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Highlights

« 3D-CoFe,0, nanoflowers thin films was successfully synthesized by low-cost chemical bath
deposition (CBD) process

+  Rechtschaffner design has been applied to investigate the influence of the principal
experimental parameters on saturation magnetization.

« Doehlert matrix has been used to predict the optimal condition of the saturation
magnetization.

« The obtained 3D-CoFe,0, nanoflowers thin film could be useful for supercapacitor
application.



Abstract

Three-dimensional CoFe,0, nanoflowers thin films have been deposited on stainless steel by low-
cost chemical bath deposition process. The experimental design methodology has been applied to
investigate the effect of the principal experimental parameters on the saturation magnetization. The
Rechtschaffner design demonstrates that annealing temperature, deposition time and reactional
medium temperature are the most influential parameters. Doehlert matrix has been used to predict
the optimal condition of the saturation magnetization. XRD data confirm the formation of the desired
CoFe,0, phase. SEM analysis reveals the formation of three-dimensional nanoflowers like-
morphology. The CV curve of 3D-CoFe,0,4 nanoflowers thin film deviate from the perfect rectangular
shape, demonstrate this pseudocapacitive characteristics. The specific capacitance was found to be
472 F.g' at 5 mA.s" scan rate. The VSM measurement demonstrate that the film exhibits a
ferrimagnetic behavior, with easy magnetization axis along the plane of the films. The 3D-CoFe,0,
elaborated at the optimal conditions shows a maximum saturation magnetization of 0.44 T.

1. Introduction

In recent years, synthesis of magnetic materials with spinel ferrite structure AFe,0, (where A
designates a divalent metal ion) [1] has been in the forefront of nanoscience and nanotechnology.
These magnetic materials have stimulated the attention of many research group due to their
interesting properties in catalysis [2], biosensors [3], biomedical drug delivery [4,5,6], biomolecular
separation [7], biocompatible magnetic materials for cancer treatment [8], high density magnetic
recording [9] etc, and their excellent magnetodielectric properties [10,11]. Among these magnetic
materials, cobalt ferrite CoFe,0, is a semiconductor material with indirect and direct energy band
gaps of 1.18 and 2.74 eV respectively [12]. Cobalt ferrite material has an inverse spinel structure with
Fd3m [1] space group. High coercivity ([D.43 T) [13], hard magnetic properties, room temperature
ferrimagnetism [14], good chemical stability [15], moderate saturation magnetization [16], and
excellent electrochemical stability [17] make cobalt ferrites in their different forms interesting
material for several technological application. Subsequently, CoFe,0, has been industrially utilized in
microwave magnetic devices [18], in biological and spintronic applications [19]. To date, various
CoFe,0, morphologies have been reported in literature, such as 1D-nanotube [20], 1D-mesoporous
nanowire arrays [21], 1D-nanofibre [22], 2D-nanflakes [23], 2D-porous nanosheets [24,25] and 3D-
nanoshpere [26]. Moreover, some research groups have reported that the magnetic properties of
CoFe,0, thin films can be affected by many factors like microstructure, grain size, chemical
composition, choice of substrate and processing method [27-30] etc.

Note also that different physical and chemical techniques have been used to synthesize CoFe,0,
thin films, such as pulsed laser deposition (PLD) [31], molecular beam epitaxy (MBE) [29], RF
magnetron sputtering [32], sol-gel [33], chemical bath deposition (CBD) [34], successive ionic layer
adsorption and reaction (SILAR) [35] and Spray pyrolysis [19], citrate sol-gel method [36,37] and
pulsed electrodeposition [38,39]. Among these methods, chemical bath deposition (CBD) can be
classed as the best in terms of simplicity [40], economical, low temperature deposition (<100 °C)
which avoids oxidation and corrosion of metallic substrates [41] etc. CBD method can offer enhanced
control over film thickness, elemental composition, homogeneity, grain structural and film
morphology. Thus, CBD is a soft chemical process suited for processing large-area thin films that



allows the control of the preparative parameters such as precursor concentration, deposition time,
bath temperature, pH, etc.

Herein we report the preparation of Three-dimensional (3D) CoFe,0,4 nanoflowers thin films by
low-cost chemical bath deposition (CBD) process on stainless steel (SS) substrate. Saturation
magnetization is very important factor to determining the heating effect in the treatment of cancer
by magnetic hyperthermia. However, this factor has become the subject of experimental modelling.
The Rechtschaffner design has been applied to investigate the influence of the principal experimental
parameters: temperature deposition (Ty), time deposition (ty), R'= [Fe]/[OH] parameter, pH,
annealing temperature (Tg) and annealing time (tg) on the saturation magnetization (Ms). Thereafter,
the optimal conditions for the deposition of 3D-CoFe,0, nanoflowers thin films have been studied
using Doehlert matrix. The structural properties of the obtained thin film into the optimal conditions
have been examined by X-ray diffraction technique. Scanning electron microscopy (SEM), cyclic
voltammetry (CV) and vibrating sample magnetometer (VSM) have been used to study the
morphological, electrochemical and magnetic properties respectively.

Experimental:

Series of 3D-CoFe,0, nanoflowers thin films have been deposited on 20 mm x 7 mm x 0.15 mm
stainless steel (SS) substrates using low-cost chemical bath deposition (CBD) process. In order, to
avoid the magnetic contribution of the SS substrates a not-magnetic stainless steel was used AlISI 304
L purchased from Goodfellow Cambridge Limites. Before deposition, the stainless steel (SS)
substrates were polished using zero fine grade polish paper to remove unwanted oxides formed on
the surface. Then, it is cleaned with detergent solution and water. After that substrates have been
etched with 2% dilute HCI for 20 s, to remove the surface oxides completely. Finally, substrates have
been ultrasonically cleaned with deionized water and dried in air.

All the chemical precursors used in this work were purchased from Aldrich and used without
further purification. The bath consists of appropriate amount of 0.2 M iron chloride and 0.1 M of
cobalt chloride. The ammonium hydroxide (28%) NH,OH solution has been added to the prepared
solution in order to obtain a basic pH solution. Thereafter, cleaned stainless steel (SS) substrates
were immersed in the solution. The bath has been heated during deposition with constant stirring.
After few minutes, precipitation has been started, and heterogeneous reaction occurred allowing the
formation of hydroxide onto stainless steel (SS) substrates. After deposition, the film has been taken
out from the bath and thoroughly washed with de-ionized water and then dried under hot air.
Finally, the films have been annealed in air atmosphere to obtain the cubic spinel phase.

The structural characterization has been performed at room temperature using BRUKER
diffractometer with Cu - Ko target (A = 1.5406 A). The surface morphology of the 3D-CoFe,0,
nanoflowers thin film has been studied by Merlin scanning electron microscopy (SEM) equipped with
Silicon Drift Detector (SDD)-X-Max 50 from Oxford Instrument. The electrochemical properties have
been performed at room temperature using PGZ—402 potentiostat with a three-electrode cell. The
magnetic measurements of the prepared thin films have been recorded by Vibrating Sample
Magnetometer (VSM) at room temperature with maximum applied field of 1500 kA/m.



The active mass of the 3D-CoFe,0, nanoflowers thin films is calculated by double weight method,
using the relation:

ma = M3-M; (1)

were:
my: is the mass of substrate without deposit,
m,: is the mass after film deposit.

The thickness of the 3D-CoFe,0, nanoflowers thin films was determined by the following
relation:

e= —— ()

were:

m is the weight of film,

S the area of the film

p is the density of CoFe,0,.

2. Results and Discussion:
2.1. Influence of the operating parameters on saturation magnetization (M,) of 3D-CoFe,0,
nanoflowers thin films using Rechtschaffner design:

Herein, we seek to investigate the influence of the operating parameters on saturation
magnetization of 3D-CoFe,0, nanoflowers thin films. Six main parameters (factors) were chosen:
temperature of reactional medium (U,), deposition time (U,), concentration ratio R'=[Fe]/[OH] (U3),
pH (U,), annealing temperature (Us) and annealing time (Ug). A fractional factorial design 2**
proposed by Rechtschaffner was carried out to determine the influence of these six factors and their
interaction on the 3D-CoFe,0, nanoflowers thin films saturation magnetization. In these types of
designs, main effects and two-factor interactions can be estimated, while three factor or more order
interactions are negligible [42]. Using Rechtschaffner design, the variables (k) are set at two levels
(minimum) and (maximum) normalized as (-1) and (+1).

The experimental response (saturation magnetization (M;)) associated to the Rechtschaffner
design (2%") was represented by a linear polynomial model given by the following equation:

Y= bo + b1X1 + bzXz + b3X3 + b4X4 + b5X5 + b6X6 + b12X1X2 + b13X1X3 + b23X2X3 +b14 X1X4 + b24X2X4 + b34X3X4
+ b15X1Xs + bysXoXs + b3sX3Xs + basXaXs + b16X1Xs + b26XoXe + b3gX3Xg + DagXaXe + bseXsXs (3)

were
Y: experimental response (saturation magnetization (M;))
X;: coded variable (-1 or +1)
b;: estimation of the principal effect of the factor i for the response Y
b;j: estimation of interaction effect between factor i and j for the response Y.



Table.1 illustrated the investigated experimental domain. The experimental design and the
measured responses are summarized in Table.2.

Table.1. Experimental domain investigated for 3D-CoFe,0,4 nanoflower thin films.

Coded variables Factors Unit Experimental field
(Xi) (Ui) Lower limit Upper limit
X, U;: temperat.ure of reactional °c 40 70
medium (Ty)
X5 U,: deposition time (tq) min 60 180
Us: concentration ratio

X3 R = [Fe]/[OH] - 1.11 1.75

X4 U,: pH - 9 10

Xs Us: annealing temperature (Tg) °C 550 750

Xe Ue: annealing time (tg) h 4.30 6

According to the obtained results, the coefficients of the linear polynomial model (eq (3)) are
calculated using only extremes by NEMROD Software program (L.P.R.A.l., Marseille, France) [43,44]:

Y = 149.988 + 12.044 X, + 23.426 X, — 7.910 X5 — 0.597 X, + 49.285 X5 — 7.490 Xg + 25.575 X,X, —
3.264 X1X3 — 3.269 X,X5 — 3.756 X1Xs — 10.869 XX, — 6.285 X3X, + 11.577 XiXs + 27.019 XX +
8.733 X3Xs — 1.557 X4Xs + 3.422 X1Xs + 5.237 X,Xs — 9.505 XsXg — 7.412 X;Xs + 1.386 XsX¢ (4)

The effects and interactions of the different investigated factors are shown in Fig.1. a. As can be
seen the saturation magnetization is very influenced by the annealing temperature as it has a
positive effect on the studied response. In fact, the increasing of annealing temperature leads to
increase the saturation magnetization. In addition, the reactional medium temperature and
deposition time are the second most significant factors that have positive effect on the studied
response. Thus, in order to improve the saturation magnetization, it will be useful to increase the
reactional medium temperature and deposition time. On the other hand, the coefficient associated
with the interaction term (X;X,) that has a positive effect on the studied response, has a very
important value. Thereby, for the experimental domain investigated, the effect of X; factor
(temperature of reactional medium) depend on the level of X, factor (deposition time). Note also
that the effects of the other factors are very negligible.



Table.2. Rechtschaffner experimental design 2%, experimental plan and results.

Results
Experimental Experimental design Experimental plan Y
number (T)
X1 X2 Xz Xs X5 Xg U U, Us; U, Us Ue
1 -1 -1 -1 -1 -1 -1 40 60 1.11 9 550 4.30 0.029
2 11 1 1 1 1 40 180 1.75 10 750 6 0.05
3 1 -1 1 1 1 1 70 60 1.75 10 750 6 0.04
4 1 1 -1 1 1 1 70 180 1.11 10 750 6 0.091
5 1 1 1 -1 1 1 70 180 1.75 9 750 6 0.1
6 1 1 1 1 -1 1 70 180 1.75 10 550 6 0.028
7 1 1 1 1 1 41 70 180 1.75 10 750 4.30 0.088
8 1 1 -1 -1 -1 -1 70 180 1.11 9 550 4.30 0.04
9 1 -1 1 -1 -1 1 70 60 1.75 9 550 4.30 0.021
10 1 -1 -1 1 -1 -1 70 60 1.11 10 550 4.30 0.039
11 1 -1 -1 -1 1 -1 70 60 1.11 9 750 4.30 0.041
12 1 -1 -1 -1 -1 1 70 60 1.11 9 550 6 0.026
13 11 1 -1 -1 41 40 180 1.75 9 550 4.30 0.025
14 11 -1 1 -1 41 40 180 1.11 10 550 4.30 0.03
15 11 -1 -1 1 4 40 180 1.11 9 750 4.30 0.051
16 -1 1 -1 -1 -1 1 40 180 1.11 9 550 6 0.031
17 -1 -1 1 1 -1 41 40 60 1.75 10 550 4.30 0.049
18 -1 -1 1 -1 1 -1 40 60 1.75 9 750 4.30 0.051
19 -1 -1 1 -1 -1 1 40 60 1.75 9 550 6 0.026
20 -1 -1 -1 1 1 -1 40 60 1.11 10 750 4.30 0.056
21 -1 -1 -1 1 -1 1 40 60 1.11 10 550 6 0.047
22 -1 -1 -1 -1 1 1 40 60 1.11 9 750 6 0.041

Pareto analysis allows to check the weight of different coefficients in the experimental domain
investigated [45,46]. In fact, the advantage of this analysis is that the numerical values of each effects
are displayed. Thus, this analysis calculates the percentage effect of each factor on the response
investigated using the relation (5) [46]:

P, = <b—12> x 100 (i#0) (5)
l Zblz

Fig.1.b shows a typical Pareto graphic analysis. As can be seen in this figure, the annealing
temperature is the most influential factors on the saturation magnetization. His total contribution on
the investigated response reach 46.7 %. On the other hand, the temperature of reactional medium
and deposition time have total contribution on the saturation magnetization of the order of 11.9 and
5.1 % respectively. Furthermore, these factors have an important and meaningful positive interaction
with a contribution of 12.9 %. Thus, we can note that more than 75 % of the response are bringing by
these three factors and their interactions. Moreover, the pH, R', annealing time and their interactions
have a negligible effect with only 15 % of the response.



Thereby, in order to increase the saturation magnetization, R' factor and the annealing time
were fixed at the lowest values, 1.75 and 4h30 respectively, while the pH was fixed at the highest
value (pH = 10).

SEO0 -2e00
e P—T—— | Annealing temperature (re) 55 [ .,
Temperature of reactional medium &1 ‘ -L1 .
i T2 (0) -t (min) yp (12
Deposition time b2
Deposition time (t) b2 h 11,9
R = [Fe]/[OH] b3
te (min) - Tx (°C) b2s b 82
pH b4
. Temperature of reactional 5! b 51
Annealing temperature bS5 medium (Te)
£ b1$ ﬁ 30
Annealing time b6 ﬁ
7] 29
b12 -
3 21
w o
b be6 ‘ 1,6
- b3 ‘ 1,6
bR b3s ‘ 1,1
b34 b2 ‘0.8
b15 R’ = [Fe]/[OH] b3 ’0-6
b5 bld ‘0.4
b3 ws o3
b45 Annealing time (tg) b6 ‘0.:
k16 bi3 ‘0.2
b26 pH b ’0.2
&3e bl '0.1
s oo
— b2 ‘0.0

Fig.1. (a) Graphical analysis of the effect of: temperature of reactional medium, deposition time, R’,
pH, annealing temperature and annealing time, (b) Graphical Pareto analysis.

2.2.Determination of the optimal condition using Doehlert design

The approach of Doehlert [45-47] was applied in order to determine the optimal condition that
allowed the formation of homogenous 3D-CoFe,0,4 nanoflowers thin films with maximum saturation
magnetization. Based on the last study, three factors such as the temperature of reactional medium,
deposition time and annealing temperature will be studied. Indeed, the approach of Doehlert is
formed by uniformly distributed of the experimental points within the space filling of the coded
variables (X;). In addition, the advantages of this approach are the ability to explore the total
experimental domain through a minimum number of experiments as well as to extend the domain by
adding another factor [47].

As mentioned in the above discussion, three main factors were studied in the investigated field:
reactional medium temperature, deposition time and annealing temperature. In order to compare
the effects of the three factors U, cited previously in the experimental domain (Table.3), concerned
coded variables were used. However, these factors were correlated to resolve and reach the optimal

condition, where:



U,: is the first factor corresponding to the deposition time {ty (min)},
U,: is the second factor corresponding to the annealing temperature {Tz (°C)},
Us: is the third factor corresponding to the reactional medium temperature {T4 (°C)}.

For calculation, the experimental value of the factors U;, U, and U; were transformed into coded
X1, X, and X; using the following relation:

U;-U;
Xi = 1t t (6)
AU;
U, = (upper limit of (Ui);rlowerlimit of (UD) o)
AU; = upper limit of (U;) — lower limit of (U;)) -

2yi
Where y; is the coded value limit for each factor: y; =1; y, =0.866; y3 = 0.816.

The experimental response (saturation magnetization (M;)) associated to the Doehlert
approach can be described as following by a second-degree quadratic polynomial equation:

Y = b + biX; + byX; + bsX5 + b11X12 + bzzxz2 + '333)(32 + b12X1Xo + b1sXi X5 + by3XyX; (9)

Where:

Y: the experimental response (saturation magnetization);

bo: an independent term;

b;: the coefficients of the linear terms;

b;;: the coefficients of the quadratic terms;

b;: the coefficients corresponding to the interaction term between the factor i and the factor j.

Table.3. Experimental domain investigated for 3D-CoFe,04 nanoflower thin films.

Coded Factors Unit Experimental domain
variables (X;) Lower limit Upper limit

X1 U,: deposition time min 60 180

X, U,: annealing temperature °C 550 750

X3 Us: temperature of reactional medium °C 40 70

In addition, the calculation of the coefficients of this model was carried through the least
squares method:

B=X"X)ytxXxTxy (10)

Where: B is the estimates coefficients vector; X' is the transposed model matrix; X is the model
matrix and Y is the measured response vector. Using Doehlert approach, the number of experiments
(N) required is given by the following relation: N = k+ k? + 1, where k is the number of factors. For the
three factors previously mentioned (k = 3), 13 different experiments were required. However, in
order to validate this model, three replicated experiments at the center level were carried out.
Doehlert matrix, experimental plan and results for the three selected factors were listed in Table.4.

Based to these results, the coefficients of the polynomial model were calculated using NEMROD
Software program:



Y =211.02 +29.29 X; + 87 X, — 43.99 X5 — 72.54 X,> + 19.88 X,> — 46.19 X35> + 62.62 X;X, — 35.19 X; X5 —
65.79 X,X3 (11)

Table.4. Doehlert matrix experiments and experimental results (Y)

Experiment Doehlert matrix Experimental plan Y
number X, X, X3 U, U, Us (T)
1 1.0000 0.0000 0.0000 180 650 55 0.05
2 -1.0000 0.0000 0.0000 60 650 55 0.036
3 0.5000 0.8660 0.0000 150 750 55 0.1
4 -0.5000 -0.8660 0.0000 90 550 55 0.04
5 0.5000 -0.8660 0.0000 150 550 55 0.045
6 -0.5000 0.8660 0.0000 90 750 55 0.067
7 0.5000 0.2887 0.8165 150 683 70 0.043
8 -0.5000 -0.2887 -0.8165 90 617 40 0.046
9 0.5000 -0.2887 -0.8165 150 617 40 0.05
10 0.0000 0.5774 -0.8165 120 716 40 0.098
11 -0.5000 0.2887 0.8165 90 683 70 0.046
12 0.0000 -0.5774 0.8165 120 584 70 0.038
13 0.0000 0.0000 0.0000 120 650 55 0.066
14 0.0000 0.0000 0.0000 120 650 55 0.066
15 0.0000 0.0000 0.0000 120 650 55 0.065

In order to interpret well the effect of different factors interactions on the saturation
magnetization (M), the typical contour plots and the three-dimensional response representations
versus deposition time, annealing temperature and reactional medium temperature were shown in

Figs.2-4.

The effects of interaction between deposition time and annealing temperature on saturation
magnetization were represented in Fig.2 at a fixed temperature of reactional medium of 55 °C. As
can be seen, the maximums of saturation magnetization are obtained when annealing temperature
tend towards 750 °C. In addition, it is found that the extension of the deposition time and of the
annealing temperature (= 650 °C) entails an increase in the investigated response. On the other
hand, the analysis of the isoresponse curves at a fixed deposition time of 120 min (Fig.3) shows that
the increase in temperature of reaction medium for annealing temperatures < 650 °C entails a
decrease in the saturation magnetization. The obtained result confirms the value observed for the
interaction between the temperature of reaction medium and annealing temperature (b, = -65.79).
In fact, this interaction presents a negative effect on the studied response. Regardless the deposition
time, the increase of the temperature of reaction medium to values higher than 55 °C causes a
decrease in the saturation magnetization (Fig.4). Indeed, the film saturation magnetization (M)
reaches their maximum values when deposition time range between 120 and 150 min, and when
temperature of reaction medium range between 40 and 55 °C. Consequently, the optimal working
condition that allows the formation of 3D-CoFe,0, nanoflowers thin film with 0.44 T saturation
magnetization was found to be as following: ty = 146 min, Tz = 750 °C and T4 = 51 °C.
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3. Characterization of 3D-CoFe,0, nanoflowers thin film obtained based on the optimal
condition
3.1. Structural analysis

Fig.5 depicts the X-Ray diffraction pattern of 3D-CoFe,0, nanoflowers thin film deposited under
the optimal condition determined from Doehlert matrix (ty = 146 min, Tz = 750 °C et T4 = 51 °C).
According to the crystallographic data of the obtained X-ray diffractogramme (Fig.5) and based to the
joint committee powder diffraction standards (JCPDS) data (PDF N° 22-1086), we can confirm the
formation of the spinel ferrite structure CoFe,0, that crystallizes in cubic symmetry with Fd3m space
group. Were related to thus, the observed reflection peaks located at 30.13°; 35.45°; 44.49°; 57.04°;
74.93° were assigned to the (22 0); (31 1); (400); (51 1) and (5 3 3) planes respectively. Whereas,
peaks located at 43.59°, 50.86° and 74.68° were attributed to stainless steel (SS) substrate. Note also
that this pattern shows very broad diffraction peaks that indicates the ultra-fine nature of the
obtained film.

Debye Scherrer's [47] formula was used to determine the crystallite size (D) of 3D-CoFe,0,
nanoflowers thin film using the full width at half maximum (FWHM) of the most intense reflection
peak (311):

kA

Ds = zeos® (12)

where D; is the crystallite size, A is the wavelength of Cu (K,), k is the Scherer’s constant (0.90), B is
the full width at half maximum (FWHM) and 8 is the Bragg's diffraction angle. Indeed, B? = (8% —
B2), where By, is the full width at half maximum (FWHM) of the most intense peak (311) and fs is
the standard instrumental broadening (0.0480°).



The lattice strain (€) of the deposited 3D-CoFe,0, nanoflowers thin film was determined by the
following formula [47]:

__ Bxcos®
- 4

€ (13)

were € is the lattice strain, B is the full width at half maximum (FWHM) and 0 is the Bragg angle.

The crystallite size (D) and lattice strain (€) determined from the above formulas were found to be in
the order of 313 nm and 0.423 respectively. It is well known that the electrical and magnetic
parameters for the complex oxides strongly depend on the average and distribution of crystallite size
[48,49].
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Fig.5. X-ray diffraction pattern of 3D-CoFe,04 nanoflowers thin film deposited at ty = 146 min,
Tr=750°Cand Ty=51 °C.

3.2.Morphological properties

In order to further study the properties of the obtained 3D-CoFe,0, nanoflowers thin film deposited
under the optimal condition, their size and morphology nature were determined. Fig.6 a-c shows the
SEM micrographs of 3D-CoFe,0, nanoflowers thin film grown at ty = 146 min, Tz = 750 °C and T4 = 51
°C. Fig.6a revealed that the obtained CoFe,0, thin film was formed by nanoflowers like morphology
with regular and irregular shapes. It can be seen also that these nanoflowers are formed by the
agglomerated nanosheets, with thickness range between 6.69 and 57.63 nm (Fig.6b). These
nanosheets are interconnected with each other forming an array of nanoflowers with porous
structure. Additionally, the pores size of our nanosheets surface was found in the range of 19.49 -
95.53 nm (Fig.6c). The porous surface of the nanosheets improve the performance of the CoFe,0,
thin films in supercapacitor application. The energy dispersive X-ray spectrometry (EDS) of the
obtained 3D-CoFe,0, nanoflowers thin film was illustrated in Fig.6d. The EDS spectra shows that the
Fe/Co and O/Co atomic percentage ratios equal to 2.05 % and 4.2 % respectively. This stoichiometric
ratio confirms the formation of stoichiometric ferrite cobalt thin film with oxygen excess. The
absence of other elements indicates the high purity of the 3D-CoFe,0,4 nanoflowers thin film. In our
Knowledge, the complex 3d-metal oxides easily allow the oxygen excess and deficit. However,



oxygen excess and deficit can increase or decrease the oxidation degree of 3d-metals and changing
magnetic and electrical parameters [50,51]. Moreover, oxygen vacancies effect on exchange
interactions. In complex oxides, there is only indirect exchange according to Goodenough-Kanamori
empirical rules [52,53].

X 50,000

Fig.6. SEM micrographs of 3D-CoFe,0,4 nanoflowers thin film grown at ty = 146 min, Tz = 750 °C and T4 =51 °C
with 5.000 X magnification (a), estimated nanosheets thickness (b) and estimated pores size (c).

3.3.Electrochemical properties

The electrochemical performance of 3D-CoFe,04 nanoflowers thin film prepared under optimal
conditions was carried out by constructing a cell with three electrodes configuration in 1M NaOH
electrolyte. The electrochemical cell was consisted by our 3D-CoFe,0, nanoflowers thin film as a
working electrode, mercury-mercury oxide (Hg/HgO) as reference electrode and stainless steel (SS)
wire as counter electrode. The active mass and thickness of the 3D-CoFe,0, nanoflowers thin film
obtained are equal to 3.8 mg and 6.8 um respectively. Fig.7 depicts the obtained cyclic voltammetry
(CV) curve at scan rate of 20 mV.s™* and within the negative potential window of -1.2 to 00 V.
Notably, the CV curve of 3D-CoFe,0, nanoflowers thin film deviate from the perfect rectangular
shape. Additionally, the CV curve exhibit an anodic peak occurs nearly to -0.98 V and a cathodic peak
at around -0.62 V. These peaks can be associated to the reversible electrochemical reactions (M-



O/M-00H, where M: Fe or Co), which demonstrates the pseudocapacitive contribution of the 3D-
CoFe,0,4 nanoflowers thin film to the electrochemical performances.
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Fig.7. Cyclic voltammogram of 3D-CoFe,0, nanoflowers thin film in 1M NaOH electrolyte, at 20 mV.s" and
within the potential window of -1.2 to 00 V.

In order to evaluate the scan rate on stability of the 3D-CoFe,0, thin film, the cyclic
voltammograms (CV) test is performed with a wide scan range that extend from 5 to 100 mV.s™. To
the best of our knowledge, the encircled area of CV curves is proportional to the specific capacitance
C, of the CoFe,0, electrode. However, the specific capacitance (C) is calculated from the CV curves
using the following relation [54]:

f“,/lzixdv

mx vx (V,—Vy)

Cs = (14)
were C, is the specific capacitance (F.g™), Vi and V, are the two working potential limits (V), i is the
corresponding current (mA.cm™), m is the active mass of the active material (g) and v is the scan rate
(mV.s™).

Fig.8 displays the CV curves of 3D-CoFe,0, nanoflowers thin film at different scan rates in
potential windows range -1.2 - 00 V. As shown, regardless the scan rate all the CV curves exhibit a
symmetric and identical shape with pair of redox peaks indicating the excellent pseudocapacitive
nature of this film. Moreover, when scan rate was increased, the area under the CV curve also
increases, while the specific capacitance C, decreases from 472 to 162 F.g™* (Insert-Fig.8). At high scan
rate, the electrolytic ions access only in outer active sites surface of the electrode, due to the short
time of intercalation. Which, decreasing the accessibility of all active materials during the charging
stockage mechanism. Otherwise at low scan rates, the electrolytic ions get enough time to access the
outer and inner the pore of the porous electrode, which is reflected by an increase in the specific
capacitance.
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Fig.8. Cyclic voltammetry curves of 3D-CoFe,0,4 nanoflowers thin film at different scan rates and insert of the
specific capacitance variation as a function of scan rate.

3.4.Magnetic properties

Fig.9 shows the magnetic hysteresis loops of 3D-CoFe,0,4 nanoflowers thin film deposited under
the optimal condition in which the magnetic field was measured in and out-of-plane at room
temperature. It can be easily observed that the film exhibits a ferrimagnetic behavior at room
temperature with a large saturation magnetization. The in-plane saturation magnetization value of
the film was found about 0.44 T, whereas the out-of-plane saturation magnetization reaches the
maximum value at 0.07 T. However, this significant difference between in-plane and out-of-plane
saturation magnetization is due is due to effect of magnetic anisotropy. Consequently, the 3D-
CoFe,0,4 nanoflowers thin film has an easy magnetization axis along the plane of the film. Similar
behavior was detected with an easy-magnetization in-plane, for epitaxial CoFe,0, films grown on
SrTiO; (001) [55,56] and MgAl,0,4[57] (001) substrates. On the contrary, H. Yanagihara et al. [58], and
M. Ning et al. [59] shows an easy axis of magnetization perpendicular to the surface plane when
cobalt ferrites are grown onto in-plane tensile strain such as MgO substrates [58] or Si buffer with
MgO thin films respectively. On the other hand, the coercivity field in-plane and out-of-plane were
found to be 6.92 and 12.97 kA/m respectively.
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Fig.9. M-H hysteresis loops of the 3D-CoFe,0, nanoflowers thin film with measuring filed parallel and
perpendicular to the film surface at 300K.

Conclusion

In summary, Three-dimensional (3D) CoFe,0, nanoflowers thin films were successfully
deposited by low-cost chemical bath deposition (CBD) process. In order to study the effect of the six
deposition parameters on saturation magnetization, an experimental design methodology was
adopted. Firstly, the Rechtschaffner design demonstrates that only the annealing temperature,
deposition time and temperature of reactional medium are the most influential parameters.
Secondly, based to Doehlert matrix, we have been able to define the optimal working condition for a
maximum saturation magnetization. In fact, we have demonstrated that the following conditions:
ty = 146 min, Tz = 750 °C and T4 = 51 °C, lead to saturation magnetization of the order of 0.44 T in-
plane of the film. The structural study confirms the formation of well crystallized CoFe,0, film with
cubic symmetry and Fd3m space group. SEM study revealed that the obtained CoFe,0, thin film has
nanoflowers like morphology with regular and irregular shapes. The specific capacitance was found
to be 472 F.g'l. Moreover, 3D-CoFe,0, nanoflowers thin film exhibit a pseudocapacitive behavior,
which allows to be used as a negative electrode in supercapacitor.
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Highlights

3D-CoFe,04 nanoflowers thin films was successfully synthesized by low-cost chemical
bath deposition (CBD) process

Rechtschaffner design has been applied to investigate the influence of the principal
experimental parameters on saturation magnetization.

Doehlert matrix has been used to predict the optimal condition of the saturation
magnetization.

The obtained 3D-CoFe,04 nanoflowers thin film could be useful for supercapacitor
application.



