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The synergestic role of boric acid, as a crystal modifier, and screw dislocation step defects on the crystal
growth and formation mechanism of nickel micro-nanocones during electrocrystallization is explained
using density functional theory (DFT) and Monte Carlo (MC) calculations. Earlier atomic force microscopy
(AFM) studies provided direct evidences on the effect of boric acid on morphology distribution of nickel
micro-nanocones and confirmed the presence of terraces and steps due to the spiral growth of screw dis-
location. In the presence of boric acid, the formation of nickel-borate complex leads to a decrease in the
system’s supersaturation and in turn provides an appropriate condition for screw dislocation driven-
growth. DFT and MC simulations reveal that the nickel-borate complex primarily adsorb in the step edges
with the lowest adsorption energy barrier, after which the crystal growth is inhibited on these edges
resulting in the formation of nanocone structures.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the crystals growth mechanisms is a crucial step
towards controlling the shape, size, and functionality of the
complex crystalline structures in modern materials [1–8].
Dislocation-driven nanostructure formation, especially from screw
dislocation defects, plays a key role in the growth of almost all
crystals relevant for energy storage, catalysis, and nanoelectronic
applications [9,22]. This type of growth mechanisms is dominated
in systems with the low supersaturation where screw dislocations
often intersect with the surface and create step edges which permit
the continuous spiral crystal growth [10,11].

During the electrocrystallization process supersaturation of the
system is the main driving force for crystal growth [11]. This
driving force is directly affected by the applied current density
[12,23] and by the presence of crystal modifiers. Previous studies
show that boric acid (H3BO3), as a crystal modifier, decreases the
supersaturation and increases the current efficiency during the for-
mation of micro or nanostructures in an electrodeposition process
[13–15].
The step edge of screw dislocation is a prominent location, with
the lowest energy barrier, for nucleate and growth of ions or com-
plexes [11]. Therefore, determining the motif in which the crystal
modifier molecules adsorb on these sites and subsequently the
synergistic mechanism of which the screw dislocation crystal
growth leads to the formation of three-dimensional micro- or
nanostructures are of great importance. Boric acid is known to
form complex with metal ions, which plays a significant role in
the crystal growth mechanism, as reported in previous studies
[13,16,17]. In the present work, we used the density functional the-
ory (DFT), molecular dynamics (MD) simulation, to investigate the
adsorption mechanism of nickel-borate complex on screw disloca-
tion step edges of the Ni and its effect on the formation of the
three-dimensional micro-nanostructure, which was observed
experimentally in our previous atomic force microscopy (AFM)
studies [18].
2. Experimental procedure

2.1. Material and electrodeposition method

The materials and electrodeposition conditions as well as
microstructural and chemical analysis using scanning electron
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microscopy (SEM), X-ray diffraction (XRD) and AFM are discussed
in our previous work [18].

2.2. Simulation analysis

The quantum chemical calculation of the nickel-borate complex
was carried out by DMol3 based on DFT in Materials Studio (V. 8.0
Accelrys Inc. software). The functional of Becke exchange plus Lee–
Yang–Parr correlation (BLYP) was selected in order to calculate the
quantum chemical parameters of a nickel-borate molecule. These
parameters include the geometrical optimization, the total electro-
static potential, the highest occupied molecular orbital (HOMO),
and the lowest unoccupied molecular orbital (LUMO). Additionally,
partial density of states (PDOSs) were calculated by the
Monkhorst-Pack k-point grid for a quick visual analysis of the elec-
tronic structure of the nickel-borate molecule.

To investigate the adsorption mechanism of nickel-borate
molecule different surfaces, i.e. Cu (1 0 0), Ni (1 1 1), and Ni
(2 2 0) with simple and screw dislocation step edges were chosen
as substrates. Monte Carlo (MC) simulation was performed using
the adsorption locator module and COMPASS force field.

3. Results and discussion

To investigate the characteristic electronic structure of the
nickel-borate complex, we calculated the PDOSs alongside the
most important quantum chemical parameters such as the HOMO,
LUMO, the band gap energy (DE = EHOMO�ELUMO), and electrostatic
potential. In Fig. 1a the optimized geometry of nickel-borate com-
plex, HOMO and LUMO as well as the distribution of electrostatic
potentials are depicted. Possible effects of external fields on the
stability or optimized geometry of the nickel-borate complex are
not considered in our calculations. Based on DFT and frontier
molecular orbital theory calculation results HOMO and LUMO
energy values of the nickel-borate molecule are �7.19 eV and
�3.83 eV, respectively. The band gap energy for the nickel-borate
molecule is thus 3.36 eV. Fig. 1b shows the PDOSs for the nickel-
borate molecule below and above the Fermi level (EF). The PDOSs
analysis provides a deeper insight on the interaction of the
nickel-borate molecule with different surfaces based on its elec-
tron density distribution. In this figure a larger fraction of occupied
orbitals are observed in the left part of (EF) (occupied states) com-
pare to that in the right part of EF (unoccupied states) [19]. Further-
more, the occupied states for all orbitals of the nickel-borate
Fig. 1. (a) The quantum chemical calculations of the nickel-borate molecule, (b) The p
calculations.
complex are much closer to EF in comparison with unoccupied
states. EF indeed lies in the valance band with the main contribu-
tion of p and s electrons states. According to PDOS analysis and
considering the HOMO energy value, the nickel-borate complex
has a high tendency to donate electrons to an appropriate acceptor
(in this study Cu and Ni surfaces) before and during the electro-
crystallization process.

Screw dislocation step edges are expected to play an important
role during reduction of nickel ions and nickel-borate complexes,
by reducing the adsorption energy barrier. The step edges provide
low energy migration paths for molecular junctions of these spe-
cies. To reveal the synergistic effect of screw dislocation step edges
on the adsorption mechanism of nickel-borate complex during the
electrocrystallization process we performed MC simulations on Cu
and Ni plane surfaces with different step structures.

Fig. 2 shows the adsorption configuration of a single nickel-
borate molecule on Cu (1 0 0) plane with the flat surface condition
in the aqueous medium including 100 water molecules. As we
demonstrated earlier, the competitive adsorption of water mole-
cules and organic adsorbates may highly influence the final
adsorption configuration [20]. The slide and top view images
(Fig. 2a) demonstrate that the nickel-borate molecule adopts a flat
configuration on Cu (1 0 0), with mean distance of �9 Å from the
surface. In comparison, the nickel-borate complex after adsorption
on Ni (1 1 1) adopts a shorter distance (mean distance value �5 Å).
The closer distance of the nickel-borate molecule to Ni surface than
that on Cu is related to the electronic property of Ni having a
higher work function in comparison to Cu [21]. Likewise, the mean
adsorption energy for the nickel-borate complex on Ni (1 1 1)
(�1927.4 kcal.mol�1) is slightly lower than that on Cu (1 0 0)
(�1918.1 kcal.mol�1). Fig. 2c and d, on the other hand, show that
simple and screw dislocation step edges on Ni (2 2 0) plane also
provide suitable sites for adsorption of the nickel-borate complex.
However, the adsorption geometry of nickel-borate complex on
these step edges is different from those on terraces. The adsorption
configuration of the molecule on the step edge is almost perpen-
dicular to the edge and very close to it (with a distance of
�3.4 Å). The step edges provide adsorption sites with lower energy
barrier compared to terraces. Similarly, nucleation and growth
mechanism on these edges is facilitated during the spiral screw
formation in the low supersaturation. According to MC simulation
results in Fig. 2d, the adsorbed nickel-borate complexes on screw
dislocation adopt two configurations with the lowest adsorption
energy barrier, with perpendicular and flat configurations.
artial density of states (PDOS) analysis of nickel-borate molecule based on DMol3



Fig. 2. Top and slide views of nickel-borate molecule adsorption configuration in the presence of 100 water molecule during electrocrystallization process on (a) Cu (1 0 0)
with supercell 24 � 24 � 15 Å, (b) Ni (1 1 1) with supercell 24 � 24 � 14 Å, (c) Ni (2 2 0) with simple step edge and supercell 33 � 22 � 15 Å, and (d) Ni (2 2 0) with screw
dislocation step edge with supercell 33 � 22 � 11 Å.
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According to MC calculation, the mean value of adsorption energy
for nickel-borate complex on step edge of screw dislocation
(�2769.9 kcal.mol�1) is significantly lower than that on simple
step edge (�2591.5 kcal.mol�1). Therefore, screw dislocation step
edge is the most favorable adsorption site for nickel-borate
complex. Occupation of the (2 2 0) plane of the step edge of screw



Fig. 3. (a, e) AFM image and line profiles of nickel micro-nanocones, (b, c) Top and slide views schematically images of screw dislocation propagation with different velocities,
(d) SEM image of single nickel microcone, (f) schematically demonstration of nickel-borate molecule adsorption effect on crystal growth velocities, step height, and terrace
width of microcone.
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dislocation by surface bond nickel-borate complex, however,
changes the preferred growth orientation of the crystal from
(2 2 0) to (2 0 0) facet. Consequently, the synergistic effect of the
presence of screw dislocation step edge and nickel-borate complex
adsorbate facilitates the conditions for formation of hierarchical
nickel micro-nanostructures, as shown in Fig. 3.

The topography line profiles in Fig. 3e confirm the formation of
terraces and step heights during the electrocrystallization process,
which have been created by screw dislocation-driven growth. The
slide and top view images in Fig. 3b and c schematically depict the
orientations of the crystal growth originated from a screw disloca-
tion, specifying the velocity of steps at the core (Vc) and outer
edges of the dislocation (Vo) (definition can be found in Ref. [7]).
In the presence of boric acid, growth in Vo direction is inhibited
due to the capping effect of boric acid and crystal growth occurs
predominantly in Vc direction, as shown in Fig. 3f. This increase
of growth in Vc direction is in a good agreement with the PSD anal-
ysis of the experimental AFM results [18], demonstrating the for-
mation of nanostructures during electrocrystallization in the
presence of boric acid.
4. Conclusions

Density functional theory (DFT) simulation and Monte Carlo
(MC) calculation were performed to explain the synergistic behav-
ior between boric acid, as a crystal modifier, and screw dislocation
step edge in the crystal growth of electrodeposited Ni films on Cu.
MC calculations showed that step edges of screw dislocations on Ni
surface are preferred adsorption location for nickel-borate com-
plex, with the lowest adsorption energy barrier compared to sim-
ple step edges and flat nickel terraces. Nevertheless, after
adsorption, the capping effect of boric acid results in an inhibition
of the crystal growth in Ni (2 2 0) plane direction while promoting
the growth along Ni (2 0 0) plane direction. Such controlled growth
mechanism, driven by a low supersaturation during electrocrystal-
lization, in turn results in formation of a micro- and nanocone-like
morphology, in agreement with the experimental AFM results.
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