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Abstract. The electrochemical dynamics of a film of FeCo nanoparticles were studied on a glassy
carbon electrode (GCE). The film was found to be electroactive in 1 M LiClO4 containing 1:1 v/v
ethylene carbonate — dimethyl carbonate electrolyte system. Cyclic voltammetric experiments
revealed a diffusion-controlled electron transfer process on the GCE/FeCo electrode surface. Further
interrogation on the electrochemical properties of the FeCo nanoelectrode in an oxygen saturated 1
M LiClO4 containing 1:1 v/v ethylene-carbonate-dimethyl carbonate revealed that the nanoelectrode
showed good response towards the electro-catalytic reduction of molecular oxygen with a Tafel
slope of about 120 mV which is close to the theoretical 118 mV for a single electron transfer process
in the rate limiting step; and a transfer coefficient () of 0.49. The heterogeneous rate constant of
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electron transfer (k.), exchange current density (i,) and time constant (7) were calculated from data
obtained from electrochemical impedance spectroscopy and found to have values of 2.3 x 10° cm s,

1.6x 10* A cm™and 2.4 x 10 s rad”, respectively.

Introduction

Modifying the surface of an electrode to provide some control over how the electrode interacts with
its environment is one of the most active areas of research in electrochemistry [1]. The ability to
chemically modify electrodes has provided a powerful route to tuning their performance. This has
been of particular importance for research into energy storage devices [2], corrosion protection [3],
molecular electronics [4], electrochromic devices [5], electrochemical sensing and fundamental
research into phenomena that influence electrochemical processes. The distinguishing feature of a
chemically modified electrode is that a thin film of a selected chemical is bonded or coated onto the

electrode surface to endow the electrode with unique electronic, optical, and catalytic properties [6].

Glassy carbon electrodes are commonly employed in electrochemical applications due to their
excellent properties which include low background currents, wide potential window, low electrical
resistance and a reproducible surface structure that can be easily cleaned. They show wide thermal
stability and morphological diversity [7-8]. The surface of a GCE can be modified in a number of
ways in order to improve its performance in various electrochemical systems. Conducting polymers
[9-10], carbon nanotubes [11], nanoparticles [12-14] have all been used to modify glassy carbon
surfaces. In recent years, modification of solid electrodes with nanoparticles has attracted
considerable interest. Unlike bulk films, metal nanoparticles exhibit unusual property of quantized
double layer charging effects. The main advantages to the use of nanoparticles modified electrode
are high effective surface area and enhanced electron transfer rate [15] which constitute a part of the
driving force in developing nanosized electrocatalysts. However, bimetallic nanoparticles are proved

to have superior catalytic properties than pure metals due to the electronic interactions that occur
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between the components of the bimetallic system [16-17]. Bimetallic FeCo nanoparticles in
particular, are receiving wide attention in view of their potential scientific and technological

applications.

FeCo nanoparticles are important soft magnetic materials with a variety of structural [18-20],
electronic [21-22], mechanical [23-24], optical [21] and electro-catalytic properties [25]. A lot of
research has been conducted in the past to synthesize and characterize FeCo nanoparticles and their
composites [22, 26-30]. However, scanty literature exists on their electrochemical behaviour on solid
electrodes in LiClO;4 electrolytic solution containing 1:1 v/v ethylene carbonate-dimethyl carbonate
(EC-DC) solvent mixture. Therefore, the electrochemical behaviour of a film of FeCo nanoparticles

on a GCE in the above electrolyte is presented.

Experimental Section

Chemicals. Iron (II) sulfate heptahydrate (FeSO4.7H,0, Sigma), cobalt (II) chloride hexahydrate
(CoCl,.6H,0O, Sigma Aldrich), sodium borohydride (NaBHa, 98%, Sigma Aldrich), triethylamine
(CeHisN, 99.5%, Sigma Aldrich), ethanol (C,H¢O, absolute, Sigma Aldrich), acetone (C3H¢O, 99.8
%, Sigma Aldrich), lithium perchlorate (LiClO4, 99.99%, Sigma Aldrich), ethylene carbonate
(C3H403, 99 %, Sigma Aldrich) and dimethyl carbonate ( (CH30),CO, 99%, Sigma Aldrich) were
used as received. Water obtained from a Millipore Milli-Q purification system with resistivity 18.2
MQ was used to prepare all aqueous solutions and for rinsing. Before use, all the glassware was
cleaned with freshly prepared aqua regia (HNOs: HCI) 1:3, % v/v), rinsed thoroughly with water,

and dried.
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Synthesis of FeCo Nanoparticles. Bimetallic FeCo nanoparticles were synthesized by a procedure
described previously for Fe-Ni nanoparticles [31] with some modification. 20 mL of 0.05 M aqueous
mixture of FeSO,4.7H,0 and CoCl,.6H,0O in a Fe:Co atomic ratio of 3:2 was stirred, under nitrogen
saturation, for 20 min followed by dropwise addition of 0.6 g NaBH,4. The solution colour changed
from brownish pink to black upon addition of NaBH4. After further stirring for 20 min, 2 mL of | M
triethylamine was added to stabilize the nanoparticles. Stirring was continued for an additional 20
min and followed by vacuum filtration through 0.2 um cellulose acetate filter paper. To get rid of the
excess borohydride, the particles were washed with copious amounts of water and rinsed with

ethanol and acetone. The washed particles were vacuum dried overnight at 50 °C.

Characterization

Transmission Electron Microscopy (TEM). The TEM images were recorded using a Tecnai G2
F20X-Twin MAT 200 kV Field Emission Transmission Electron Microscope from FEI (Eindhoven,
Netherlands). Samples were prepared by casting a drop of the ethanol-dispersed FeCo nanoparticles
over standard carbon-coated copper grids and allowed to dry for analysis. Energy Dispersive X-ray
Spectroscopy (EDX) elemental analysis was determined from an EDAX system coupled to the

Tecnai G2 TEM machine.

Scanning Electron Microscopy (SEM). The SEM image of the film was captured using Gemini

LEO 1525 model microscope.
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Electrode Preparation. Bare GCE of area 0.071 cm” (diameter, 3mm) or FeCo nanoparticles
modified GCE (GCE/FeCo) was used as the working electrode. Platinum wire and Ag/AgCl (3M
NaCl) electrodes were used as auxiliary and reference electrodes, respectively. Before every new
experiment, the GCE was polished consecutively with alumina slurry (particle sizes- 1.0, 0.3 and
0.05 um) on a microcloth pad, rinsed and sonicated for 5 min in water. The GCE electrode was
modified by drop-coating 5 pL aqueous dispersion of FeCo nanoparticles. The modified electrode

was dried and gently rinsed before use.

Voltammetry. Cyclic and square wave voltammograms were recorded with the BAS 100W
electrochemical work station from Bio Analytical Systems (Lafayette, USA) in 1 M LiClOq4

containing 1:1 v/v EC-DC.

Electrochemical Impedance Spectroscopy (EIS). Impedance measurements were carried out with
Zahner IM6ex Germany in 1 M LiClO4 containing 1:1 v/v EC-DC. Alternating current (ac)

amplitude of 10 mV within the frequency range of 100 mHz — 100 kHz was used.

Electrocatalytic Oxygen Reduction Reaction (ORR). ORR experiments were conducted in oxygen
saturated 1 M LiClOs containing 1:1 v/v EC-DC electrolyte system using BAS 100W
electrochemical work station. Hydrodynamic measurements were obtained from a glassy carbon

rotating disc electrode.
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Results and Discussion

Characterization of FeCo Nanoparticles. TEM micrographs of the synthesized FeCo nanoparticles
as shown in Fig. 1, gave spherical nanoparticles of 35-50 nm in diameter. The nanoparticles are
connected in chains of beads due to the magnetic and electronic interaction between the metal
particles [32]. Similar TEM images have been reported for FeCo nanoparticles [33-34]. The
elemental analysis from EDX as depicted in Table 1 showed that the nanoparticles contain 56.84%
Fe and 43.15 % Co. This distribution is close to the original ratio (3:2) of the metal precursors in the
reaction mixture. The oxygen peak in the EDX profile as shown in Fig. 2 was due to surface
oxidation of FeCo nanoparticles during sample preparation and characterization; the peaks from

carbon and copper were from the carbon-coated copper grid used during analysis.

Fig. 1. TEM micrograph of FeCo nanoparticles.
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Fig. 2. EDX profile of FeCo nanoparticles.
Table 1. EDX analysis of FeCo nanoparticles.
Element Weight % Atomic % Uncert % Detector k-Factor
Correction
Fe(K) 56.84 58.16 0.19 0.99 1.403
Co(K) 43.15 41.83 0.16 0.99 1.495

The SEM image in Fig. 3 revealed porous nanoclusters. The porosity will create a large surface area

for immobilization of any dopant; also the fact that migration of solvated ionic species depends on

the pore size of the film [35], the porosity will greatly enhance the electrochemical and

electrocatalytic behaviour of FeCo nanoparticles modified electrodes.
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Fig. 3. SEM image of FeCo nanoparticles.

Voltammetric Studies of the FeCo Nanoparticles Modified Glassy Carbon Electrode. Fig. 4(A)
shows the cyclic voltammograms (CV) of (i) bare GCE and (ii)) GCE/FeCo within a potential
window of -800 to 800 mV. As expected, the bare GCE did not exhibit any electrochemistry since
there was nothing immobilized on the electrode surface. However, the GCE/FeCo gave an anodic
peak, a, (o = 1.082 LA, Ey, = 175 mV) and a cathodic peak, b, (Ic = 0.612 pA, E,. =78 mV) at a
formal potential, AE’ = 127 mV. The peak to peak separation, AE,, and the ratio of peak currents,
Lo/, were calculated to be 97 mV and 1.77 pA, respectively. Although these were found to be
slightly above the values for ideal Nernstian behaviour, they are well within the range of
experimentally observed values for a reversible electron transfer process [36-37] and also the fact

that electrochemical processes depend on the supporting electrolyte and nature of the film.
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Fig. 4. Cyclic voltammograms of (A) (i) bare GCE (i1) GCE/FeCo (B) GCE/FeCo at 10, 20, 30, 40

and 50 mV s™ in 1 M LiClOj electrolyte solution containing 1:1 v/v EC-DC at 25 °C.

The well defined redox couple can be ascribed to electron transfer reaction of the metal-centered
surface-confined redox species Fe*/Fe’" in the electroactive nanomaterial. A closer evaluation of the
CV revealed a diminished redox couple at positions ¢, (Ia = 0.826 pA, Ey, = 464 mV) and d, ([,c =
0.103 pA, E,. = 387 mV) that is more pronounced in the square wave voltammogram (Fig 5B). The
peaks can be attributed to Co>"/Co>" redox transitions on the electrode surface [14]. Fig. 5 shows the
square wave voltammograms of (A) bare GCE and (B) GCE/FeCo. The bare electrode gave no
discernible electrochemistry while the GCE/FeCo showed two peaks at positions @' and b'. Peak a'
corresponds to the oxidation peak, a, of the well defined redox couple in the CV while peak 4’
corresponds to the oxidation peak, ¢, of the diminished redox couple in the CV. Scan rate studies
showed that the anodic and cathodic peak currents (Fig. 5(C-D)) vary with scan rate. This indicates
that the FeCo nanoparticles are electroactive and the diffusion of electrons takes place through the
metal cavity as observed from the SEM micrograph. The Randles Sevcik plots in Fig. 5(D) show the
linear dependence of peak currents on the square root of scan rates. The non-zero intercepts were due
to the contributions of non-Faradaic currents while the linearity confirmed a diffusion-controlled
electron transfer process on the electrode/electrolyte interface. The diffusion coefficient, D,

calculated using equation (1b), gave 4.76 x 10* ecm® s where n (1) is the number of electrons
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transferred, 4 (0.071 cm?) is the area of the electrode, C (1 x 10° mol cm™) is the concentration of

the bulk electrolyte solution and Ip/vl/ % (4.16617 x 10°A syl %) is the slope of the I, versus 2

linear plot (anodic plot of Fig. 5 (D)). The value of D was affected by the concentration of the

electrolyte used in this study and is generally subject to uncertainties in volume and homogeneity of

the film [38-39].
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Fig. 5. (A-B) Square wave voltammogram of (A) bare GCE (B) GCE/FeCo; (C-D) the plots of the

dependence of the peak currents (C) on scan rates (D) as a function of the square root of scan rates.
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Further investigation from the plot of peak potentials versus scan rates (Fig. 6A) revealed the
dependence of peak potentials on scan rates. While the E,, was seen to increase, E,. decreases as

scan rate increases.
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Fig. 6. The plot of the dependence of the peak potentials versus scan rates.

The surface concentration (I') of the FeCo film on GCE was obtained from the integrated charges of

the anodic CV curve in accordance with the equation for ideal, reversible thin layer electrochemistry

[40]:
I,=0’F° AT v/4RT )
QO =nFAT (3)

where F = Faraday constant (96485 C mol™), v = scan rate, R = gas constant (8.314 J mol'K™"), T'=
absolute temperature (298 K), other parameters have their usual meanings. The voltammetric
behaviour of the FeCo modified GCE within the scan rate range of 10 - 50 mV s showed that the

calculated I at 10 mV s gave the best surface coverage with a value of 5 x 10 mol cm™. In
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addition, the fact that a lower peak to peak separation (AE,) value was recorded at this scan rate
showed that the FeCo modified electrode exhibited a faster electron transfer at lower scan rates. The

I value is well within the range of values reported previously [39, 41].

EIS Studies. EIS was used to investigate the interfacial properties of the bare and GCE/FeCo
electrodes. This was conducted by recording the impedance spectra of the electrodes in LiClOq4
supporting electrolyte. Each Nyquist plot (Fig. 7 (A)) showed a semi-circle and a Warburg diffusion
line which is an indication that the electrochemical process on the electrode surface is kinetically
controlled at higher frequencies and diffusion controlled at lower frequencies. The inset equivalent
circuit was developed to fit the impedance parameters. Ry is the resistance of the electrolyte solution
which was obtained from the intercept of the semi-circle with the Z' axis at higher frequencies; the
diameter of the semi-circle is related to the charge transfer resistance, R, which controls the transfer
kinetics at the electrode interface. Extrapolation of the semi-circle to lower frequencies gave an
intercept corresponding to Ry + R from which the value of R was determined; Z,, is the Warburg
impedance which measures the mass transport of materials occurring through a diffusion-controlled
process; CPE is the constant phase element that models the double layer capacitance (Cg) which is

due to surface roughness.
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Fig. 7. (A) Nyquist and (B) Bode plots of bare GCE and GCE/FeCo.
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Analytically meaningful impedance spectra are usually recorded at higher frequencies where they
are mainly controlled by the interfacial properties of the modified electrodes [42]. The bare electrode
exhibited a wider semicircle at higher frequency with an R value of 44.12 k€ which is two orders of
magnitude higher than the R value of 159 Q obtained for the GCE/FeCo electrode. This decrease is
attributed to the presence of electroactive FeCo nanoparticles which promote the rate of electron
transfer and therefore suggests a higher conductivity on the nanoelectrode than on the bare GCE.
Similar trends were observed in the values of the exchange current (i,) and rate constant of electron
transfer (k) as shown in Table 2. This phenomenon is corroborated by the Bode plots (Fig. 7 (B))
where the impedance decreased from 65.59 kQ (for the bare GCE) to 5.285 kQ (for the GCE/FeCo)
at lower frequency regimes where disturbances to the equilibrium positions of the systems are
minimal. A corresponding decrease in phase angle from 74.8" to 13.3" was observed which further
confirmed the higher conducting properties of the nanoelectrode over the bare GCE. Time constant

(7), i, and k¢ were calculated according to equations, 4 — 7 [40, 43-45]:

1
a)max = 2ﬂfmax = (4)
Rcthl

1

r=—=RC, (5)
a)max

RT

R = 6
“ nFi ©

i =nFAk,C (7

The wvalues obtained for the kinetic parameters also revealed an improved electrochemical

performance of the nanoelectrode over the bare GCE as illustrated in Table 2.
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Table 2. Kinetic data from EIS

Nature of | o (rad s'l) T(s rad'l) i, (A cm'z) ket (cm s'l)
electrode

Bare GCE 9.01 1.1x10" 5.82x 107 8.4x10°
GCE/FeCo | 4159.0 24x 10" 1.6x 107 23x10”

Electrocatalytic Oxygen Reduction Reaction. The electrochemical response of the FeCo modified
GCE towards oxygen reduction was investigated by cyclic voltammetric and hydrodynamic
techniques in 1 M LiClO4 containing 1:1 v/v EC-DC. Fig. 8A shows the cyclic voltammograms of
the bare and GCE/FeCo electrodes in the presence and absence of oxygen within a potential range of
200 to -1500 mV. The oxygen reduction process occurred irreversibly with an enhancement in the
cathodic peak current of the nanoelectrode in the presence of oxygen when compared with the bare
and GCE/FeCo electrodes in the absence of oxygen. However, the onset potential of oxygen
reduction on the modified electrode is about 87 mV later than that of the bare electrode. Fig. 8B
shows the cyclic voltammograms of the GCE/FeCo electrode saturated with oxygen at various scan
rates. A linear correlation (Fig. 9A) between the cathodic current and Y2 suggests that the kinetics of
the overall process are controlled by mass transport of molecular oxygen (O;) from the bulk solution
to the electrode surface. The cathodic peaks shifted to more negative potential values with increasing
v. A kinetic limitation therefore exists in the ORR process at higher scan rates. This phenomenon has

been previously reported [46]. The oxygen reduction process is governed by equations 8 - 9 [40, 47]:
b
E, = ) logv 8)

_ 2.303RT
ankF

b ©)
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where b is the Tafel slope, a is the charge transfer coefficient, other parameters have their usual
meanings. From the linear plot of £, versus logv (Fig. 9B), a Tafel slope of approximately 120 mV
and a value of 0.49 were obtained. The Tafel slope is close to the theoretical 118 mV for a one
electron process [40] involved in the rate determining step. These values are in good agreement with

previously reported experimental results [48].
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Fig. 8. (A) Cyclic voltammograms of the modified and unmodified GCE in 1 M LiClO4 containing
1:1 v/v EC-DC at a scan rate of 20 mV s™ in the absence and presence of saturated oxygen between
200 to -1500 mV (B) Cyclic voltammograms of the modified GCE in oxygen saturated 1 M LiClO4

containing 1:1 v/v EC-DC at various scan rates.
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. (B) Tafel plot of E, versus logv.
Hydrodynamic voltammetry with rotating disc electrode (RDE) was qualitatively used to study the
electrochemical catalytic reduction of molecular oxygen at GCE/FeCo electrode by recording the
linear scans of the RDE voltammograms from -300 to -1500 mV in oxygen saturated 1 M LiClO4
containing 1:1 v/v EC-DC. Fig.10A showed that the current increased with increasing rotation rate.
The Koutecky-Levich plot for the electro-catalytic reduction of molecular oxygen on GCE/FeCo in
oxygen saturated 1 M LiClOy4 containing 1:1 v/v EC-DC is shown in Fig. 10B. It is well known that
O, is electrochemically reduced to super-oxide ion (O, ) in non-aqueous aprotic media [49-50].
However, the mechanism of this reduction in the electrolyte under study could not be established at

this stage.
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rotation rate of 100 rpm and at different rotation rates in an oxygen saturated solution. (B) Kouteky-

Levich plot for oxygen reduction.

Conclusion

This study reveals for the first time, the electrochemical dynamics of FeCo nanoparticles - modified
glassy carbon electrode in 1 M LiCIO4 containing 1:1 v/v ethylene carbonate-dimethyl carbonate
electrolyte system by employing cyclic and square wave voltammetric techniques as well as
electrochemical impedance spectroscopy. The nanoelectrode showed enhanced electroactivity over
the unmodified glassy carbon electrode and good response towards electrocatalytic reduction of

molecular oxygen.
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