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Abstract Spinel type CoFe,O, thin films have been
prepared, on stainless steel supports, by thermal decom-
position of aqueous solutions of mixed cobalt and iron
nitrates in 1:2 molar ratio at 400 °C. The electrochemical
behaviour of the CoFe,O,/1 M KOH interface was inves-
tigated by cyclic voltammetry, chronoamperometry and
impedance techniques. The studies allowed finding out the
redox reactions occurring at the oxide surface. The results
were compared with colloidal electrodes prepared by
alkaline precipitation of Fe(Il) or Fe(IIl) hydrous oxi-
hydroxides on platinum electrodes. In addition, it has been
concluded that the processes are diffusion-controlled and
the diffusion of the hydroxide ion, through the oxide, acts
as the rate-determining step. The diffusion coefficient of
OH"™ through the oxide film was determined using cyclic
voltammetry, chronoamperometry and electrochemical
impedance spectroscopy techniques.
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1 Introduction

Fe—Co mixed metallic oxides have received considerable
attention due to their wide availability, low cost and several
applications in modern information technology [1]. Among
Fe—Co oxides, the spinel cobalt ferrite oxide, CoFe,Oy,
presents interesting electrochemical properties and a good
stability in alkaline solutions. Recently, cobalt ferrite oxide
electrodes were studied as anodes for batteries [2—4] and
the oxygen evolution reaction (OER) [5]. On the other
hand, polypyrrole/CoFe,O, composite films have been
studied as cathode for the oxygen reduction reaction
(ORR) [6].

It is well known that the preparation method has a strong
influence on the oxide’s physicochemical and electrocata-
lytic properties. Different methods, such as electrochemical
deposition [7, 8], thermal decomposition [9], precipitation
[5, 6, 10], sol—gel [3, 11, 12], and spray pyrolysis [13],
have been used to prepare CoFe,O4. Recently, CoFe,O4
nanoparticles were prepared by co-precipitation of ferric
and cobaltous ions with sodium hydroxide [14] and also by
spraying co-precipitation [15].

The redox transitions taking place on these oxide elec-
trodes play a crucial role on their electrocatalytic activities
and its study is very important in view of potential appli-
cation as electrocatalyst. Indeed, these studies are scanty
despite their use as electrode materials. There are few
articles dealing with the electrochemical behaviour of
CoFe,0, oxides. Godinho et al. [16] studied the effect of
the partial replacement of Fe by Ni and/or Mn on the
electrocatalytic activity of the Fe/CoFe,O, thin film oxide
electrode for the OER. The same group studied, also, the
solid-state surface redox transitions on FeCo,0, pelleted
electrode [10]. On the other hand, with the aim to improve
its electrocatalytic activity towards the OER, the influence
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of the partial substitution of Fe by Cr in the CoFe,0,4 was
also investigated [5]. Moreover, some more information is
given in our recent study dealing with the electrochemical
behaviour of Co,Fe;_,O4 (x = 0, 1, 2 and 3) [17], where it
is shown that CoFe,0, electrodes, under cycling condi-
tions, behave like Fe;0,4 and Cos;04 oxides on the cathodic
and anodic potential ranges, respectively.

The application of electrochemical impedance spec-
troscopy (EIS) to characterize the electrochemical and
electrocatalytic interfacial properties has been used,
recently, in the study of the oxygen reaction in alkaline
solutions. Such an oxide catalyst/electrolyte interface can
be represented by a simple equivalent circuit model:
LR(R Q1) (R20Q2) (R3Q3), where (R;Q)), (RQ»), and
(R30Q3) correspond to the capacitive and resistive contri-
butions of the catalyst layer/support interface, the bulk
catalyst mass, and the electrolyte/catalyst surface, respec-
tively and Ry and L are the solution resistance and induc-
tance, respectively. L includes the contribution from the
cell connections and their interaction with the surround-
ings, if any, at high frequencies [18]. An equivalent circuit,
LR(R:0Q1) (R,Q,) has been employed by Laouini et al.
[19-21] to simulate the experimental data and estimate the
circuit parameters, of Fe—Co30, films (0, 5, and 10% Fe) in
1 M KOH at different positive potentials.

Silva et al. [22] characterized cobalt oxide coatings on
cold rolled steel in alkaline sodium sulphate solution by
EIS. The experimental data best fit was obtained with the
equivalent circuit, Ry (R.Qq1) (R¢QOy), where R, R, and Ry
and Qr and Qg correspond to the solution, charge transfer
and oxide film resistances and the constant phase elements
(CPE) for the film and double layer, respectively.

Wu et al. [23] studied the OER on the Co + Ni mixed
oxide electrodeposited films on Ni in 1 M NaOH at 25 °C
by EIS. The equivalent circuit, Ry(Ca(R.(CpR}))), was
used to model the impedance response and estimate the
circuit parameters. Cq;, R, Cp and R;, are the double layer
capacitance, charge transfer resistance, pseudo-capacitance
and pseudo-resistance, respectively. C, and R, are associ-
ated with the potential dependent surface coverage of an
adsorbed intermediate in the OER mechanism. A similar
equivalent circuit, Ry(Cq(R(C,R,))), was used by Palmas
et al. [24] to model Teflon bonded Co;0,4/Ti and Nafion
bonded Co3;04/Ti interfaces in 1 M NaOH in the OER
region (E = 0.6 V vs. SCE). R,C, is a parallel element to
take into account the possible adsorption of reaction
intermediates. Recently, Singh et al. [25] studied Co30y4
and La doped Co30,, in the form of thin films on Ni, in
1 M KOH. They used the equivalent circuit LR(R,Q;)
(R>Q») to treat the impedance data. Palmas et al. [26]
investigated the Co;0,4/Ti electrodes behaviour in alkaline
solution, during oxidation at different anodic potentials
starting from the open circuit potential (Eoc) to a potential
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in the OER region (0-0.6 V vs. SCE) by cyclic voltam-
metry (CV) vis-a-vis impedance spectroscopy. The
impedance study was performed to better characterize the
surface solid state redox transitions (SSSRTs). The data
were simulated considering the equivalent circuit model,
Ry(R101) (R0»), where R and R, and Q; and O, represent
resistances and pseudo capacitances associated with
SSSRTs. Studies on the behaviour of the Cu,Cosz;_,Oy4
(0 > x > 1) films, on Ni, by CV and EIS have been pre-
sented by Lal et al. [27]. The results show that the variation
of Cg, as a function of the applied potential (from —0.15 to
+0.65 V vs. Hg/HgO), obtained by EIS, is quite similar to
the anodic part of the CV curve recorded in the same
potential region. They also determined [28] the electro-
chemical active surface area (EASA) for the spinel type
M, Co;_, 04 (M =Mn, Ni or Cu; 0.25 > x > 1) oxide
films on Niin 1 M KOH by CV and EIS in the double layer
region. Values obtained by both methods, for a particular
oxide composition, were practically the same.

Ho et al. [29] have shown that the Nyquist plot for the
modified Randles’s circuit presents two distinct diffusion
regimes, particularly in the case of porous thin films. The
angular frequency () range, over which these regimes are
observed, depends on the product, kL, where L is the film
thickness, k = (w/ZDap)”2 and D, is the apparent diffusion
coefficient. When kL > 1, the diffusion layer created by the
perturbation is much thinner than the film and a conventional
semi-infinite Warburg response (6 = 45°) is observed.
When kL < 1, the diffusion layer encompasses the entire
film. In this case, a finite Warburg response (characterized by
© = 90°) is observed. D, can be obtained from both the
semi-infinite and finite Warburg regions. In the semi-infinite
Warburg region, the magnitude of the impedance (IZ]) varies
linearly with (w)~'? [30] in the following manner:

1Z| = L/C (D) (1)

where C is the limiting capacitance. As already reported
[30, 31], C is invariant with frequency in the finite
diffusion region and is given by:

-Z'=1/oC (2)

being Z” the imaginary component of the impedance.

In this study, the redox transitions, occurring on
CoFe,0,4 in alkaline media, are studied in the oxygen
reduction potential range by cyclic voltammetry and
impedance spectroscopy technique. The results are com-
pared to those obtained on Fe(Il) or Fe(Ill)-hydroxide
deposited on Pt substrates. A model of oxide/solution
interface, by a suitable electrical equivalent circuit, is
presented and the values of the circuit parameters, such as
the charge transfer resistance and the double layer capac-
itance, at different negative potentials in 1 M KOH are
estimated.
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The OH™ diffusion coefficient through the oxide film
was determined using CV, chronoamperometry and EIS
methods.

2 Experimental part
2.1 Oxide film preparation

Oxide thin films of cobalt ferrite were prepared by thermal-
decomposition of aqueous solution containing nitrates of
cobalt and iron in a molar ratio (Co/Fe) of 1:2 as described
elsewhere [17]. Scratched stainless steel plates with
dimensions of 1 cm X 2 cm x 0.1 cm, were used as sub-
strates for the oxide films preparation. Before use, the steel
plates were thoroughly washed with distilled water, ultra-
sonically cleaned in distilled water and absolute ethanol, for
10 min, and then dried in air. The pre-treatment of the steel
surface, prior to coating, is important for the film adherence.
The pretreated steel plates were placed in a drying oven at
60 °C and small drops of the mixed metal nitrates solution
were dripped on the surface using a syringe. When the steel
surface became dry, again, small drops of the solution were
dripped on the surface and dried. This procedure was
repeated 4-5 times to cover uniformly the entire substrate
surface. Finally, the coated steel plates were annealed at
400 °C for 2 h in a tube furnace in air. Following this
procedure, black coloured and adherent thin oxide films,
with loadings ranging between 2.0 and 2.4 mg cm > and
0.3-0.4 pm thickness, were obtained. The films present a
good adherence to the substrate and were used as prepared.

2.2 Hydroxide films preparation

Fe-hydroxide films were prepared by alkaline precipitation
on a Pt rotating disc electrode. Before the deposition, the Pt
support with diameter ¢ = 2 mm, was degreased with
absolute ethanol and ultrasonically cleaned in distilled
water for 5 min. The hydroxide films were obtained by
consecutive immersion of Pt in 0.025 M FeSO, (or 0.025 M
FeCl;) and in 0.1 M KOH solutions. Each immersion takes
10 s at room temperature. The resulting colloidal suspen-
sion is then dried in the oven at 90 °C for about 30 min.
This procedure was repeated 3—4 times to cover uniformly
the substrate surface. The obtained hydroxides using FeSO,
and FeCl; presented a blue and an orange rusted colour,
respectively. These two hydrous oxi-hydroxides are refer-
red to as Fe(Il)- and Fe(IIl)-hydroxides.

2.3 X-ray analysis

The phase purity of the CoFe,Oy4-deposited films was
studied using X-ray diffraction (XRD) patterns recorded

on a Philips PW 1730 diffractometer, equipped with a
graphite monochromator coupled to a vertical goniometer
PW 1820. The X-ray source Cu-K, radiation (4, =
1.54056 A) was operated at 30 mA and 40 kV, with an
automatic data acquisition (APD Philips v 3.5B software)
facility. The diffractograms were recorded between
20 = 15° and 80° at a scan rate of 0.02° s~'.The lattice
parameters were calculated using the least square refine-
ment technique.

2.4 Electrochemical analysis
2.4.1 Oxide and hydroxide film electrodes

Electrochemical studies were carried out in a conventional
three-electrode single compartment glass cell. The poten-
tial of the working electrode was measured against a sat-
urated calomel electrode (SCE). The SCE (0.240 V vs.
SHE) was connected through a KCl agar—agar salt bridge,
the tip of which was placed as close as possible to the
surface of the working electrode in order to minimize the
solution resistance between the test and reference elec-
trodes. The counter electrode was a platinum plate of
8 cm?.

The electrical contact with the oxide electrode was made
using a crocodile clip on a small strip of the steel plate,
oxide free. The back of the electrode was isolated with an
inert non-conductive varnish and only a single face, with
2 cm?, was exposed to the electrolyte.

Electrochemical measurements were made in 1| M KOH
at 25 °C. The electrolyte volume was 50 mL and before
use was deaerated with N, for 20 min. For all the tested
electrodes, the open-circuit potential was measured before
starting the electrochemical studies.

2.4.2 Techniques and instrumentation

In situ surface, characterization and monitoring of the
electrodes were done by cyclic voltammetry, at a sweep
rate of 10 mV s~!, or otherwise stated. The electrochemi-
cal measurements were carried out using a Voltalab PRZ
100 Radiometer-Analytical apparatus with the VoltaMaster
software.

The EIS study was performed using an electrochem-
ical set Voltalab PRZ 100 Radiometer-Analytical and
Zview software was used to analyse the data. The
experimental impedance data were fitted to an appro-
priate equivalent circuit using ZsimpWin software. The
experimental procedures and conditions employed in the
EIS study were similar to those described previously
[17].

@ Springer



734

J Appl Electrochem (2011) 41:731-740

3 Results and discussion
3.1 X-ray diffraction

The diffractogram of the as deposited CoFe,O, film, on the
stainless steel substrate, is given in Fig. 1, where a XRD
pattern of the stainless steel substrate is also presented.
This figure shows that the thermal decomposition of
metallic nitrates leads to a crystalline spinel phase. Extra
peaks (<) corresponding to the stainless steel substrate also
appear on the CoFe,0, pattern. The X-ray diffractogram
presents the (311) crystal plane as the most intense. The
crystallite followed the face-centred cubic crystal geome-
try. The unit cell dimension, ao, of the CoFe,O, oxide
coatings was found to be 8.385 A, this value is close to
8.392 A reported (JCPDS: 22-1086) for the same oxide.

The crystallite size (S) was estimated using the Scher-
rer’s formula [32]:

S =ki(Bcos )" (3)

where k is the crystallite shape factor which was taken
equal to 0.9, 1 the wavelength of the radiation source
(Cu-K, with 1 = 1.54056 A), f§ the full width at half
maximum of the most intense spinel peak in radians and 6
the corresponding Bragg reflexion angle in deg. The value
of the mean crystallite size calculated from the most
intense reflection peak (311) crystal plane is 313 £ 20 A.
Wang et al. [33], using the same method, have estimated
the crystallite size of CoFe,O, prepared by co-precipitation
of Fe™2, Fet? and Co™> with different Fet?/Fe™ ratio,
using 5 M NaOH, at 60 °C. They have found a decrease of
the crystallite size, from 1400 to 200 1&, with the increase
of Fe™ content.

(b) 0#
* * ' fresh
WA i
2 * %
(a)
[re—— i v, ._.__J.\.__
] . | 5 ! . |
20 40 60 80
26/degree

Fig. 1 X-ray diffraction patterns of a stainless steel substrate,
b CoFe,0, films prepared by thermal decomposition at 400 °C on a
stainless steel substrate, fresh. Marked peaks correspond to the
substrate (diamond) and to the spinel phase (asterisk)
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3.2 Electrochemical studies
3.2.1 Cyclic voltammetry

3.2.1.1 CoFe;O, oxide electrodes The open-circuit
potential, of the CoFe,0O, oxide electrode in deaerated 1 M
KOH solution was found to be around —0.120 V vs. SCE.
The time needed to attain a stable value was about 2 min.
Figure 2 shows cyclic voltammograms for the CoFe,O,
electrode, recorded in the potential range of —1.300 to
0.500 V vs. SCE, starting at positive potentials, at different
scan rates ranging from 10 to 200 mV s~' at 25 °C. These
voltammograms present two large redox pair of peaks
A,/C; and A,/C,, respectively at the positive and negative
potential ranges. Similar voltammograms have been pub-
lished previously by us [17]. The CVs are stable and their
shapes remain unchanged, regardless of the number of
cycles. The peak, A; (E = 0.405 £ 0.005 V), is located
prior to the oxygen evolution on the forward scan, and a
small cathodic peak, C; (E = 0.250 & 0.005 V), is
observed on the reverse scan. The active species involved
are acting as effective transfer mediator for oxygen evo-
lution. These peaks represent the finger print of the solid
state Co*"/Co™" redox pair as previously stated for the
Co304 [17]. In this study, also, the redox couple A,/C; is
mainly attributed to cobalt species with a small contribu-
tion of the iron species and the A,/C, redox couple to the
iron species.

In order to study the A,/C, couple, in more detail, the
effect of the scan rate on the CV was also investigated. It
was found that the peak current intensity increases with
increasing the sweep rate up to 150 mV s~ '. The ratio
between the cathodic /,, , and the anodic I, ~peak current

intensities, was around unity. A linear relationship between
Ipcz (or Ipﬂz) and the square root of scan rate is observed, as

the inset of Fig. 2 shows. The linearity and a null intercept
are expected for electrochemical processes controlled by
mass transfer in solution. The relationship between the
peak current I, and v is given by the Randles—Sevcik
equation [34]:

I, = 2.69 10°Sn*/>D'/cy!/? (4)

where I, is the peak current intensity (A), S the working
electrode surface area (S = 2 cmz), n the number of elec-
trons (in this case n = 2 see reaction (6) below), D the
diffusion coefficient (cm”s™'), ¢ the concentration
(mol cm73) and v the scan rate (V sfl).

Although our data show a linear variation of I, with
v!”2 a positive intercept is observed indicating that some
additional processes other than diffusion in solution
could take place, probably diffusion through the solid
oxide.
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For the cathodic peak C, the slope of the plot, I, vs. v,
is 0.006 C V™' and the voltammetric charge calculated
at v=0.005V s 'is 22 x 107 C cm 2. Assuming that
this charge is confined in the oxide film, which thick-
ness is 0.3 um, it gives for the concentration ¢ = 7.6 x
10~ mol cm ™.

Having in mind that the Randles—Sevcik equation is only
applicable for mass transfer in solution, the estimation of the
diffusion coefficient D, from the I, vs. v!2 slope, has been
attempted and a value of 1.1 x 107! cm? s™' was obtained.
This value is 100 times lower than 107! cm? sfl, obtained
by one of us for the OH™ diffusion coefficient through Co30,4
thin films in 1 M KOH, using the same methodology [35].

Figure 3 shows the cathodic current transient, in deoxy-
genated 1 M KOH, for a potential step from the Eqc,
—0.120 to —0.800 V. The steady state current is reached at
about 10 s. The linearity of the plot I vs. f(¢~") (Fig. 3, inset),

Potential'V’ vs. SCE

indicates that the reduction is diffusion-controlled. It is
obvious that both oxygen and oxide reduction occur, in these
conditions, with a limited diffusion of the species through the
solid oxide. The extrapolation of the straight line at / = 0
intercepts the X-axis at positive values. Calvo and co-workers
[36, 37] have reported a similar behaviour for PVC-Fe;0,
electrodes in 1 M NaOH saturated with O,. A model with
three-dimensional time-bounded diffusion through the parti-
cles has been used to fit the results characterized by the unu-
sual behaviour with a non-zero intercepts [38]. The model
allows the determination of the diffusion coefficient of the
diffusing particle in the oxide crystals using:

c=s/(Dn)"? (5)

where S is the average particle size, D the diffusion coef-
ficient, ¢ the extrapolated time for zero current (Fig. 3) and
C = 2.26 for cubic crystals [36].

Fig. 3 Current response to a 1
potential step from —0.120 V 12
vs. SCE to —0.800 V vs. SCE 0.9 -
for a CoF}aZO4 thin film 6. "-E 1 F’,f.?ﬁf, . ;50149
electrode in an N, deoxygenated G < 00l
1 M KOH solution. Inset: plot 07 | £=
of I vs. r7%° 3 % 0.6 1
™ !
Z £ 041
a 0.5 4 a
=t
] 0.4 4 <&
g 22, :
£ 031 05 1 15 2
Q 0.2 - (Time/sy12
0.1 4
0 - : o S |
0 0.5 1.5 2 25 3 3.5 4 4.5
Time/s
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The average value, calculated from Eq. 5, for the dif-
fusion coefficient, D, is 1.7 x 1072 ¢cm? s~'. This value
compares well with the one estimated from the Randles—
Sevcik equation.

3.2.1.2 Pt/iron oxi-hydroxides electrodes To get more
insight on the electrochemical processes occurring on
CoFe,0, oxide electrodes on the cathodic side, electro-
chemical behaviour of Pt/iron oxi-hydroxides were also
investigated. Cyclic voltammograms were performed on
Pt/Fe(Il)-hydroxide and Pt/Fe(IIl)-hydroxide at a scan rate
of 10 mV s~' in 1 M KOH starting at 0 V vs. SCE in the
negative direction. Figure 4a and b show the first and
second scans respectively obtained for both hydroxides.
For sake of comparison, the CVs for a CoFe,0, oxide
electrode are also presented.

The first scans are quite similar for all systems, pre-
senting a large pair of peaks, in the negative range of
potential. Although the voltammetric profiles for the Fe(III)

(a) 4

Current /mA

13 11 09 07 05 03 -0.1
Potential/'V vs. SCE

—+ Fe:CoOy
- FeSOy s
2 {|-e-FeCl # Y

Current /mA

-0.9 -0.7 -0.5 -0.3 -0.1
Potential/'V vs. SCE

Fig. 4 Cyclic voltammograms for CoFe,0, oxide electrode and thin
film electrodes of Fe(II)-hydroxide and Fe(IIl)-hydroxide prepared on
Pt from FeSO, and FeCl; respectively, in an N, deoxygenated 1 M
KOH solution. Scan rate of 10 mV s}, starting at 0 V vs. SCE and
scanning towards the negative direction. a First cycle and b second
cycle
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hydrous electrode present an extra cathodic peak at about
—1.0 V vs. SCE, in the subsequent scan, both hydroxide
electrodes present a stable I/E profile similar to the
CoFe,0, electrode.

Considering that after the first scan, on both iron
oxi-hydroxides and CoFe,0, electrodes, the peaks appear
in the same potential range they can be assigned to the
same electrochemical reaction. Vago and Calvo [36]
observed peaks, similar to C, and A,, on the Fe;04—PVC
composite electrode in 1 M NaOH and assigned them to
the reduction of Fe(IIl) to Fe(Il) surface sites followed by
its reoxidation, in the reverse potential scan. On the other
hand, Cordoba et al. [39] have investigated the precipita-
tion of FeSO, by NaOH on Pt supports, at different con-
centrations. They have explained their results, at negative
potentials, on the basis of the following redox reactions:

Fe;04-4H,0 + 2e — 3FC(OH)2+2OH7
—0.900 V vs. NHE (6)

and

0-FeOOH + H,0 + ¢ — Fe(OH),+OH™
—0.796 V vs. NHE (7)

The electrochemical redox transitions on CoFe,0, and
Fe(Il) hydroxide electrodes, involve reaction (6) regardless
of the cycle number. On the other hand, the
electrochemical redox transition on the Fe(Ill) hydroxide
electrodes involves both reactions (6) and (7) at the first
scan, and mainly reaction (6) in the subsequent scan.

Taking into account the assumptions stated above, the
diffusion coefficient, previously determined, can be
attributed to the diffusion of OH™ through the CoFe,Oy4
film. It should be noted that on the reduction process,
(reaction 6), two electrons were gained by the oxide film
via the substrate and simultaneously two OH™ ions leave
the oxide to the electrolyte-facing the film. The diffusion of
the OH™ ion through the oxide is the slowest step and so, it
acts as the rate-determining step.

3.2.2 Electrochemical impedance spectroscopy

The EIS study of the CoFe,O,/stainless steel electrodes has
been carried out at different constant dc potentials in the
potential range from 0 to —1.000 V vs. SCE in 1 M KOH
at 25 °C. Prior to the commencement of impedance
experiment at a chosen potential, the electrode was first
equilibrated at that potential in 1 M KOH for about 300 s.
Representative results in both Nyquist and Bode modes are
presented in Fig. 5.

Figure 5 shows that at high frequencies, plots, —Z" vs.
7', are almost linear with the slope equal to nearly unity,
regardless of the applied dc potential. Some representative



J Appl Electrochem (2011) 41:731-740

Fig. 5 Complex impedance
plots, in Nyquist (a) and Bode
(b) modes (experimental and
simulated), for CoFe,0, film
electrode in an N, deoxygenated
1 M KOH solution at different
cathodic potentials, 0, —0.2,
—04, —0.6, —0.8 V vs. SCE
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data are also presented in Fig. 6. However, at relatively
lower frequencies, the Nyquist plots show a capacitive type
behaviour, particularly at the potentials, 0.0, —0.200 and
—0.400 V as indicated in Fig. 5 (la, 2a, and 3a). Similar
type of behaviour, at low frequencies, was also observed in
the case of Fe—Co304/1 M KOH interface [21]. These
results indicate that at high frequencies (6,329-10 Hz), the
diffusion of OH™ ions into the oxide film dominates the
impedance results producing a conventional semi-infinite
Warburg region, wherein IAZ"I/IAZ'| value is almost unity;
the latter value increases from unity with decreasing fre-
quency thereafter and the impedance response appears to
be of capacitive nature. Thus, there is a transition between
semi-infinite Warburg and finite Warburg regimes at low
frequencies, which is a common feature in case of an ion
intercalation into inorganic/polymer host matrix [40]. At
potentials more negative to —0.400 V, the capacitive curve
at low frequencies bends somewhat towards X-axis (i.e. Z'),
which may be caused due to surface heterogeneity. The
non-observance of a semicircle at high frequencies indi-
cates that the charge transfer resistance is much smaller
than the sum of the film and solution resistances [39].
The EIS data were simulated by using a simple equiv-
alent circuit model with the circuit description code, LR,
(R1Q1) Q. Symbols, R, and R, are the solution resistance
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Fig. 6 Nyquist plots (—Z" vs. Z') of CoFe,O, film in 1 M KOH
solution at different cathodic potentials as indicated on the figure

including the contribution of the oxide matrix and pores
resistance, respectively. Q; is the CPE and Q, is the CPE
related to low frequency capacitance. The simulated and
experimental data agree quite well as shown in Fig. 5.
Estimates of the circuit parameters are listed in Table 1.

Results presented in Table 1 show that n; values are
close to 0.5, regardless of the applied potentials indicating
the contribution of Warburg diffusion at high frequencies.
Further, n, values are nearly unity, particularly at £ = 0,
—0.200, and —0.400 V indicating, thereby, that they rep-
resent the total capacitance, distributed along the pores of
nearly the whole film thickness at low frequencies, of the
oxide. At potentials more negative to —0.400 V (i.e., at
E = —0.600 and —0.800 V), the observed significant
decrease in n, value from unity has been considered to be
due to the enhanced surface heterogeneity.

3.2.2.1 Estimation of diffusion coefficient and capacitance
value The apparent diffusion coefficient of OH™ ions
(Dyp) was estimated assuming a transition between semi-
infinite and finite Warburg regimes at low frequencies,
particularly in the case of Nyquist plots obtained at
E = 0.0, —0.200 and —0.400 V. The diffusion-controlled
regime [IAZ"I/IAZ'| ~ 1] is observed from 6,329 to 10 Hz.
In this frequency range, the magnitude of the impedance
varies linearly with (a))_”2 with a slope = L/CD;{,2 [30]
(Fig. 7) and is given by Eq. 8.

12| = L/CD ™! (8)

where C, D,, and L are the low frequency redox/limiting
capacitance, the diffusion coefficient and the oxide film
thickness, respectively. As already reported [30, 31], the C
value can be obtained from the low frequency impedance
data (charge saturation region: w < L2/Dap) using Eq. 9,
where the locus of each film becomes vertical and that the
plot, —Z" vs. 1/® is linear with slope* = 1/C

-7Z"=1/Cw 9)

In the present case, the impedance response is not vertical at
very low frequencies, possibly due to surface heterogeneity,
however, the plot, —Z" vs. 1/w is linear as shown in Fig. 8.
With the help of Egs. 8 and 9, the D, (= slope* x L/Slope)
values for OH™ across the oxide film/solution interface was

Table 1 Estimates of the equivalent circuit parameters for the CoFe,O, electrodes in 1 M KOH at different cathodic potentials

EIV (vs. SCE) 107 L;/H-cm? RJ/Q-cm? R,/Q-cm? 10° Q,/S-s"/cm? n 10° Q,/S-s"/cm? n
0 8.23 0.89 101.4 5.95 0.5 8.09 0.8
—0.200 8.09 0.88 120.1 10.66 0.5 10.92 0.80
—0.400 8.43 0.85 500.2 20.08 0.4 36.51 1
—0.600 7.66 0.98 140.4 6.78 0.6 1.14 0.6
—0.800 7.21 1.04 4.63 16.56 0.6 24.44 0.6
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Fig. 7 Plots of 1Z] vs. ™2 for semi-infinite diffusion data for the
CoFe,0, film
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Fig. 8 Plots of —Z" vs. o or the finite diffusion data for the
CoFe,0, film

estimated at the dc potentials of 0.0, —0.200, and —0.400 V
and the obtained values, were 5.1, 7.2 and 6.2 x 10710
cm? s™', respectively. These values are approximately 100
times higher than those determined, in this study, by CV and
chronoamperometry. The D,, value of anion into a thin porous
matrix, determined by the three different techniques, may be
different. As an example, Paulse and Pickup [41] obtained D,
values of 3.5 x 107 and 1.1 x 107 cm? s™' by chrono-
amperometry using the migration and diffusion models,
respectively. Monk and Farooq [42] obtained a D,, value of
2.3 x 107% cm? s~ for diffusion of OH ™ ions into the elec-
trodeposited CoO—OH film by CV at room temperature.

Values of C determined from the slope of Fig. 8 are
found to be 1.16, 1.28 and 2.47 x 107> Fem Z at E = 0,
—0.200 and —0.400 V, respectively. These values differ
only marginally from those corresponding, Q,, values
estimated from the equivalent circuit.

4 Conclusion

Spinel type CoFe,0, thin films were prepared on stainless
steel by thermal decomposition of nitrates. The value of the
unit cell parameter, ay, of CoFe,O, oxide coatings was
found to be 8.385 A using X-ray analysis. The CoFe,O,/
electrolyte interface has been investigated in 1 M KOH,
in the potential region of oxygen reduction, by cyclic
voltammetry, chronoamperometry and electrochemical
impedance techniques. These studies allowed identifying
the redox reactions occurring at the oxide surface in the
negative potential range. In addition, it has been concluded
that the processes are diffusion-controlled and the diffusion
of the hydroxide ion, through the oxide, acts as the rate-
determining step. The results are compared with the col-
loidal electrode prepared by alkaline precipitation of Fe(IT)
or Fe(Ill) hydrous oxi-hydroxides on platinum support.

The diffusion coefficient of OH™ ions across the oxide
film/solution interface was estimated by cyclic voltammetry
and chronoamperometry and the obtained values are similar,
1.1 x 1072 and 1.7 x 107"? cm? s™!, respectively. The
diffusion coefficients of OH™ across the oxide film/solution
interface, estimated by EIS at 0.0, —0.2, and —0.4 V, were
5.1, 7.2 and 6.2 x 10719 em? s_l, respectively.
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