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Bismuth ferrite (BiFeOs) films (10 um in thickness) are synthesized by electrodeposition from
a dimethylformamide bath containing Bi and Fe nitrate salts as precursors followed by heat treatment in
air. Thermal treatments are needed to induce crystallisation of the as-deposited amorphous-like films. A
detailed morphological, structural and magnetic characterisation evidences that BiFeOz forms in a rather
narrow temperature window (around 600 °C). At lower and higher temperatures, secondary binary and
ternary oxides are also formed. Soft ferromagnetic-like behaviour is observed in all films, which
presumably arises from the obtained nanoscale structure, which favours the occurrence of spin canting

in the BiFeOs antiferromagnetic phase. The eventual contribution from secondary phases to the

Received 18th April 2017 T . . . .
Accepted 16th June 2017 observed ferromagnetic-like response is also discussed. The obtained results are appealing for the
integration of BiFeOs into devices that may require relatively thick films with an enhanced surface area-

DOI: 10.1035/c7ra04375a to-volume ratio. The growth of this type of material by techniques other than electrodeposition is not

rsc.li/rsc-advances straightforward.

Introduction

The primary physical mechanisms of ferroelectricity and
magnetism are different and tend to exclude each other.
However, both phenomena may coexist in the so-called multi-
ferroic materials.” These materials show coupled ferroelectric
and magnetic properties. That is, magnetism can be controlled
through electric fields and vice versa. From a technological
viewpoint, this provides increased degrees of freedom in the
design and energy-efficient manipulation of spintronic and
memory devices."” Since these devices are ultimately controlled
by electric currents, their operation involves considerable
energy loss by the Joule heating effect. Thus, the partial
substitution of electric currents by electric fields (i.e., voltage-
driven magnetic actuation) would significantly decrease the
overall power consumption.**

Among the few materials which exhibit intrinsic multi-
ferroicity, BiFeO; (BFO) is attracting huge interest since it is
both ferroelectric and antiferromagnetic at room temperature
(its ferroelectric Curie temperature is 770 °C, while its Néel
temperature is around 370 °C (ref. 1, 2 and 5)). BFO crystallises
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in a rhombohedral (R3c) structure and belongs to the group of
perovskites with the ABO; formula.” From a thermodynamic
point of view, BiFeO; is a metastable compound that exists
between the stable Bi,sFeOs, (sillenite) and Bi,Fe,O9 (mullite)
compounds according to the equilibrium phase diagram of
Bi,O3 and Fe,03.>° It actually forms between 447 °C and 767 °C.
Nevertheless, BFO has a high tendency to grow simultaneously
with these other two stable phases. The quality of the end
product depends on several factors, such as purity of the
precursors, preparation method, chemical additives or heat
treatment conditions.”® The properties of BFO are indeed very
sensitive to oxygen stoichiometry and tiny deviations might lead
to undesired properties, such as strong current leakages.
Furthermore, although BFO is antiferromagnetic, it often shows
soft ferromagnetism which originates from spin canting.>*?
Interestingly, larger saturation magnetisation is achieved due to
size-effects (in samples with reduced lateral dimensions) since
spin canting reinforces due to the partial suppression of the
spiral spin structure.” In this context, the development of
nanoscale architectures becomes crucial to engineer novel
magnetoelectric materials.'*** Remarkably, besides its potential
applications in spintronics and data storage, BFO is a suitable
candidate to be used also in photovoltaic devices and related
applications.**™*®

A wide variety of growth techniques and post-synthesis treat-
ments have been used to prepare BFO. Solid state reaction,” sol-
gel,’*  pulsed laser deposition,”*** sputtering,”® solution
combustion,* aqueous gel precursors,” microemulsion,*® the
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Pechini method* or microwave hydrothermal synthesis*® are
amongst the most frequently employed. A fast-growing research
has been devoted to the manufacture and characterisation of BFO
nanoscopic shapes, such as nanofibers,* nanowires,* nano-
tubes,””?*" or nanoparticles.* These nanostructures offer distinc-
tive size effects which, as previously explained, can affect some of
the physical properties of BFO.

Some of the aforementioned techniques (solid state reaction,
sol-gel or solution combustion) typically render powdery BFO,
thus hindering its eventual integration into devices since it
would need further immobilization on a substrate. Usually,
smooth coatings with compositional homogeneity are success-
fully obtained by pulsed laser deposition. However, this method
is a costly method since it requires high vacuum conditions.
Moreover, it does not allow the growth of micrometre-thick
films, neither the deposition onto curved substrates nor the
control of film's porosity.

Interestingly, electrodeposition enables the low-cost growth
of relatively thick films directly on a substrate with a simple
setup. Besides its obvious use for the growth of pure metals and
metallic alloys, electrodeposition is a powerful methodology
that can be utilized for the preparation of semiconducting
metal oxides, hydroxides and chalcogenides, either in the form
of films or nanostructures.>*?® So far, investigation on BFO
electrodeposition has been very scarce and the results have not
been fully satisfactory in the sense that they lack a clear and
unambiguous structural characterisation.*”** Moreover, in
these previous works, emphasis was laid on the electrochemical
performance of the materials (i.e., BFO nanoflake and thin films
electrodes were applied in supercapacitor applications). The
magnetic properties were overlooked.

To the best of our knowledge, here we report for the first time
the formation of rhombohedral BFO phase by cathodic elec-
trodeposition from a novel N,N-dimethylformamide (DMF) bath
and subsequent thermal treatment. Fe(mr) and Bi(in) nitrate salts
have been solubilized in the organic electrolyte. Interestingly,
the applied electrodeposition conditions render rough, not fully
dense (porous-like), BFO films. Heat treatments at various
annealing temperatures are performed in order to investigate
the crystallisation behaviour of the as-prepared BFO. These
materials are further studied from a magnetic point of view.
Ferromagnetic-like properties stemming from finite size effects
(spin canting) are observed.

Experimental

10 pm-thick, amorphous-like films with Bi: Fe = 1 were
deposited on Si/Ti/Cu substrates by potentiostatic electrodepo-
sition from a bath containing 6 g L™" Bi(NO;);-5H,0 (Sigma-
Aldrich, =98.0%) and 10 g L™ " Fe(NO;);-9H,0 (Sigma-Aldrich,
=99.95%) dissolved in DMF (Sigma-Aldrich, =99.8%). A three-
electrode cell with a Pt wire as counter electrode and
a Ag|AgCl (3 M KCl) reference electrode (E = + 0.210 V NHE) was
used. The configuration (i.e., arrangement and separation) of
the electrodes was kept the same in all experiments (cyclic
voltammetry (CV) and electrodeposition). Specifically, deposi-
tions were carried out under direct current conditions at 28 °C
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for 1800 s, while stirring the bath at 200 rpm. Unless otherwise
stated, the cathodic potential applied was —1.3 V. The working
area was kept between 0.250 and 0.275 cm®. After electrodepo-
sition, the samples were rinsed in Milli-Q water and hot dried.
Coating thickness was measured with a 3D Optical Surface
Metrology System Leica DCM 3D. Subsequently, with the aim to
investigate the crystallisation behaviour and ultimately to
obtain crystalline BiFeOj;, the as-deposited samples were sub-
jected to different thermal treatments in a Carbolite MTF 9/15/
130 tubular furnace in open atmosphere at 500, 600, 700 and
800 °C for 2 hours. The samples were heated at a rate of 1 °C
min~ ' and cooled down in air. A Merlin ZEISS scanning electron
microscope was used to investigate the morphology of the
samples using secondary electrons. The structural character-
isation was done by means of /26 X-ray diffraction (XRD) using
Cu K, radiation. Furthermore, Rietveld refinements of the XRD
patterns using the MAUD software'*** were carried out to
determine the crystallite size (i.e., average coherently diffracting
domain size) of the main phases (further details on the Rietveld
refinements can be found in the ESIf). Transmission electron
microscopy (TEM) analyses were done on a Jeol JEM-2011
microscope operated at 200 kV. Finally, the samples were
magnetically characterised by recording the magnetisation (M)
vs. applied magnetic field (Happiiea) curves (i.e., hysteresis loops)
by means of vibrating sample magnetometry (Microsense from
LOT-QuantumDesign) at room temperature.

Results and discussion
Electrochemical deposition

Metals and metal matrix/nanoparticle composites have been
deposited from DMF in the past.**** The examples available,
although scarce compared to water-based electrolytes, mainly
focus on cobalt, nickel and their alloys. Little is known about
the electrodeposition of metal oxides from DMF baths. In our
laboratory, attempts to produce Bi- and Fe-containing films
with Bi: Fe = 1 from aqueous solution (0.045 M Fe(NO;);-
‘9H,0, 0.01 M Bi(NO;);-5H,0 and 0.1 M triethanolamine)
failed. In particular, only Bi-rich deposits were obtained at pH
12.5 and T = 65 °C for deposition potentials ranging from
—0.8 V to —1.5 V. On the contrary, codeposition of both Bi and
Fe elements in comparable amounts was possible from the
DMF bath. This is because the deposition potentials in water
and DMF media are different.

Fig. 1a shows the CV curve recorded from the DMF bath
under stagnant conditions. Negative currents were detected
from +0.25 V during the cathodic going sweep. Prior to reversing
the scan toward anodic potentials, a diffusion-controlled peak
was recorded at —1.1 V. Fig. 1b shows the j-t curves recorded
between —1.25 V and —1.35 V under stagnant conditions.
Whilst less negative currents were observed for an applied
potential of —1.25 V during the first 200 s of deposition, fluc-
tuations caused the currents to almost merge afterwards. A
similar trend was observed under stirred conditions (see inset
of Fig. 1b). In this case the j-t transients showed even more
pronounced fluctuations. Since the currents were similar,
—1.30 V was selected for the subsequent growth of BFO films.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) CV curve recorded under quiescent conditions, initially

scanning from +0.5 V toward negative potentials, at 50 mV s~%. (b) j—t
curves recorded under stagnant conditions at —1.25 V, —1.30 V and
—1.35V for 600 s. The inset shows the j—t curves recorded at the same
potentials but under stirred conditions (w = 200 rpm) for longer
deposition time (1800 s). (c) SEM image, taken with secondary elec-
trons, of an as-electrodeposited film at —1.30 V for 1800 s.

Fig. 1c shows a scanning electron microscopy (SEM) image of an
as-deposited film. A rough morphology consisting of not fully
dense nodules was noticed. At a low magnification, the coating
displayed a cracked appearance, likely caused by layer dehy-
dration in the SEM vacuum chamber. The presence of small
amount of water is unavoidable when using DMF as solvent.
These cracks are frequently observed in metal oxides produced
by electrodeposition in aqueous solutions.**
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Structural and morphological characterisation

The XRD pattern of the as-deposited sample (not shown) is
consistent with an amorphous-like phase since, besides peaks
arising from the substrate, only wide halos are observable. As
can be seen in Fig. 2, crystallisation takes place upon heat
treatment. At 500 °C, rhombohedral BFO with a crystallite of
around 42 nm is formed together with Bi,O3, Fe,03, Fe;0, and
ternary oxides, such as Bi,,Fe,034 or Bi,Fe,Oq. According to the
phase diagram,” the presence of these phases indicates that
500 °C is still a mild condition for the BFO formation.

From a thermodynamic point of view, BFO is formed from
equal parts of Bi,O; and Fe,O3;. Upon annealing at 600 °C, the
amount of BFO further increases in detriment mainly of Bi,O;
and Fe,03, becoming nearly the only phase. The crystallite size
grows up to around 80 nm, suggesting that ternary phases,
which tend to grow at the grain boundaries of BFO, have
strongly vanished, as suggested by the XRD characterisation.
The thermal treatment at 700 °C leads to a significant formation
of Bi,Fe,Oo at expenses of BiFeOj;, which still shows an
increased crystallite size (about 146 nm). In turn, the crystallite
size of the Bi,Fe,Oy phase is around 100 nm. The relatively large
crystallite size of BFO suggests that Bi,Fe,O4 grows in cluster-
like form rather than precipitate-like at the grain boundaries
of BFO, which would result in a decreased BFO crystallite size.
Upon annealing at 800 °C, Bi,Fe,Oo becomes the main phase. In
comparison with BFO, this ternary phase is an Fe-rich phase,
thus, to keep the stoichiometry, Fe-free phases must be formed.
As expected, the XRD pattern of the sample thermally treated at
800 °C shows that Bi,Fe,Oo forms along with Bi,O; and

§ BiFeO,
x Fe;0,

# Bi,Fe,O,
* Bi, (SI0,),

+ Bi24Fe2039
A CuO

[Bi,O, =o-Fe,0, /y-FeO,

Intensity (arb. units)

Substrate annealed at 600 °C

20 25 30 35 40 45 50 55 60
20 (degree)

Fig. 2 6/26 X-ray diffraction patterns of the samples annealed at 500,
600, 700 and 800 °C. To serve as reference, the pattern of the
substrate annealed at 600 °C is also included. The peaks have been
labelled according to the existing crystallographic phases (between
parentheses, the used symbol to represent the phase together with its
ICDD File Card no.): BiFeOsz (§, 01-072-2321), BioFe,O9 (#, 01-072-
1832), Bi24F92039 (+, 00-042-0201), Bi203 ([, 00-045-1344), on—FezOg
(=, 01-085-0987), y-Fe,Os (/, 00-039-1346), Fez04 (x, 00-001-1111),
Bi4(SiO4)3 (*, 01-088-0243) and CuO (A, 00-041-0254).
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Biy(SiO,);. At this temperature, the crystallite size of the
Bi,Fe, Oy significantly grows, reaching a value above 200 nm
which cannot be estimated by line profile analysis.** At the same
time, the amount of BFO strongly diminishes and the residual
BFO is highly nanostructured as evidenced by its weak and
broad XRD peaks, respectively (note that the BFO peaks located
at 31.8 and 32.1 degrees nearly vanish upon annealing at
800 °C).

The film annealed at 700 °C was investigated by TEM (Fig. 3).
The occurrence of both Bi,Fe,Oq and BiFeO; phases was seen in
the Fast Fourier Transform (FFT) patterns taken on different
areas of the sample, in agreement with XRD results.

1LO0 s

Fig. 3 (a) TEM image of a representative zone of the sample annealed
at 700 °C. (b) HRTEM image of the red square depicted in panel (a). The
inset corresponds to its FFT. The interplanar distances are character-
istic of Bi,Fe4Og. (c) HRTEM image of the green square illustrated in
panel (a). The inset corresponds to its FFT and the interplanar distances
belong to BiFeOs phase.
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As aforementioned, the as-prepared sample is not fully dense.
Moreover, the film is very rough (Fig. 1c). Even though the
thermal treatment at 500 °C leads to a somewhat denser film, the
‘open’ structure remains (Fig. 4a). It is at 600 °C where the
morphology starts to evolve towards more particulate-like,
although some voids are still preserved. The particles adopt
prism morphologies, indicating the formation of rhombohedral
BFO (Fig. 4b). This is in concordance with the XRD analysis,
which reveals that 500 °C is still a mild condition for the
formation of BFO. With further increase of the annealing
temperature (ie.,, 700 °C), the size of the particles slightly
increases and the prism morphology becomes more well-defined
(Fig. 4c). At 800 °C, even though the prism morphology remains,
a significant particle coarsening occurs, resulting in a significant
increase of the size of the particles. This is in agreement with the
structural analysis which indicates that the crystallite size of the
Bi,Fe,Oo phase increases upon annealing at 800 °C up to values
that cannot even be estimated by Rietveld refinement.

Magnetic characterisation

Magnetisation (M) vs. applied magnetic field (Happliea) Curves
(i.e., hysteresis loops) are shown in Fig. 5. The as-prepared
sample already exhibits traces of ferromagnetism which might
be ascribed to Fe-rich areas in the amorphous oxide films.
Crystallisation takes place upon heat treatment. Annealing
at 500 °C results in a slightly increased saturation magnetiza-
tion, which might be ascribed to the residual formation of iron
oxides (see Fig. 5 and Table 1). At room temperature, a-Fe,O;
shows weak ferromagnetic-like behaviour due to its nanoscale
nature*>*® and Fe;0, and y-Fe,0; are ferromagnetic.”” On top of
this, BFO may also contribute to ferromagnetism due to size
effects which result in antiferromagnetic spin canting due to
the suppression of the spiral spin structure.’**** From
a magnetic point of view, the ternary phases play a minor role
since they are usually paramagnetic at room temperature.*>*°
For instance, Bi,Fe,Oo becomes antiferromagnetic but only

Fig. 4 SEM images, taken with secondary electrons, of the samples
annealed at (a) 500, (b) 600, (c) 700 and (d) 800 °C.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04375a

Open Access Article. Published on 23 June 2017. Downloaded on 2/15/2026 4:36:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
1.5 1 1 1 1 1
1.0 L
o~ 05+ 7 -
g .ﬁwzﬂr‘:“‘:‘:ﬁﬁ.
S
g oo
K
s —=— As-prepared
0.5 —a—500°C L
—x—600 °C
—v—700°C
1.0 —o—800°C -
-1.5 T T . T T T
-7500 -5000 -2500 0 2500 5000 7500
Happlied (Oe)

Fig. 5 Hysteresis loops recorded by vibrating sample magnetometry
of the as-prepared sample and the samples annealed at 500, 600, 700
and 800 °C.

Table1 Saturation magnetization, Mg, coercivity, Hc and remanence-
to-saturation magnetization ratio, Mg/Ms, of the hysteresis loops
presented in Fig. 5, which correspond to the as-prepared sample and
the samples annealed at 500, 600, 700 and 800 °C

Sample Mg (emu cm™?) H¢ (Oe) Myg/Ms (%)
As-prepared 0.275 <40 <2.5
500 °C 0.390 <40 <2.5
600 °C 0.770 85 11.0
700 °C 0.745 822 38.3
800 °C 1.360 640 48.9

below 250 K.>* At 600 °C, the saturation magnetisation signifi-
cantly increases. From the structural and morphological anal-
yses, this is accompanied with the formation of a nearly pure
BFO in detriment of both Fe-based oxides and ternary phases
(Fig. 2). Therefore, the observed ferromagnetic response could
be primarily ascribed to nanostructuring effects which reinforce
antiferromagnetic spin canting, giving rise to a larger net
magnetisation. While the sample annealed at 700 °C shows
a similar Mg than that of the sample annealed at 600 °C (Table
1), the saturation magnetisation of the sample annealed at
800 °C is considerably larger. The pronounced decomposition
of BFO upon annealing at 800 °C yields a highly nanostructured
phase with strong size effects which might be responsible for
the increase in Ms. Taking into account the described structural
changes with temperature, the increase in Hc upon annealing at
700 °C and 800 °C might also be related to the formation of
Bi,Fe,O9 and the other paramagnetic phases, which probably
tends to isolate the BFO grains, thus decreasing intergranular
dipolar and exchange interactions, both of which are known to
be detrimental for coercivity.**

Conclusions

The synthesis of bismuth ferrite (BiFeOz;, BFO) has been
successfully carried out by potentiostatic electrodeposition

This journal is © The Royal Society of Chemistry 2017
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from a nitrate-based DMF bath followed by heat treatment in
air. Since the electrodeposition results in amorphous-like films,
thermal treatments are needed to induce crystallisation.
Annealing procedures in air at 500, 600, 700 and 800 °C for 2
hours have been carried out. The heat treatment at 600 °C
results in nearly pure nanostructured BFO with soft
ferromagnetic-like properties. A detailed structural, morpho-
logical and magnetic characterisation as a function of anneal-
ing temperature evidences that BFO forms in a narrow
temperature window. Moreover, the observed ferromagnetism
is mainly ascribed to nanostructuration and is also sensitive to
the presence of secondary phases, such as Bi-Fe-O ternary
phases or iron oxides. Future investigations will focus on
further optimization of the bath and annealing conditions in
order to synthesize BFO with higher purity. It is envisaged that
the electrodeposition of BFO in the form of films with increased
surface area will emerge as a subject of interest that will inspire
both new fundamental physics and device applications.
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