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ARTICLE INFO ABSTRACT

Keywords: Ethylene glycol-based solutions containing metal precursor chloride salts were investigated for the electro-
Organic solvent deposition of cobalt thin films and nanowires. The electrochemical behavior of 0.5M Co(II) chloride solution at
Magnetization 70 °C was studied by means of cyclic voltammetry (CV) on a Pt substrate. The reduction process was shown to be
Eit:g:;ﬁfg irreversible, with high faradaic efficiencies (85-90 %). A diffusion coefficient (Do) of 2.29 X 10~ ®cm?s ™" for

the Co species was estimated from the electrochemical behavior at different scan rates (from 25 to 125 mV s7h.
The electrodeposition process was also studied on a copper substrate at different cathodic potentials (from
—0.75V vs Pt to —0.95V vs Pt). Field-emission scanning electron microscopy (FE-SEM) and electron dispersive
spectroscopy (EDS) revealed high-purity, compact films. Template-assisted electrodeposition resulted in
~16-18 pm long cobalt nanowires with an aspect ratio L/D > 100. X-ray diffraction (XRD) analysis of Co thin
films showed a preferential orientation along the HCP [100] direction, which was even more marked for the
nanowires. Vibrating sample magnetometry (VSM) highlighted that the fact that Co thin films were magnetized
in-plane, while in nanowires a competition between shape and magnetocrystalline anisotropy led to similar
magnetic behavior for the in-plane and out-of-plane directions.

Alumina template

1. Introduction

Artificially nanostructured materials are attractive platforms since
there is an opportunity to tune their magnetic properties by varying
their composition, structure, magnetocrystalline and shape anisotropy.
Magnetic nanowires are one-dimensional entities in which the magne-
tization can be forced along the axis of the wire, thanks to shape ani-
sotropy, and these have been investigated since the 1990s for applica-
tions in perpendicular magnetic recording [1,2]. Ni and Co nanowires
of various diameters have both been widely studied under different
deposition conditions [3-8]. It is known that the anisotropy constant of
HCP Co is orders of magnitude larger than that of other magnetic ma-
terials (e.g. Ni) and forces the magnetization to align along the c axis of
the crystal [9]. Hence, playing with the crystallographic orientations
and the geometrical parameters of the nanowire array (e.g. diameter,
length, and spacing), a large variety of magnetic behaviors can be ob-
tained [1,6,7,10] as the coercive field of c-axis-oriented HCP Co na-
nowires is enhanced [11].

For a few decades, many groups have been investigating the elec-
trodeposition of Co nanowires by modifying the pH and the deposition
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current [11]. However, electrodeposition from aqueous solution is not
trivial because of the local pH change at the working electrode. To
avoid codeposited impurities, different research groups have con-
sidered using organic solutions [12,13] for pure cobalt [14-24] and
alloys [25-31]. In the present work, we investigate cobalt electro-
deposition from ethylene glycol (EG) solution, a variation of the well-
known DES (1ChCIL:2EG) where choline chloride, a highly hygroscopic
compound with relatively high cost, has been removed and partially
replaced by metal precursor salts [32-39]. The possibility of obtaining a
high-quality deposit, compact and free of chlorine and/or oxygen has
been reported previously by our research group [40,41]. The high
concentration of chlorides due to ChCl may be a critical factor due to
the intrinsic aggressiveness of the anionic species in solution towards
both the electrodeposit and the surrounding environment. Its replace-
ment with chloride salts is thus a valid alternative to guarantee ac-
ceptable ionic conductivity but with a lower [Cl™]. Ethylene glycol
(EG) solution containing 0.5 M cobalt chloride salts (approx. 25% [Cl ]
compared with 1ChCl:2EG) was investigated for electrodeposition of
both film and nanowires.
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2. Experimental

Anhydrous ethylene glycol [CoHgO5] (Sigma Aldrich, 99.8%) and
cobalt chloride salt CoCly6H,O (Sigma Aldrich, ACS reagent, 98%)
were used as received. Ethylene glycol was heated to 70 °C, cobalt
chloride was added at different concentrations (0.05-0.5 M), and NaCl
(Sigma Aldrich, ACS reagent, > 99%) was eventually added as a sup-
porting electrolyte in the frame of electrochemical characterization
(0.05M CoCl,, 0.9 M NaCl). The solution (V = 80 ml) was kept at 70 °C
under stirring to avoid water contamination: the vapor pressure of
water is much higher than that of ethylene glycol (P°y20 = 5.542 bar,
P°gg = 0.064 bar at 70 °C), allowing water evaporation. Solution con-
ductivity was measured at different temperatures (50-90 °C) by means
of an AMEL 160 conductivity meter. The electrochemical character-
ization (AMEL2550) was carried out on an inert substrate (Pt) in a
conventional three-electrode electrochemical cell using platinum wires
as both quasi-reference (QRE) and counter (CE) electrodes. Cobalt thin
films were obtained by means of potentiostatic deposition (PD) on a
copper sheet (A ~1.5 X 1.5 cm?), from —0.75V vs Pt to —0.95 V vs Pt,
using platinum wires and platinized titanium nets as QRE and CE, re-
spectively. The electrodeposited samples were rinsed thoroughly with
demi water and subsequently dried under N, flux. Cobalt nanowires
were synthesized employing an alumina template (0.1 yum Whatman
Anodisc) with a copper (~500 nm) seed layer, electrodeposited from a
commercial sulfate-based solution, on top of a sputtered gold layer
(~50nm). The thickness of the films was determined both by X-ray
fluorescence (XRF) (Fischerscope X-ray XAN) and with an optical pro-
filometer (UBM Microfocus). Cobalt thin films and nanowires were
characterized using a Zeiss SUPRA 40 field emission scanning electron
microscope (FE-SEM) with in-lens detector and energy dispersive
spectroscopy (EDS). The microstructure was investigated by X-ray dif-
fraction with a Philips PW1830 instrument using Cu K,; radiation
(A = 1.54058 A). Magnetic characterization was carried out by means
of a Vibrating Sample Magnetometer (VSM, model EZ9 by MicroSense
LLC).

3. Results and discussion
3.1. Physical and electrochemical characterization

Since ethylene glycol (EG) has negligible conductivity (~10~% mS
em ™! at 20 °C), the amount of dissolved salts plays a fundamental role.
In fact, the high concentration of chlorides ([C1"] > 4.1 M) in tradi-
tional deep eutectic solvents (e.g. 1ChCl:2EG) is mainly responsible for
the relatively high conductivity of these electrolytes. As reported by
Abbott et al., the conductivity of the bare deep eutectic solvents varies
from 0.55 mS cm~! (1ChCl:lmalonic acid) to 7.61 mS cm™*!
(1ChCl:2EG) at 20°C [42]. In the solution under study, such con-
ductivity values (Fig. S1) can be achieved without using choline
chloride. Combining a relatively high salt concentration (0.5 M) with a
working temperature of 70 °C, a conductivity value of ~7.95 mS cm ™!
was achieved (Fig. 1). The electrochemical behavior of 0.5M cobalt
chloride solution was investigated on an inert working electrode (Pt),
under stagnant conditions. Cobalt reduction at the platinum surface
occurred at about —0.7 V vs Pt (Fig. 2a), showing a linear relationship
between potential and current density. Although no reduction peak was
observed up to —1V vs Pt, the presence of an anodic peak suggested
the formation of a cobalt film during the forward scan, which was
subsequently removed (Fig. 2a). Anodic peak position and area were
shown to be directly proportional to the lower cathodic limit, resulting
in a larger area and a positive shift of the peak position. By extending
the potential interval, a reduction peak was found at about —1.25V vs
Pt (Fig. 2a). A further decrease in the lower cathodic limit resulted in
secondary reactions: hydrogen evolution was observed for reduction
potential < —1.4V vs Pt where EG deprotonation and/or water elec-
trolysis took place due to atmospheric contamination and salt
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Fig. 1. Conductivity of EG solutions at a different molar concentration of Co(II)
chloride salts (0.5M, 0.2 M, 0.05 M).

hydration. Taking —1 V vs Pt as a cathodic limit, the faradaic efficiency
of the cobalt reduction process, calculated from the ratio between
anodic and cathodic charge, was around 90%, indicating only a few
secondary reactions at the working electrode (Fig. 2b). The diffusion
coefficient was studied in a 0.05 M Co(II) solution with 0.9 M NaCl as
supporting electrolyte ([C1™] = 1 M) since the highly concentrated so-
lution (0.5 M) did not allow clear cathodic peak identification (Fig. S2).
By performing CVs at different scan rates, a shift towards more cathodic
potentials is shown (Fig. 3). The dependence of cathodic peak potentials
on scan rate suggested that the electrochemical reactions involved were
irreversible, which is also demonstrated by the wide separation be-
tween the cathodic and anodic peaks. According to the Randles-Sevcik
equation [43] for an irreversible electrode reaction, the diffusion
coefficient D [em?s™!] is linked to the peak current I, [A] as follows:

Ip = 0.495 nFAC, (l’l, + OCRDS)O'S(F/RT)O‘SDOO‘SVO'S (€8}

where n is the number of electrons exchanged in the electrochemical
reactions, F is the Faraday constant [C mol ™11, A the electrode area
[cm?], C, the metal ion concentration [molcm ™3], n’ the number of
electrons transferred before the rate-determining step (RDS), agps is the
charge transfer coefficient of the RDS, R the gas constant
[8.314JK 'mol~'1, T the absolute temperature [K] and v the scan
rate [Vs~']. For an irreversible process n’ and arps can be defined as
follows:

1.857 RT

By — Bpjgl = — o2
P T 0 L s ) F

(2)
where Ej, is the cathodic peak potential [V], E,/» is the cathodic half
peak potential corresponding to the potential at half of the peak cur-
rent. The average (n’ + arps) value reported for the solution considered
at 70°C is 0.5 (Eq. (2)). A (diffusion coefficient of
Do = 2.29 x 10~ ®cm?s ™! at 70 °C was calculated by means of Eq. (1)
using the constant slope measured from the -j, — v*° graph (Fig. 4). The
diffusivity value found is slightly higher than those already reported in
the literature for deep eutectic solvents, indicating good physical
properties for the solution investigated in this work (Table 1).

3.2. Cobalt morphology and microstructure

Potentiostatic depositions were carried out on copper sheet at high
cathodic efficiency (85-90 %): Faraday's law was used, considering a
gravimetric approach at a constant deposition charge (10 C), resulting
in a film thickness of 1.2-1.4 um. Morphology dependence on deposi-
tion potential is shown in Fig. 5; a clear transition was observed on
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Fig. 2. CV of EG solution with 0.5 M CoCl, at 70 °C [25mV s~ 1: (a) j-V vs Pt plot at different lower cathodic limits. (b) j-t plot of the corresponding CV with —1 V vs
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Fig. 4. Cathodic peak current densities of the corresponding CVs (Fig. 3) at
different scan rates.

Table 1

Diffusion coefficient values of Co(II) species in different non-aqueous solutions.
Authors System T (°C) D (em?s™ 1)
Yang et al. [14] CoCly, in urea-NaBr-KBr 100 2.50 x 10~°
Carlin et al. [15] CoCl, in AlCI5-EMIC 22 4.40 x 1077
Su et al. [16] Co(BF,), in BMIMBF, 60 1.76 x 1078
Fukui et al. [17] Co(TFSA), in BMPTFSA 27 7.20 x 10°8
Li et al. [18] Co(BF4)2 in BMIMBF4 70 7.60 x 1078
Li et al. [19] CoCl, in urea-acetamide-LiBr 70 2.20 x 10°°
Li et al. [20] CoCl, in urea-choline chloride 100 1.70 x 107°
This work CoCl, in ethylene glycol 70 2.29 x 107

increasing the cathodic potential. At the lowest overpotentials, the
morphology appeared to be randomly organized with no distinctive
features. On increasing the cathodic potential, a transition towards
more regular and elongated features was observed. Regardless of the
selected deposition potential, compact cobalt films were obtained
without any chloride or oxygen contamination detectable through EDS
(Fig. 5). Cobalt nanowires were subsequently synthesized using an
alumina template (100 nm pores diameter) (Fig. S3a). A plot displaying
the current evolution in the first seconds of the process is shown in Fig.
S3b: the initial increase in the cathodic current, due to nucleation, is
followed by a plateau due to the growth across the membrane. The
deposition resulted in the formation of 15-18 um long nanowires with
an aspect ratio of 100-120 (Fig. 6). X-ray diffraction analysis was
performed with Bragg-Brentano geometry. The reflection peaks were
fitted with a Gaussian function to determine the full width at half
maximum (FWHM) and the peak intensity, which are used to determine
the average grain size. The cobalt films (Fig. 7a) were shown to have a
hexagonal microstructure oriented along the [100] and [101] direc-
tions, and a relatively small average grain size (32nm). In the case of
cobalt nanowires, a stronger preferential orientation along the HCP
[100] direction is observed (Fig. 7b, Table S1) with no significant
variation in the average grain size.

3.3. Magnetic characterization

XRD measurements (Fig. 7b) of the films and nanowires suggested
that the c axis of the hexagonal cell lies preferentially within the film
plane. Hence, the magnetocrystalline anisotropy of the crystal tends to
force the magnetization to lie in the plane of the film itself. On the other
hand, the shape anisotropy plays opposite roles in thin films and na-
nowires, favoring an in-plane and an out-of-plane orientation of the
magnetization, respectively. Fig. 8a shows that the cobalt film had a
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Fig. 5. SEM micrographs of the Co electrodeposits at different cathodic potentials (—0.75V vs Pt, —0.85V vs Pt and —0.95V vs Pt). Higher magnification SEM

micrograph and EDS spectrum of the Co electrodeposits at (—0.95V vs Pt).

Mag= 200KX 10 pm
—

marked in-plane anisotropy, described by an in-plane (H,,) squared
loop while an elongated one is observed when the magnetic field was
applied along the normal direction to the film (H,). For small values of
H,, a relatively small squared hysteresis loop was observed, consistent
with the presence of some HCP domains oriented with the ¢ axis out of
the plane. The situation for nanowires was different: XRD measure-
ments revealed a stronger [100] orientation, favoring an in-plane
magnetization. On the other hand, the shape anisotropy would align the
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N
Fig. 6. SEM micrographs of the Co nanowires at —0.95V vs Pt at 70 °C at different magnifications: (a) 2 kx, (b) 10 kx, (c) 100 kx, (d) 200 kx.

magnetization parallel to the wire axis. Co nanowires actually showed
similar behavior for both H,, and H, directions, suggesting that the two
anisotropy terms had the same order of magnitude (Fig. 8b) (Table S2).
Indeed, the magnetocrystalline anisotropy of HCP Co was characterized
by the anisotropy constant K; = 4.510°J/m> along the ¢ axis. The
anisotropy constant of a rod-shaped wire is Kyie = 1/41p
Mg, = 6.410°J/m>, where o = 4m-10~7 N/A? is the vacuum per-
meability and Mg, = 1.42:10° A/m is the saturation magnetization of
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Fig. 8. VSM hysteresis of Co electrodeposits (—0.95V vs Pt from 0.5 M Co(II) EG solution.): (a) film, (b) nanowires.

cobalt at room temperature [44]. Since K; and K. are of the same
order of magnitude, magnetocrystalline and shape contributions com-
pete in orienting the magnetization along two orthogonal directions.
The result is compatible with previous studies [8], indicating that
magnetic hysteresis loops of cobalt wires with a diameter of the order of
150 nm show the same squareness in-plane and out-of-plane. A reduc-
tion in the diameter of the wire would result in an out-of-plane mag-
netization, but an investigation involving the diameter and aspect ratio
of the wires goes beyond the scope of this work.

4. Conclusions

A simple solution based on ethylene glycol is proposed for the
electrodeposition of cobalt film and nanowires. Ethylene glycol con-
taining 0.5M Co(II) had an electrical conductivity of k = 7.95 mS
cm ™. The cobalt species were estimated to have a diffusion coefficient
Do = 2.29 X 10~ %cm?s ™! at 70 °C using the Randles-Sevcik equation.
From the cyclic voltammetry investigation and subsequent potentio-
static depositions, the cobalt reduction process occurred with high
cathodic efficiency (CE ~85%) indicating the limited presence of sec-
ondary reactions. Electron microscopy (SEM) and spectroscopy (EDS)
showed compact cobalt films with morphologies dependent on the
cathodic potential applied (from —0.75V vs Pt to —0.95V vs Pt) but
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with no traces of contaminants. XRD showed an HCP microstructure
with a preferential orientation along the [100] direction, which was
particularly evident in the case of Co nanowires. The magnetization of
cobalt thin films preferentially lies in the plane of the film, while in the
case of nanowires the in-plane and out-of-plane directions display si-
milar behavior. This result was explained in terms of the balance be-
tween the magnetocrystalline anisotropy given by the orientation of the
crystals and the shape anisotropy due to the one-dimensional structure.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.elecom.2019.04.012.
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