
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 5
:2

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Study of a nanoc
aCollege of Material Science and Technolog

Astronautics, 29 Jiangjun Avenue, Nanjing 2
bKey Laboratory of Materials Preparation

Ministry of Industry and Information Techn

Cite this: RSC Adv., 2020, 10, 23842

Received 4th April 2020
Accepted 16th June 2020

DOI: 10.1039/d0ra03043k

rsc.li/rsc-advances

23842 | RSC Adv., 2020, 10, 23842–
rystalline cobalt coating prepared
by area-selective electrodeposition
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Nanocrystalline Co coatings were successfully prepared on the surface of a steel substrate by droplet

contact electrodeposition. Area-selective electrodeposition is performed by electrolyte drops contacting

the surface of the substrate. By analyzing the current–time curve during the preparation of the coating,

the influence of the selected area deposition pattern on the current–time curve is summarized.

Meanwhile, microscopic observation, phase composition analysis, and performance testing of the

coating were performed. The results show that the control procedure and deposition method directly

affect the organization, morphology, and quality of the coating. The limited electrodeposition area and

its continuous movement increase the nucleation rate and limit the growth of crystal nuclei. Therefore,

the area-selective electrodeposition method has great advantages in preparing nanocrystals. The

nanocrystalline Co coating was prepared on the surface of a steel substrate, and the surface hardness

and corrosion resistance were improved.
1 Introduction

Prolonging the service life of parts by preparing surface coatings is
a common method in engineering applications, and nanocrystal-
linemetal coatings usually have better performance and life due to
the small grains.1–3 Among them, electrodeposition technology has
been the focus of research on the preparation of nanocrystalline
metal coatings due to its mature technology, low cost, and no heat
loss to the substrate.4 The nanocrystalline metal coating is attrib-
uted with ne grains, which have a good binding force with the
substrate, and has excellent mechanical and protective proper-
ties.5 Electrodeposition of nanocrystalline Co coatings has attrac-
ted more and more attention due to their excellent properties and
important role in the military and industry.6–9 Meanwhile, Cr
produces toxic substances during the preparation process, and
cobalt (Co) is considered to be one of the suitable materials that
can replace Cr for protection and decoration.10–14

Area-selective electrodeposition is the electrochemical depo-
sition of metal deposits on localized areas, which can enhance
and modify localized areas on the substrate surface. Compared
with traditional electrodeposition, area-selective electrodeposi-
tion is easier to achieve higher current density in the deposition
area, and therefore it is easier to form nanocrystalline. Thus,
nanocrystalline Co coating prepared by area-selective electrode-
position has better advantages and exibility. At present, area-
selective electrodeposition technologies mainly include jet
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electrodeposition (Jet-ECD)15 and brush plating.16 Brush plating
and Jet-ECD are mature and widely used in the industrial eld
due to the characteristics of simple equipment structure,
portable operation, and area-selective electrodeposition on
a macro scale. Among them, brush plating and Jet-ECD have
advantages in the surface electrodeposition of special-shaped
structures such as bearings, which makes it still applied to the
rapid deposition and repair of metal materials.16–19 In actual
operation, the spray plating of the brush plating and the elec-
trospray plating solution will cause pollution to the working
environment, and manual operation is required to perform
electrodeposition in different pattern areas. Meanwhile, the two-
electrode system is still used in the existing research on electro-
spray deposition and brush plating, which lacks sufficient anal-
ysis of current–time data. At the same time, research on area-
selective electrodeposition Co coatings is still blank.

Therefore, based on the existing research,20,21 this article
reconstructs the original area-selective electrodeposition
equipment and uses a three-electrode system to obtain the
current–time data during the area-selective electrodeposition
process. The morphology, phase, and performance of the Co
electrodeposited Co coatings were studied through the change
of potential, which provided a research basis for expanding the
study of area-selective electrodeposition.
2 Experimental
2.1 The principle

The schematic diagram of area-selective electrodeposition is as
shown in Fig. 1, which realizes the preparation of a coating by
the droplets contacting (Droplets Contacting Electrodeposition,
This journal is © The Royal Society of Chemistry 2020
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DCE) the surface of the substrate. The DCE device mainly
realizes the coating preparation by controlling the potential,
electrodeposition time, temperature, route program, and elec-
trolyte composition. The potential is provided by an electro-
chemical workstation, and the electrodeposition temperature is
used to heat the substrate through an electric heating wire
below the substrate. The temperature ranges from room
temperature (18 �C) to 100 �C. The deposition path program is
implemented by the open-source program code. The DCE
device structure is shown in Fig. 1d. Before the deposition
starts, the platform needs to be heated, and heat is further
transferred to the surface of the substrate in the following
manner. The deposition pattern of the substrate surface con-
sisted of seven routes depositions with a width of 2.5 � 0.2 mm
(Fig. 1e) and 4 repetitions per route (18 mm min�1).

In this experiment, steel was used as the substrate (ASTM:
1045, Table 1), and the size was a cylinder with a diameter of
14 mm and a height of 4 mm. Polish the surface of the substrate
with W7, W10, and W20 sandpaper until there are no scratches
on the surface. Sonicate the sample with alcohol (analytical
grade) for 10 minutes, blow with N2 dry, and store it in a sealed
container. Place the substrate on the platform and preheat the
substrate by heating the platform to 25 �C for 10 minutes. The
electrolyte consisted of 250 g L�1 of CoSO4$7(H2O), Saccharin
5 g L�1 and 1 g L�1 of C18H29NaO3S (pH ¼ 4.5) (Table 2).
Fig. 1 (a) The DCE device photo. (b) Photo of the area-selective deposi
image of the area-selective electrodeposition route.

This journal is © The Royal Society of Chemistry 2020
2.2 Characterization techniques

The electrochemical workstation equipment is CHI660E
produced by Shanghai ChengHua Co., Ltd. The crystalline
phase of the Co coatings was analyzed by X-ray diffraction
(XRD), and the incident angle was 1�. The surface of the coating
was observed and analyzed by eld emission scanning electron
microscope (FESEM) and X-ray photoelectron spectroscopy
(XPS). Surface topography data were obtained by atomic force
microscopy (AFM). The microhardness test is performed in the
area of 5 � 5 mm in the center of the coating surface, and one
point is tested every 1 mm. Aer immersing the sample in
a 3.5 wt% NaCl solution for one hour, the Tafel corrosion
performance test was performed (Table 3). The corrosion test
equipment was inspected by the CHI600E electrochemical
workstation. The reference electrode was saturated calomel and
the counter electrode was platinum (1 � 1 cm).
3 Results and discussion

The Fig. 2 shows the constant potential curve of Co at different
deposition potentials and its �3 V potential I–T curve decom-
position diagram. It can be reected that as the potential
increases, the deposition current regularity increases, and the 7
sedimentary routes are also fed back in the I–T curve. Combined
with Fig. 1b, different sedimentary route lengths correspond to
tion process. (c) Sample photos. (d) The DCE device schematic. (e) 3D

RSC Adv., 2020, 10, 23842–23853 | 23843
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Table 3 Working parameters of the corrosion tests

Working parameters

Init E (V) 0
Final E (V) �1
Sweep segment 1
Hold time at nal E (s) 0
Scan rate (V s�1) 0.01
Quiet time (s) 1
Sensitivity (A V�1) 1 � 10�2

Table 1 Elemental composition of steel (ASTM: 1045)

Element (wt%) Content

Fe >96.51
C 0.41–0.51
Si 0.18–0.38
Mn 0.51–0.81
P #0.036
S #0.034
Cr #0.24
Ni #0.24
Cu #0.23

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 5
:2

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
different deposition times. Fig. 2b shows that the deposition
time of each route is directly related to the graphical design of
the program. The No. 4 route is the longest in length and the
maximum sedimentary time width in Fig. 2. The I–T curves
corresponding to the No. 1 and No. 7 routes have larger uc-
tuations than No. 4. The reason for this phenomenon is that
both No. 1 and No. 7 routes are at the edge of the circular
substrate, and the electrodeposited area changes as the elec-
trolyte droplet move. Thus, in addition to the edge routes, other
routes have more stable current signals. In the I–T curve, each
peak is a result of a decrease in current value due to a change in
the deposition route. Comparing the I–T curves at different
potentials, the time positions of each peak are consistent, which
is directly related to the design of the DEC control program.
According to different deposition patterns, the simplest and
most optimized procedure can directly affect the microstructure
and deposition efficiency of the deposited coating.

The Fig. 3 is a schematic diagram of a DCE deposition
coating process, and the deposition method is a layer-by-layer
stacking process. When the electrolyte droplets rst contacted
the substrate surface, a Co coating was electrodeposited on the
surface of the steel substrate (Fig. 3a). Because the drip is
continuously moved according to a set procedure, the time for
Co crystals to grow on the surface of the substrate is limited.
Because the electrodeposition area is limited to the droplet
range, under a certain potential, the current density in the
deposition area is higher, which will greatly increase the
nucleation rate. At the same time, the limited deposition time in
the unit area limits the growth of crystal nuclei, so the deposited
layer is easy to form a ne grain structure. When the electrolyte
drops pass through the same area again, the previously depos-
ited Co coating becomes the substrate, and the subsequent
electrodeposition is performed on the formed Co layer (Fig. 3b).
Since the subsequent deposition is to deposit Co on the surface
of the Co layer, the layers have good bonding properties and it is
difficult to observe the layered structure. It is regrettable that
since area-selective electrodeposition has more environmental
Table 2 Electrodeposition process parameters

Samples a b c d
Current (V) �2 �2.5 �3 �3.5

23844 | RSC Adv., 2020, 10, 23842–23853
parameters than traditional electrodeposition, such as the
moving speed of the deposition area. Therefore, we cannot
calculate and analyze its nucleation method through the tradi-
tional three-dimensional nucleation determination formula.
However, the I–T curve data can intuitively reect the changes in
the coating deposition quality and the path program during the
electrodeposition process in the selected area. This is more
convenient for the existing selective electrodeposition technol-
ogies such as brush plating to rely on the observation and
inspection of subsequent samples to evaluate the coating
quality.

Observe the surface morphology of the sample by scanning
electron microscope (SEM). A change can be observed in the
microscopic surface morphology of the coatings deposited at
different potentials (Fig. 4). The surface morphology of the
coating is granular, and each particle is composed of many
grains. Since electrodeposition is performed in a continuously
moving region, the time for crystal nuclei to grow is limited.
Since the electrodeposited region is constantly moving, the time
for grain growth is limited, and it leaves the electrodeposition
range before it is sufficiently grown. Therefore, under certain
conditions of temperature and deposited time, the potential
parameters are the main factors affecting grain growth and
particle size on the surface of the coating. According to the I–T
curve, the rise of the potential causes an increase in the current
so that a higher potential value brings a higher nucleation and
growth rate per unit time and area. Reected on the surface of
the coating, the surface particle size increases with increasing
potential parameters.

It can be seen from Fig. 4 that with the increase of the
deposition potential, the particle size on the coating surface
increase. To specically observe the change in particle size, we
performed AFM characterization on the coating surface
prepared at different potential (Fig. 5). It can be proved from
Fig. 5 that the particle size of the coating surface does increase
with the increase of the potential, which is consistent with the
result of Fig. 4. Therefore, we believe that the excessively high
potential brings a larger potential difference during the elec-
trodeposition process, which causes the speed of electro-
crystallization to increase. Thus, Fig. 5d shows a larger particle
structure than other samples. To verify whether the surface
particle enlargement is a local phenomenon, we performed
electron microscope observations (Fig. 6) at different ratios on
the Co coating (Fig. 4d) surface prepared at�3.5 V. The increase
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Current–time transients resulting from DEC experiments. (a) I–T curves at different potentials, (b) I–T curve decomposition diagram
under �3 V potential parameter, (c) the �3 V potential No. 4 route curve detailed diagram.
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in the size of the metal particles on the coating surface is not
a local phenomenon, and mutual bonding between the metal
particle structures is observed in Fig. 6d. Therefore, in the
process of electrocrystallization by area-selective electrodepo-
sition, metal particles grow up and merge into larger particle
structures.

In the above analysis, we mentioned that in the process of
area-selective electrodeposition, the limited nucleus growth
time and the higher potential in the local area promote the
generation of ne grains. Therefore, we performed XRD on Co
coating samples under different potential analysis. The
diffraction patterns of droplet contact electrodeposited Co
This journal is © The Royal Society of Chemistry 2020
coating are given in Fig. 7. As the potential value increases, the
diffraction peak of Co gradually changes from three sharp peaks
(�2 V) to two broad peaks (Fig. 7b). Observation of the elec-
trodeposited Co coating shows a broad peak at 44.5�. By
comparing the pdf card, we know that this peak can be attrib-
uted to the (002) plane of the hcp phase of Co. The Co coatings
prepared under different parameters all have amain orientation
in the (002) plane. The FWHM and peak height data of the Co
coating (002) peak are shown in Table 4 by tting analysis. As
the potential rises, the full width at half maxima (FWHM) of
(002) diffraction peak increases.
RSC Adv., 2020, 10, 23842–23853 | 23845
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Fig. 3 Area-selective electrodeposition mechanism. (a) Initial deposition layer, (b) subsequent deposition layer.
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Fig. 8 shows the XRD diffraction peak t of Co under
different potential values. When the potential parameters are
�2, �2.5, and �3, the lattice structure of the Co coatings is
hexagonal (hcp). When the potential parameter is �3.5 V, the
lattice structure of the Co coating is still mainly hexagonal
(hcp), and a small amount of cubic (fcc) appears at the same
Fig. 4 The SEM images of Co coatings: (a) �2 V, (b) �2.5 V, (c) �3 V, an

23846 | RSC Adv., 2020, 10, 23842–23853
time. This is because the increase of the potential value causes
the current density in the deposition area to rise, and thus
causes the lattice type to change.22 It can be observed by tting
calculation that as the potential increases, the (100), (002), and
(101) peaks of Co are broadened. When the potential is �2.5 V,
the critical state of bimodal fusion can be observed (Fig. 8b).
d (d) �3.5 V.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The AFM images of Co coatings: (a) �2 V, (b) �2.5 V, (c) �3 V, and (d) �3.5 V.
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The potential further increased, the FWHM of the (002)
diffraction peak was further broadened, and the (100) peak was
no longer observed (Fig. 8c), while a small amount of lattice
Fig. 6 Different scales morphology of cobalt coating surfaces prepared

This journal is © The Royal Society of Chemistry 2020
transition from hcp to fcc occurred. According to the Scherrer
formula,23 D ¼ Kl/(b cos q), where K is the Scherrer constant
(0.89), l is the wavelength of the incoming X-ray (0.154056 nm),
at �3.5 V. (a) 100 mm. (b) 50 mm. (c) 10 mm. (d) 5 mm.

RSC Adv., 2020, 10, 23842–23853 | 23847
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Fig. 7 XRD peaks of the nanocrystalline Co coatings. (a) XRD overall figure, (b) XRD peak position enlarged figure.

Table 4 FWHM and peak height data of Co coatings (002) peak

Sample 2 V 2.5 V 3 V 3.5 V
Peak height (cts) 109.968 30.3165 24.319 45.3089
FWHM (�Th.) 0.615 1.604 2.136 3.006
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b is the full width at half maximum of the diffraction peak, q is
the Bragg diffraction angle, and D is the grain size. The grain
size and microstrain of the Co coating prepared under different
parameters are shown in Table 5. The grain size of the Co
coating deposit calculated from the Scherrer method is nano-
scale. In area-selective electrodeposition, potential parameters
play an important role in grain renement. Combined with the
current–time curve (Fig. 1), the increase in potential causes
a signicant change in the deposition current. Under the
condition of constant deposition area, the deposition current
density is proportional to the potential parameter during elec-
trodeposition, so the increase of potential value promotes
atomic nucleation and growth. Because of the constant velocity
movement of the electrodeposited region, the electro-
crystallization time per unit area is limited, so the nucleation
grains of the atomic deposit layer are not sufficiently grown to
stop. This special electrocrystallization method easily forms
nanocrystalline. When the deposition region returns to the
surface of the deposited nanocrystalline Co layer again, since
the crystal lattice and the deposition parameters are uniforms,
the interlayer bonding property is good.

The lattice strain also has a certain effect on the FWHM of
the diffraction peak. If the diffraction peak width is only caused
by lattice distortion, then 3¼ bn/4(tg q), bn is only FWHM related
to lattice strain (3). The linear combination of Cauchy and
Gaussian functions is widely used, that is the pseudo-Voigt
function describes the diffraction peak shape formed by the
grain size effect and the lattice strain effect.24 There have two
expressions:25

b ¼ b + b0 ¼ l/(D cos q) + 3 � 4 tg q,

b2 ¼ b2 + bn
2 ¼ [l/(D cos q)]2 + (3 � 4 tg q)2.
23848 | RSC Adv., 2020, 10, 23842–23853
Using this combination formula as a linear function can
better adapt to the asymmetry of the diffraction peak shape. The
parameters such as integral intensity, diffraction line position,
full width at half maximum, and integral width are obtained by
the least-squares method to calculate the strain value (Table 5).
By calculating the grain size and lattice strain of the coating, it
can be seen that the change rules of the two are the same as the
grain reduction and lattice strain increase calculated by XRD.
The grain size and microstrain were calculated at (002) peak,
and they have a good correlation with FWHM where the crys-
tallite size decreases with FWHM but micro-strain increases
with FWHM. This conclusion is consistent with the conclusions
of the existing research data.

Through XRD analysis, we obtained grains and microstrain
data of area-selective electrodeposited Co coatings, proving that
they are nanocrystalline material (Table 5). Taking the �2 V
parameter sample as an example, the average deposition
current is 1.67 mA and the deposition area is 0.049 cm2 (area
diameter 0.25 cm). The calculated current density of the �2 V
sample was 34 mA cm�2. Comparing with Table 5, the nano-
crystalline was successfully prepared by area-selective electro-
deposition with lower current density and power. Existing
research proves that in nanocrystalline materials, there is an
internal relationship between the microstrain grain size
changes, which is usually reected in the physical properties of
the material. We collected the microhardness of the Co coating
surface prepared with different parameters, and obtained the
microhardness distribution in the range of 5 � 5 mm on the
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Results of Co coatings XRD peak fitting. (a) �2 V, (b) �2.5 V, (c) �3 V, and (d) �3.5 V.

Table 5 Grain size and microstrain of coatings on (002) peak

Sample 2 V 2.5 V 3 V 3.5 V
Grain size (Å) 179.09 68.67 51.56 36.64
Microstrain (%) 0.946 3.144 3.442 4.821
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coating center (Fig. 9). Generally, uneven hardness on the metal
surface is normal. This is related to the structure of the coating
and the substrate. In the steel substrate, there are usually
various phase structures, such as austenite, martensite, etc.
Different phases have different hardness, for example, the
hardness of martensite is greater than that of austenite. The
different hardness distribution of the steel substrate will affect
the hardness of the coating surface to a certain extent. It is seen
in Fig. 9 that as the potential parameter becomes larger, the
degree of surface hardness uctuation increases. This is due to
the internal stress inside the Co coating. It can be proved from
Table 5 that the smaller the crystal grains, the larger the micro-
strain. Therefore, as the crystal grains are rened, the hardness
value increases and the hardness uctuation range increases.
The strengthening effect brought by the grain renement is
obvious, but it is not the only factor affecting the hardness
change. The XRD diffraction peaks (Fig. 8) show that the (002)
crystal plane diffraction peaks of the Co coating increase with
This journal is © The Royal Society of Chemistry 2020
increasing potential. As the potential rise causes the current to
increase (Fig. 2), the rate of electrocrystallization increases
accordingly.26 Thus, the increase in electrocrystallization speed
is also one of the factors that increase the hardness of the
coating.

To study the coating element bond conguration and
chemical composition, X-ray photoelectron spectroscopy (XPS)
tests were performed on the coating surface (Fig. 10). All peaks
in Fig. 10a are Co 2s1/2 (934.7 eV), Co 2p1/2 (797.1 eV), Co 2p3/2
(781.2 eV), O 1s1/2 (531.4 eV), C 1s1/2 (284.9 eV) and Co0 (777.5
eV). The Co0 peak at 777.5 eV represents Co metal, and its spin–
RSC Adv., 2020, 10, 23842–23853 | 23849
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Fig. 9 The microhardness in the 5 � 5 mm area of the Co coatings surface. (a) �2 V, (b) �2.5 V, (c) �3 V, and (d) �3.5 V.
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orbit spacing is 14.8 eV. The peaks at 781.2 and 797.1 eV are due
to the presence of Co2+ ions in the Co coating.27 Meanwhile, the
XPS chart shows the presence of C and O on the Co-coated
surface (Fig. 10a). Since the coating is oxidized at room
temperature and absorbs impurities in the air, the XPS chart
shows the presence of C and O on the surface of the Co coating
(Fig. 10c).28–31 It can also be seen from the results of the C 1s
spectral analysis of Table 6 that the C–C functional group
accounts for 74.8% of the C-type functional group. It's can be
further proved that the main source of C is the surface physical
adsorption of pollutants. There have been studies to decompose
the Co 2p peaks (including Co 2p3/2 and Co 2p1/2 peaks) into
three main components: Co, Co–O and Co–OH.32 Therefore,
three peaks of OH, Co–O, and Co–OH were used to t the high-
resolution peak of O 1s (Fig. 10d), and the tted peak completely
coincided with the original peak. The coating surface adsorbs
water molecules in the atmosphere so that O–H peaks are
23850 | RSC Adv., 2020, 10, 23842–23853
shown in the O 1s scan. It can be seen from the tting results
that the coating oxide is mainly composed of Co–O and Co–OH.
Because the binding energies of Co–O and Co–OH compounds
are very close (779.6 and 780.5 eV), and the Co–O peaks are
broad, the Co–O and Co–OH peaks overlap to a large extent.32

Existing research data indicate that there are two oxidation
modes of Co coatings, which are considered to be double
passivation lm mechanisms.33 The oxide formed by the rst
oxidation method is mainly composed of CoO and Co(OH)2,
and the oxide formed by the second oxidation method is mainly
composed of CoOOH and Co3O4.

It is well known that nanocrystalline metals have obvious
advantages over polycrystalline metals in many physical and
mechanical properties. For their applications as protective
coatings, corrosion resistance is also important. As shown in
Fig. 11, the corrosion test of the prepared samples under
different parameters in a 3.5 wt% NaCl solution was performed.
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 XPS spectra for the Co coating. (a) XPS survey, (b) Co 2p scan, (c) C 1s and (d) O 1s scan.
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The corrosion potential (Ecorr) and corrosion current density
(Icorr) were calculated by extrapolation according to the poten-
tial polarization curve. The results are shown in Table 7. The
results show that the nanocrystalline Co coating prepared by the
area-selective electrodeposition method improves the corrosion
resistance of the substrate, and the corrosion current decreases
with the increase of the potential parameter. The increase of the
potential parameter causes the grain size to decrease and the
grain boundary density to increase. The electrochemical corro-
sion and passivation behavior of the nanocrystalline Co coating
is a diffusion control mechanism. The higher grain boundary
density in the nanocrystalline material strongly affects the
corrosion behavior of the nanocrystalline material. In the NaCl
solution, due to the higher grain boundary density in the
Table 6 Analysis results of C 1s spectra

Name C–C C–H C–O
Hydrophobic functional
group content%

Peak BE (eV) 284.76 286.13 288.20 74.8
Atomic% 3.35 0.37 0.76

This journal is © The Royal Society of Chemistry 2020
nanocrystalline material, a continuous protective passivation
lm can be quickly formed. Therefore, in these corrosive media,
it is desirable to effectively enhance the nanocrystalline Co
coating without losing its high corrosion resistance. Therefore,
Fig. 11 Tafel curves of the Co coatings.
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Table 7 The corrosion data of Co coatings

Sample
Anodic Tafel
slope (1/V)

Cathodic Tafel
slope (1/V) Icorr (A cm�2) Ecorr (V)

Fe 9.669 1.103 1.123 � 10�4 �0.615
�2 V 8.944 4.831 9.291 � 10�5 �0.570
�2.5 V 9.366 4.203 7.857 � 10�5 �0.548
�3 V 9.503 3.794 7.568 � 10�5 �0.524
�3.5 V 9.494 3.603 5.824 � 10�5 �0.534
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the controversial experimental results of nanocrystalline Co
coatings in different corrosion media can be reasonably
explained by the positive and negative effects of the high-
density grain boundary network.33
4 Conclusion

In this paper, nanocrystalline Co coatings were successfully produced
by area-selective electrodeposition. The control of the programmakes
it possible to draw a corresponding coating on a circular substrate.
Control program and deposition patterns have a direct impact on
coating organization, morphology, and quality. According to different
deposition patterns, the simplest and most optimized procedure can
directly affect the microstructure and deposition efficiency of the
deposited coating. Meanwhile, the current–time curve successfully
reects the changes of the electrodeposition process in the selected
area. The surface microstructure of the nanocrystalline Co coating is
granular. In the process of electrodeposition, the current density in
the deposition area is not only concentrated, but the grain growth is
also restricted. This unique deposition mode facilitates the produc-
tion of nanocrystals. The movement of the electrodeposited region
brings about intermittent nucleation mode, so that the intermittent
deposition of Co ions forms hcp (1 0 0), (0 0 2) and (1 0 1) textures in
the coating, and the grain size decreases as the potential increases.
The crystal face of the Co coatings is mainly hcp (002). With the
deposition of nanocrystalline Co coatings, the corrosion resistance of
the substrate is improved. Through analysis and calculation, as the
deposition potential increases, the Co coating grain becomes smaller
and the corrosion resistance increases. Compared with traditional
electrodeposition, not only the deposition potential, but also the
control program and deposition pattern affect the phase structure,
morphology, and corrosion resistance of the prepared coating. By
analyzing the phases in the coating, the nanocrystalline Co coatings
prepared in the range of �2 to �3.5 V are mainly hcp (1 0 0), (0 0 2)
and (1 0 1) crystal planes. In the �3.5 V parameter, the coating
structure appeared fcc (200) crystal-plane. With the increase of the
potential parameter, the grain size of theCo coatingdecreases and the
microstrain increases. Thehardness and corrosiveness of the coatings
were tested, and the results proved that the area-selective electrode-
position Co coating improved the surface properties of the substrate.
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