfonyl) imide [(C.sulf) (NTf,)] and ferrocene
(Fc) [Fe (C2Hs)2, 98%] were received from Sigma-Aldrich and used
as received.

2.2. Instruments and electrochemical studies:
Electrochemical experiments were performed at room temperature
25 + 2 °C by using potentiostat/galvanostat with a frequency
response analyzer (Autolab-302 with FRA-1I, The Netherlands).
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Figure 1: Structure of RTIL and Ferrocene

The electrochemical experiments are performed in a three
electrode cell system comprising of a Pt or Au working, platinum
wire quasi-reference and platinum counter electrodes, respectively
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of Metrohm make. Cyclic voltamogram and impedance spectra are
recorded at room temperature by purging the nitrogen for 10 min
prior to measurements in order to remove dissolved oxygen.
Experiments are performed utilizing the iR compensation method.
Figure 1 depicts the structure of RTILs and Fc used in this study.

RESULT AND DISCUSSION

3.1. Electrochemical behavior of Fc in different RTIL with
Pt electrode

The electrochemical redox property of Fc was studied in three
different RTILs with Pt electrode and the resultant CVs are
included as Figure2 after iR drop correction. The characterization
of Fc in these RTILs was chosen due to their higher electrochemical
potential window, thermal stability and higher stability towards
moisture.?
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Figure 2. CVs for the oxidation of 0.01 M Fc with Pt electrode in the
RTILs: (A) [(Campyrr) (NTF2)], (B) [(Camim) (OTf)] and (C) [(Czsulf)
(NTf2)] at scan rates of 25, 50, 75, 100, 125 and 150 mV/s.

For the understanding of redox characteristic of Fc/Fc* couple,
CVs for the oxidation of 0.01 M Fc with Pt electrode were recorded
between -0.3 V and + 0.6 V at different scan rate from 25 to 150
mV s with a step potential of 25 mV s and depicted in Fig 1(A)
[(Campyrr) (NTTF,)], (B) [(Comim) (OTF)] and (C) [(Cosulf) (NTF,)]
against a Pt quasi-reference electrode. The recorded CVs are stable
with no potential shift observed between the first and final CV
approaching reproducibility less than + 1mV for experiments
conducted over a period of three days. It can be clearly seen from
Figure 2 that the Fc is oxidized to Fc* ion at the peak potential of
(A) +0.210 V in [(Campyrr) (NTf2)], (B) +0.0809 V in [(Cmim)
(OTf)] and (C) +0.273 V in [(Czsulf) (NTf,)] vs. Pt (at 50 mV s?)
and reduced back to Fc at the potential of +0.130 V, +0.010 V and
+0.180 V in [(Campyrr) (NTF)], [(Comim) (OTF)] and [(Czsulf)
(NTf,)], respectively (at 50 mV s?), showing one electron
involvement for the redox system Fc/ Fc* couple in RTIL.?? Based
on the above observation, the following mechanism is proposed for
the oxidation of Fc to Fc* with Pt electrode:

[RTIL] + Fc <> F¢*[RTIL] + 1e
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The value of peak separation (AE)), half wave potential (Eyy),
and I/l of the Fc, in different RTILs are investigated in this study
and summarized in Table 1.The AE, of Fc with Pt electrode in RTIL
[(Csmpyrr) (NTF,)] and [(C.mim) (OTf)] at varying sweep rate is
constant which shows the reversible behavior of ferrocene.
Nevertheless, in case of [(Czsulf) (NTf,)], peak potential separation
increased with sweep rate, indicates quasi-reversible redox
behavior of Fc with Pt electrode.® 22
3.2. Effect of scan rate on Ferrocene at Pt electrode

Scan rate variation studies were carried out in order to know the
nature of redox behavior of Fc with Pt electrode in all three RTILs
by varying scan rate from 25 mV/s to 150 mV/s with an increment
of 25 mV/s. The resultant CVs are shown in Figure 2, an increase
in peak current was observed with increase in scan rate in the

forward and reverse scans in different RTILs.
3.5 3.5
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Figure 3. Various graphs obtained from the oxidation of 0.01 M Fc in
[Campyrr) (NTf2)] with Pt electrode: (a) Peak current (Ipa) vs. root
square scan rate (14/2), (b) Peak current (Ipa) vs. scan rate () and (c) log
Ipa VS. log v (scan rate).
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Figures 3, 4, and 5 show the various data analysis graphs
obtained from the study of CV for Fc with Pt electrode in
[(Campyrr) (NTf)], [(Comim) (OTf)] and [(Csulf) (NTf)],
respectively. Fig 3a shows a plot of peak current (lpa) vs. root scan
rate (v**) for Fc in [(Csmpyrr) (NTf2)], moreover, Figure 4a, and
Figure 5a shows the same plot for Fc in [(Comim) OTf)] and
[(Casulf) (NTF,)], respectively. In all cases a high degree of linearity
with anodic peak is observed for Fc with Pt electrode (least square
correlation coefficient 0.991 in [(Csmpyrr) (NTf;)], 0.975 in
[(Comim) (OTHF)] and 0.974 in [(Csulf) (NTf2)]). These results
shows the electrochemical oxidation process of Fc in all RTILs is
diffusion controlled.® It has been observed that regression lines in
figure do not pass through the origin as reported earlier in case of
RTILs.324

Moreover, the anodic current (lp) vs. scan rate (v) variation
profiles were also plotted (Figure 3b, 4b, and 5b) and it also shows
good linearity with least square correlation coefficient 0.998 in
[(Campyrr) (NTfR)], 0.989 in [(Comim) (OTf)] and 0.919 in
[(Casulf) (NTT,)]). Therefore, to further confirm the behavior of Fc
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Figure 4. Various graphs obtained from the oxidation of 0.01 M Fc in
[(Camin) (OTH)] with Pt electrode: (a) Peak current (lpa) VS. root square
scan rate (v+2), (b) Peak current (lpa) vs. scan rate (1) and (c) log IpaVs.
log v (scan rate).
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Figure 5. Various graphs obtained from the oxidation of 0.01 M Fc in
[(Casulf) (NTF2)] with Ptelectrode: (a) Peak current (Ips) vs. root square
scan rate (1*2), (b) Peak current (lps) vs. scan rate (v) and (c) log lpa vs.
log v (scan rate).

oxidation peak in all three RTILs, the plot of logarithm of anodic
peak current (log lp.) vs. logarithm of scan rate (log v) was plotted.
Fig 3c shows a plot of logarithm of peak current (log I) Vvs.
logarithm of scan rate (log v) for Fc oxidation in [(Csmpyrr) (NTf)]
in addition, Figure 4c and Figure 5c show the same plot for Fc
oxidation in [(C.mim) (OTf)] and [(Czsulf) (NTT,)], respectively.
With the help of the above plots the slope value was calculated in
order to find out the exact nature of Fc oxidation with Pt electrode
in all three RTILs. The value of slopes were found to be 2 0.84, 0.61
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and 0.35 in [(Csmpyrr) (NTf,)], [(Comim) (OTf)] and [(C.sulf)
(NTf,)], respectively. From these slope values, it is inferred that the
oxidation of Fc with Pt electrode [(Csmpyrr) (NTF2)] and [(C.mim)
(OTH)] is mixed diffusion-adsorption controlled electrode process,
since the slope value is greater than 0.5 > 2627 however, in [(Csulf)
(NTf,)] adiffusion controlled electrode process is observed because
the value of slope is less than 0.5.26 The different slopes value
indicates the nature of Fc oxidation in RTILs with Pt electrode are
different, which may be attributed to the number of factors such as
solubility of Fc, size of cation and anion and viscosities of RTILs
etc.?

It is observed from the Table 1 that the type of RTIL affects the
redox process of Fc with the Pt electrode. The Ey, of the Fc in
different RTIL are tabulated in Table 1 considering that the
diffusion coefficient for the Fc and Fc* are same?® by using the
following equation:
E1/2 = Epa-AEp/Z (1)

where, Ei is half have potential (V), AE, is the potential
difference between anodic and cathodic peak. It has been observed
that Ey, value is independent of scan rate in respective RTIL
reflects the typical reversible behavior of redox couple.

Table 1. CV data for the redox process of Fc in different RTILs with
Pt electrode at 25°C.

RTIL WMVsT) [ AEp (V) | EaV | [lpallec]
[(Campyrr) | 25 0.074 0.176 1.30
(NTF)] 50 0077 | 0177 | 132
75 0079 | 0178 | 132
100 0079 | 0178 | 1.33
125 0081 | 0179 | 1.34
150 0081 | 0179 | 1.37
[(Comim) | 25 0.063 | 0.047 | 1.04
(OTN] 50 0063 | 0045 | 1.02
75 0.065 | 0.046 | 1.03
100 0070 | 0.046 | 1.04
125 0.065 | 0.046 | 1.03
150 0.068 | 0.047 | 1.03
[(Csulf) | 25 0078 | 0227 | 101
(NTT)] 50 0.086 | 0226 | 1.03
75 0098 | 0230 | 1.05
100 0102 | 0230 | 1.07
125 0108 | 0232 | 1.09
150 0123 | 0231 | 1.3

At each scan rate (v), lpalpc Value for Fc lies in between 1.00 and
1.30 in all RTILs as summarized in Table 1, which is also one of
the key criteria to judge the electrochemical reversibility of the
system.3%3L In case of [(Csmpyrr) (NTfy], [(C.mim) (OTf)] and
[(Casulf) (NTT,)] the lpalpe of Fc is approximately equal to
unity shows the one electron reversible redox couple as reported
elsewhere. 3% At each  scan rate (v), the Ep and Eyc for the
Fc/Fc* redox system were independent of v, and I, increased with
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root scan rate (v*) variation in all the three RTILs studied for Fc
system. These observations are consistent with those expected for
a freely diffusing species in a solution.?”

The redox peak of Fc increases linearly with the increase in scan
rate in accordance with Randles—Sevcik equation. The diffusion
coefficient of Fc in all RTILs with Pt electrode are estimated
according to the gradient of a linear plot of 1, vs. v** plot, based on
the Randles-Sevcik equation 3 is given by
Ipa= (2.69x10%) n¥2 AcD* 12 )

where, n is the number of electrons in charge transfer step, A is
the electrode area (in cm?), ¢ is the concentration of electroactive
species (in mol cm™3), D is the diffusion coefficient (in cm?s?) and
v the potential sweep rate (in V st). The calculated values of
diffusion coefficient with the Pt electrode in the RTILs studied are
compiled in Table 3. The diffusion coefficient with the Pt electrode
in RTILs decreases in the order of [(Czsulf) (NTf2)] > [(Comim)
(OTH] > [(Campyrr) (NTf)] (Table 3) which is similar to the
decreasing trend of the viscosity of the RTILs as reported
earlier.235-%7

3.3 Electrochemical behavior of Fc in different RTIL with Au
electrode

CVs for the oxidation of Fc in all the three RTILs with Au
electrode at different scan rates from 25 to 150 mV s is shown in
Figure 6. Fc is oxidized to Fc* at the peak potential of (A) +0.157
Vin [(Campyrr) (NTf2)], (B) +0.085 V in [(Comim) (OTf)] and (C)
+0.257 V in [(Casulf) (NTf.)] vs. Pt (at 50 mV s*) and reduced
back to Fc at the potential of 0.081 Vv, 0.017 V and 0.181 V in
[(Campyrr) (NTF)], [(Comim) (OTf)] and [(Cosulf) (NTf)],
respectively (at 50 mV s1), showing one electron involvement for
the redox system Fc/ Fc*. For the oxidation of Fc to Fc* with Au
electrode, the same mechanism can be given as described in section
3.1 for Pt electrode.
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Figure 6. CVs for the oxidation of 0.01M Fc with Au electrode in the
RTILs: (A) [(Campyrr) (NTF2)], (B) [(Camim) (OTf)] and (C) [(Czsulf)
(NTf2)] at scan rates of 25, 50, 75, 100, 125 and 150 mV//s.
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3.4. Effect of scan rate on Ferrocene at Au electrode

Scan rate variation studies were conducted by increasing the scan
rate from 25 mV/s t0150 mV/s with an increment of 25 mV/s in
order to investigate the redox behavior of Fc with Au electrode. The
Fc showed an increase in the peak current in all the three RTILs.
The graph of I, vs. v** were plotted for Fc oxidation in all three
RTILs and shown in Figs. 7, 8 and 9. Figure 7a shows a plot of I,
vs. v*% for Fc in [(Campyrr) (NTf,)], in addition, Figure 8a, and
Figure 9a show the same plot for Fc in [(Comim) (OTf)] and
[(Casulf) (NTF,)], respectively. In all cases a high degree of linearity
with anodic peak is observed for Fc with Au electrode (least square
correlation coefficient 0.999 in [(Campyrr) (NTfy)] 0.999 in
[(Comim) (OTf)] and 0.992 in [(Casulf) (NTF,)]. Moreover, the Ipa
vs. v variation profiles were also plotted (Figure 7b, 8b and 9b) and
it shows good linearity (less than the v*#) and the least square
correlation coefficient values are also approaching to 1.0).
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Figure 7. Various graphs obtained from the oxidation of 0.01 M Fc in
[(Campyrr) (NTf2)] with Au electrode: (a) Peak current (Ipa) VS. root
square scan rate (112), (b) Peak current (Ipa) vs. scan rate (v) and (c) log
Ipa vs. log v (scan rate).

Therefore, to further confirm the behavior of Fc oxidation peak
in all three RTILs, the plot of logarithm of peak current (log Ipa) vs.
logarithm of scan rate (log v) was plotted.

Figure 7c shows a plot of logarithm of peak current (log Ipa) vs.
logarithm of scan rate (log v) for Fc in [(Campyrr) (NTf)] in
addition, Figure 8c, and Figure 9c show the same plot for Fc in
[(Comim) (OTT)] and [(Cosulf) (NTF,)], respectively. The values of
slope were found to be a 0.50, 0.54 and 0.83 in [(Campyrr) (NTf)],
[(Comim) (OTf)] and [(Cosulf) (NTF,)], respectively. From these
slope values it can be inferred that the oxidation of Fc with Au
electrode in [(Campyrr) (NTf2)] and [(Comim) (OTf)] is diffusion
controlled electrode process, since the slope value is close to the
theoretical value of 0.5 that is expressed for an ideal reaction for
diffusion controlled electrode process and in [(Czsulf) (NTF)] it
shows an mixed diffusion-adsorption controlled process,
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Figure 8. Various graphs obtained from the oxidation of 0.01 M Fc in
[(Coamim) (OTf)] with Au electrode: (a) Peak current (Ipa) vs. root
square scan rate (v*) (b) Peak current (lpa) vs. scan rate (v) and (c) log
Ipa Vs. log v (scan rate).
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Figure 9. Various graphs obtained from the oxidation of 0.01 M Fc in
[(Casulf) (NTf2)] with Au electrode: (a) Peak current (lpa) Vvs. root
square scan rate (v*?), (b) Peak current (Ipa) vs. scan rate (v) and (c) log
Ipa Vs. log v (scan rate).

since the slope value is greater than 0.5 adsorption. Therefore, with
the help of these data it is concluded that the nature of Fc oxidation
in RTILs is not only based on the types of RTIL used, however, it
also depends on the nature of working electrode material as
reported earlier for glassy carbon, Au and Pt electrode. %

Table 2 summarizes the calculated values of AE,, Eipand I/l
for the oxidation of 0.01 M of Fc with Au electrode in all the three
RTILs. It is observed from Table 2 that, at each scan rate, the lpa/lpc
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approximately equal to unity in all the RTILs studied, indicating
reversible behavior of Fc redox couple with Au electrode while in
case of Pt electrode in [(Czsulf) (NTF,)], Fc shows quasi reversible
behavior. Moreover, it is found that the peak potential values were
independent of scan rate showing reversible behavior of Fc in all
RTILs.

The Ey, of the couple in all RTILs was calculated and it is found
that the value of Ey; is not varying with scan rate variation or it is
independent of scan rate as required by reversible couple.
Interestingly, as can be seen from Table 1 and Table 2, both in case
of Pt and Au, Ei» value is same, which shows that Ei» is
independent of electrode material. From Table 1 and 2 it can also
be inferred that, E1, value is dependent on the composition and
physical properties of electrolyte as in different RTIL values of E,
changes.

Table 2. CV data for the redox process of Fc with Au electrode in
different RTILs at 25°C.

V.V. Singh et. al.

value of diffusion coefficient of Fc in all three RTILs with Au
electrode is summarized in Table 3. The calculated values of
diffusion coefficient with Au electrode in all three RTILs are in the
order of [(Casulf) (NTf2)] > [(Comim) (OTF)] > [(Campyrr) (NTF)].
The highest diffusion coefficient obtained for [(Cysulf) (NTf,)] is
in agreement with its lower viscosity when compared to other
RTILs. In general, diffusion coefficients of ferrocene are on the
order of 107 cm? st which is two orders of magnitude lower than
in conventional solvents.®**° These results suggest that, if the
RTILs viscosity is less, then the diffusion of Fc will be more, which
in turn reflects higher value of diffusion coefficient.

A graph is plotted between diffusion coefficient and reciprocal
of viscosity as per the Stokes —Einstein equation ** as given below:

Dn=BT/6xr 3)

Where, D is diffusion coefficient, # is viscosity, T is temperature,
B is the Boltzmann constant and r is the Fc radius. Moreover, this
equation is also used to observe the hydrodynamic radius of
diffusing species. Based on D and # value (based on reported
viscosity earlier 2 product of Dy are calculated and presented in
Table 3.

Table 3. Diffusion coefficients of Fc in different RTILs with Pt and Au
electrodes.

Elec | RTIL Diffusion | n Dn(cmg | Ref.
coefficient | (cP) | s?)
(D) cm?/s

Pt [(Campyrr) | 0.404x10- | 89 0.36 x107 | This
(NTH)] 7 [43] work
[(Camim) 1.16x107 | 45 0.52 x107 | This
(OTh] [43] work
[(Czsulf) 1.75x107 | 30 | 0.53x107 | This
(NTF,)] [43] work

Au | [(Campyrr) | 0.70x107 | 89 0.62 x107 | This
(NTF)] work
[(Camim) 2.0x107 45 0.90 x107 | This
(OTf)] work
[(Czsulf) 2.10x107 |30 | 0.63x107 | This
(NTR)] work
Molecular
liquid
ACN 224 x107 0.34 | 0.8 x107 44
DMSO 44 x107 1.99 | 0.9 x107 44
DCM 167 x107 0.41 | 0.7 x107 44
DMF 95 x107 0.80 | 0.8 x107 44

This variation of Ey, in different RTILs is due to difference in
physical properties of RTILs such as dielectric constant, viscosity,
dipole moment etc. Moreover, it is also observed that the AE,
values obtained at slow scan rate are consistent in both Pt and Au
electrode and at higher scan rate greater than 100 mV s, values of
AE, increase as expected when a low level of uncompensated
resistance is present.'® From all these observations it is inferred that
Pt wire can used as quasi-reference electrode since the oxidation of
Fc with Pt and Au electrode shows same quasi-reversible behavior
with Fc.

The diffusion coefficient of 0.01 M Fc in all RTILs with Au
electrode was estimated according to the gradient of a linear plot of
Ipa vS. v plot, based on the Randles-Sevcik equation. The calculated
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RTIL v(MVsY) [ AEp (V) | Ewz(V) | [ipalind]
[(Campyrr) 25 0.075 0.189 0.998
(NTf2)] 50 0.085 0189 | 1.013
75 0.09 0192 | 1.026
100 0.096 0192 | 1.039
125 0.01 0192 | 1.051
150 0.102 0193 | 1.062
[(Czmim) 25 0.066 0053 | 1.07
(OTH] 50 0.066 0.055 | 1.06
75 0.066 0.055 | 1.06
100 0.066 0053 | 1.06
125 0.066 0.053 | 1.06
150 0.068 0.054 | 1.06
[(Casulf) 25 0.073 0223 | 0.955
(NTf2)] 50 0.078 0224 | 0.962
75 0.071 0223 | 0.967
100 0.071 0223 | 0973
125 0.071 0.224 | 0.974
150 0.071 0.224 | 0.974

As can be seen from the Table 3, that Dy value is in the range of
0.6+0.3x107 cm g S2. From the above results it can be concluded
that Fc radius is constant in RTIL and organic solvents and
independent of the medium. 2*42 Dy value of Fc in molecular liquid
is in the range of 0.840.1x107 cm g S2* A graph is plotted
between D and 1/ # for three ionic liquid viz. [(Czsulf) (NTT,)],
[(Comim) (OTf)] and [(Campyrr) (NTF,)] at Pt (Fig 10A) and Au
(Fig 10B) electrode and it has been observed that both the curve
exhibits linearity and passes through origin. ** The Fc radius
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calculated from the slope of the line and above equation, the radius
of Fc is 0.57 nm was determined which is slightly larger than
crystallographic radius of Fc due to interaction of Fc and anionic
species of RTIL as reported elsewhere.*

In(k°)/cms™
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Figure 10. Stokes-Einstein plot of diffusion coefficient (D) vs.
1/viscosity (1) for ferrocene at (A) Pt and (B) Au electrode with three
different RTILs.

In order to understand the thermodynamic process involved in
Fc oxidation process in RTIL a graph is plotted between In (k°)
versun In () as per the following equation:

In(k®)=[In(A)-AG/RT]-0In(3VM&w/&RT)-0In(x) 4

where, A is the portion of pre exponential factor, 9 is a fraction
that depends on the degree of reaction adiabatically, Vm molar
volume of medium and &a and & are the high frequency and static
permittivity, respectively. Rest of symbols is its standard
abbreviation. As can be seen from the Fig 11 A and B In (k°) versus
In () shows linear relationship with linear regression >0.99. With
slope value of Fig 11A and B shows that Fc process in RTIL with
Pt and Au electrodes are adiabatic and linear relationship between
In (k°) versus In (y) depicts that the RTIL structure has negligible
effect on the k° value as reported earlier.
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Figure 11. Plot of In (k°) versus In () for ferrocene at (A) Pt and (B)
Au electrode with three different RTILs.
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3.5. Electrochemical impedance spectroscopic characterization
of Fc at Pt and Au electrode

In this study, EIS was employed to get information on the
impedance changes of the electrode surface during the redox
process of Fc in all three RTILs. The diameter of the semicircle
usually equals to the electron transfer resistance, which controls the
electron transfer kinetics of the redox probe at the electrode
interface.**** Charge transfer resistance (R.;) was estimated using
Nyquist plot of high frequency semicircle region.
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Figure 12. Nyquist plot of Fc with Pt electrode at OCP (A) in
[(Campyrr) (NTF2)] (a) RTIL without Fc and (b) with 0.01 M Fc, (B) in
[(Comim) (OTf)] (a) RTIL without Fc and (b) with 0.01 M Fc and (C)
in [(Casulf) (NTF2)] (a) RTIL without Fc and (b) with 0.01 M Fc.

Randles equivalent circuit was used to estimate the value of R
and the electrical double layer capacitance (Cq) and the data
validation carried out by the Kramers-Kronig (KK) test from the
FRA software of Metrohm autolab, prove that experimental results
fit reasonably and are in a good agreement with the proposed circuit
model.

Figures 12Aa, 12Ba and 12Ca illustrate the typical results of AC
impedance spectra of the neat RTILs with Pt electrode in
[(Csmpyrr) (NTf)], [(Camim) (OTF)] and [(Cssulf) (NTF)],
respectively. Figs. 12Ab, 12Bb, and 12Cb represent the impedance
spectra after the addition of 0.01 M Fc in [(Csmpyrr) (NTf.)],
[(Comim) (OTH)] and [(Czsulf) (NTF,)], respectively.
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Figure 13. Nyquist plot of Fc with Au electrode at OCP (A) in
[(Campyrr) (NTF2)] (a) RTIL without Fc and (b) with 0.01 M Fc, (B) in
[(Comim) (OTf)] (a) RTIL without Fc and (b) with 0.01 M Fc and (C)
in [(Casulf) (NTF2)] (a) RTIL without Fc and (b) with 0.01 M Fc.

Figures 13Aa, 13Ba and 13Ca show the AC impedance spectra
of the neat RTILs with Au electrode in [(Campyrr) (NTf)],
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[(Comim) (OTH)] and [(Casulf) (NTF,)], respectively. Figs. 13Ab,
13Bb and 13Cb represents the impedance spectra after the addition
of 0.01 M Fc in [(Campyrr) (NTF2)], [(Czmim) (OTF)] and [(Czsulf)
(NTf,)], respectively. In Fig 12 and 13, the semicircle is partially
resolved at higher frequency corresponds to the R while at lower
frequency the straight line of Nyquist plot inclined at -45 degree
with Z” axis. EIS results conferred that at Pt and Au electrode the
diffusion of Fc is the slowest step and hence rate determining step.
2 Al the obtained results reveal that after the addition of 0.01 M
Fc, R value is decreased for all RTILs irrespective of nature of
electrode used. This attributes the acceleration of charge transfer
due to the presence of Fc in RTILs.

The values of Rt and Cq with the Pt and Au electrodes in all the
RTILs studied are compiled and presented in Table 4. It is
important to mention that all the calculated values of R and Cg
reported here are at open circuit potential (OCP). From Table 4, it
is evident that, the RTIL having high viscosity, the value of Ry is
more as diffusion of Fc molecule is slow when compared with low
viscosity RTIL. The capacitance values are compared after the
addition of Fc for the all three RTILs studied with Pt and Au
electrode, the following relation is observed: [(Cosulf) (NTf,)]>
[(Comim) (OTH)] > [Campyrr] [NTf,], which is similar to the
decreasing trend of the viscosity of RTILs. These results suggest
that capacitance decreases with increasing the viscosity of RTILs.
It is noteworthy to mention an increase in Cq is observed after the
addition of Fc in RTILs as indicated in Table 4 same trend is
reported earlier.454

Table 4. Values of the equivalent circuit parameters of the fitting
curves for without and ferrocene with Pt and Au electrode

Elec RTIL Fc/M | Re/kQ | Caix106 | n

Pt [(Campyr) | 0 0.650 | 0.652 0.907
(NTf)] [ 0.0L | 0635 | 0675 0.899
[(Cmim) |0 0.253 | 0.370 0.854
(OTh) 001 | 0176 |0.389 0.832
[(Csul) |0 0213 | 0.308 0.923
(NTf)] [ 001 | 0102 | 0.698 0.920

Au [(Campyrr) | O 0.809 | 0.841 0.946
(NTR)]  "001 [0627 | 0.961 0.936
[(Cmim) | 0 0.335 | 0.833 0.910
(OTh) 001 | 0296 | 0.901 0.914
[(Csulf) |0 0212 | 0.378 0.964
(NTR)] 001 |0.180 | 0.426 0.958

The apparent heterogeneous rate constant (k°), for the Fc/Fc™ was
studied by electrochemical impedance spectroscopy in [(Csmpyrr)
(NTF)], [(Comim) (OTH)] and [(Czsulf) (NTF,)], containing 0.01 M
Fc/Fc* using Nyquist plot shown in Figure 12 and 13 on a Pt and
Au electrode, respectively.

The Randless equivalent circuit model was used for the
calculation of Ry. kO is represented by following equation:*

R«=RT/ Flo (5)
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lo = FAK'co* (!~ %cg * (6)

where, lo is the exchange current, A is the area of electrode, ¢, * and
cr * are the bulk concentration of the oxidized and the reduced
form, is the transfer coefficient, R is the gas constant, and T is the
absolute temperature.

Table 5: The apparent heterogeneous rate constant (k°) of Fc redox
couples in different ionic liquid at 25°C using Pt and Au electrode

Electrode | RTIL k°(cm s)

Pt [(Campyrr) (NTf2)] | 0.06 x107?
[(Czmim) (OTH] 0.216 x1072
[(Czsulf) (NTF2)] 0.373 x102

Au [(Campyrr) (NTf2)] | 0.05 x107?
[(Camim) (OTH)] 0.128 x10?
[(Czsulf) (NTF2)] 0.211 x102

The k° values for Fc in ionic liquids were estimated in different
ionic liquids at Pt and Au electrodes and are summarized in Table
5. Analysis of data in Table 5, reveal that the k° values are
decreasing by virtue of viscosity of RTIL and showing inverse
relationship with the viscosity at both the electrode. This finding
can be explained by the Marcus expression for the k° in
conventional electrolyte by the following equation®®:

KO=kOZnet e(-AGexp/RT) (7)

where, AGey, IS the apparent activation energy, k is the transfer
coefficiemt, 0 is the displacement fluctuation parameter, Ze is the
collision frequency factor (Zn=4.57x10%cm st at T 294.15K), R is
universal gas constant and T is absolute temperature. It has been
observed that the Fc redox behavior at Pt and Au electrode
governed by the outer sphere redox reaction as no chemical bond
formation and breaking take place.*>*° Being an adiabatic process
as observed by a graph between In (k% versus In () and
consequently the product of k0 are equal to unity, the AGey, for Fc
on both the electrode was calculated from the equation 7 and
presented in table 5. Through the above results of table 5, it can be
concluded that the k®value is dependent on the viscosity of medium
and will be lower in high viscous RTIL owing to lower analyte
diffusion and AGey, Will be higher in the RTILs due to increased
solvent reorganization energy, as reported earlier.*® Therefore, the
value of k°decreases with increasing viscosity of RTIL as tabulated
in Table 5. The above results reflects the rate of electron transfer of
the Fc system at Pt and Au electrode is greatly affected by the
thermodynamic parameters as they are very sensitive to viscosity
of electrolyte used.

CONCLUSIONS

In the present work, electrochemical characterization of Fc with
Pt and Au electrode in [(Csmpyrr) (NTF,)], [(C.mim) (OTf)] and
[(Casulf) (NTf,)] were successfully investigated by utilizing CV
and EIS technique. On both the Pt and Au electrode, almost similar
half-wave potential is observed in respective ionic liquid indicating
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that working electrode material had a negligible effect on Eyp.
Diffusion coefficient of Fc in all the three RTILs was obtained and
it was found that the value of diffusion coefficient is inversely
dependent on the viscosity of RTIL as per the Stokes-Einstein
relation. The apparent heterogeneous rate constant (k°) was
determined by EIS data which is found of the order of 102 cm s?
which are smaller than those in aqueous and organic solution. A
variation in k° with different RTIL shows there is inverse
relationship with the viscosity of RTIL. A graph between In (k°)
versus In () suggests that Fc process in RTIL with Pt and Au
electrodes are adiabatic. With help of CV it was found that the
redox nature of Fc in the studied RTILs indicates that the process
is shows reversible electrochemical reaction kinetics. EIS data
confirms the diffusion of Fc in RTIL is the slowest and rate
determining step. Apparent activation energy (AGep) Was
calculated and found that it depends on the viscosity of RTIL.
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