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Electroplated Fe films prepared from a deep eutectic solvent
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Electroplating of Fe films was carried out from choline chloride-ethylene glycol types of DES
(Deep Eutectic Solvent). We investigated magnetic properties of the plated Fe films and evaluated
the productivity for the electroplating process. Consequently, we found that surface morphology
and current efficiency of the plated films were affected by the bath temperature. We obtained the
Fe films with relatively smooth surface and high current efficiency in the bath temperature range
from 70 to 110°C. The deposition rate for our process depended on the current density, and we
obtained high deposition rate value of approximately 120 um/h. We also obtained high current
efficiency values of approximately 90% in the wide range of plating time. These results indicate that
the DES-based bath has industrial advantages for mass-producing Fe films. Therefore, we conclude
that the DES-based bath is an attractive plating bath for Fe films. © 2014 AIP Publishing LLC.
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. INTRODUCTION

Electroplating is one of useful technique for obtaining
of metallic magnetic films, and many researchers reported
the films of the magnetic elements and their alloys, such as
Fe-Ni, Fe-Co, Fe-Co-Ni, Fe-Pt, and Co-Pt, prepared from
aqueous solutions plating baths.'~” Although the aqueous so-
lution is one of commonly used for plating baths, a water
reduction prevents us from plating some metals which have
standard potentials less negative than the potential of water
reduction. Although it is well-known that Fe-based magnetic
alloys, such as Fe-Ni, Fe-Al-Si, Fe-Pt, and Nd-Fe-B, show
good magnetic properties, some metals such as Al and Nd
are difficult to obtain from aqueous solutions plating baths.
In order to obtain the films of those metals, non-aqueous sol-
utions are required, such as molten salts and organic
solvents.*'” Recently, Deep Eutectic Solvents (DESs),
which are a type of ionic solvents, have been gained much
attention,'®2° and are expected as new non-aqueous solu-
tions due to their high conductivity, wide potential window,
high purity, and low cost. Some researchers electroplated
metallic magnetic materials of Ni, Co, Ni-Co, Ni-Co-Sn,
Sm-Co, and Co-Pt from DES-based baths and reported that
potentials of DESs as future non-aqueous solutions.”'~%’
Hence, we expected that DESs enable us to obtain various
types of Fe-based magnetic films by taking advantage of
the wide potential window and focused on Fe films as a
pre-stage of plating of the Fe-based films. In this study, we
investigated the magnetic properties of Fe films plated in a
DES-based bath and evaluated the productivity for the plat-
ing process.

YAuthor to whom correspondence should be addressed. Electronic mail:
t-yanai@nagasaki-u.ac.jp.

0021-8979/2014/115(17)/17A344/3/$30.00

115, 17A344-1

ll. EXPERIMENTAL PROCEDURES
A. Preparation of an electroplating bath

We used choline chloride (ChCl)-ethylene glycol (EG)
types of DES based on the report that high current efficiency
(>99%) was obtained for Ni plating films.2%2® The DES was
fabricated by stirring the mixture of ChCl and EG at 70 °C.
We added FeCl,*4H,O to the above-mentioned DES. The
components of the electroplating bath are shown in Table I.
We heated the bath up to target temperature and stirred the
components until a homogeneous liquid state.

B. Electroplating of Fe films

We electroplated the Fe films using a direct current in the
galvanostatic mode. 500 ym-thick and 5 mm-wide Fe and Cu
plates were used as the anode and the cathode electrodes,
respectively. The distance between the electrodes was set at
20 mm and we obtained 75-mm? Fe film on the Cu plate. The
current density and the deposition time were controlled by a
computer-aided dc current source (Takasago EX375L2). The
bath temperature was changed from 50 to 140 °C. Details of
the plating conditions are shown in Table II.

C. Measurements

The thicknesses and the hysteresis loops of the electro-
plated Fe films were measured with a micrometer (Mitutoyo
CPM15-25MJ) and a vibrating sample magnetometer,

TABLE I. Components in the plating bath.

Components Weight (g)
Choline Chloride (ChCl) 10
Ethylene Glycol (EG) 10
FeCl,+4H,0 15
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TABLE II. Electroplating conditions.

Conditions Values
Bath temperature 50-140°C
Current density 67, 133 mA/cm2
Plating time 2-20 min

respectively. The thicknesses of the plated 75 mm?-films
were determined by averaging the values obtained for
approximately every 9mm? (9 points). The maximum
applied field of approximately 1.5 MA/m was used for the
measurements of the hysteresis loops. The surface morphol-
ogy of the films was observed by means of SEM (Hitachi
High-technologies S-3000). The current efficiency, which is
the ratio of the actual amount of the deposited material to the
theoretical amount, was calculated from the actual weight of
the electroplated Fe film and the theoretical weight calcu-
lated by Faraday’s law. We obtained the theoretical weight
of the electroplated film assuming only the following reac-
tion on the cathode:

Fe’* + 2¢ — Fe. 1))

lll. RESULTS AND DISCUSSION

Figure 1 shows SEM images of the films prepared at
bath temperatures of 60 and 140 °C. The deposition time and
the current density were 20min and 67 mA/cm?, respec-
tively. The Fe film plated at 60 °C have smooth surfaces in
spite of the fact that the bath includes no smoothing agents.
For the Fe film plated at 140 °C, small particles are observed
on the surface of the film. From the result for the SEM obser-
vations, we found that the DES-based bath with much higher
temperature is not suitable for industrial applications due to
the rough surface of the film. Figure 2 shows the current effi-
ciency as a function of the bath temperature. We obtained
high current efficiency around a bath temperature of 100 °C,
and low values of current efficiency were observed at lower
or higher bath temperature regions. Generally, conductivity
of DES depends on temperature and decreases with decrease
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FIG. 1. Photograph and SEM images of the Fe film plated from a DES-
based bath. The DES-based bath was prepared from 10g of ChCl, 10g of
EG, and 15g of FeCl,*4H,0. The Fe film was electroplated for 20 min at
67 mA/cm?. The bath temperature were 60 and 140 °C.
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FIG. 2. Current efficiency as a function of bath temperature.

in the temperature.’ Since low conductivity prevents Fe ions
in the bath from diffusing to the cathode, current efficiency
decreases. Therefore, we consider that the film prepared at
50°C showed low current efficiency by decrease in the con-
ductivity of the DES. In the case of higher bath temperature,
the small particles were segregated from the surface of the
film during and/or after the plating. As the segregation
reduced the weight of the plated film, low current efficiency
was obtained in the film prepared at 140 °C. From the results
for the surface morphology and the current efficiency, we
determined the bath temperature at 100 °C for the following
experiments.

High deposition rate and high current efficiency are im-
portant factors for plating process since the required film
thickness could be obtained in a short plating time.
Therefore, we evaluated deposition rate and current effi-
ciency for our plating process. Figure 3 shows the thickness
of the electroplated Fe films as a function of the plating
time. The bath temperature was set at 100 °C. In order to
investigate the effect of the current density on the deposition
rate, we plated the films at the current densities (j) of 67 and
133mA/cm?. The thicknesses increased proportionately
with the plating time. The deposition rates, which are calcu-
lated from the slope of the linear fitting lines, show high
values of 57 um/h for j=67mA/cm® and 119 um/h for
j=133mA/cm®. We found that the deposition rate is
enhanced in proportion to the current density.

30 — EG:ChCl=10g:10g

— | FCC12'4H20: 15 g ' ' ]
E 25} i
=2 7| Tyum=100°C ]
£ 20} =~ |
t‘: L j=133 mA/cm B
o
2 157 119umh\ ]
5 1 . \57 um/h
S 10f - R
2 - j =67 mA/cm
= 5t _
O J 1 1 " 1 1
0 5 10 15 20

Plating time (min)

FIG. 3. Thicknesses of the electroplated Fe films as functions of plating
time. The Fe films were electroplated at 67 and 133 mA/cm?.
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FIG. 4. Current efficiency of the electroplated Fe films as a function of plat-
ing time.
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FIG. 5. Hysteresis loop of the electroplated Fe film prepared from a DES-
based bath. A hysteresis loop of a commercial Fe sheet (purity: 99.5%,
dimension: 15 mm x5mm x 500 um) is also shown for comparison.

Figure 4 shows the current efficiency as a function of
the plating time. We confirmed that the DES-based bath has
high current efficiency values of approximately 90%.

Figure 5 shows a hysteresis loop of the Fe film. A
hysteresis loop of a commercial Fe sheet (purity: 99.5%,
dimension: 15mm x 5mm X 500 um) is also shown for
comparison. As shown in Fig. 5, the film shows high sponta-
neous magnetization and the saturation magnetization of the
film is comparable to that of the Fe sheet.

From these result, we found that ChCI-EG types of DES
enables us to obtain several microns Fe thick-films in a short
plating time.

IV. CONCLUSION

In this study, we plated Fe films from a DES-based plat-
ing bath and investigated the magnetic properties of the
Fe films. We also investigated the deposition rate and the
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current efficiency for the electroplating process. The
obtained results are summarized as follows:

(1) Plating bath with higher temperature is not suitable to
obtain Fe films with smooth surface.

(2) High current efficiency is obtained at a bath temperature
around 100 °C.

(3) DES-based bath shows a high deposition rate (>100 um/h).

(4) Current efficiency shows high value (>90%) and almost
constant in the wide range of plating time.
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