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Abstract. Single phase structured Ba;3Mn;3Co13Fe,O4 nanoferrite was synthesized. The phase
formation was confirmed by X-ray diffraction. The morphology and particle distribution of the
synthesized nanoferrite particles were observed using transmission electron microscopy. The
magnetic hyperfine parameters were obtained from room temperature ’Fe Mdssbauer
spectroscopy. Vibrating sample magnetometer measurements were performed to investigate the
magnetic properties of the sample. The electrochemical properties of the sample were also
investigated. Cyclic voltammograms of ferricyanide oxidation showed that the modified
electrode by Baj;sMny;3Co13Fe;,04 nanoparticles exhibited improved electrochemical activity as
compared to the bare electrode. These high-performance electrodes are expected to lead to the
development of a novel group of electrochemical sensors.

1. Introduction

Spinel ferrites have several properties [1] which make them useful in many applications such as in
photoelectric devices [2], microwave devices [3, 4], catalysis [5] and sensors [6]. Electrical and magnetic
properties of spinel ferrites depend on their chemical composition, cation distribution and synthesis
method. In this respect numerous efforts have been undertaken in order to improve the basic properties
of spinel ferrites [7]. It is known that by substituting different ions in spinel ferrite structure, their
magnetic and electrical properties can be changed [8-9]. In the present work, we have synthesized a
single phase structure of Ba;sMn;;3Coi3Fe2O4 ferrite nanoparticles and investigate the associated
structural, magnetic and electrochemical properties.

2. Experimental details

The Bai;3Mn;3Co13Fe20s ferrite nanoparticle sample was produced by glycol-thermal technique using
a Watlow series model PARR 4843 stirred pressure reactor. The starting materials were high purity
(BaCl26H20: 99 %, MnCl,4H,0: 99 %, CoCl»4H,0: 98 % and FeCl,.6H>0: 99 %) all purchased from
Sigma-Aldrich. A well-mixed solution of the starting materials was precipitated with NH4OH solution
until a PH of 9.0 was reached. Details of the synthesis method have been reported elsewhere [10]. The
phase and structural characterizations of the sample was obtained by a Phillips X-ray diffractometer
type Model: PANalytical, EMPYREAN using CoKa radiation. The morphology and micro-structure of
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the nanoparticles were investigated by high-resolution transmission electron microscopy (HRTEM)
(type: Jeol JEM-1010). >’Fe Mdssbauer spectra were obtained by a conventional spectrometer using a
7Co source sealed in Rh matrix and vibrated at constant acceleration. Magnetic measurements were
performed at room temperature using a LakeShore model 735 vibrating sample magnetometer (VSM).
Potassium ferricyanide and potassium chloride were supplied by Merck. The voltammetric experiments
were conducted on an electrochemical analyzer (800B Series, CH Instruments, Inc.) in a three-electrode
electrochemical cell, consisting of a Ag/AgCl reference electrode, a platinum counter electrode
BaisMn;3Co13Fe2;04/GCE and a bare/modified glassy carbon working electrode. The modified
electrode was prepared by drop-casting a 0.5 mg/mL solution of BaisMni3Co13Fe204 nanoparticles in
dimethylformamide (DMF) solvent onto the electrode surface.

3. Results and discussion

Figure 1(A) shows XRD patterns of the synthesized nanoparticles. All the peaks are well indexed based
on spinel structure (JCPDS file No. 22-1086) [11]. No impurity peaks were observed on the XRD
pattern. The highest peak intensity in Figure 1 was identified as 311 and was used to calculate the lattice

2 2 2\1/2
parameter d using Bragg’s equation @ = d(h +k°+1 ) where d is the inter-planar spacing and

hKI are the Miller indices [12]. The average crystalline size D was calculated using Scherrer’s formula
D=0.91/Bcos@, where £ is the full-width at half-maximum of the (311) XRD peak and 6 is the
Bragg’s angle [13]. The microstrain £ was determined using the Williamson-Hall plot [14]. The
calculated values of the lattice parameter, crystallite size and microstrain for the as-prepared
Ba;sMny3Co13FexO4 were found to be 0.839+0.003 nm, 8.37+0.06 nm and 0.0015+0.00012,
respectively. The morphology of the synthesized nanoparticles was investigated by high resolution
transmission microscopy (HRTEM). The synthesized nanoparticles show a degree of shape uniformity.
Furthermore, some agglomeration is observed as it seen from Figure 1(B). The average particles size of
9 + 2 nm was estimated from the HRTEM image.
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Figure 1. (A) X-ray diffraction patterns and (B) HRTEM images for as-prepared
Bai;sMn,;3Co13Fe,04 ferrite nanoparticles.

Figure 2 shows the magnetic properties of the as-prepared Ba;;sMn,;;3Co13Fe,0O4 investigated at room
temperature by Mdossbauer spectroscopy and magnetization measurement. In Figure 2(A), the
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Maossbauer spectrum is fitted by two Zeeman sextets which are related to the iron ions in tetrahedral A
and octahedral B sites [15]. The s-shape magnetization is consistent with superparamagnetic behavior.
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Figure 2. Room temperature Mdssbauer measurement (A) and typical magnetic hysteresis loop
measure at room temperature (B).

The magnetic hyperfine fields ( H ) were calculated to be 456+3 kOe and 462+3 kOe at A- and B-
sites, respectively. The values of H are expected to be high due to super-exchange interactions between
the atomic moments of the sample [16]. The isomer shift value at B-site is greater than at A-site. This is
because of the bond separation between O? and Fe** is larger at B-site [17]. Hence the overlapping of
Fe** ion orbitals is smaller at B-site. The magnetic hyperfine parameters are presented in Table 1.

Table 1. Isomer shifts (J), hyperfine magnetic fields (H), line widths (I") and Fe?* fraction population
() on A-site and Fe** on B- site for BaisMn;3Co13Fe,04 nanoparticles.

Site 0 (mm/s) H (kOe) I' (mm/s) f(%)
A 0.09+0.0 456+3 0.13+0.04 18.4
B 0.3940.1 462+3 0.38+0.02 81.6

The magnetic hysteresis loop of the as-prepared Bai3sMni3Co13Fe2O4 was carried out in an external
applied magnetic field of about 14 kOe at 300 K. The M-H (where M is the magnetization) curve (Figure
2 (B)) has a coercivity value of 43+1 Oe. The obtained values of maximum magnetization, remanence
and hysteresis loop squareness are 27+2 emu/g, 1.5+0.1 emu/g and 0.037, respectively.

The electrochemical activity of the synthesized Bai3sMni3Co13Fe2O4 nanoparticles was investigated
using potassium ferricyanide K;[Fe(CN)s] as the redox probe. Figure 3 A shows the cyclic voltammetric
response observed at bare glassy carbon electrode (GCE) and BaisMn;3Co13Fe,04/GCE in the presence
of 1 mM Kj[Fe(CN)s] in 0.1 M KCI solution. Well-defined redox peaks were observed at both
electrodes. However, the BaisMni3Co13Fe204/GCE was found to exhibit improved electrochemical
behavior, exhibiting an increased peak current response and a negative shift in peak potential, as
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compared to the bare electrode. This suggests that the BaisMni3Co13Fe204 nanoparticles effectively
electrocatalyze the redox process of Ki[Fe(CN)g]. This is attributed to an enhanced rate of electron
transfer owing to excellent electrical conductivity and high surface area of the synthesized
Ba;sMn,;3Co13Fe,O4 nanoparticles.

To establish that Ba;sMn;3Co13Fe,04 nanoparticles improve the surface area of the electrode, the
effective surface area (A4) of bare GCE and Bai;sMn;3Co13Fe,04/GCE were determined by recording
cyclic voltammograms in 1.0 mM K;[Fe(CN)e] solution at different sweep rates (Figure 3 B). Using the

: 5,3/2 12, 112
Randles-Sevcik equation: lp = 2.69x10°n"“AD"“Cv"“ where i, is the peak current (in Amperes), n

is the number of electrons transferred in the electrochemical process, D (in cm? s') is the diffusion
coefficient (D = 7.6 x 10-6 cm? s7! for [Fe(CN)g]*), C (in mol ¢m™) is the concentration of the

electroactive species and v is the scan rate (in V s!) and employing the slope of Ip, versus v’ plot (inset

of Figure 3 B), Surface area was found to be 0.070 cm? and 0.218 cm? for bare GCE and
Bai;sMn,3Co13Fe,04/GCE, respectively. The surface area of the modified electrode was at least 3 times
larger than that of the bare GCE electrode, indicating superior conductivity of the Ba;;sMni,3Co13Fe204
nanoparticles. Thus, it is expected that the novel nanoferrites can lead to the development of a new group
of electrochemical sensors.
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Figure 3 (A) Cyclic voltammograms of 1.0 mM Kj3[Fe(CN)g] in 0.1 M KCl solution at (a) bare GCE
and (b) Ba;;sMn;3Co13Fe,04/GCE at 100 mV/s. (B) Cyclic voltammograms of 1.0 mM K;[Fe(CN)s]
in 0.1 M KClI solution at Ba;sMn;3Co1,3Fe204/GCE at sweep rates 5-200 mV s™! (Inset displays plot
of peak current versus square root of sweep rate).

4. Conclusions

Bai;sMn;;3Co13Fe204 nanoparticles ferrite was successfully produced by glycol thermal method. The
obtained values of lattice parameter, crystallite size and microstrain are found to be 0.839+0.003 nm,
8.37£0.06 nm and 0.0015+0.0001 respectively. We attribute the microstrain as due to the synthesis
method and conditions. HRTEM images show that the synthesized nanoparticles have average particle
sizes of 942 nm. This is close to the crystallite size estimated from the XRD measurements. The
Maossbauer spectrum was fitted only with two sextets associated with the Zeeman splitting with Fe*" and
Fe** on A- and B-sites respectively. The synthesized sample shows small value of coercive field of 43+1
Oe as deduced from the room temperature hysteresis loop. BaisMn,;3Co13Fe,04 nanoferrite modified
electrode showed good electrocatalytic activity. These high-performance electrodes are expected to lead
to the development of a novel group of electrochemical sensors.
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