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Abstract A novel electrosynthesis procedure was applied
to prepare manganese-doped iron oxide (Fe;O,) nanopar-
ticles. The procedure involved depositing Fe;O, nano-par-
ticles on a steel cathode from aqueous solution of (2 g/L)
Fe(NOs;);, (1 g/L) FeCl, and (0.3 g/L) MnCl,. Next the prod-
uct was evaluated using X-ray diffraction (XRD), field emis-
sion electron microscopy (FE-SEM) and energy-dispersive
X-ray (EDX). The final optimal product was found to contain
10 wt% of Mn>* and the average size of the spherical Mn-
Fe;0, nano-particles was determined to be 20 nm. Further
analysis of the produced particles using VSM proved it to
have super-paramagnetic behavior (Ms=47.25 emu g™/,
Mr=0.22 emu g™, positive Mr=—0.703 emu g~', nega-
tive Mr=—1.15emu g~', H;=4.84 G, positive H;=25.55
and negative H;=15.85 G). The nanoparticles were studied
using electrochemical techniques of cyclic voltammetry, gal-
vanostatic charge—discharge and electrochemical impedance
spectroscopy, and it was found that the nanoparticles possess
a specific capacitance value of 202.5 F g~!, and capacity
maintain about 92.4% after 2000 cycles at 0.5 A g~!, which
indicated the particles have excellent potential for use in
supercapacitors.
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1 Introduction

Supercapacitors (SCs), also known as electrochemical
capacitors, are a new generation of energy storage sys-
tems, which offer high specific powers in the range of
~500-10,000 W/kg, and long cycle lives (>100,000 cycles).
Such devices can find applications in mobile phones, electri-
cal cars, memory devices and uninterruptible power supplies
(UPSs) [1]. The electro-active materials used in supercapaci-
tors plays a key role in their electrochemical behaviors and
consequently developing cheap and suitable electrodes can
be a huge step in the development and improvement of SCs.
Hence, a great deal of works has been invested on preparing
such electrode materials for SCs. As a result transition metal
oxides and hydroxides with different structures (e.g. Co;0,
[2-4], CuO [5], NiO [6-10], M0O; [11], MnO, [12-19],
Co(OH), [20-28], Ni(OH), [29-33], Fe,05 [34-36] and
Fe;0, [37-40] wires, plates or sheets, spheres, rods, nano-
capsules and worms) have been found as the proper com-
pounds for use in the construction of supercapacitor elec-
trodes. Iron oxides, as an instance of such materials, have
been found to be very suitable due to the variable oxidation
states of iron, its natural abundance, low cost, and environ-
mental friendliness [41]. One drawback, in the case of iron
compounds, which has limited their application in super-
capacitors, is their limited SC values and charge/discharge
rates which arise from their rather low conductivity [42, 43].
To solve this problem, several approaches including prepar-
ing iron oxide composites with carbon-based material (e.g.
graphene, carbon nanotubes,...) [44—46], doping with other
metal ions [47], and designing new nanostructures [48—51]
have been evaluated, and the results revealed improved
capacitances due to improvements such as enhanced conduc-
tivity, increased surface area, shortened diffusion paths and
enhanced redox activity. Review of the literature reveals that

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7757-x&domain=pdf

18122

J Mater Sci: Mater Electron (2017) 28:18121-18129

metal ion doping approach has not been intensively studied
and hence the focus of this work was developing a novel
method for preparing metal ion (i.e. Mn>*) doped magnetite
nanoparticles (MNPs) through an electrodeposition method.
The recent work by our team on preparing pure magnetite
nanoparticles through cathodic electrodeposition (CED)
from iron (III) nitrate/iron(Il) solutions without using any
additives [52-55], gave our team the experience to evalu-
ate a similar strategy for preparing Mn-Fe;0, nanoparticles,
which has not been reported in the literature so far.

2 Experimental procedure
2.1 Materials

Ferrous chloride tetrahydrate (FeCl,-4H,0, 99.5%), ferric
nitrate nonahydrate (Fe(NO;);-9H,0, 99.9%), manganese
chloride (MnCl,-4H,0, 99.5%) and polyvinylidene fluoride
(PVDF, (CH,CF,),) were purchased from Sigma Aldrich
and used as received.

2.2 Electrosynthesis of Mn doped Fe;O, nanoparticles

Previous reports on the application of cathodic electro-
deposition (CED) for preparing naked and coated mag-
netite nanoparticles (MNPs) [55-57], were used as the
basis for the preparation of Mn-doped Fe;0, nanoparticles
according to the schematic procedure in Fig. 1. To this
end a Scm X 5cm x 0.5 mm 316L stainless-steel element
was used as the cathode. The cathode was sandwiched

Power supply

DC Deposition times
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Fe?*
® Fe*
® Mn?

Graphite anode

1)washing several

—— 2)dissolving in water
> Nlhladegtedeltd ——————>

2) deposit scrap

between two parallel graphite pieces (anodes) and 1 L of
aqueous solution containing 2 g of Fe(NO;);-9H,0, 1 g
of FeCl,-4H,0 and 0.3 g of MnCl,-4H,0 was used as
the reaction solution. The deposition of product was per-
formed using a NCF-PGS 2012 potentiostat/galvanostat
workstation system (Iran) a current density of 10 mA cm™>
at 25 °C for half an hour. Once the reaction was over, cath-
ode was washed with deionized water, the solid deposit
was scratched from its surface and repeatedly washed with
water, and eventually dispersed in deionized water, cen-
trifuged at 6000 rpm for 20 min, and eventually separated
using a magnet, dried at 70 °C for 60 min.

2.3 Characterization

An FE-SEM instrument (Mira 3-XMU, accelerating volt-
age of 100 kV) was used for studying morphology of the
product. Also PW-1800 X-ray diffraction (XRD) with a Co
Ka radiation was used to study the crystal structure of the
product. Thermogravimetric analyses of the sample were
performed between room temperature and 600 °C under an
N, atmosphere and at a rate of 5 °C min~' using an STA-
1500 Thermoanalyzer. Further the magnetic hysteresis and
saturation magnetization studies were performed in the
range of —20,000 to 20,000 Oe at ambient temperature
using a vibrational sample magnetometer (VSM, Meghna-
tis Daghigh Kavir Co., Iran). The FTIR studies were per-
formed on a Bruker Vector 22 instrument. Each spectrum
was recorded by 20 scans in the range of 400-4000 cm™!

at a resolution of 4 cm™".

1) washing several times

3) centrifuge-6000rpm-20
min

4) separation with magnet
5) Dryingat70°C for 1h

Mn-Fe;0,
nanoparticles

Fig. 1 Schematic view of electro-synthesis of Mn-Fe;O, nanoparticles. The inset presents (i) electrochemical and (i) chemical steps
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2.4 Electrochemical characterization

An AUTOLAB®, Eco Chemie, PGSTAT 30 potentiostat
was used for the cyclic voltammetry (CV) and galvano-
static charge—discharge (GCD) studies, which were per-
formed using a three electrode system including a working
electrode (WE) based on the Mn-Fe;O, nanoparticles, a
(1 M KCI1) Ag/AgCl reference, and a platinum wire as
the counter electrode, in the presence of a 1M Na,SO,
solution. The Mn-Fe;O, WEs were prepared according
to a well-established procedure [58, 59], based on which
Mn-Fe;0, powder, acetylene black (>99.9%) and con-
ducting graphite (at wt% ratios of 75:10:10) were mixed
and homogenized. Then, 5 wt% of polyvinylidene fluo-
ride (PVDF) was added to this mixture as dissolved in
N-Methyl-2-pyrrolidone (NMP). Then the NMP present
in the mixture was partially evaporated and a mass of the
paste containing 3 mg of the synthesized nanoparticles
was pressed onto a 1 cm? Ni foam at 10 MPa. The assem-
bly was then dried at 150 °C in oven for 5 min.

CV studies were performed using these WEs, in a 1M
Na,SOj; solution over a potential window of —1.0 and
+0.1 V versus Ag/AgCl, at the scan rates of 2, 5, 10, 20, 50
and 100 mV s~!. The resulting data was used for calculat-
ing the SC of the electroactive material using Eq. (1) [12]:

_Q
T md (V)

Vu
Q =Vf I(V)dv (D

where SC is specific capacitance (F g!), Q represents the
total charge, AV represents the potential, m is the mass of
the electroactive material (i.e. Mn-Fe;O, powder (g), v is the
scan rate (V s~1) and I(V) is the current response.

GCD plots were obtained at the current loads of 0.5, 1,
2,3 and 5 A g~! in the voltage range of —1.0 to OV versus
Ag/AgCl, and the results were translated into SC values
using the following equation [39]:

__0
mx AV’

0 =1xAt )

in which, I and AV are the applied current load (A) and
potential range (1V), At is the duration of a discharge cycle
(s) and m represents the mass of the electroactive material
(g). The EIS studies were performed at the open circuit
potential in a AC frequencies ranging from 10° to 107> Hz
and at an excitation signal of 5 mV.

3 Results and discussion

3.1 Structure and morphology

The XRD pattern of our sample (Fig. 2) included all dif-
fraction peaks observed in the case of pure cubic phase

311

220

111

Intensity (a. u.)

40 50 60 70 80
2theta(degree)

Fig. 2 XRD pattern of the electro-synthesized Mn doped Fe;0, nan-
oparticles

[space group: Fd3m (227)] Fe;O, (cell constant of
a=8.389 A, JCPDS 01-074-1910).

In this pattern, no extra peaks were observed proving the
pure phase of product, and it was established Mn>* acts simi-
lar to Fe?* ions at the deposition and formation steps. The
average crystallite size (D) of the product was determined
through the Debye—Scherrer equation:

D = 0.94/8 cos(6)

In this equation, A is the X-ray wavelength, p represents
the full width at the half maximum of the diffraction line,
and 0 is the diffraction angle. Based on the calculations
using diffraction line-width of peak (311), D value was
determined to be 12.8 nm.

Surface morphology studies were also conducted through
FE-SEM and the results (Fig. 3a) clearly show that the sam-
ple was composed of particles with an average diameter of
about 20 nm. The results of elemental analyses of the sample
based on energy-dispersive X-ray (EDX) (Fig. 3b) reveals
that the NPs contain Fe, Mn and O elements in the mass
percentages of 63.36, 9.71and 26.93, respectively. Consid-
ering that, based on the XRD data, some of Fe?* ions have
been substituted with Mn**, the values are very close to the
composition of Fe;0, in terms of Fe and O (27.64% for O
and 72.36% for Fe). Based on the results the sample was
determined to be 10 wt% Mn** doped Fe;0,.

The FT-IR spectrum of the sample (Fig. 4a) contains
the characteristic bands of nano-sized magnetite [60-62].
These include two sharp bands at about 567 and 628 cm™!,
due to the splitting of the v, band of the Fe—O, and a wide
one at 435 cm™' due to the v, band of the Fe—O and/or
Mn-O bonds [61]. The FT-IR data also showed bands
around 1635 and 3441 cm™! due to the stretching and
deformation vibrations of the surface absorbed O-H
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Fig.3 a FE-SEM image and b
EDAX analysis of the prepared
Mn doped Fe;0, nanoparticles
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Fig. 4 a IR spectrum and b TG curve of the electrodeposited Mn
doped Fe;0, nanoparticles

groups and H,O [62], which further complies with the
XRD results (Fig. 2).

The thermo-gravimetric (TG) behavior of the sample
obtained in the range of 25-700 °C (Fig. 4b) indicated no
sharp weight loss peak proving the stability of the sample.
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The mere 3.8% weight loss below 200 °C, was attributed
to the elimination of the surface absorbed H,O molecules,
and the overall the TG profile of the sample was quiet
similar to those observed in the case of pure magnetite
NPs reported in other articles [61, 62].

Figure 5 illustrates the magnetic hysteresis loop and
the enlarged low-field hysteresis. The VSM plot in Fig. 5a
has a complete S shape and no hysteresis can be noticed
(Fig. 5b), indicating the superparamagnetic nature of the
product. Further magnetic data obtained for the sample
included the saturation magnetization (Ms), remanent
magnetization or retentivity (Mr) and coercivity (H;),
which are Ms=47.25 emu g~!, Mr=0.22 emu g~!, posi-
tive Mr=—-0.703 emu g~!, negative Mr=—1.15 emu g~ !,
Hq;=4.84 G, positive H;=25.55 and negative
H;=15.85 G. These data further confirmed the super-
paramagnetic behavior of the sample. The data were also
comparable with those of naked pure Fe;O, NPs elec-
tro-synthesized under similar conditions as the sample.
Comparison against magnetic data on pure Fe;O, NPs
reported in other works [61, 62] (i.e. Ms=72.96 emu g_l,
Mr=0.95 emu g~!, positive Mr=2.73 emu g~', negative
Mr=-0.83 emu g~!, H;;=14.61 G, positive H;=—12.66
and negative H;=—41.88 G) proved that the Mn-doped
Fe;O,4 NPs have rather lower saturation magnetization due,
most probably, to the low magnetic nature of Mn**ions.
Yet the doped sample has smaller Mr and H; as opposed
to pure Fe;O, NPs, which proved their enhanced super-
paramagnetic behavior.

3.2 Electrochemical assessments
3.2.1 Cyclic voltammetry
The SC of the electroactive materials used in constructing

the WEs was evaluated through CV, and GCD tests. Further
EIS studies were performed to evaluate the electrochemical
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properties of the sample as electrode material. The CVs in
Fig. 6a were obtained in the above-described three-electrode
system at 2, 5, 10, 20, 50 and 100 mV s~! over potential
window of —1.0 to 0.1 V versus Ag/AgCl. The form of the
CVs indicates the pseudo-capacitive nature of the electroac-
tive material, which is different from the electric double-layer
capacitance mechanism. It has formerly been reported that the
charge storage of Fe;0, based electrodes in Na,SO; solution
takes place through a combination of both EDLC and pseu-
docapacitance mechanisms. The latter is known to involve the
reduction/oxidation of the adsorbed sulfite anions preset on the
surface of iron oxide particles [38, 39]. The CVs in Fig. Sain-
clude small humps, which can be attributed to the redox reac-
tions of the surface adsorbed sulfite anions [41, 63]:

250,* +3H,0 + 4e” < S,0;> 4+ 60H" 3)

S,0,% + 3H,0 + 8¢ < 2S™ + 60H )

No shifts were observed in the position of the anodic and
cathodic peaks, which indicate the reversibility and con-
tinuous nature of the redox reactions [43, 63]. The specific

capacitances of our electroactive, using Eq. (1), were found
to be 242.1,225.4,199.7, 163.2, 134.5,95.9 and 80.7 F g~

Fig. 6 a CVs of the fabricated 03] (a)
Mn doped Fe;0, electrode at 002
2 mV/s and b at the various a5
scan rates, ¢ the calculated 000L
specific capacitances versus 2 001 ]
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at 1, 2, 5, 10, 20, 50 and 100 mV s~ respectively, further
confirming the excellent super-capacitive behavior of the
particles.

3.2.2 Charge—discharge tests

The galvanostatic charge—discharge (GCD) plots recorded at
0.5,1,2,3and 5 A g”!, as given in Fig. 6a. The GCD profile
of the fabricated WE can be divided into parts; first a sym-
metric triangular section below —0.5 V versus Ag/AgCl, and
a nonlinear part over this potential. The former confirms the
pure double-layer capacitance due to the charge separation
phenomenon at the electrode—electrolyte interface, while the
latter is indicative of a typical pseudo-capacitance behavior
(Egs. 3 and 4). The SC values of the product was calculated
using Eq. (2), based on the data.

The calculations showed that the doped Fe;O, nanoparti-
cles offer SC values of 202.8 Fg~'at 0.5 A g7}, 176.5F g~!
atl Ag7!,1412Fg'at2 Ag !, 1233 Fglat3 Ag™!
and 102.4 F g~'at 5 A g~!, which comply with the results
obtained from the CVs (Fig. 6b).

The charge storage behavior of the Mn-Fe;O, nanopar-
ticles was also found to be comparable with those of pure
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Fe;0, electrodes prepared through various methods; e.g.
185 F g~'at 20 mV s~! for Fe;0, (synthesized by sol-gel)
[37], 207 F g~! for Fe;0, at 0.4 A g~! (prepared from
ultrasonic synthesis) [39], 157 F g~! at 1 A g~! for Fe;0,
(obtained by PVP-assisted hydrothermal method) [63],
170 F g7l at2 mV s~ for Fe;0, thin film (prepared by elec-
troplating) [64], 118.2F g~ at 0.6 A g~! for Fe;0, thin film
(fabricated using hydrothermal method) [65] and 82 F g™
at 1 A g~! for Fe;0, thin film (deposited by co-precipitation
method) [66]. Comparing the data proved that the superca-
pacitive performance Fe;0, can be enhanced through doping
with Mn?* cations.

The cycling stability of electrode material was evaluated
through subjecting the electrodes to 2000 GCD cycles in
a 1M Na,SO; solution at two current densities of 0.5 and
2 A/g. The SCs of each cycle were calculated using Eq. (2),
and the results showed the cycling stability of the nano-
particles. The SCs and cycling stabilities of the electrode
material are presented in Fig. 7b, c. According to Fig. 7b,
the SC of the electroactive material decreased from 202.8
to 187.4 F g~! after 2000 cycles at 0.5 A g~!, which is

equivalent to maintaining about 92.4% of the initial SC
(Fig. 7¢c). At 2 A g~!, the SC showed a decrease of about
83.5% after 2000 GCD cycles and reduced from 141.2 to
117.9 F g~!. The data indicated the good cycling ability of
the electrode material.

3.2.3 EIS measurement

Using results of EIS studies on the electrode material as
Nyquist plots (Fig. 8), and the inset of Fig. 8 which magni-
fies the high frequency region of both plots, it can be said
that the starting cross-point at the Z' axis within the high
frequency region, shows the contact resistance (R,) among
the electrolyte/electrode, current collectors and electrode/
current collector. Further the diameter of the semicircular
section in the mid—frequency gives the charge-transfer resist-
ance (R, [46] and the straight line with a 45° slope in the
low frequency region shows semi-infinite Warburg imped-
ance (Z,,) [48, 49]. Both plots (in Fig. 8) have a linear section
as well as a semicircular one and fits to that of an equivalent
circuit composed of an electrolytic resistance (R,), a double
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Fig. 8 Nyquist plots of undoped and Mn doped Fe;O, electrodes
with suggested equivalent circuit model

layer capacitor (Cg4), a charge transfer resistance (R, a
Warburg element (Z,,) and a pseudocapacitor (C,) (as shown
in inset of Fig. 8). Based on the Nyquist plots, R, values
of undoped and Mn** doped electrodes were determined to
be 3.25 and 2.05 Q, respectively. Furthermore, from fitting
data, it was obtained that the overall resistance of undoped
and doped electrodes are 314 and 237 €, respectively. These
results indicated the effectiveness of the electronic and ionic
transfer at electrolyte/doped electrode interface and impli-
cated its better reaction kinetic as compared with undoped
electrode. Based on this curves, the R, values of undoped
and doped electrodes were found to be 2.81 and 3.05 Q,
respectively. These values indicated the small resistance and
good ion response which are the results of the high purity,
metal ion doping and excellent crystallinity of the material.

3.2.4 Optical properties analysis

UV-Vis absorption spectra of the prepared samples were
measured to evaluate Mn-doping effect on Fe;O, NPs optical
properties such as optical absorption and band gap (Fig. 9).
Having added 10 wt% Mn doping, sharp absorption edges
appear in this region due to light absorption and scattering
by nano-particles. For undoped Fe;0, NPs, there is no sharp
absorption edge in UV region. For Mn>* doped MNPs, one
optical absorption peak is clearly observed, which reflects
Mn?* incorporation into Fe;0, lattice. Indirect band gap of
doped MNPs was calculated by following equation [67]:

ahv = A(hv - Eg)2 (5)

blank
undoped NPs
Mn doped NPs

\
\

Absorption (a.u.)

-

T * T . T X T . T Y T . T
200 300 400 500 600 700 800
Wavenumber(nm)

Fig. 9 UV-Vis absorption spectra of undoped and Mn?** doped
Fe;0, nanoparticles

where a is the absorption coefficient, A is a constant, &
is Planck’s constant, v is the photon frequency and Eg is
the energy [67]. In Eq. (5); when ahv =0, hv = Eg. Hence,
Eg value can be determined through plotting a diagram of
(ahv)'? versus hv and then extrapolating its linear region
[67, 68]. For our samples, plotting (ochu)”2 versus hv and
then extrapolating gives Eg values of 0.12 and 1.96 eV for
undoped and Mn?* doped MNPs, respectively. These values
indicate that Eg value in Mn-doped Fe;O, NPs is higher that
of pure Fe;0, NPs. This can be ascribed to the fact that new
defect are introduced after replacement of Fe?* by Mn?* cat-
ions in order to electro-negativity and ionic radius difference
between Mn?* and Fe?*. Moreover, there are more electrons
contributed by Mn** dopant due to lower electron affinity of
Mn compared to Fe (i.e. Mn=0 Kj/mol~!, Fe=15 Kj/mol ™)
which take up the energy levels location in the bottom of the
conduction band. The valence electrons require extra energy
to be excited to higher energy states in the conduction band.

4 Conclusion

Mn-doped Fe;0, particles (size ~20 nm) were prepared
through a one-pot electrochemical method under a galva-
nostatic mode. The deposition was performed in a solution
of iron chloride/nitrate and manganese chloride, and the
product was electrochemically deposited on the surface of
a stainless steel cathode. The resulting material was found
to have good capacitive ability with exhibiting SC values
of 242.1, 225.4, 199.7, 163.2, 134.5, 95.9 and 80.7 F g~!
at 1,2, 5, 10, 20, 50 and 100 mV s/, respectively. The
result of VSM analyses further confirmed the material to be
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superparamagnetic in nature. In the light of the observations,
the developed material was suggested as a suitable mate-
rial for the super-capacitor applications, and its preparation
method was also found to be a promising approach for the
preparation of nano-sized metal-doped iron oxides.
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