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In order to repair the soft magnetic properties of wasted silicon steel, a theoretical process of co-depositing
Co-Fe soft magnetic alloy on the surface of wasted silicon steel is proposed. The results show that the co-
deposited Co-Fe alloy coatings can serve to repair the soft magnetic properties of wasted silicon as

detected by the vibrating sample magnetometer, and the alloy coatings with CosFes as the main phase

structure can provide surface protection for silicon steel. Subsequently, the mechanism of co-deposited

Co-Fe alloys was investigated, and it was concluded that Co?* and Fe?* undergo a one-step two-
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electron co-deposition reaction, as studied using cyclic voltammetry. The chronoamperometric analysis

and its fitting results indicated that the deposition of Co?" and Fe?" was a diffusion-controlled transient
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1. Introduction

Countries around the world encourage the application of
renewable resources and improve the efficiency of energy and
resource utilization, which is of great significance to the healthy
development of the economy.* Silicon steel is the core compo-
nent of the core in transformers and the production is
increasing day by day. The long-term operation and use of harsh
environment not only decrease the quality of the silicon steel
surface, such as silicon steel sheet surface rust, holes, and
scratches butt also lead to a decline in the soft magnetic prop-
erties of silicon steel, such as saturation magnetic induction
strength decline, hysteresis loss increase, coercive force
increases and many other damages.> The decline in perfor-
mance results in the wastage of silicon steel resources, and the
large market and high profits have made countries around the
world worry about the sustainable development of waste silicon
steel and its corrosion resistance.’

In previous studies, researchers treated wasted silicon steel
by recycling and remelting it, resulting in a huge waste of
human and ore resources.* Some wasted silicon steel is simply
painted and reused, which brings serious safety hazards to
transformers, mainly in the form of increased hysteresis loss,
increased temperature rise, and easy breakdown of the core.® In
addition, most of the researchers are focusing on the study of
silicon steel coated with insulating paint and the study of
magnesium silicate base layer covered on the surface of the

“School of Materials and Metallurgy, University of Science and Technology Liaoning,
Anshan 114051, China. E-mail: xhx17070958303@163.com; lijidong1014@163.com
*Northeastern University, School of Metallurgy, Shenyang 110000, China

© 2023 The Author(s). Published by the Royal Society of Chemistry

nucleation process, and the AC impedance indicated that higher voltages were favorable for the
deposition of Co—Fe alloys but were accompanied by hydrogen precipitation reactions.

silicon steel.®” Before the silicon steel is coated with insulating
paint, it will be exposed to an uncontrollable environment,
which greatly increases the risk of being corroded. It is therefore
crucial to propose a process that can both repair the soft
magnetic properties of the wasted silicon steel and enhance the
corrosion resistance of the original silicon steel.

Pornthep Chivavibul et al.® proposed to electrodeposit Ni-
Co-P coating on the surface of silicon steel and studied the
effect of different thicknesses of the coating on the hysteresis
loss of silicon steel, and it was found that Ni-Co-P coating
reduced the hysteresis loss by 4%; however, the effect of the
alloy on other soft magnetic properties and corrosion resistance
was not reported. Vishu Goel et al.® coated Co-Ni-P on the
surface of the oriented silicon steel and reduced the hysteresis
loss by approximately 9% and noted that depositing cobalt-
based alloys on the surface of silicon steel helps enhance the
soft magnetic properties and reduce the hysteresis loss. Ferro-
magnetic transition metals, such as Fe, Co, and Ni show the
saturation magnetization of 251, 177, and 54.39 emu g ',°
respectively, thus Co-Fe alloys can form coatings with the
highest saturation magnetization strength. Chansena' ob-
tained Co-Fe alloy by electrodeposition on the surface of the
copper substrate and investigated the effect of iron content on
corrosion resistance, showing that the alloy has the best
performance when the iron content is 37% and the cobalt
content is 63%. Therefore, in this paper, we propose a process of
electrodeposition of Co-Fe alloy on the surface of wasted silicon
steel to repair the soft magnetic properties and improve the
corrosion resistance of the wasted silicon steel, which provides
a new idea for the comprehensive utilization of silicon steel

resources in the future. In addition, we studied the

RSC Adv, 2023, 13, 33525-33532 | 33525


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06282a&domain=pdf&date_stamp=2023-11-15
http://orcid.org/0000-0001-6698-2180
http://orcid.org/0000-0002-8722-276X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06282a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013047

Open Access Article. Published on 15 November 2023. Downloaded on 6/27/2026 1:50:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

electrochemical deposition behavior of the Co-Fe alloy, which
is an important component of the magnetic head in disks, and
revealed the deposition mechanism of the Co-Fe alloy to
provide theoretical guidance for the electrochemical synthesis
of other alloys.

2. Materials and methods
2.1 Preparation of Co-Fe alloys

Wasted silicon steel substrates (1 cm?) and asbestos sheet (2
cm?®) were wet polished with SiC paper grade 400, 800, 1200,
1500, and 2000. The substrates were cleaned with surfactant
and rinsed with deionized water. They were finally sonicated in
isopropyl alcohol for 5 min and dried with hot air prior to
further electrodeposition. The bath electrolyte was purged with
nitrogen gas for 30 min before electrodeposition. The Co-Fe
alloy was deposited by electrodeposition (Fig. 1). The types of
reagents and their dosages are listed in Table 1.

2.2 Surface characterization

A Sigma 500 scanning electron microscope (SEM) was used to
observe the surface morphology of the sample, and a Bruker
energy dispersive spectrometer (EDS) was used to analyse the
chemical composition or elemental distribution of the coated
sample. X-ray diffraction (XRD) tests were carried out on
different coatings using an Ultam IV X-ray diffractometer from
Rigaku, Japan, with CuKoal radiation, a wavelength A of
0.15405 nm, X-ray tube voltage of 40 kV, tube current of 20 mA,
scanning rate of 40° min~", and scanning range (26) of 30° to
90°. The magnetic properties were determined using a vibrating
sample magnetometer (VSM).

2.3 Electrochemical testing

In the mechanistic tests, the Ag/AgCl electrode was used as
a reference. The platinum plate was a counter electrode (1 cm?)
and the wasted silicon steel was a working electrode with an
exposure area of 4 cm?.

For the corrosion tests, the corrosion solution used in
previous studies was the NaCl solution with a mass fraction of
3.5%, but the working environment of the silicon steel of the
transformer core was air or a harsh acidic environment.*® The
corrosion solution we selected was a vented acidic solution
(HC1) with pH values of 3, 4, and 5, and vented deionized water,

Cutting, grinding 1
and polishing

Fig. 1 Co-deposition of Co—Fe alloy coating process flow chart.
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Table 1 Reagents and their dosages
Categories Co-Fe Prerequisite
Composition of the plating solution CoSO,-7H,0 20gL7"
FeSO,-7H,0 10gL"!
NaB;O,-10H,0 20gL™"
C,H,;Na,Oq 45¢L"
MgSO, 04gL™?
C1,H,550;Na 0.05gL"
Process parameters Current density 300 mA cm 2
pH 7
Temperature 40 °C
Times 60 min

in order to simulate the actual production and storage envi-
ronment and to ensure that the saturation of oxygen The
reference electrode was an Ag/AgCl electrode, the auxiliary
electrode was a platinum sheet with stable performance, and
the working electrode was coated with Co-Fe alloy.

3. Results and discussion
3.1 Characterization of Co-Fe alloy

As shown in Fig. 2(a), XRD peaks appeared at approximately 26
=45°and 26 = 83°, and the main composition is Co,Fes;, and no
separate diffraction peaks for pure metal Co and Fe were
observed, and the positions of their strong peaks were very close
to each other, so it can be assumed that there were no separate
phases of Co and Fe during the plating. The lattice constants of
Co,Fe; a=2.8403 A, b =2.8403 A, c = 2.8403 A, o« = 8 = y = 90°
belong to the cubic crystal system. In addition, the cross-section
analysis showed that the Co-Fe alloy coating thickness was less
than 25 pm, which met the requirement of less than 100 um
thickness for the silicon steel protective coatings.

The resulting micro-morphology of the plated layer and the
distribution of Co and Fe in the plated layer are shown in
Fig. 2(b). The surface of the coating was extremely dense, and
the two elements of Co and Fe were uniformly distributed on
the surface of the coating. There were no cracks on the surface
of the plated layer, and the plated layer was not peeled off or
damaged after repeated adhesion of the high-adhesive PET
tape, and the bonding force was good. In addition, Co and Fe
contents were 64.43% and 35.57%, respectively, reaching the

Cathodic reaction: Co?*+Fe?*+4e—Co-Fe(s)

rg

%Q
-~ Q QQ

Anodic reaction: 20%-4e—0,(g)
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Fig. 2 Surface charaterization: (a) the XRD and SEM cross-section of alloy coatings; (b) the EDS of alloy coatings.

optimum soft magnetic elements content described in the
literature.”

3.2 Soft magnetic performance repair

Electrodeposition of Co-Fe alloy on the surface of waste silicon
steel could repair the soft magnetic properties,"*> Co-Fe alloy is
a layer of coating that can increase the magnetic conductivity of
silicon steel and improve its soft magnetic properties. In addi-
tion, after a period of time, the wasted silicon steel will have

Raw silicon steel
Repair of silicon steel
‘Waste silicon steel

L L L { I

Magnetization,M(emu/g)

Applied.H(Oe)

microcracks, grain growth, grain boundary segregation, and
other problems, resulting in a decline of the soft magnetic
properties. Electrodeposited Co-Fe alloy can fill these micro-
scopic defects in the process of coating formation, repair the
structure of silicon steel, and improve its soft magnetic prop-
erties. In addition, according to the research of Zhang Y. et al.,**
the cobalt content in Co-Fe alloy plays a dominant role in the
soft magnetic properties, and when the cobalt content reaches
64%, the Co-Fe alloy can achieve the most excellent soft

Raw silicon steel
- Repair of silicon steel
Wasted silicon steel

-20000 —-10000

Magnetization, M(emu/g)

-100

——

10000 20000

Applied, H(Oe)

Fig. 3 Hysteresis loop of different samples.
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Table 2 Soft magnetic properties data for different samples
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Title M, (emu g™ ) H, (Oe) M (aise) (%) H (recovery) (%)
Wasted silicon steel 202.761 6.2 — —

Raw silicon steel 196.769 2.5 — —

Repair of the silicon steel 209.071 3.5 6.25% 43.5%

magnetic properties; as such in this study, we chose the process
with a cobalt content up to 64% to perform the soft magnetic
restoration of wasted silicon steel (Fig. 3).

The soft magnetic properties of the different samples are
shown in Fig. 6. It can be seen that compared to the original
silicon steel, the coercivity (H.) of the wasted silicon steel has
a significant elevation, and its magnetization speed also
decreases significantly, and the saturation magnetization
decreases. After plating repairs, the coercivity (H,) of the silicon
steel was significantly reduced, the magnetization speed was
significantly increased, and the saturation magnetization (M)
was also enhanced to some extent. The specific performance
enhancement is shown in Table 2, after adding the Co-Fe
coating, the saturation magnetization (M) increased by 6.25%,
the coercivity (H.) decreased by 43.5%, and the soft magnetic
performance was significantly improved, indicating that the
Co-Fe alloy coating played a regenerative role in repairing the
waste silicon steel.

3.3 Corrosion testing

As can be seen from Table 3, the corrosion current density of the
Co,Fe; alloy increases by an order of magnitude (10~° increases
to 10~%) when the pH decreases by one unit, and the increase in
corrosion current density indicates a higher risk from the
corrosion point of view. After the pH is less than 4, the order of
magnitude of the corrosion current density will no longer
change. It is important to note that the pH of deionized water
cannot generally be measured with a pH electrode due to its
extremely low conductivity. In any case, if the deionized water is
in contact with the atmosphere during the manufacturing
process in a clean room, the pH can be slightly below 7 and
corrosion may occur more rapidly as gas absorption proceeds.*®

Based on the corrosion rate values obtained from Fig. 4 and
Table 3, the corrosion rates were analyzed based on previous
literature.™ In general, metallic materials with corrosion rates
below 0.1 mm per year are considered corrosion resistant, while
corrosion rates above 0.1 mm per year are classified as non-

Table 3 Corrosion parameters of the electrodeposited Co,Fes alloy

Corrosion rate

Corrosion solution Jeorr (A cm™?) Ecorr (V) (mm per year)
Deionizes water 1.92 x 1077 —0.424 2.23 x 107°
pH 3 4.81 x 107° —0.557 5.59 x 10"
pH 4 1.83 x 10 —0.557 213 x 107!
pH 5 2.86 x 107° —0.549 3.32 x 1072
Silicon steel (pH 5) 6.99 x 10~° —0.561 8.14 x 10?2

33528 | RSC Adv, 2023, 13, 33525-33532

corrosion resistant.”® According to these criteria, the Co,Fe;
alloy can be considered corrosion resistant in aerated pH 5
solution and in aerated deionized water. In addition to this, it
can be seen from the graph shows that the dynamic potential
polarization curve of the Co,Fe; alloy coating does not show
a passivation zone that inhibits the occurrence of corrosion.

3.4 Mechanism of electrodeposited Co-Fe alloy

3.4.1. Cyclic voltammetry of Co-Fe alloy. CV curves of the
mixed FeSO,—CoSO, solution were scanned over the potential
range of —1.4-0.1 V, the test speed was 20-100 mV s~ ', and the
test temperature was 298 K. The results of the tests are shown in
Fig. 5. According to Kang et al.,* with the negative sweep of CV,
the electrode potential gradually decreases until it is lowered to
the reduction potential of the metal ion, and a rapid increase in
current occurs. The magnitude of the current of the reaction is
related to the concentration of the reactants, and since the
concentration of metal ions in the system is too large, it leads to
the metal ions being reduced all the time and the current
continues to increase; therefore, the potential at which the
current undergoes a rapid decrease is considered to be the
reduction potential.

Take the example of a sweep rate of 50 mV s~ ' in CV for the
relevant calculations. In the CV curves of the mixed FeSO,—
CoSO, solution, a rapid change in current again at —0.760 V, but
after —0.760 V without the presence of a reduction peak or
a rapidly changing position of the current. Since the deposition

Deionized water

o - ---- pH=3
’ - Silicon steel (pH=5)
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-
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log(I/A)
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-0.65 -0.60 -0.55 -0.50 -045 -0.40 -035 -0.30
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Fig. 4 Polarization curve test of CoFes alloys under deionized water
and different pH solutions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammetry curve at the Fe electrode for Co-Fe alloys.

Table 4 Calculated data related to the CV curve at any four points to
the left of —0.760 V (50 mV s

I,/mA I/mA EN 18l — 1)1
—6.528 —6.747 —0.765 —1.488
—6.528 —6.860 —0.768 —1.315
—6.528 —6.973 —-0.771 —-1.195
—6.528 —7.086 —0.773 —1.104

potential of Co®" is lower than that of Fe*, it can be considered
that the induced co-deposition occurred at —0.760 V." In order
to further verify the number of electrons transferred during the
reduction of Co>", and Fe®" on the silicon steel electrode, any
four points on the left side of —0.760 V were taken, and the
relevant data were calculated and tabulated, as shown in Table 4
and Fig. 6.
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Fig. 6 Fitted line about E-Igl(/ — /5)//l diagram (25 mV s7Y).
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As can be seen in Fig. 6, the E-Ig[(I, — I)/I] curve is linear with
the slope of the fitted straight line K = 0.0205. According to the
Nernst eqn (1) for the number of transferred electrons:*®

vy 1.857RT1g[(I —Ip)/I}
nkF

(1)

The slope K = 1.857RT/nF = 0.0205, from which the CV curve
at —0.760 V for 50 mV s ' corresponds to the number of elec-
trons transferred:

_ 1.857 x 8.314 x 298

96500 x 0.0205 2318 =2

It is proven that the electron transfer number at —0.760 V is
2. The principle is as follows: Fe** + 2e” —Fe. In addition,
according to the deposition potential of Co>’, the following
reaction also takes place: Co** + 2e~ — Co. It can be seen that
the induced co-deposition of Co and Fe occurs at —0.670 V.

3.4.2. Chronoamperometric analysis. The nucleation of
Co*" and Fe*" in aqueous FeSO4~CoSO, solution was studied by
chronoamperometry. The temperature was 298 K and the
potential range was —0.77-—0.80 V. The test results are shown
in Fig. 7(a). Depending on whether the current intensity (I) and
the negative square root of the transition time (¢ */?) are in
a good linear straight-line relationship, it can be determined
whether Co®" and Fe*" are affected by diffusion. The relation-
ship between the current intensity and the negative square root
of the transition time is established in Fig. 7(b).

When different step potentials are applied, the current
increases to an enormous maximum due to the bilayer charging
effect. After that, the current decreases with time from the
moment of energization due to the migration effect of ions to
the cathode and finally slows down to reach the steady state
current value, which indicates that the crystal growth and
nucleation process occurs at this stage.'”” In an aqueous solu-
tion, the ion concentration is much larger than the cathode
surface, at this time the electrode surface concentration polar-
ization dominates. Due to the difference in ion concentration,
eventually, the two regions reach an ideal equilibrium and the
current no longer changes.

The diffusion coefficient of Co®* and Fe*" was calculated
according to Cotrell's equation.””

1
I nFC,S (;::DM,\»+ )2 (2)

[N

From Fig. 7(b), it is known that the transition time =2 in

the timing current shows a good linear relationship with the
current intensity, which proves that the electrochemical
reduction process of Co** and Fe>* on the cathode surface is
controlled by the diffusion step. According to eqn (2), the
diffusion coefficients of Co> and Fe®" can be calculated.
Combining the known data, including the working electrode
surface area, S = 4 cm?, It"/? = 4.706 mA s'/2, F = 96 485C mol
Co—co,, = 0.071 mol L™ and Cy—ge, = 0.036 mol L', n = 2,

RSC Adv, 2023, 13, 33525-33532 | 33529
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Fig. 7 Chronoamperometric analysis: (a) chronoamperometry under different potentials; (b) fitted line about —/—-7~

T =3.14, Dgo> = 0.939 x 10~ % em? s~ and Dger- = 3.651 x 108
cm” s~ ! were obtained.

The nucleation mode of Co** and Fe®" at the deposition
potential can be obtained by selecting different points from the
stages of chronoamperometric curves and fitting them accord-
ing to eqn (4) and (6).*

Instantaneous nucleation:

3 1 11
I(f) = ZENT(2Dyes Co 2 M2p™ 262 3)

(1) = ki + by (4)

Continuous nucleation:

2 3.1 13
I(1) = §ZFK,,NTC(2DM\»> Co)2M2p 212 (5)
70 F 077V
I o 078V
60 | 079V
I 080V
50 F
a0}
:NI L
30 10°HZ~10"HZ
20 ARRVH 950 9
L % X 9 o
- *)
10 - ’ 4 oo%
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Z'(Q)

Fig.8 Nyquist plots of the data obtained on the silicon steel electrode.
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In the above equations, I(¢)- electron current corresponding to
time/mA; Z-valence; F = 96500 C mol !; N-the nucleation
number density/cm™?; Dy-diffusion coefficient/cm® s™'; Cy-
concentration of Co*>" or Fe?*"/mol L™*; M-molar mass/g mol %;
p-density/g cm~3; K,-nucleation rate constant/cm > s~ '; t-time/
s; and T = 3.14.

Instantaneous nucleation and continuous nucleation equa-
tions can be fitted from four different points arbitrarily taken
from the rising portion of the different timing current curves in
Fig. 8. The degree of fit between I(¢) — t"/? and I(£) — t*” is listed
in Table 5.

Table 5 shows that the fitting degree of I(¢) — t"* is better
than the fitting degree of I(f) — ¢ at any potential, which
indicates that the nucleation mechanism of Co*" and Fe** on
the silicon steel plate is instantaneous nucleation.*®

3.4.3. AC impedance testing. The effect of the voltage
applied during the cathodic process on the electrochemical
reaction was further investigated using AC impedance at a test
frequency of 10 '-10° Hz and at a test temperature of 25 °C. The
data were fitted using the Z-view software to obtain the corre-
sponding equivalent circuit diagrams. The Nyquist plots of Co-
Fe prepared by electrodeposition at different voltages are shown
in Fig. 8. In the circuit, R is the solution resistance, R is the
charge transfer resistance, and CPE is the constant phase
element used to establish a highly accurate fit due to the

Table 5 The degree of fitin the relationship between current and time
in the chronoamperometric analysis at different potentials

EIV I(t) — ¢ degree of fitting I(t) — > degree of fitting
-0.77 0.990 0.988
—0.78 0.988 0.985
—0.79 0.984 0.981
—0.80 0.987 0.982

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Fitting results of impedance spectra for Co—Fe by using the
equivalent circuit

EIV RJ/Q R /Q
—0.77 6.27 70.2
—0.78 6.24 63.6
—0.79 6.23 57.1
—0.80 6.21 48.7

presence of a capacitive loop that generates an irregular semi-
circle (Table 6).*®

As can be seen from Fig. 8, when the applied potential is
—0.77-—0.80 V, the Nyquist pattern of the Co-Fe system basi-
cally exhibits a complete capacitive arc semicircle. With the
increase of the applied voltage, the arc radius gradually
decreases, indicating that the increase of the voltage can rapidly
reach the activation energy required for the reaction, reduce the
charge transfer resistance, and accelerate the process of the
electrochemical reaction.’?® In addition, we also found some
scattering points at the end of the arc, which are related to the
hydrogen precipitation reaction.

4. Conclusions

Based on the repair of soft magnetic properties of wasted silicon
steel and the mechanism of Co-Fe alloy deposition, the
following conclusions can be obtained:

(1) By co-depositing the Co,Fe; alloy coating on the surface
of the wasted silicon steel, the coercivity of the waste silicon
steel was reduced by 43.5% and its saturation magnetization
strength was increased by 6.25%, which realized the repair of
the soft magnetic properties as well as the high-value recycling
of the wasted silicon steel. In addition, the corrosion current
density of the Co,Fe; alloy coating was 1.92 x 1077 A cm 2,
which enhanced the protection of the substrate and avoided the
secondary damage to the repaired silicon steel.

(2) The electrodeposition mechanism of the Co-Fe alloys
revealed that Co®>" and Fe®" in the sodium tartrate system is
a diffusion-controlled transient nucleation process, with diffu-
sion coefficients of 0.939 x 10" % cm® s " and 3.651 x 10~ ° cm®
s~', respectively. The AC impedance revealed that applying
a higher voltage is favorable to the metal nucleation but causes
the current efficiency to become low. The study of the electro-
chemical behavior of Co-Fe alloys provides theoretical guidance
for the electrochemical synthesis of other alloys.
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