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Abstract

The aim of this study was to produce thin filmstefary cobalt-nickel-iron (Co-Ni-
Fe) alloy by electrochemical deposition methoditieknt electrodeposition potentials
in a sulfate solution (0.15 M Co$® 0.2 M NiSO; + 0.005 M Fe®s). The Co-Ni-Fe
alloy thin films were electrodeposited on indiunpdd tinoxide (ITO) coated on a
conducting glass substrate. Voltammetric studidgcated the potential range between
-1.10 to -1.30 V (SCE) for successful deposition @, Ni and Fe. The energy
dispersive X-ray (EDX) analysis indicated that tibes exhibited anomalous behavior
with Ni content significantly increased, whereag @o and Fe content decreased as
the electrodeposition potentials reached more nagatalues. The scanning electron
microscopy (SEM) study showed that the electrodigpabdilms were uniform for all
applied potential values and larger particles wermed when higher electrodeposition
potentials were applied. Investigation by X-rayfrdi€tion (XRD) revealed that the
dominant phase in the deposited film was amorpl@udNi-Fe. Hysteresis curves of
the ternary alloy film obtained from vibrating sampnagnetometer results prove that
the alloy is ferromagnetic. The coercivity mechanisf the Co-Ni-Fe films has obeyed
Neel’s relation which is thickness dependence.
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Introduction

Magnetic film of Co, Ni and Fe has high potentiat Epecial applications such
as in reading or writing heads, magnetosensors raagnetic data storage
devices [1]. In the last few years, intensive stgdP, 3] have been done on these
materials to explore their unique soft magneticpprties. New soft magnetic
materials with greater performance are desirabke tdurapid increase of areal
density (bits per square inch of recording mediwinjlata storage in computer
drives [4], advanced miniaturization and high caliglelectromagnetic devices
in MEMS [5, 6]. Numerous Co- based ternary allsysh as Co-Fe-B [7], Co-
Fe-Cu [8] and Co-Ni-Fe [9, 10] are among the pao#tmtandidates to serve the

" Corresponding author. E-mail addrdsmail. hnf@gmail.com



|. Hanafi et al. / Port. Electrochim. Acta 35 (2017) 1-12

purpose. In particular, the ternary Co-Ni-Fe alléngve been well identified as
one of the promising systems due to their high raetigrsaturation flux density
(BS~2.0— 2.1 T) and low coercivity (< 2 Oe) [11].

Over recent years, the fabrication of Co-Ni-Fe aeynalloys thin film is done
through various techniques such as positive micudgon [12] and
electrodeposition [13]. The electrodeposition ipravalent method among the
techniques in producing metallic alloy films [14 #he method is economic [15]
with wide range industrial applicability [15]. Inleetrodeposition method,
experimental parameters like electrodeposition mi@ks [16] and electrolyte
condition (composition, temperature, additive amt) gan alter the deposition
product properties. In addition, electrodepositiam be conducted using either
galvanostatic or potentiostatic technique to prediine particles of metallic
substances.

Galvanostatic deposition technique is able to pcedparticles with several
characteristics in a single deposit as reported/laksimovi et al. [17] where
deposition at low applied current densities hasdpced copper particles with
both massive dendritic structure and 3D ramifieddtire in the same deposit.
As the current density is increased the massivedritenstructure vanished
leaving only 3D ramified structure. Therefore, galgstatic deposition is only
advantageous if there are no requirements to dobisides the necessary
morphology of the productPotentiostatic deposition technique is essentially
used to investigate the nucleation and growth mE®chrough current-time
transient [18]. For instance, at lower applied pb&ts, anisotropic branched
dendrites were obtained in Cu electrodepositiof). [IRe extent of branching of
these dendrites was increased at higher applieghpals. However, in contrast
to galvanostatic deposition, the morphology of mwad produced by
potentiostatic deposition depends on the appliegntial. There is a critical
energy for nucleation of a particle [20] which da@ achieved via an applied
potential. Higher energy will be supplied at a Rgtapplied potential which
leads the nuclei to grow and form a specific motphp. Hence, by controlling
the applied potential, deposits with desired molpdies can be obtained.
Therefore, potentiostatic deposition technique asyvsuitable to various fields
such as in optical and electrical devices fabmeatwhich require specific
crystallographic planes [21] where a controlled phaiogy is vital.

In the present study, we intend to fabricate Cd-Bli-alloy thin films via
potentiostatic mode at different electrodepositipotentials, and study the
relation of applied potentials with the morpholagyd magnetic property of the
thin films deposited on indium tin oxide (ITO).

Materialsand method

A computer-controlled potentiostat was used as @np@l source. A sulfate
bath containing 0.15 M Ca@%, 0.2 M NiSO4, 0.005 M Fe®., and a buffer
solution of 0.4 M HBOs was used in electrodeposition of Co-Ni-Fe alloyeTh
solution was adjusted to pH 3 by adding a few drop8.1 M HSO4 solution
and all investigations were conducted at room teatpee. The electrodeposition
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was conducted in a three electrode eelnprising a platinum wire as counter
electrode, a saturated calomel electrode (SCE)eésrence electrodeand
indium-doped tin oxide (ITO) coated on glass as kivay electrode. A
polycrystalline ITO (Prazisions Glas & Optik, Gemmya coated on glass (10
Ohms/sq) with diameter of 1.50 cm and thicknes€.4fL cm was used to
obtain samples for electrodeposition. The samplesewfirst ultrasonically
degreased in acetone for 10 min and rinsed in deednwater. Cyclic
voltammetry technique was performed using a computeontrolled
potentiostat/galvanostat (Voltalab PGZ402, Frande) determine the
suitable electrochemical potential region for degms of Co, Ni and Fe.

The surface morphology of the fiims was observedeuna field emission
scanning electron microscope (FESEM, MERLIN Compdgérmany). The
chemical analysis was done using an energy diggedsiray (EDX) analyzer
equipped to the FESEM. The phase characterizatasperformed by means of
an X-ray diffractometer (XRD, Bruker AXS model D8dyance, Germany)
using a monochromatic Cua{ source {= 0.154056 nm) scanned between 10°
and 60° with the step size of 0.02°. The magnetipgrties were investigated
using a vibratinggample magnetometer (VSM, Lake Shore model 7404) @8
room temperature.

Resultsand discussion

Fig. 1 shows the stabilized cyclic voltammogramss deposition of individual
element of Co, Ni and Fe, and Co-Ni-Fe alloy atepttil scanning rate of 10
mVs?l. The potentials were scanned from -1.30 V to 0.@n\positive direction,
and then reversed to the starting potential. Thdicyoltammetry result for a
solution containing 0.15 M CoSQs presented in Fig. 1(a). Only one single
anodic peak @@ was observed around 0.119 V which correspondshéo
oxidation of cobalt metal into Gt During the reversed scan a cathodic peak
(c1) appeared at -0.875 V which corresponds to thaatémh of C&* into cobalt
metal. This was followed by a further increase umrent due to reduction of H
This result is consistent with a previous studyetectrochemical deposition of
Co?* onto ITO electrodes in sulfate aqueous soluti@®. [Fig. 1(b) shows the
voltammetric curve of nickel at concentration a ® where the oxidation peak
(2¢) is hardly detected, whereas the reduction peak gppears at -0.8 V. A
similar observation has been reported by Afshaal.ef23]. For individual iron
(Fig. 1(c)) at concentration of 0.005 M, the angoéak (g) appears at a further
negative region, approximately at -0.489 V, comgate the individual cobalt
and nickel. During the reversed scan, it was olexkerthe presence of two
reduction peaks,s@nd a. The first peak (® corresponds to the iron reduction
from Fe&* into iron metal at a potential of about -0.5 V wulhiis
significantly close to the Nernstian value. Furthieacrease in negative
potentials has resulted in the emergence of peakvitich corresponds to the
hydrogen ion reduction reaction [24]. Fig. 1(d) wko the cyclic
voltammograms for the solution containing 0.15 MSQw, 0.2 M NiSQ and
0.005 M FeS@ During the cathodic scan, two cathodic peaksard ¢ were
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observed at -0.139 V and -0.875 V, respectivelye Tdathodic peak sc
presumably indicates the characteristic of overepidl deposition of Fe onto
ITO surfaces. Due to lower EelONs concentration, the deposition is diffusion-

limited over a wide potential range fromto G peaks.

The difference with the cathodic peak of single porent solutions is probably
due to the fact that Co and Ni start to deposibdmO substrate pre-covered by
Fe [16].

On the anodic scan, a clear anodic peakvigh a shoulder is observed. The
presence of this shoulder is related to hydrogesatlition [25]. The clear peak
of as corresponds to the dissolution of Co-Ni-Fe whicls\waeviously deposited
during the cathodic scan. This is in good agreemaéitht the work of Gomez et
al. [22]. The alloy dissolution peak appears to ibebetween of its single
components dissolution peaks which is not in agesgmwith the finding by
Azizi et al. [16] who reported the alloy dissolutipeak is at more noble potential
than those of peaks attributed to Co, Ni and Feis Trhight be due to
differences in the electrolyte composition in theparted literature. Various
kinetic factors could be associated with the eristeof the alloy peak which
cause the peak shifted away from its reversiblaétiposin the positive direction
[26]. It is observed in all curves that the currerdssover, and the presence of
such hysteresis loop is a featured characteridti@ mucleation and growth
progression [27].
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Figure 1. Cyclic voltammograms of ITO electrodes in aquesalsition containing 0.4
M H3BOs (pH = 3.0) and (a) 0.15 M CoSQb) 0.2 M NiSQ, (c) 0.005 M FeS®and
(d) 0.15 M CoS®@ + 0.2 M NiSQ+ 0.005 M FeS@ Cathodic scan limitis -1.30 V and
scan rate is 10 mVs

The curves in Fig. 2(a-c) represent the cyclic amolinograms for solutions
containing all three components, Co, Ni and Fe tvicerrespond to the cathodic
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limits of -1.10, -1.20 and -1.30 V, respectivelyll Ayclic voltammograms
demonstrate almost a similar pattern as in FigThHe results show that as
the electrodeposition potentials were increased, dissolution peaks shifted
toward more positive potentials. In addition, thestence of shoulder at the
higher potential, -1.30 V indicates that hydrogesalution has occurred.
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Figure 2. Effect of cathodic limits on cyclic voltammogramt0.15 M CoS@ + 0.2
M NiSOs + 0.005 M FeS@at (a) -1.10 V, (b) -1.20 V and (c) -1.30 V witrascrate of
10mvst,
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Figure 3. I-t transients of Co-Ni-Fe films deposited atfeliént electrodeposition
potentials.

The current-time transients were also recordedndutthe deposition process in
order to control the stability of deposition, aggested by Karpuz et al. [28].
Fig. 3 shows the current-time transients for tha firown at different deposition
potentials for the first 30 seconds. It is notideathat the resulting current
density between anode and cathode in the sulfatiumeincreased as the
applied potentials increase towards negative dmectThis indicates that the
films formed on the surface electrodes are unifagrthe current density values



|. Hanafi et al. / Port. Electrochim. Acta 35 (2017) 1-12

were almost stable for respective applied potesitial

Figure 4. FESEM micrographs of the Co-Ni-Fe alloy thin fdrdeposited at different
electrodeposition potentials, (a) -1.10 V, (b) @l\2and (c) -1.30 V.

FESEM micrographs of the Co-Ni-Fe alloy depositediierent potentials (Fig.
4) clearly show that the electrodeposition occurtedformly regardless of
applied potential values but larger particles wdoemed when higher
electrodeposition potentials were applied. This kecause when the
electrodeposition potentials increase, the depositkinetics will increase,
leading to a rapid growth in particles size [29].

Figure5. EDX spectrum of Co-Ni-Fe alloy thin film electreplsited at -1.30 V (SCE).
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Figure 6. Effect of different electrodeposition potentials elemental composition of
Co-Ni-Fe films.

It is also suggested that the decreasing of irartestd in the films leads to the
increase in size of particles, especially in theecaf short time electrodeposition
[30]. The EDX for the alloy thin films obtained &t.30 V show the existence
of Co, Ni and Fe peaks (Fig. 5) confirming that ieFe alloy is present in the
film. Fig. 6 shows the decrease of Co and Fe condérthe alloy with the
increase of electrodeposition potentials, whilechlintent is otherwise. It can be
concluded that the alloy grown in the respectivéeptial range exhibits a
kinetic behaviour known as anomalous codeposititrerey less noble metals
are favorably deposited [31]. Although there idight decrease in Co and Fe
content but increase in Ni content, the naturenain@alous codeposition is still
followed where the composition for Co is higherrththat of Ni but not for Fe,
due to low concentration of iron precursor in thath composition. Amongst
explanations for anomalous codeposition are basehe assumption that, in
the iron group metal, electrodeposition of the inetan hydroxide ions,
MOH*(M = Co, Ni, Fe), are the primary precursors conmgetwith each other
for surface sites at the electrode [32]. Inhibitadrthe electrodeposition of more
noble element is assumed to result from prefereati@erage according to the
order where FeOH> CoOH > NiOH*, due to the dissimilarities in kinetics
[33]. Therefore, the anomalous phenomenon occuttgthg the fabrication of
Co-Ni-Fe films was further analyzed using the si®lé@g ratio approach. The
proposed method is defined as atomic percentage oétless noble element
over more noble element in deposit over the maddio rof their salts in the
electrolyte, (a&/ a) / (Cn / Cs) where a is the at.%, C is the molar concentration
m andn are less and more noble elements, respectively [3d] 7 shows the
preferential order of anomalous codeposition asviad, Co/Ni > Fe/Ni > Fe/Co.
The significant finding by this approach is thate tlextent of anomalous
codeposition for Co-Ni-Fe films is larger at depiosi potentials > -1.30 V.

Fig. 8 illustrates the X-ray diffractograms of Coffe film electrodeposited on
ITO substrate at different applied potentials. hibws the presence of face-
centered cubicf¢c) solid solution. The increase in intensity of the diffraction
peak as the applied potentials were increasedateticthat nickel content was
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increased. The existence of orég crystal structure is strongly believed due to
less Fe content in the films [35], as shown in Big.
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Figure 7. Effect of electrodeposition potentials on selettiratio for Fe/Ni, Fe/Co
and Co/Ni of Co-Ni-Fe films.
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It has been also demonstrated that low Fe will lofm/Co ratio (Fig. 7) thus

decreases phases with body centered cuiom) €rystal structure in the Co-Ni-

Fe deposit. The broader peak of tbealloy demonstrated in Fig. 8 reflects the
amorphous character of the thin film alloys [14].this study, it was revealed
that the use of ITO as the substrate led to thenddon of amorphous phase,
which agreed well with the findings of other work¢86, 37]. However, the use
of copper substrate for example, can yield cryis&lphase of the deposits [38,
39]. The amorphous phase is suitable for superoti@papplication, as proton

can easily permeate through the bulk of the eldetrmaterials where the whole
electrode can be utilized for energy storage [40].
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Figure 8. XRD of Co-Ni-Fe film electrodeposited onto ITO bstrate at different
electrodeposition potentials, (a) -1.10 V, (b) @1\2and (c) -1.30 V.

Typical room temperature hysteresis curves of th®y aare shown in Fig. 9
with magnetic field up to 12 kOe. The magnetic Byssis curves revealed
the existence of ferromagnetic phases. The exteadalysis results for other
properties obtained from the hysteresis curves,HgandMs are shown in Fig.
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10. It can be seen that tiMs increased from approximately 653 A/m to 2307
A/m as the electrodeposition potentials were ingedarom -1.10 V to -1.30 V.
The H¢ values changed slightly between 100 Oe and 118r@we £1.10 V to a
more negative potential, -1.30 V. Based on the iptesv discussion on the
composition of the alloy film (Fig. 6), the increagn Ms may be due to the
decrease in Fe content where Fe has ldvMevalue than Ni [41]. The change in
Hc values might be due to the effect of higher contdér@o which led to a slight
increase inHc. Kim et al. [42] reported that: from sulfate medium was not
depending on iron content in the deposit.
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Figure 9. Hysteresis loops of Co-Ni-Fe alloy thin fiims @i®deposited at different
electrodeposition potentials: (a) -1.10 V, (b) &1\2and (c) -1.30 V.
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Figure 10. Coercivity (H) and saturation magnetization {Mas a function of applied
potentials of Co-Ni-Fe films.

Fig. 11 shows the variation of alloy compositidis and Hc with the film
thickness for films grown within certain potentrainges. In some literatures [9,
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43] the variation ofHc is explained using 4/3 law or better known as Neel’
relation [44], i.e.Hc = At" whereA is a constant is the film thickness, and

= - 4/3. The relation suggests that the changes dlbaur in the coercive
force as the thickness of the magnetic layer deese#o a point where the
domain wall thickness are comparable with the filmckness. In our work, we
found that theHc decreased with thickness of Co-Ni-Fe films which seems to
follow the Neel's relation. Wheredds values were varied in agreement with the
variation of alloy composition.
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Figure 11. Alloy composition and magnetic properties of CeFg films as a function
of films’ thickness.

Conclusions

Ternary alloy of Co-Ni-Fe thin film was successyulto-deposited on ITO
substrate by potentiostatic electrodeposition nethwthout any additive. The
CV of electrolyte containing metal ions of €p Ni*and Fé* do not differ
significantly from single metal ion voltammogramshe presence of dual
cathodic regions after Fewas added, indicates the reduction of iron ion was
more dominant compared to cobalt ion and nickel ibhe broad ranges of
cathodic potential region indicate that diffusiomited deposition takes place
in the redox reaction. Both results from the cumrtgme transients and
morphological analyses confirmed the uniformitytleé thin films structure and
contained larger particles as applied potentialsreimse. The behavior of
anomalous codeposition of Co, Ni and Fe was asval] where Co/Ni was the
most anomalous, Fe/Ni was intermediate and Fe/C® thva least anomalous.
The dominant phase of the Co-Ni-Fe thin film wagshous with the presence
of crystallized phase dtc structure. BottHc and Ms values were increased as
the applied potentials increase leading to high c@atent and lowering Fe
content, respectively. However, Neel's law revealstierwise whereH.
decreased with the increase of Co-Ni-Fe thin filgkness.
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