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In this study, nickel coating with micro-nanostructure feature was fabricated by a simple two-step
method during electrodeposition process. To evaluate surface morphology characteristics, the histogram
and power spectral density analyses of atomic force microscopy data were extracted from two different
morphologies of nickel films. Results showed that boric acid plays an important role in the control of
nucleation and the growth of micro-nanostructures. With clear observation of growth steps in atomic
force microscopy characterization, terrace width and spiral growth proved the existence of screw dislo-
cation growth.

� 2017 Published by Elsevier B.V.
1. Introduction

Micro and nanostructured materials are widely used in the
fields of surface-enhanced Raman scattering, magnetic materials,
field emission, microelectronics and catalyst field [1,2]. The meth-
ods of synthesizing and controlling the micro and nanostructures
are diverse and lithographic patterning, laser-driven growth, elec-
trospinning, etching, electrodeposition and chemical vapor deposi-
tion have been successfully developed [1–3]. However, those
fabrication methods are expensive or complicated. Therefore, elec-
trodeposition technique has lately attracted many researchers
attention due to fact that it is very convenient to carry out without
special equipment [3,4].

Nickel and its alloys are some of the important engineering
metallic materials, which have been attracting intensive interest
due to their high hardness and good corrosion resistance [2,4].
Among of the various crystal growths in electrocrystallization pro-
cess, screw dislocation growth has a considerable importance in
growth of metallic materials during electrodeposition [5]. Based
on the classical crystal growth theory for the supersaturation sys-
tem, screw dislocation-growth occurs predominantly at low super-
saturation [5,6]. In addition; supersaturation is driving force for
crystal growth and it in turn has a direct correlation with current
density [1,5].
Some studies have uncovered that the boric acid (H3BO3) could
lower the overpotential and increase the current efficiency [7]. In
this study, we fabricated nickel micro-nanocone in presence of
boric acid during electrodeposition process. In addition, surface
topography analysis by atomic force microscopy (AFM) can be uti-
lized for quantitative characterization of micro-nanostructures dis-
tribution. The histogram and power spectral density (PSD) analyses
of the morphology of deposits are beneficial tools for investigating
the formation mechanism of microstructures by screw dislocation-
driven growth.
2. Materials and methods

A 99.5% nickel (Ni) plate (40 mm � 40mm � 1mm) was
employed as anode and Ni was deposited on the pure copper plate
(20 mm � 20mm � 1mm) as cathode. The Cu plate was first
ground through successive grades of SiC paper to 3000 and pol-
ished with alumina slurry. After that, the specimens were cleaned
ultrasonically in acetone for 10 min, electro-polished at 20 mA.
cm�2 in a solution containing 50 g.L�1 Na2CO3, 10 g.L�1 KOH for
1 min, activated in 10 wt% HCl at room temperature for 30 s, and
finally washed in deionized water. The electrolyte was composed
of 200 g.L�1 NiCl2�6H2O, 30 g.L�1 NH4Cl either without H3BO3 or
in presence of 100 g.L�1 H3BO3. The bath temperature was kept
at 60 ± 1. To obtain micro-nano electroplated nickel film, two
current density levels were performed galvanostatically. First, the
current density was adjusted to 20 mA.cm�2 for 8 min. Then the
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current density immediately increased to 50 mA.cm�2 for 1 min.
SEM (1450 VP, Leo) and XRD (Explorer, GNR) were used to analyze
the morphology and growth mechanism of the nickel electrodepo-
sition structures. A commercial Solver Next model AFM (NT-MDT
Co.) was used in tapping mode with a doped silicon pyramid tip
at ambient temperature with relative humidity of 25%. Scanning
were performed with a pixel resolution of 512 � 512 and scan fre-
quency rate of 0.3 Hz.
3. Results and discussion

Fig. 1(a and b) shows the micro-nanostructures which are
formed in presence and absence of H3BO3. Without H3BO3, nickel
film is composed by randomly distributed star-like structures with
micro-nanosheet thickness of 60–100 nm. On other hand, the
micro-nanocones with different morphology of star-like structures
were formed when the solution contained 100 g.L�1 H3BO3. This
change in morphology can be attributed to H3BO3 role in the mod-
ification of the Ni crystal growth process, which is reported in pre-
vious studies [2,7].

The steps that clearly can be seen on a single microcone in
inserted image of Fig. 1b indicate that microcones were formed
due to screw dislocation–driven crystal growth [1]. Also, with
increase of current density from 20 mA.cm�2 to 50 mA.cm�2, the
nanocones nucleated and some dendrites were clearly visible on
the surface the microcones due to the increase of surface defects
and supersaturation [1,5]. According to Fig. 1c and d, the roughness
root-mean-square (RMS) of the micro-nanostructures increases in
presence of H3BO3 (RMS100 g/L = 207 nm > RMS0 g/L = 192 nm). The
deconvolution of topography histograms into multimodal Gaus-
sian was calculated by the equation [8]:
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where Y represents the counts number, r is the standard deviation,
l is the mean height value and x is topography values. Also, the PSD
which provides the information related to the roughness compo-
Fig. 1. SEM and AFM images of nickel micro-nanostructures dep
nent as a function of spatial frequency can be calculated by the
equation [9]:
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where z(r) represents the height data of the surface roughness, A is
surface area of the measuring field, r is position vector and f the spa-
tial frequency vector in the x � y plane.

Histogram of topography images in Fig. 2a shows the increase
in growth of microcone region and sub-micron region in presence
of 100 g.L�1 H3BO3 with the mean height values (l) of 0.81 lm and
0.54 lm, respectively. Clearly, it can be seen that the lowest value
of mean height is related to absence of H3BO3, due to low growth of
micro-nanocones with the mean height value of 0.48 mm. In PSD
profiles in Fig. 2b, the lowest and the highest spatial frequencies
are related to micro and nanostructures, respectively. Also, PSD
profile in presence of 100 g.L�1 H3BO3 shows higher spectral
roughness than absence of H3BO3 at entire spatial frequencies that
signifying the presence and especially growth of micro-nanocones.
In addition, PSD profile in presence of 100 g.L�1 H3BO3 shows the
fine spatial frequency in range of 2.15 mm�1–4.55 mm�1 due to
more growth of nanocones.

According to Fig. 1, the growth mechanism of the star-like
structure is more related to dendrite growth because of high super-
saturation state while micro-nanocones correspond to the screw
dislocation-driven growth [10]. But some areas (steps) can create
a condition for screw dislocation growth, as shown in inserted
image of Fig.1a [11]. To describe the screw-dislocations more
clearly in electrocrystallization process, a schematic model was
drawn as shown in Fig.3a and b. A step originates from the point
where the screw dislocation line intersects the surface of crystal
face and continuing with its constantly spiral growth leads to
growth of microcones (BCF theory) [12]. When two copper
domains intersect with only one elemental Burgers vector, it can
create a uplifting of one grain boundary (intersection area) [6], as
shown in Fig.3a and b. At this moment, Ni ions can be added to
the lateral edge that forming a lateral growth (Fig.3b). Conse-
quently, step edge is suitable area for adsorption of Ni ions for
osited, (a,c) in absence of H3BO3 and (b,d) 100 g.L�1 H3BO3.



Fig. 2. (a) Histogram and (b) power spectral density (PSD) plots of nickel micro-nanostructures, calculated from AFM data in Fig. 1 c and d.

Fig. 3. Proposed models for screw dislocation- driven growth of nickel microcone, (a,b) A screw dislocation created by extension of second layer on the uplifted edge (Create a
step-edge), (c) the effect of boric acid on the growth mechanism of screw dislocation, (d) the relationship between growth velocities, h and k, (e) XRD patterns analysis results
of boric acid effect in Fig. 1.
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nucleation and crystal growth, because this area no needs to over-
come the energy barrier to nucleate new crystal steps [11].

On the other hand, H3BO3 plays an additional key role in the
transition of star-like structure to micro-nanocone by acting as a
capping reagent and forming the complex with Ni ions [2], as
schematically shown in Fig. 3c. During electrocrystallization pro-
cess in presence of H3BO3, boric complexes are adsorbed onto
step-edge of screw dislocation, inhibiting crystal growth on
(2 2 0) direction and inducing growth along the (2 0 0) direction,
as shown in Fig. 3e. Schematic Fig. 3d demonstrates the orienta-
tions of the crystal growth originated from screw dislocation which
can be divided into two directions including the velocity of steps at
the core (Vc) and outer edges of the dislocation (Vo) [10]. In
absence of the H3BO3, Vo is higher than Vc that leads to formation



Fig. 4. AFM studies of microcones with different step heights and terrace widths,(a,b) 2D and 3D AFM images of a microcone, (c) AFM profile line of the microcone along the
yellow arrow in (a), (d,e) AFM image and profile line of another cone in electrodeposited film. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of star-like structure. But, in presence of H3BO3, Vo direction nearly
is inhibited by capping effect of H3BO3 and crystal growth occurs
predominantly in Vc direction. To describe the screw dislocation
more quantitatively, we analyzed the key parameters, including
step height (h), step distance or terrace width (k) and slope
(Fig. 3d). k of the screw dislocation is related to the supersaturation
(x) of the solution which can be explained by the equation [1]:

k ¼ 19qc ¼
19Vmc

kT lnð1þxÞ ð3Þ

where qc is the critical radius of two-dimensional nucleation, c is
the specific linear energy of the step, Vm(m3) is the molecular vol-
ume, k and T are the Boltzmann constant and temperature.

In presence of H3BO3, k of microcones is decreased due to
increase in the supersaturation of electrodeposition solution
(according to the Eq. (3)). The height profile along the arrows are
shown in Fig. 4(c and e). It can be seen that these microcones are
about six steps due to the spiral growth of screw dislocation.
Two microcones with step heights of �32 nm and �45 nm, terrace
width of �58 nm and �68 nm are clearly observed in Fig.4c and e,
respectively. In addition, both AFM profile lines in Fig.4c and e
show that the k value is higher than h. It can be concluded accord-
ing to Fig.3d which velocity at outer edges of dislocation in micro-
cones is higher than velocity of steps at the dislocation core.

4. Conclusions

In summary, we reported an AFM-based quantitative analysis to
realize the electrocrystallization growth of nickel micro-
nanostructures with emphasis on the screw dislocation-driven
growth. The detailed morphology and structure of micro-
nanostructures were quantitatively characterized. The microcones
growth was proposed to follow a screw dislocation-driven growth
due to the low supersaturation in presence of boric acid. Schematic
models were drawn to illustrate how the screw dislocation gener-
ates and propagates.
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