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We carried out a detailed study of the kinetics of oxidation of ferrocene (Fc) to ferrocenium ion (Fc+) in
the non-aqueous lithium ion conducting electrolyte composed of a solution of 1 M LiPF6 in 1:1 EC:EMC
solvent mixture. This study using cyclic (CV) and rotating disk electrode (RDE) voltammetry showed that
the Fc0/Fc+ redox couple is reversible in this highly concentrated electrolyte. The ferrocene and ferroce-
nium ion diffusion coefficients (D) were calculated from these results. In addition, the electron transfer

0

errocene oxidation
on-aqueous electrolyte
otating disk electrode
iffusion coefficient
inetics
oltammetry

rate constant (k ) and the exchange current density for the oxidation of ferrocene were determined. A
comparison of the kinetic data obtained from the two electrochemical techniques appears to show that
the data from the RDE experiments are more reliable because they are collected under strict mass trans-
port control. A Tafel slope of c.a. 79 mV/decade and a transfer coefficient ˛ of 0.3 obtained from analysis of
the RDE data for ferrocene oxidation suggest that the structure of the activated complex is closer to that
of the oxidized specie due to strong interactions with the carbonate solvents. The experiments reported

udy o
ithium-ion battery here are relevant to the st

. Introduction

Interest in non-aqueous solvents for electrochemical research
nd practical applications such as lithium batteries has increased
ignificantly over the past four decades. Ferrocene is a useful refer-
nce material for non-aqueous electrochemistry as it demonstrates
ood solubility, invariant redox potentials and excellent chemi-
al and electrochemical reversibility in organic electrolytes [1].
he reversibility of the (Fc0/Fc+) redox couple was established
rom polarographic studies [2] soon after the discovery of this
rgano-iron compound in 1951 by Kealy and Pauson [3]. Previ-
us studies [4] of the electrochemistry of ferrocene in various
on-aqueous solvents revealed a reversible one-electron process.
he diffusion coefficient (D) of ferrocene in different solvents was
ound to be inversely dependent on the viscosity of the solvent

edium. Weaver and co-workers [5] conducted a study of the ther-
odynamic effects of solvent dynamics on various metallocene

edox couples by both theoretical and experimental methods.

heir results indicated that solvent viscosity contributed to the
igh-energy barrier, which influenced the kinetics of outer-sphere
eactions. Mass transfer of the electroactive species to the elec-
rode surface is a major factor in the rate of an electrochemical

∗ Corresponding author. Tel.: +1 617 373 6382; fax: +1 617 373 8949.
E-mail address: kmabraham@comcast.net (K.M. Abraham).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.06.041
f redox reagents for the chemical overcharge protection of Li-ion batteries.
© 2009 Elsevier Ltd. All rights reserved.

oxidation or reduction reaction. If the electron transfer step is
not hindered kinetically, movement of the electroactive species
through the solution becomes the rate-limiting step in this case. As a
result, electrochemical measurements are frequently used to deter-
mine diffusion coefficients of electroactive species and kinetics of
electrode reactions. The process of diffusion is important in a wide
variety of chemical scenarios, including kinetics of rapid reactions,
chromatographic and electrophoretic separations, and battery elec-
trode reactions. A literature review [6–10] revealed some prior
studies of ferrocene electrochemistry in propylene carbonate (PC)
solutions containing lithium salts. In the first of these studies, Abra-
ham and Alamgir [10] investigated the electrochemical properties
of Fc in a polyacrylonitrile-based gel polymer electrolyte (PAN)-
EC/PC-LiClO4) and established that the oxidation of ferrocene is
electrochemically reversible. They found that the diffusion coef-
ficient of Fc decreased by an order of magnitude in the gel polymer
electrolyte compared with liquid electrolytes having similar Li salt
concentrations. To the best of our knowledge, few studies con-
centrating on ferrocene oxidation kinetics in highly concentrated
solutions of Li salts in organic carbonates of the types used in Li-ion
batteries have been performed. Such studies are relevant in view
of the fact that ferrocene and its derivatives have been shown to

be potentially useful redox reagents for the chemical overcharge
protection of rechargeable lithium and lithium-ion (Li-ion) batter-
ies [11–15]. In this application, ferrocene added to the electrolyte
in a rechargeable Li or Li-ion battery cell is oxidized at a potential

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:kmabraham@comcast.net
dx.doi.org/10.1016/j.electacta.2009.06.041
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lightly positive of the oxidation potential of the positive electrode
n the cell and the ferrocenium ions thus produced diffuse to its
egative electrode and gets reduced to regenerate ferrocene. Con-
equently, the electrode potential remains locked at the oxidation
otential of ferrocene and prevents the cell from overcharge. This
ype of chemical shuttles for overcharge protection is highly desir-
ble to protect individual cells in a battery having two or more cells
onnected in series from overcharge during recharge with the result
f improving cell performance and mitigating safety hazards. In this
ork, we investigated ferrocene redox chemistry in 1 M LiPF6/1:1

C:EMC which is a typical liquid electrolyte used in Li-ion batteries.
nother motivation for our study is that these ferrocene experi-
ents can serve as models for investigating the redox chemistry of

ther chemical shuttle reagents used for overcharge protection of
echargeable Li-ion batteries [16–19]. We report the mass transport
nd kinetic parameters of the Fc0/Fc+ couple in this prototypical Li-
on battery electrolyte. The results of this study should further our
bility to design and develop redox shuttles in non-aqueous elec-
rolytes leading to improved performance and safety in Li-ion and
i-air batteries [20]. A comparison of the results obtained from CV
nd RDE experiments is useful in understanding the role of mass
ransport on the kinetic parameters of redox reagents for Li-ion
atteries.

. Experimental

.1. Chemical reagents

All reagents were of electrochemical grade unless stated oth-
rwise. Battery grade solvents, ethylene carbonate (EC) and ethyl
ethyl carbonate (EMC) and lithium hexafluorophosphate (LiPF6)

battery grade, >99.9%, H2O < 20 ppm) were obtained from Ferro
orporation, Cleveland, Ohio. Ferrocene was purchased from
igma–Aldrich, Allentown, PA.

.2. Instrumentation

The electrochemical experiments were performed with a Volta-
ab (Radiometer Analytical Inc., model-VoltaLab 10) potentiostat in
n airtight electrochemical cell. The electrochemical cell designed
nd built in-house consisted of a traditional 3-electrode system uti-
izing Li/Li+ as the reference electrode and platinum wire as the
ounter electrode. A glassy carbon working electrode (3 mm diam-
ter) was employed for the cyclic voltammetry experiments. The
lectrodes were polished with 0.5 mm and 0.05 mm alumina paste
rior to the experiments. For RDE experiments, the glassy carbon
lectrode was rotated with an Autolab RDE rotor. Scan rate analy-
es were performed using 3.3 mM solutions of ferrocene in a 1 M
iPF6/1:1(by volume) EC:EMC electrolyte, and scan rates were var-
ed between 5 mV/s and 300 mV/s. All of the cyclic voltammetry
xperiments were initially performed in an Ar-atmosphere glove
ox where H2O and O2 concentrations were kept below 5 ppm
nd temperature was held at 22 ± 2 ◦C. RDE experiments were con-
ucted outside the glove box in a glove bag purged with argon. The
onductivities of the solutions were measured using a 4-electrode
onductivity cell with a Thermo Scientific Orion Model 550A Mul-
iparameter Meter.
Electrolyte viscosities were measured with a size 1 Ubbelo-
de Viscometer. Measurements and calibration were performed
ccording to ASTM protocol as described by the manufacturer.
fflux time between the upper and lower fiducial marks on the
pparatus were monitored with a stopwatch. Average times for
our runs were recorded, with all results averaged together. The
iscosities were measured at room temperature, 22 ± 2 ◦C.
Fig. 1. Cyclic voltammograms for the oxidation of 3.3 mM Ferrocene in 1 M LiPF6/1:1
EC:EMC on a glassy carbon working electrode at a scan rate of 100 mV s−1.

3. Results and discussion

3.1. Cyclic voltammetry

The redox chemistry of ferrocene was studied using cyclic
and rotating disk voltammetric techniques and the results are
compared. The electrolyte solution used for these studies was char-
acterized by determining its conductivity and dynamic viscosity
with values of 8.8 mS/cm and 4.66 cP, respectively at room temper-
ature. Fig. 1 shows the cyclic voltammograms (CVs) of the ferrocene
redox couple on a glassy carbon (GC) electrode in 1 M LiPF6/1:1
EC:EMC solution (hereafter referred to also as the carbonate elec-
trolyte) at a sweep rate of 100 mVs−1. Our study was restricted
to glassy carbon electrodes, since surface adsorption effects on
platinum electrodes are well documented [21]. Also, glassy carbon
electrodes are practically more relevant to Li-ion batteries as one or
another form of carbon is present in the electrodes of the battery. At
low concentrations, ferrocene oxidation in many organic electrolyte
solutions does not precipitate surface films on glassy carbon elec-
trodes and, thus, would serve as a good standard for non-aqueous
electrochemistry. The CV data were corrected for Ohmic (iR) losses
using the well-established semi-integral technique [22] (see Fig. 1).
Equilibrium is established quickly between the active species as the
voltammetric responses of ferrocene appear between 3.22 V and
3.28 V vs. Li/Li+. The peak potential separation �Ep between the
anodic and cathodic peak potentials ranged from 60 mV to 67 mV
with an average of 63 ± 0.002 mV. These values are close to the the-
oretical value of 59 mV for a one-electron reaction. For a reversible
process the peak width is given by the following relationship.

Ep/2 − Ep = 2.2
(

RT

nF

)
(1)

Where Ep/2 is the half-peak potential at the half value of the peak
current, Ep, is the peak potential, F is the Faraday constant and n is
the number of electrons in the reaction. From the data obtained at
the sweep rate of 5 mV/s, the number of electrons n was calculated
to be 1.05 (see Table 1). Analysis of the CVs over the whole sweep
ranges (see Table 1) gave n values close to this indicating that the
number of electrons transferred in the reaction is one. We found
the electrochemical charge ratio (Qc/Qa) determined from the area
under the oxidation (ipa) and reduction (ipc) peaks to be over 91%.
Cyclic voltammetry is a useful technique for discerning kinetics,
rates, and mechanisms in addition to thermodynamic parameters.
The magnitude of the current, I, in a cyclic voltammogram is a
function of temperature, concentration, Canalyte, electrode area, A,
the number of electrons transferred, n, the diffusion coefficient, D,
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Table 1
Voltammetric properties of Fc0/Fc+.

Scan rate (V) mV/s Epa ± 0.002 V Epc ± 0.002 V �Ep Charge ratio, Qc/Qa Number of e− , n

5 3.283 3.224 0.059 0.92 1.051
10 3.283 3.224 0.059 0.95 1.053
25 3.282 3.223 0.064 0.93 1.053
50 3.280 3.222 0.065 0.92 1.050
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75 3.281 3.220
00 3.287 3.221
00 3.279 3.216
00 3.280 3.221

nd the speed at which the potential is scanned, v, related by the
andles–Sevcik equation (Eq. (2)).

pa = (2.69 × 105)n3/2AD1/2v1/2C (2)

Fig. 2A shows both the cathodic and anodic peak potential vari-
tions with sweep rates. The dependence of Ipa on sweep rate is
vident at both low and high scan rates. The little variation in both
he reduction and oxidation peak positions with increase in sweep
ates reflects the reversibility of the system. The Randles–Sevick
lot (Fig. 2B) shows a linear relationship between Ip vs. v1/2 pass-

ng through the origin. Assuming n = 1 we calculated the theoretical
andles–Sevick plots, which agree with the experimental data. This
nfers that ferrocene is a reversible redox couple in this media and
ollows Scheme 1.

The voltammetric parameters for 3.3 mM Fc in the car-
onate electrolyte are summarized in Table 1. All potential
alues are reported vs. the Li/Li+ reference electrode. From the

ig. 2. (A) Cyclic voltammograms for Fc/Fc+ in 1 M LiPF6/1:1 EC:EMC on a GC elec-
rode at sweep rates between 5 mV s−1 and 300 mV s−1. (B) Randles–Sevcik plot of
eak current vs. square root of the scan rate for the curves in (A).
0.067 0.89 1.092
0.06 0.91 1.176
0.063 0.92 1.125
0.063 0.91 1.045

dependence of current on scan rate, the diffusion coefficients
of ferrocene and ferrocenium ion in solution were calculated
as 2.03 × 10−6 ± 0.2 cm2 s−1 and 1.38 × 10−6 ± 0.1 cm2 s−1, respec-
tively. The lower diffusion coefficient of ferrocenium ion is
understood as arising from interactions between the ferrocenium
cation and the PF6

− anion as well as solvent molecules. The dif-
fusion coefficient of ferrocene we found is an order of magnitude
lower than that reported for PC/0.1 M LiClO4 [6]. The lower value
obtained in the present work is attributed to higher viscosity of
the concentrated solution. This points out the importance of the
present work.

The diffusion coefficient of a species in solution is inversely pro-
portional to the viscosity of the solution according to Walden’s
Rule. The theoretical diffusion coefficient of this system can be
determined by the relationship between diffusion coefficient and
solution viscosity given by the Stokes Einstein equation (Eq. (3)).

D = kT

6��a
(3)

In this equation k is the Boltzmann constant, T is temperature,
� is dynamic viscosity and a is the effective hydrodynamic radius
of ferrocene. The hydrodynamic radius is influenced by a number
of factors such as solubility of analyte, solvent molecule size and
polarity of the solvents. In this case we decided to use the crystal-
lographic radius of ferrocene (0.32 nm) [23]. The dynamic viscosity
(4.65 cP) was calculated from the solution’s kinematic viscosity
(0.0372 cm2 s−1) and density (1.25 g cm−3) we measured. The theo-
retical diffusion coefficient is D = 1.50 × 10−6 cm2 s−1, very close to
the measured value.

3.2. Rotating disk electrode

Rotating disk electrode is a hydrodynamic electrode technique
which utilizes convection as the mode of mass transport as opposed
to CV which is governed by diffusion. Convection is more efficient
and is not diffusion limited with the result that the analytical data
is more reproducible and precise. Thus a comparison of the kinetic
parameters obtained from CV and RDE experiments is informative
to elucidate the role of mass transport on electrode reaction kinet-
ics. Fig. 3A shows RDE voltammograms for ferrocene at a series of
rotation rates. It is evident from the data that the current gener-
ated by the RDE method is much larger than that generated under
diffusion control (Fig. 1A). The much larger current obtained using
RDE reflects the efficiency of this method. Also notice that there
is significant increase in anodic current (i.e. Fc0 to Fc+) while the

amount of cathodic current (i.e. Fc+ to Fc0) is negligible, essentially
making the cyclic voltammogram anodic. This is due to the vast
difference in concentration between the Fc+ and Fc0. The bulk solu-
tion contains Fc, which provides a constant supply to the rotating
electrode while the concentration of Fc+ ions at the electrode is so

Scheme 1.
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ig. 3. (A) Disk currents on a RDE obtained in 1 M LiPF6/1:1 EC:EMC in the anodic
weep at room temperature by various rotation rates. (B) Levich plot of limiting
urrent vs. square root of rotation for the data in (A) at scan rate = 10 mV s−1.

inuscule that little anodic current is produced. The Levich equa-
ion (Eq. (4)) establishes relationship between current at the RDE
nd concentration of the analyte.

lim = (0.620)nFAD2/3ω1/2v−1/6C, (4)

here Ilim is the limiting current density (A cm−2), n is the
umber of electrons for the reaction, F is the Faraday constant
96,500 C mol−1), D is the diffusion coefficient of ferrocene in the
olution, v is the experimentally determined kinematic viscosity of
he solution (0.0372 cm2 s−1), C is the concentration of ferrocene
n the solution (3.3 mM) and ω is the angular frequency (2�f/60).
urthermore, the Levich equation allows us to construct a plot of

lim vs. ω1/2 to determine a value of D which was found to be
.35 × 10−6 ± 0.2 cm2 s−1. This value is slightly higher that deter-
ined from the aforementioned CV experiments. The RDE data

lso give insight into the number of electrons transferred in the
lectrochemical reaction by comparing the limiting currents to the
otation rate of the electrode. These Levich plots, shown in Fig. 3B,
isplay well defined linear plots indicating a simple mass trans-

er controlled electrode process. The slope of the Levich plot for
he experimental data closely parallels the theoretical line for a
ne-electron reaction (n = 1). We can apply the Tafel equation (Eq.
5)) which relates the rate of an electrochemical reaction to the
verpotential, according to
og i = log i0 +
(

1 − ˛nF

RT

)
� (5)

In this equation � is overpotential for the anodic reaction and the
ther symbols have their usual meaning. The Tafel plot is corrected
Fig. 4. Tafel plots for ferrocene oxidation at room temperature on a glassy carbon
electrode at 2500 rpm for anodic sweep from 3.145 V to 3.35 V at 10 mV s−1 (OCP
3.145 V vs. Li/Li+).

for diffusion. In order to correct the measured currents for diffu-
sion, the kinetic current in the mixed activation-diffusion region is
calculated from Eq. (6) [24].

ik = ilim · i

ilim − i
(6)

A plot of log ik against overpotential, �, should be linear, lead-
ing to the Tafel slope b, from which the transfer coefficient, ˛ can
be determined [25]. As already stated (Fig. 3) the RDE experiments
related exclusively to the oxidation of ferrocene. Fig. 4 shows the
Tafel plot from the anodic region of the voltammogram beginning
with the open circuit potential (OCV) of 3.145. In this plot, the Tafel
region starting at about 60 mV positive of the OCP is clearly delin-
eated from the Butler Volmer region below that. A single Tafel slope
of c.a. 79 mV/decade was obtained in the entire potential range for
all rotation rates. This slope is analogous that obtained by Petro-
celli and Paolucci [26] for the oxidation of potassium ferricyanide
in NaOH on platinum. This implies that the initial electron transfer
is the rate-limiting step of this reaction. The heterogeneous kinetics
of this reaction is so rapid that over a wide range of sweep rates,
the reaction is reversible. From this data we calculated the trans-
fer coefficient ˛ = 0.3, which is comparable to previous ferrocene
experiments in aprotic solvents [27,28]. The observed values of Tafel
slope and ˛ are indicative of strong interactions between the fer-
rocenium ions and PF6

− as well as the solvents. The low ˛ also
suggests that the structure of the activated complex for the oxida-
tion reaction is closer to that of the oxidized specie. As we noted
earlier about 8% of ferrocenium ions are not available for reduction
back to ferrocene. This together with the kinetic information sug-
gest a chemical step, following the one-electron rate determining
oxidation reaction, in which the ferrocenium ion formed is stabi-
lized by the solvent as well as some of it being transformed into
products. This is not unreasonable considering the dipolar nature
of the organic carbonate solvents. Extrapolating the Tafel line to
equilibrium potential provides the exchange current density (I0) of
2.0 × 10−6 A cm−2. The rate constant of the electron transfer (anodic
oxidation in this case), k0, is proportional to I0 according to

I0 = nFAk0C (8)
We obtained a rate constant of k0 = 1.4 × 10−3 cm s−1 from the
exchange current density using Eq. (8). Our results show that RDE
technique can be successfully applied to highly concentrated elec-
trolyte solutions. The data revealed defined limiting currents from
which the kinetics of the system can be deciphered.
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. Conclusions

A detailed study of the kinetics of the oxidation of ferrocene
n a concentrated lithium ion conducting electrolyte was carried
ut using cyclic and rotating disk electrode voltammetry. The
esults obtained show that the ferrocene–ferrocenium redox couple
s reversible in this medium. The values for ferrocene and fer-
ocenium ion diffusion coefficients were determined from these
ata. In addition, the electron transfer rate constant (k0) and the
xchange current density (I0) for the oxidation of ferrocene were
alculated. A comparison of the kinetic data obtained from the
wo electrochemical techniques appears to show that the data
rom the RDE experiments are perhaps more reliable, because
hey are collected under strict mass transport control. A Tafel
lope of c.a. 79 mV/decade and a transfer coefficient ˛ of 0.3
btained from analysis of the RDE data suggest that the struc-
ure of activated complex in the oxidation reaction of ferrocene
s closer to that of the oxidized specie, probably due to strong
nteractions with PF6

− and carbonate solvents. Strong interac-
ions between the ferrocenium ion and the carbonate solvent is
onsistent with the highly dipolar nature of the organic carbon-
tes.

Our results indicate that useful electrochemical kinetic data for
oluble redox species in highly concentrated electrolyte solutions
elevant to Li-ion batteries can be obtained using the complemen-

ary CV and RDE techniques. Such kinetic data are relevant to the
tudies of redox reagents for overcharge protection of Li-ion bat-
eries, particularly in simulation studies aimed at understanding
heir performance in practical batteries, and in the development of
mproved materials.
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