
Autoreduction of Cyanoferrate(III) Ions in a Polymer Electrolyte
Membrane: All Solid State Electrochemical and Spectroscopic

Investigations

Meera Parthasarathy,† Chinnakonda S. Gopinath,‡ and Vijayamohanan K. Pillai*,†

Physical and Materials Chemistry DiVision and Catalysis DiVision, National Chemical Laboratory,
Pune, Maharashtra, India 411 008

ReceiVed June 21, 2006. ReVised Manuscript ReceiVed August 25, 2006

The effect of dielectric confinement on proton-coupled electron-transfer behavior and spectroscopic
properties of cyanoferrate ions in a polymer electrolyte membrane (Nafion) has been investigated in an
“all-solid-state” electrochemical cell, using techniques such as cyclic voltammetry, zero current
chronopotentiometry, electrochemical impedance, diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT), UV-visible spectroscopy, X-ray photoelectron spectroscopy (XPS), and electron spin
resonance spectroscopy (ESR). From the above investigations, we found that cyanoferrate(III) ions undergo
autoreduction in the ionomer matrix, for which a sulfonate-coupled mechanism has been proposed. This
report demonstrates the effectiveness of the micellar interface in tuning the redox potential of the confined
ions. A systematic analysis of the cyclic voltammetry and impedance data for the [Fe(CN)6]4--containing
Nafion membrane enables the estimation of a standard rate constant for [Fe(CN)6]4- oxidation, ko,
as 5.44× 10-6 cm/s and a diffusion coefficient,Do, as 1.3× 10-12 cm2/s. A similar calculation
yields a value of 4.8× 10-12 cm2/s for the diffusion coefficient of protons and 9.1× 10-6 cm/s for
the standard rate constant for hydrogen oxidation. The similarity in mass-transfer coefficients calcu-
lated for protons and [Fe(CN)6]4- ions suggests a proton-coupled electron-transfer mechanism for the
[Fe(CN)6]4-/[Fe(CN)6]3- couple. The results of the above investigations could have direct technological
relevance for deciding catalyst materials having redox compatibility with the polymer electrolyte, especially
in the preparation of catalyst-coated membranes (wherein the fuel-cell catalyst is directly coated onto the
polymer membrane instead of on the carbon support).

1. Introduction

Ion-exchange resins form an important class of materials
because of their increasing demand as solid electrolytes in
modern energy generation and storage devices, such as fuel
cells and supercapacitors, respectively, in addition to their
conventional applications in analytical separation techniques.
Being a panacea for a wide range of technologies, polymer
electrolyte research is one of the major areas of current
interest and is being carried out from different perspectives.
One such perspective in polymer electrolyte research is the
study of dynamics and energetics of ionic species incorpo-
rated in such solid electrolytes,1 with the primary motivation
being to understand the effect of confinement in the micellar
environment offered by the ionic polymer on properties of
incorporated species. Among the various polymer electro-
lytes, Nafion (a poly(tetrafluoroethylene)-based ionomer),
developed by DuPont de Nemours & Co., is the most widely
employed material, mainly because of its high proton
conductivity. A fairly recent review by Mauritz and Moore
gives an extensive account of experimental and theoretical

investigations carried out with Nafion.2 In this regard, a
number of reports exist on the study of the nature of ion
fluxes in Nafion membranes using scanning electrochemical
microscopy,3-7 the effect of surfactants on the ion fluxes,8,9

and the local structure around incorporated ions in the
ionomers using techniques such as EXAFS,10 Raman spec-
troscopy,11 NMR,12 and ESR.13-17 Also, the environmental
changes in chromophore entities incorporated in the matrix
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have been probed by observing solvatochromic shifts.18 In
all these cases, the usual approach has been to incorporate
ions having a charge opposite to that of the pendent groups
in the polymer chain. In this paper, we report a novel
strategy, the incorporated ion probe approach, in which
anionic complexes (cyanoferrate(II) and cyanoferrate(III))
incorporated in an anionic polymer matrix (Nafion) act as
probes, providing information about the local structure of
the membrane as a function of the applied electric field.
Because a negatively charged interface (formed by sulfonate
groups in Nafion) can confine a negative ion more effectively
(because of electrostatic repulsion) to certain regions than a
positive ion, this protocol could be more appropriate for
studying the effect of confinement in the polymer matrix on
the charge-transfer behavior of redox species. However, this
expectation is primarily based on electrostatic considerations,
although hydrophobic and Van der Waals interactions also
play a dynamic role in facilitating ion transport in the
polymer membrane.

Nevertheless, studying the charge-transfer kinetics and
thermodynamics of anions in an anionic matrix gives useful
information about the nature of the interface between
hydrophilic and hydrophobic domains, which plays an
important role in proton transport when the membrane is used
as an electrolyte in a polymer electrolyte membrane fuel cell
(PEMFC). The long-term performance of the polymer-
electrolyte-based energy devices depends critically on the
compatibility and stability of the ion-exchange membrane
under the desired operating conditions of the device. Hence
an understanding of the multifunctional behavior of the
membranes and structure-property correlation at the mi-
croscopic level would help improve the performance of the
devices that incorporate the membranes. However, a real time
analysis of the membrane incorporated in a fuel cell is
unlikely because of various other contributions from both
dynamic and static variables, such as field, humidity,
concentration, and thermal gradients controlling the overall
device performance. To circumvent this difficulty, it has been
a common practice to study the electrochemical behavior of
electrodes coated with the polymer film dipped in a liquid
electrolyte, facilitating the extrapolation of the results to the
real device conditions.19,20 In this protocol, a contribution
from the interface between the solid membrane and the liquid
electrolyte is unavoidable. A more relevant approach is to
study the membrane in an all-solid-state configuration; in
this regard, few preliminary reports are available with
different solid electrolytes.21-23,40

In this paper, we report our electrochemical and spectro-
scopic investigations of Nafion membranes containing cy-
anoferrate ions, using an all-solid-state configuration. The
results demonstrate the effect of an abrupt change in the
dielectric constant (for example, Paddison et al. have reported
the variation of permittivity with radial distance from the
pore wall in Nafion forλ ) 22.5 using statistical mechan-
ics24) and hence the local electric field25,26 at the micellar
interface between the hydrophobic and hydrophilic domains
(∼10-50 Å in dimension27) in the polymer on the stability
of the incorporated ions (which could be broadly called the
dielectric confinement effect) compared to earlier reports in
Nafion on the effect of hydrophobic confinement on the
transport properties of the membrane.27,28 In addition, the
present investigations on chemically modified electrolytes
add another dimension to the tunability of device perfor-
mance along with the usual strategy of chemically modified
electrodes. Moreover, the coupling of proton transfer with
the outersphere electron-transfer capability of the confined
redox couple has direct significance for optimizing the design
of catalyst-coated membranes for applications in fuel cells,
supercapacitors, solid-state hydrogen sensors, and analytical
techniques based on ion-exchange membranes.

2. Experimental Section

2.1. Materials. A 5 wt % solution of Nafion in a mixture of
lower aliphatic alcohols and water (eq wt 1000) was procured from
Aldrich Chemicals, and potassium ferrocyanide trihydrate and
potassium ferricyanide were procured from Qualigens Fine Chemi-
cals, Mumbai, India. Deionized water (Millipore 18 MΩ) was used
for preparing the cyanoferrate solutions.

2.2. Methods.Electrochemistry.All-solid-state cyclic voltam-
metry was carried out using a specially designed homemade
electrochemical cell made of Teflon, shown in Scheme 1. The cell
consisted of a cylindrical block of Teflon 1.7 cm in height and 0.8
cm in diameter. At one end of the block, a shallow trough 1 mm
in depth was made. For housing the electrodes, we drilled three
holes through the center of the trough to the other end of the cylinder
at appropriate positions such that the counter electrode (a 0.5 mm
Pt wire) encircles the working (a 0.140 mm Pt wire) and the
reference electrodes (Ag/AgCl electrode obtained by chloridation
of a 0.5 mm Ag wire) inserted in the middle holes. A provision
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was made for performing the experiments in different gaseous
atmospheres by fabricating a two-way screw cap over the cylindrical
Teflon block. Cyclic voltammetry with a pristine Nafion membrane
was conducted with an Autolab PGSTAT30 (ECO CHEMIE)
instrument using a continuous film of Nafion (thickness 0.5 mm),
cast over the electrodes fixed in the Teflon cell. A 0.5 M aqueous
solution of K4[Fe(CN)6] (20 µL) was then added to the membrane
to give a final concentration of 6.7× 10-3 M. Enough time was
given for the ions to diffuse through the membrane, and the
electrochemical experiments for the ion- incorporated membrane
were then performed at room temperature (30°C). OCV-time
profiles were also recorded for Nafion membranes with different
concentrations of potassium ferricyanide (683, 1366, and 2732µM)
using the same instrument. Electrochemical impedance studies were
performed with the same cell using an Autolab PGSTAT30 (ECO
CHEMIE) instrument equipped with a frequency response analyzer
immediately after adding equal proportions of K4[Fe(CN)6] and
K3[Fe(CN)6] (3.4 × 10-3 M each) using a 10 mV rms AC signal
in the frequency range 10 mHz to 100 kHz.

Spectroscopic InVestigations.The Nafion membranes were peeled
from the holder after cyclic voltammetry and used for XPS, ESR,
UV-visible, and IR spectral investigations. The XPS of K3[Fe-
(CN)6]/Nafion (0.05 M) was recorded 1 h after the addition of
ferricyanide to the membrane. XPS measurements were carried out
on a VG MicroTech ESCA 3000 instrument at a pressure of>1 ×
10-9 Torr (pass energy of 50 eV, electron takeoff angle 60°, and
overall resolution∼1 eV using a monochromatic Al KR source
(hν ) 1486.6 eV)). The core level spectra of the C 1s, O 1s, N 1s,
F 1s, Fe 2p, and S 2p signals were recorded with an overall
instrumental resolution of∼1 eV. The alignment of binding energy
(BE) was carried out using a C 1s BE of 285 eV as thereference.
The X-ray flux (power 70 W) was kept deliberately low to reduce
beam-induced damage. The spectra were fitted using a combined
polynomial and Shirley type background function.29,30ESR spectra
were recorded on a Bruker EMX spectrometer operating at X-band
frequency (∼9.784 Hz). The samples were analyzed at both 298
and 77 K. The UV-visible spectra of the solid membranes were
recorded (in the transmittance mode) using a JASCO Model V-570
dual beam spectrophotometer operating at a resolution of 2 nm;
the solid-state UV-visible spectra of the potassium ferrocyanide
and potassium ferricyanide were recorded (in the reflectance mode)
using a Perkin-Elmer Lambda 650 instrument operating at a
resolution of 5 nm. For IR spectroscopy, a Perkin-Elmer FTIR
Spectrum One spectrophotometer operating in the diffuse reflectance
mode at a resolution of 4 cm-1 was used. All these studies were
repeated for cyanoferrate-incorporated membranes prepared under
identical conditions, without subjecting them to an electric field.

3. Results and Discussion

3.1. Electrochemistry.3.1.1. Cyclic Voltammetry.Figure
1 shows cyclic voltammograms of the Nafion membrane with

and without K4[Fe(CN)6] as the polymer electrolyte, using
the all-solid-state cell. The open circuit potential (OCV) of
the cell using the pristine membrane as the polymer
electrolyte is+0.28 V. Subsequently, when the potential is
scanned from-0.5 to+0.6 V, at a scan rate of 100 mV/s,
no faradaic peaks are observed in the potential window
between+ 0.596 and-0.500 V, where oxygen and hydrogen
evolution occur, respectively. In contrast, the K4[Fe(CN)6]-
incorporated membrane shows an OCV of+ 0.164 V, which
is more negative (by 116 mV) than that of the pristine
membrane. This change in OCV corresponds to a positive
shift in the free energy of the reaction by 11.2 kJ/mol, which
shows the presence of chemical interactions between the
ionomer and the incorporated complex anions. When the
potential is scanned between-0.25 and+0.5 V, at a scan
rate of 100 mV/s, two anodic peaks, one at-0.003 V (peak
a) and another at+0.284 V (peak b) along with a cathodic
peak at+0.156 V (peak c) are observed (Figure 1). Peak a
could be assigned to the oxidation of adsorbed H2, because
there is an increase in the peak current when the potential is
held at-0.25 V for 2 min. This is further confirmed by an
increase in the peak current with an increase in the partial
pressure of the H2 gas passing over the membrane (Figure
2). The scaling of peak current with hydrogen partial pressure
has implications for solid-state H2 sensing; a report on all-
solid-state hydrogen sensing using a commercial Nafion
membrane is available.31 Voltammograms at different po-
tential scan rates (10, 25, 50, 100, and 200 mV/s) clearly
indicate a shift in the peak potential,Epa, to more positive
values, as revealed in Figure 3. This is expected, because
for an irreversible charge-transfer process,Ep is supposed
to be shifted in the positive direction (for an oxidation
process) by 1.15RT/RF (whereR is the gas constant,T is
the temperature in K,R is the charge-transfer coefficient and
F is the Faraday constant) for every 10-fold increase in the
scan rate.54 In this system, the peak potential shifts by+22

(41) Kadirov, M. K.; Bosnjakovic, A.; Schlick, S.J. Phys. Chem. B2005,
109, 7664-7670.
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4084-4095.
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Scheme 1. Electrochemical Cell for All Solid-State
Investigations with Polymer Electrolytesa

a WE, working electrode; CE, counter electrode; RE, reference electrode.

Figure 1. Cyclic voltammograms of (1) the pristine Nafion membrane and
(2) the K4[Fe(CN)6]/Nafion membrane (6.7× 10-3 M) at a scan rate of
100 mV/s using a Pt disk working electrode (0.14 mm diameter), Ag/AgCl
reference, and Pt counter electrode (peak a, H2 oxidation; peak b,
[Fe(CN)6]4- oxidation; peak c, [Fe(CN)6]3- reduction).
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mV when the scan rate is increased from 100 to 200 mV/s.
Thus, using the above relationship, the anodic charge-transfer
coefficient R for peak a is calculated to be 0.3. The peak
current,Ip, of peak a as a function of the square root of scan
rate (V/s) (inset, Figure 3) gives a straight line with a positive
slope. An approximate calculation on the basis of the area
under peak a yields a value of 1.48× 10-2 mol/cm3 for the
concentration of protons in the K4[Fe(CN)6]/Nafion mem-
brane. On the other hand, the reported values for pristine
Nafion-film-modified electrodes dipped in aqueous electro-
lytes using Pt/RDE32 and a Pt microelectrode33 are 0.78×
10-5 and 0.51× 10-6 mol/cm3 respectively. The values
reported using film-modified electrodes are lower, maybe
because of the exchange of protons in the film with the ions
in the supporting electrolyte and maybe because of the
presence of metal/film/solution triple phase boundary, which
could contribute to the experimental parameters. Using the
concentration of protons obtained by the above method and
the slope of theIp vs ν1/2 plot, we calculated the diffusion
coefficient of protons in the ferrocyanide-incorporated solid
electrolyte to be 4.8× 10-12 cm2/s using the expression for
an irreversible electron-transfer process,34 assuming diffusion

as the principal mode of proton transport in Nafion

where Ip is the peak current (A),R is the charge-transfer
coefficient,A is the area of the working electrode (cm2), Do

is the diffusion coefficient of the electroactive species (cm2/
s), Co

* is the bulk concentration of protons (mol/cm3), andν
is the scan rate (V/s). Thus the diffusion coefficient of protons
in the ferrocyanide-incorporated Nafion membrane is found
to be 7 orders of magnitude lower than that in 0.5 M H2-
SO4

35 (3.83× 10-5 cm2/s) and 2 orders of magnitude lower
than that reported for the pristine Nafion membrane recast
on a Pt electrode32 (the permeability,DoC*o, of protons is
reported32 as 1.2× 10-11 mol cm-1 s-1, from which theDo

expected for a proton concentration of 1.48× 10-2 mol/
cm3 is calculated to be 8.57× 10-10 cm2/s). The decrease in
the rate of proton diffusion in the present case implies a
proton-coupled electron transfer for the [Fe(CN)6]4-/[Fe-
(CN)6]3- couple. However, reports based on a molecular
dynamics simulation35 and a nonequilibrium statistical
transport model36 predict proton diffusion coefficients in the
pristine Nafion membrane to be 5× 10-6 and 1.9× 10-5

cm2/s, respectively. The observed discrepancy from the
theoretical predictions could be because a Grotthus type
diffusion mechanism37 is assumed in both the reports,
whereas in reality, more than one transport mechanism may
be operating. The standard rate constantko for the oxidation
of adsorbed hydrogen is calculated to be 9.06× 10-6 cm/s
using the expression for irreversible electron-transfer kinet-
ics34

where,E0′ is the formal potential (-0.051V),ν is the scan
rate (0.1 V/s), andEp is the anodic peak potential (-0.003
V). From the standard rate constant, we found the exchange
current density,jo (defined as the exchange current (io) per
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Figure 2. Hydrogen oxidation signal of the K4[Fe(CN)6]/Nafion membrane
at a scan rate of 100 mV/s and scaling of the peak current with the partial
pressure of H2 (flow rate: 0.6 mL/min).

Figure 3. Cyclic voltammograms of the K4[Fe(CN)6]/Nafion membrane
at different scan rates: (a) 25, (b) 50, (c) 100, and (d) 200 mV/s (inset:
plot of [Fe(CN)6]4- oxidation peak current (Ip) vs square root of scan rate
(n1/2) (V/s)).

Ip ) (2.99× 105)R1/2ADo
1/2Co

*ν1/2 (1)

Ep ) E0′ - RT/RF[0.780+ ln(Do
1/2/ko) + ln(RFν/RT)1/2]

(2)
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unit area of the electrode), for hydrogen oxidation for the
ion-incorporated membrane to be 6.8× 10-6 A/cm2 using
the following expression38

where io is the exchange current (A),n is the number of
electrons involved in the redox process (n ) 1 in this case),
A is the area of the electrode (cm2), ko is the standard
heterogeneous rate constant (cm/s),Co

* is the bulk concen-
tration of protons (mol/cm3), R is the charge-transfer coef-
ficient (0.3),f ) F/RT(F ) 96 500 C),Eeq is the equilibrium
redox potential (0.164 V), andE0′ is the formal redox
potential (-0.051 V).

The exchange current density thus calculated for hydrogen
oxidation is found to be less by 3 orders of magnitude
compared to that reported for the pristine Nafion membrane32

(1.35 × 10-3 A/cm2). However, the deviations in the
calculated electrochemical parameters from the reported
values could also be due to the inherent assumptions involved
in the derivation of these expressions, as they were originally
developed for liquid electrolytes. Nevertheless, they are
broadly applicable for the treatment of solid electrolytes,
except that they neglect additional modes of mass transport
like migration and segmental mobility in the polymer matrix
accompanying the mass transport of the incorporated species.
Interestingly, the hydrogen oxidation peak becomes promi-
nent only after the addition of potassium ferrocyanide to the
Nafion membrane, which could be compared with a report
on enhanced hydrogen sensitivity of the Nafion membrane
by incorporation of chromium species.39 This has important
implications for designing electrocatalytic membrane-
electrode assemblies (MEAs), wherein the rate of hydrogen
oxidation could be modulated by using composite electro-
lytes. Also, this approach is quite different from the usual
approach of using modified electrodes for electrocatalysis.

The origin of the quasi-reversible peaks b and c in Figure
1 could be easily attributed to the [Fe(CN)6]4-/[Fe(CN)6]3-

redox couple, because the peak currents increase with an
increase in the concentration of potassium ferrocyanide.
Whereas [Fe(CN)6]4-/[Fe(CN)6]3- is a well-known reversible
couple in aqueous electrolytes, it shows a quasi-reversible
behavior (as is evident from the shift in peak separation (∆Ep)
with a change in the potential scan rate (Figure 3)) in the
ionomer matrix because of the phase-separated structure of
the polymer and its chemical interaction with the incorporated
complex ions.

Furthermore, K3[Fe(CN)6]/Nafion (6.83× 10-4 M) shows
an open circuit potential of+ 0.1 V, which is lower than
that for the K4[Fe(CN)6]/Nafion membrane by 60 mV. This
implies that [Fe(CN)6]3- ions are more reducible in the
Nafion environment than [Fe(CN)6]4- ions. As a first sign
of autoreduction, an anodic peak appears at+0.15 V in the
first cycle on scanning the potential from its open circuit
value in the anodic direction (Figure 4), which shows the
presence of [Fe(CN)6]4- species in the system. This observa-
tion is in excellent agreement with that reported by Murray
et al. recently on the electron self-exchange dynamics of
hexacyanoferrate, synthetically combined with a quarternary

ammonium countercation connected to polyether chains to
form redox hybrid molten salts.40 This system is interestingly
analogous to Nafion/hexacyanoferrate, except that the pen-
dent chains have a charge opposite to that of the cyanoferrate
ions. On the other hand, Schlick et al.41 have reported the
deleterious effect of Fe(III) ions on the stability of the Nafion
membrane, wherein they have observed the formation of
membrane-derived radical species arising because of the
attack of ferric ions at the pendent chains in the ionomer.
This could also be compared with a report by Sando et al.,42

wherein the possibility of partial reduction of ferricyanide
in anionic AOT (sodium bis(2-ethylhexyl) sulfosuccinate)
micelles is mentioned, as well as with similar reports on the
autoreduction of Cu2+ to Cu+ on dithiol-modified copper
electrodes43 and the spontaneous reduction of Cu2+ in
zeolites.44

3.1.2. Zero-Current Chronopotentiometry.The nature of
open-circuit voltage versus time plots for the system (Figure
5) also reveals the instability of the [Fe(CN)6]3- species in
Nafion. Particularly interesting is the dependence of the
OCV-time profiles on the concentration of the incorporated
[Fe(CN)6]3- ions, which provides a broader insight into the
local structure of the ionomer that confines the redox species.
Figure 5 shows the plots of OCV against time for Nafion
membranes containing K3[Fe(CN)6] at different concentra-

io ) nFAkoCo
*exp[-Rf(Eeq- E0′)]

Figure 4. Cyclic voltammogram of the K3[Fe(CN)6/Nafion membrane (6.83
× 10-4 M) at a scan rate of 100 mV/s when the potential is scanned in the
anodic direction from the open circuit potential (0.1 V) to 0.5 V and then
brought back to-0.25 V.

Figure 5. OCV vs time plots for K3[Fe(CN)6]/Nafion with different
concentrations of ferricyanide: (a) 683, (b) 1366, and (c) 2732µM.
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tions (683, 1366, and 2732µM). It is found that at
intermediate concentration (1.36× 10-3 M), there is an
exponential increase in OCV from 0.31 to 0.45 V for the
first 13 min, after which it starts decreasing. The initial
increase could be ascribed to the exchange of potassium ions
with protons in the membrane and the later decrease signifies
the autoreduction of [Fe(CN)6]3- in the Nafion matrix. Also,
the behavior changes with the concentration of [Fe(CN)6]3-,
which might be due to the changes in the local structure of
the micellar environment. On the other hand, at lower
concentration (6.83× 10-4 M), there is initially a slight
increase in OCV, followed by a decrease (though the
variation is only of the order of a few millivolts); at higher
concentrations (2.73× 10-3 M), a steady increase is noticed.
A plausible explanation could be that in the former case,
the anions present in the middle of the water pools enclosed
by the sulfonate groups move to the interface between the
hydrophilic and hydrophobic domains to get partially re-
duced, whereas in the latter case, the exchange of potassium
ions of the redox species with the protons in the ionomer
matrix could be the predominant process. This observed
dependence of OCV on the concentration of the incorporated
species reveals the micellar nature of the interface between
the hydrophobic polymer backbone and the hydrophilic
domains. However, there could be other contributions to the
observed concentration dependence, such as the dynamics
and segmental mobility of the polymer chains, which could
accompany the mass transport of the redox species.

3.1.3. Electrochemical Impedance Studies.Panels a and
b of Figure 6 show the Nyquist plots (Z(Im) vs Z(Re)) for
the pristine Nafion membrane and the Nafion membrane
containing equal amounts of potassium ferrocyanide and
potassium ferricyanide (3.4× 10-3 M in each), respectively.
In the impedance plot of the modified membrane (Figure
6b), a curved portion is observed in the high-frequency
region, whereas that of the unmodified membrane is almost
linear (Figure 6a). This allows us to assign the curved portion
in the modified membrane to the redox process of the
complex species present in the polymer matrix; the linear
region in the low-frequency part could be assigned to the
mass transport of the species. The high-frequency part in
Figure 6b is then fitted with a semicircle using the CNLS
(complex nonlinear least-square fitting) method and fitting
it with a simple Randles circuit. The resistance of the medium
(Rs) is calculated to be 295Ω/cm2, and the charge-transfer
resistance (Rct) is found to be 6.15× 103 Ω/cm2. This yields
a value of 5.66× 10-6 cm/s for the rate constant,ko, for
[Fe(CN)6]4- oxidation, from which the diffusion coefficient,
Do, of the complex anion is calculated to be 1.3× 10-12

cm2/s by adopting a treatment proposed by Nicholson45 for
quasi-reversible systems (assuming a value of 0.5 for the
anodic charge-transfer coefficient,R). However, the standard
expressions for deriving the electrochemical parameters were
originally developed for liquid electrolytes, which could have
some contribution to the deviation of the calculated values
from those of the aqueous systems. The thermodynamic and
kinetic parameters calculated for the [Fe(CN)6]4-/[Fe(CN)6]3-

couple and hydrogen oxidation in Nafion membrane are
compiled in Table 1, which also provides a comparison with

parameters in 0.5 M H2SO4 (obtained from electrochemical
experiments performed simultaneously in our lab). Obvi-
ously, both charge transfer and mass transfer of ferrocyanide
ions are more sluggish than those in aqueous electrolytes,
as expected for a redox species incorporated in an unsup-
ported solid electrolyte. For instance, the rate constant for
[Fe(CN)6]4- oxidation is found to be 4 orders of magnitude
lower than that reported by Kitamura et al.46 on Pt(100) in
0.5 M KClO4 (4 × 10-2 cm/s) and the diffusion coefficient
is lower by 6 orders of magnitude than the reported value46

(6.32× 10-6 cm2/s). In comparison, Murray and co-workers40

have observed a remarkable decrease in the diffusion
coefficient (2.5× 10-10 cm2/s) by 4 orders of magnitude in

Figure 6. (a) Impedance plot of pristine (unmodified) Nafion membrane
using a 10 mV Ac signal recorded in the frequency range 10 mHz to 100
kHz. (b) Impedance plot of the Nafion membrane containing equal amounts
of K3[Fe(CN)6] and K4[Fe(CN)6] (3.4 × 10-3 M each) using a 10 mV rms
AC signal in the frequency range 10 mHz to 100 kHz. (inset bottom right:
equivalent circuit corresponding to the semicircle fitted with the high-
frequency part).

Table 1. Thermodynamic and Kinetic Parameters Calculated from
Electrochemical Experiments for [Fe(CN)6]4- Oxidation and

Hydrogen Oxidation in the Nafion Membrane

electrolyte Do (cm2/s) ko (cm/s) ∆Go (kJ/mol) R jo (A/cm2)

Nafiona 1.3× 10-12 5.4× 10-6 -40.240 0.5 4.2× 10-6

0.5 M H2SO4
a 4.7× 10-6 7.3× 10-2 -64.607 0.5 1.9× 10-5

Nafionb 4.8× 10-12 9.1× 10-6 0.3 6.7× 10-6

a [Fe(CN)6]4- oxidation.b Hydrogen oxidation.
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the redox polyether melt compared to that in aqueous solution
(4 × 10-6 cm2/s), which has been attributed to the dominance
of electron hopping over the physical transport process. A
further decrease by 2 orders of magnitude in the present
system (1.3× 10-12 cm2/s) could be ascribed to a proton-
coupled electron-transport mechanism because of its similar-
ity to the proton diffusion coefficient (4.8× 10-12 cm2/s)
calculated above. However, while deriving kinetic parameters
from aqueous solutions, complications arising from adsorp-
tion of the redox species on the electrode surface leading to
an innersphere mechanism must also be considered, as
reported by Kitamura et al.46 In this context, a polymer
electrolyte/redox hybrid is one the most promising systems
for evaluating pure outersphere electron-transfer processes
without any complications from adsorption.

These observations demonstrate the possibility for predict-
ing the charge-transfer and mass-transfer dynamics in
catalyst-coated membranes-an alternate technology useful
in fuel cells, wherein the catalyst material is coated directly
on the polymer electrolyte membrane, instead of coating over
the electrodes.

3.2. Spectroscopic Investigations.3.2.1. DRIFT Spec-
troscopy.Figure 7 shows the Fourier transform infrared
spectra (in diffuse reflectance mode) of the K3[Fe(CN)6]/
Nafion membrane (Figure 7A) and the K4[Fe(CN)6]/Nafion
membrane (Figure 7B). Compared to theνCNstr for aqueous

solutions of potassium ferrocyanide47 (2037 cm-1) and
ferricyanide (2115 cm-1), those in the Nafion membrane
(2090 cm-1 and 2122 cm-1, respectively) show a slight blue
shift. The increase in the CN bond energy in the latter case
implies an increase in the metal-to-ligandπ-σ* back-
bonding, which in turn could be due to an increase in electron
density at the metal center. This could be possible if the
pendent sulfonate groups of the polymer interact with the
iron center to form a partial bond, thereby increasing the
electron density in the vacant d orbitals of the metal. Such
interactions play a crucial role in deciding the charge-transfer
dynamics and energetics of the redox couple in the polymer
matrix. Interestingly, the K3[Fe(CN)6]/Nafion membrane
shows absorption at frequencies corresponding to theνCNstr

of both cyanoferrate(III) and cyanoferrate(II) (2122 cm-1 and
2090 cm-1, respectively), whereas the K4[Fe(CN)6]/Nafion
membrane shows no signature of cyanoferrate(III) after CV.
Thus the autoreduction of ferricyanide to ferrocyanide in the
Nafion matrix is evident from the above results from DRIFT
spectroscopy.

3.2.2. X-ray Photoelectron Spectroscopy.Figure 8 shows
the O 1s, S 2p, and Fe 2p core level XP spectra of Nafion
membranes containing potassium ferricyanide (Figure 8A)
and potassium ferrocyanide (Figure 8B), along with the O
1s and S 2p spectra of the pristine membrane (Figure 8C).
In all the cases, two peaks are observed in the O 1s spectra,
of which the peak appearing at higher BE could be attributed
to the oxygen in the sulfonic acid group and the other
component at a lower BE is due to the entrapped water
molecules.48 An increase in the BE of sulfonate oxygen (by
1.5 eV) observed in ferricyanide-containing Nafion compared
to that of the pristine membrane could be due to the ligation
of sulfonate oxygen to the iron center in the ferricyanide
ion, thereby facilitating the reduction of the latter. On the
other hand, no such increase in BE is observed after the
addition of ferrocyanide ions. Similarly, an increase in BE
is observed for the S 2p level, confirming the validity of the
explanation given above for the BE shift for O 1s level. The
Fe 2p region of the K4[Fe(CN)6]/Nafion membrane shows a
main Fe 2p3/2 peak at 708.5 eV and associated satellites at
714 eV as expected for [Fe(CN)6]4-. On the other hand, the
Fe 2p spectrum of the K3[Fe(CN)6]/Nafion membrane shows
a Fe 2p3/2 peak at 710.1 eV, which is intermediate between
the BE values expected for pure K4[Fe(CN)6] (708-709 eV)
and K3[Fe(CN)6] (711 eV).48,49 This shows the presence of

Table 2. Comparison of Binding Energies of Various Core Level Electrons in Cyanoferrate-Incorporated Nafion Membranes with Those in the
Pristine Membrane along with BE Values Reported for Closely Related Systems.

core level pristine Nafion (A/cm2) K4[Fe(CN)6]/Nafion (A/cm2) K3[Fe(CN)6]/Nafion (A/cm2) reported BE values (source)a

C 1s 284.6 283.8 285 284.8 (graphite)
C 1s 291.4 291.4 291.4 292.4 (Teflon)
O 1s 532.7 531.7 533.7 532.0 (RSO3H)
O 1s 535.3 535.1 536.8 534.8 (entrapped water in

polyamic acid)b

F 1s 688.9 689.0 690.5 690.0 (Teflon)
S 2p 169.8 168.8 170.7 169.0 (F3CSOOCH3)
Fe 2p3/2 708.5 710.1 709 (K4[Fe(CN)6])

711 (K3[Fe(CN)6])
N 1s 397.6 397.6 397.8 (K4[Fe(CN)6])

a BE values reported in refs 38, 39 mentioned in the text.b This reference is given only to indicate the appearance of a separate O 1s peak for entrapped
water molecules in polymer chains. However, in the discussion, the O 1s peak at lower binding energy is assigned to entrapped water molecules in Nafion
based on the chemical environment, which is different from polyamic acid.

Figure 7. DRIFT spectra of (A) K3[Fe(CN)6]/Nafion and (B) K4[Fe(CN)6]/
Nafion in the solid-state, recorded with a resolution of 4 cm-1.
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a mixture of ferric and ferrous species that would have been
formed during the autoreduction of potassium ferricyanide
in Nafion matrix. Also, no [Fe(CN)6]3- peak appears for the
K4[Fe(CN)6]/Nafion after cyclic voltammetry. The experi-
mental BE values for C 1s, F 1s, and N 1s core levels are
found to be in close agreement with the reported values,
which are compiled in Table 2.

Thus the above XPS investigations clearly demonstrate
the autoreduction of [Fe(CN)6]3- in the Nafion environment,
mediated by the oxidation of sulfonate groups.

3.2.3. ESR Spectroscopy.Cyanoferrates belong to the class
of low-spin metal complexes. In the native state, ferrocyanide
is diamagnetic and ferricyanide is paramagnetic. Hence the
[Fe(CN)6]3-/Nafion system is expected to be amenable for
ESR studies. Surprisingly, this material is found to be ESR-
silent in the magnetic field region of 500-6500 G, which
also overs the region of the expected peaks atg ) 4,
indicating in agreement with the other characterization studies
that the Fe center is reduced from the+3 to +2 state when
present in the Nafion matrix.

3.2.4. UV-Visible Spectroscopy.Figure 9 shows the UV-
visible spectra of cyanoferrate(II) (Figure 9B) and cyanof-
errate(III) (Figure 9C) along with that of the cyanoferrate(III)-
incorporated Nafion membrane (Figure 9A) (6.7× 10-3 M),
all recorded in the solid state. In the UV-visible spectrum
of the VK3[Fe(CN)6]-incorporated Nafion membrane, broad
bands are seen at 247 and 296 nm, which are intermediate
between the corresponding bands observed for K4[Fe(CN)6]
(239 and 275 nm) and K3[Fe(CN)6] (258 and 298 nm),
respectively. This is an obvious indication of the presence
of both species in the membrane in which only ferricyanide
was added initially. Also, it is worth mentioning here that

the possibility of the formation of mixed-valence polynuclear
complexes is very low at such low concentrations used in
this study.50-52

3.3. Mechanism of [Fe(CN)6]3- Autoreduction. On the
basis of the above observations, a possible mechanism is
proposed for the interaction of K3[Fe(CN)6] with Nafion and
its subsequent autoreduction (Scheme 2). The first step in
the proposed mechanism is the exchange of potassium ions
with protons in the sulfonate groups of the ionomer. This is
supported by the observed decrease in the OCV of the
pristine Nafion membrane by 116 mV after the addition of
potassium ferrocyanide. Also, the concentration-dependent
OCV-time plots indicate that the complex ion initially in
the middle of the water pool moves to the micellar interface,

Figure 8. Fe 2p, S 2p, and O 1s XP spectra of (A) K3[Fe(CN)6]/Nafion and (B) K4[Fe(CN)6]/Nafion, and (C) S 2p, O 1s XP spectra of the pristine Nafion
membrane (black lines show plots of raw data; colored lines show fitted data (wherever necessary) using a combined polynomial and Shirley type background
function).

Figure 9. UV-visible spectra of (A) K3[Fe(CN)6]/Nafion, (B) K4[Fe(CN)6],
and (C) K3[Fe(CN)6] recorded in the solid state.
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where the potassium ions are exchanged with the protons in
the membrane, followed by its autoreduction. Subsequent
to this initial cation exchange, the sulfonate groups (where
S is in the+4 state) are found to ligate (through the oxygen
atom) to the iron center and facilitate reduction of [Fe(CN)6]3-

to [Fe(CN)6]4-, themselves getting oxidized, probably to
sulfonate radical, as reported by Schlick et al., wherein the
attack of Fe(III) species on the sulfonate pendent groups in
Nafion produces membrane-derived radical species.41 The
initial ligation of sulfonate oxygen to the iron center is
evident from the increase in the O 1s BE value of sulfonate
oxygen on addition of ferricyanide to the polymer. In the
case of ferrocyanide-containing Nafion, such a shift is not
observed, which is expected in light of the theory of hard
and soft acids and bases (HSAB), because sulfonate oxygen
would interact more strongly with the Fe(III) center than with
Fe(II). It is very exciting to note that a similar mechanism
already exists in biological systems, wherein ferricytochrome
C acts as the final electron acceptor in the oxidation of sulfite
ions catalyzed by sulfite oxidase enzyme present in the
mitochondria of human cells.53

Thus a reasonable understanding of the interactions of the
incorporated ions with polymer electrolytes at the molecular
level could be attained by a judicious combination of
complementary techniques, as demonstrated in this work.
This property of the polymer electrolyte is broadly analogous
(despite different mechanisms) to the role of the CeO2

component in the solid electrolyte (CeO2/ZrO2) for solid
oxide fuel cells, wherein CeO2 provides a better dispersion
of the catalyst by tuning its redox potential, thereby enhanc-
ing the activity of the incorporated catalyst. This incorporated
ion probe protocol may also provide valuable insights into
the mechanism of membrane degradation caused by impurity-

generated radical intermediates under the operating condi-
tions of fuel cells.

4. Summary and Conclusions

The above investigations demonstrate the inherent capabil-
ity of the Nafion membrane to tune the redox potential of
the incorporated ions in addition to proton conduction, unlike
the electrode potential-induced redox properties of Nafion
reported earlier. The similarity of the diffusion coefficient
(obtained from the electrochemical data) of [Fe(CN)6]4-

incorporated in the Nafion membrane to that of protons
allows us to surmise a proton-coupled electron-transfer
mechanism for the [Fe(CN)6]4-/[Fe(CN)6]3- couple. Also,
the dependence of OCV-time profiles on the concentration
of ferricyanide ions incorporated in the membrane reveals
the micellar nature of the interface between the hydrophilic
and hydrophobic domains in the polymer. Thus the cyano-
ferrate anions incorporated in the anionic resin are demon-
strated to serve as effective probes in unfolding the structural,
thermodynamic, and charge-transport pathways of the iono-
mer. These results could be applied in the fabrication of
catalyst-coated membranes, for choosing the proper form of
the catalyst material having redox compatibility with the
ionomer and in deciding their relative proportions to achieve
optimum efficiency in fuel cells and supercapacitors. In
addition to that, the hydrogen oxidation signal observed in
the CV of the K4[Fe(CN)6]/Nafion membrane has direct
implications for fuel cells, as an anodic process in H2/O2

PEFCs as well as in solid-state hydrogen sensing, because
the peak current scales with hydrogen concentration.
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Scheme 2. Mechanism of [Fe(CN)6]3- Autoreduction in the
Nafion Membrane
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