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Abstract: Nano-array structure possesses promising prospect in power supply, optical device and electronic manufacturing. In
this paper, a black nickel nano-cone array was prepared on a flexible substrate by galvanostatic deposition and the corresponding
factors involved in the fabrication of nickel nano-cone array was explored. Experimental results showed that a large current density
and low main salt concentration were not favored to the formation of cone nickel structure. It was also found that ammonium chlo-
ride, as the crystal modifier, was crucial to deposit the uniform nano-cone array. In addition, the growth mechanism of nickel
nano-cone was further studied by molecular dynamics simulation. The excellent wettability and light absorption of nickel nano-cone

array were investigated, which demonstrates potential applications of the nickel nano-cone array.

Key words: nickel nano-cone array; electrodeposition; molecular dynamics simulation; flexible

1 Introduction stringent device-dependence and low efficiency.

Nano-array materials have drawn widespread atten- Electrodeposition, as a low cost and convenient

tion due to the unique mechanical, optical and electri- method, has been widely used in the preparations of

cal properties™. The structure of nano-array has dis- ~ metal coatings and interconnection"""". Specific mor-

played promising prospects in electronic manufactur- phology and crystal surface in nanoscale can be es-

ing, catalytic application and interfacial interaction®*”. tablished by controlling electroplating parameters

Various techniques to prepare nano-array materials and additives without the existence of templates[lg’zo].

have been proposed. The fabrication of nano-array
is mainly conducted by photolithography, template
method and chemical vapor deposition (CVD)F%1,
However, these methods can hardly fulfill the needs

of manufacturing application due to the high cost,

Template-free one-step electroplating to build the
aligned single-crystal copper nano-cones on the cop-
per surfaces has been reported®!. The copper nano-
cones provide high- efficiency boiling heat transfer

interfaces and display an excellent heat transfer per-
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formance. Compared with copper, nickel is widely
applied in anti-corrosion, decoration and superalloy
materials because of the outstanding heat-resistance,
mechanical stability and corrosion resistance™ . Ni-
ckel foil in nanoscale was prepared in the sulfa-
mate-based electrolyte and the mechanical properties
of nickel nanocrystal were discussed™. Yin et al. ob-
tained the highly ordered parallel hexagonal Ni and
Bi nanowires by electrodeposition in an organic bath
of dimethyl sulfoxide with metal chloride as the elec-
trolyte!"). Elsherik et al. successfully developed nick-
el nanocrystal with a size of 10 nm ~ 40 nm by pulse
electroplating in saccharin-containing electroplating
solution. Uniformly distributed nickel nanocrystal
was obtained by controlling the electroplating condi-
tions including the pulse switching time, peak cur-
rent density, pH and temperature of the plating solu-
tion™ %I, However, the growth mechanism and theo-
retical calculation of nano-arrays are still inadequate,
and researches on the specific application of nano-
arrays are insufficient.

In this paper, a uniform nickel nano-cone array
layer was prepared by one-step electrodeposition
method, and the influences of current density and salt
concentration, especially for the crystal modifier, on
the morphology of electrodeposited nickel nano-cone
array were studied. Notably, the growth mechanism
of nickel nano-cone array was studied by multiple
characterization and molecular dynamics simulation.
The unique optical and interfacial properties were in-
vestigated by ultraviolet-visible diffuse reflectance
spectroscopy and the contact angle tests. The nickel
nano-cone array was prepared on the flexible sub-
strates, which exhibited excellent wettability and

more than 95% near ultraviolet adsorption.

2 Experimental
2.1 Electrodeposition

The nickel nano-cone array was prepared by elec-
trodeposition in a 500 mL bath containing main salt
NiCl, - 6H,0, and crystal modifier NH,Cl and H;BO;.
The nickel plate wrapped with filter paper and flexi-
ble copper-clad laminate (CCL) were used as the an-

ode and cathode, respectively. The electroplating ex-

periment was carried out with a constant current of
0.5 ~ 4.0 A-dm? and the temperature of solution was
50 °C. The electrodeposited solution was agitated by
magnetic stirring. The flexible CCL was cleaned by
the pretreatment process including alkaline washing
(OP-200), etching and 5% sulfuric acid washing to
remove the oil stain and attachments on the CCL sur-
face. The etching solution was obtained by adding
5% volume fraction sulfuric acid and 5 % ammonium
persulfate. The temperatures of alkaline washing,
etching and acid washing were 50 °C, 25 °C and 25
°C, respectively.
2.2 Molecular Dynamics Simulation

The adsorption behavior of crystal modifier on dif-
ferent nickel crystal surfaces is calculated by molecu-
lar dynamic (MD) simulation. A simulation box con-
taining 100 water molecules, six ammonium ion and
six layers of nickel ions is established. The results is
obtained by BIOVIA Materials studio and the geome-
try optimization is conducted by COMPASS force
field in Forcite tools, which is suitable for simulate the
interaction between metal crystal and additives !,
The B3LYP correlation energy gradient correction
functional method of density functional theory (DFT)
is used to study the adsorption behavior and the base
group is set as 6-311G (d, p). The summing method
is set as Ewald electrostatic and Atom based van der
Waals parameters, and monte Carlo method of the
canonical ensemble (NTV) is used in the simulation.
The temperature is 25 °C, and the molecule number
and volume of the system are constant. The adsorp-
tion energy and binding energy are calculated by fol-
lowing the formulas (2-3). Ecomplex, Ey; and E,4 di-
tives represent the energy values of complex box in-
cluding nickel layer and additives, only nickel layer
box and only additives box, respectively.
Eu= Ecomplex - (ENi + Eadditives) (1)
Ebinding =— Fu (2)
2.3 Characterization

The morphology of electrodeposited nickel was
observed by scanning electron microscope (SEM, HI-
TACHI S3400) and the crystal orientation of the metal
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surface was tested using X-ray diffractometer (XRD,
Rigaku MINIFLEX 600). The JY-PHa contact angle
tester was used to measure the contact angle and the
contact angle was obtained by height measurement
method!™. The light absorption performance was in-
vestigated by solid ultraviolet-visible diffuse reflect-
ance spectrometer (Shimadzu UV3600 plus). The light
absorption results were obtained by Kubelka-Munk
(KM), which describes the optical relationship of a
beam of monochromatic light incident on an object
that can both absorb and reflect light’**. The K-M
equations are displayed as the following equations
(3-5), where R.. (the absolute reflectivity) represents
the limit value of the reflection coefficient of the infi-
nite thick sample. K and S represent the absorption
coefficient and semi-scattering coefficient, respec-
tively. F(R.) is called K-M coefficient. The ordinate
of the absorbance test in this paper is the reflectivity
ratio, which means that the intensity of the reflected
light of the sample is relative to the reflection intensi-
ty of the reference sample (BaSO,).
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3 Results and Discussion

The nickel nano-cone array with width of 200 nm
was electrodeposited on the flexible copper substrate.
The electrodeposition parameter was optimized by
orthogonal experiment and the uniform nickel
nano-cone array was obtained in the solution with
1.68 mol-L"' NiCl,+6H,0O and 4.0 mol-L! NH,CI. As
shown in Figure la and 1b, the electrodeposited nick-
el nano-cone array distributed uniformly and the
black nickel nano-cone layer with 1 wm height was
developed. The nickel nano-cone was further charac-
terized by TEM and XRD, and the center of the nick-
el nano-cone was investigated by high resolution
transmission electron microscope, as displayed in
Figure 1c and 1d. The center of nickel nano-cone in
Figure 1c was deeper than the other areas due to the
overlap of the edges of the nickel nano-cone structure.

The crystal plane spacing of 0.205 nm was observed,

experiment curve

A\

Ni PDF#04-0850

(200)
(220)
1

(111)
Cu PDF#04-0836

(200)
| (220)
" 1

40
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Figure 1 Characterization of the electrodeposited nickel nano-cone array. (a, b) SEM, (c) TEM, (d) HRTEM images, and (¢) XRD

patterns. (color on line)
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which corresponds to the (111) plane of nickel and
the growth direction of [110] (Figure 1d). The XRD
patterns of the nickel nano-cone is also included in
Figure le, displaying obvious diffraction peaks of
the nickel nano-cone at 44.5°, 51.8° and 76.4°, corre-
sponding to the (111), (200) and (220) planes of
nickel with a face-centered cubic structure (PDF
04-0850), respectively.

Effect of main salt concentration on the morpholo-
gy of electrodeposited nickel nano-cone was investi-
gated. As shown in Figure 2a-2c, in the solution with
1.0 mol -L* NH,CI, the morphology of electrode-
posited nickel changed from spindle to nano-cone.
When the concentration of NiCl, - 6H,O reached to

1.68 mol - L (Figure 2¢), the nickel cone appeared
uneven distribution. Notably, the nickel nano-cone
was not obtained in the absence of NH,Cl (Figure
S1). As the nickel crystal modifier, ammonium ion
provided by NH,CIl is crucial for fabricating the
nano-cone array. In addition, with the increase in the
concentration of NH,CI, the particles of electrode-
posited nickel became finer, leading to the formation
of uniform nickel nano-cone array. When the concen-
tration of NH,CI reached to 4 mol - L, the nickel
nano-cone array with the width of 200 nm and height
of 1 wm was distributed uniformly and compactly on
the flexible CCL. The results indicated that the mor-
phology of electrodeposited nickel was refined by

Figure 2 SEM images of the electroplated nickel nano-cone with different main salt concentrations (a, d, g) 0.42 mol-L", (b, e, h)
0.84 mol-L", (c, f, i) 1.68 mol-L" NiCl,-6H,0, and various crystal modifier concentrations (a, b, ¢) 1.0 mol-L", (d, e, f) 2.0 mol-L",

(g, h, i) 4.0 mol-L" NH,CL.
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adding NiCl,-6H,0 and the nickel ions could be sup-
plied immediately in the high concentration of NiCl,-
6H,0, which is conductive to the growth of nickel
nano-cone nuclei. The nickel nuclei formed in the
high concentration of NiCl, -6H,O provide sufficient
active sites to form the nano-cone array. The uniform
nickel nano-cone array was built in the solution with
the addition of ammonium ion provided by NH,CI,
which leads to a difference in the direction of crystal
growth.

The effect of current density on the nickel nano-
cone electrodeposition was also investigated, and the
current density was chosen in the range of 1 A-dm?~
4 A -dm?. The electrodeposited nickel nano-cone
array was conducted in the solution containing 1.68
mol L' NiCl,-6H,0, 4 mol-L"' NH,Cl and 0.5 mol-L"
H;BOs;. The temperature of electrodeposition bath
was 55 °C. As shown in Figure 3a-3c, the nickel
nano-cone was obtained when the current density
was lower than 2 A -dm?”. However, the nano-cone
disappeared and the rod-like structures in the ag-

glomerated particles appeared when the current den-
sity continued to increase to 4 A -dm?. Meantime, the
color of the nickel coating changed into grey white
from black. The nickel electrodeposition was acceler-
ated at high current density, which results in the dif-
ference of nickel ion concentration on the electrode
surface and far away from the electrode, leading to
the increasing polarization. Besides, the adsorption
behavior of crystal modifier was unstable. The nucle-
ation and growth of nickel nano-cone was affected.
Particularly, the current density needs to exceed the
value of 1 A-dm? in nickel electrodeposition because
of the nickel deposition potential and low growth rate
at the current density below 1 A-dm™

The growth mechanism was explored by morphol-
ogy characterization and molecule dynamic simula-
tion. As shown in Figure 4, the morphology of the
electrodeposited nickel nano-cone at different elec-
trodeposition time is displayed, and the uniform nick-
el nano-cone was electrodeposited on the copper sub-
strate. Figure 4a shows the SEM image of copper

Figure 3 SEM images of the electroplated nickel nano-cone with different current densities. (a) 1 A-dm? (b) 1.5 A-dm? (c) 2 A-dm?,

(d) 4 A-dm™. (color on line)
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substrate and the copper particles were observed on
the flat surface. After 10 s of nickel electrodeposition
(Figure 4b), a large number of nickel nuclei were
generated on the surface of copper and the nucleation
process became faster than the nuclear growth pro-
cess in this stage. With the increase of nickel elec-
trodeposited time, the nickel nano-cone nucleus grew
up and the nano-cone was more distinguishable.
When the time of electrodeposited nickel continued
to be increased, the nano-cone kept increasing and
the complete nickel nano-cone array was obtained fi-
nally. In this stage, the nano-cone growth rate is
greater than the nucleation rate, and the nickel
nano-cone grows up gradually (Figure 4c-4e). There-
fore, the two-stage-formation of nickel nano-cone ar-
ray on a flexible copper substrate is proposed, includ-
ing the nucleation and nuclei growth. In the nucle-
ation stage, the rate of nucleation is faster than the
nuclei growth, resulting in a large number of nickel
nuclei occupied on copper surface which provides
sufficient sites to form nickel nano-cone. Subsequent-
ly, the nickel nuclei continue to grow and the uniform

nickel nano-cone array can be obtained.

The molecule dynamic simulation is performed to
investigate the growth mechanism of nickel nano-cone
array by calculating the adsorption energy of NH," on
different crystal surfaces of nickel. As shown in Fig-
ure 5, NH," can be adsorbed on the surface of all the
three crystal planes including the (111), (200) and
(220) surfaces. The total energy, bond energy and
non-bond energy of NH," on nickel (111), (200) and
(220) crystal planes in the simulation box reach sta-
ble state after 50 ps of simulation, indicating that the
adsorption state balances within 50 ps (Figure Sc, 5f,
51). The values of adsorption energies and binding
energies of NH," on nickel (111), (200) and (220)
crystal planes are displayed in Table 1. The results
indicate that the NH," has the lowest value of binding
energy on the (220) crystal plane (14.14 kcal - mol™),
and the binding energies of NH," on the nickel (111)
and (200) planes are 19.10 kcal - mol* and 18.83
kecal -mol”, respectively. The smaller the value of
binding energy, the weaker is the adsorption of addi-
tive**1. The stronger adsorption behavior indicates

that more NH," tends to be adsorbed on the surface

Figure 4 SEM images of the nickel nano-cone array at different electrodeposition time. (a) 0 s, (b) 10 s, (¢) 20's, (d) 100 s, (e, f) 300 s.
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Figure 5 Molecule dynamic simulation of NH," on nickel (a-c) (111), (d-f) (200) and (g-i) (220) planes. (color on line)

Table 1 The adsorption energies of the NH," on

different nickel crystal surfaces

Eniing (kcal-mol™)  E,y (kcal-mol™)

NH, on Ni (111) 19.10 -19.10
NH," on Ni (200) 18.83 -18.83
NH," on Ni (220) 14.14 -14.14

and the growth of nickel on the surface is suppressed.
Therefore, NH," has the weakest adsorption behavior
on the surface of (220) compared with (111) and
(200), leading to the growth along nickel [220] direc-
tion. Besides, the values of binding energy on the
nickel (111) and (200) plane are near, which indi-
cates the intensity of NH," adsorption is similar. Fi-
nally, the growth of nickel (111) and (200) is sup-
pressed obviously and nickel nano-cone grows along
[220] direction, which is consistent with the TEM
results in Figure 1.

The properties of nickel nano-cone array were fur-

ther explored. The nickel nano-cone array exhibits
unique optical and interfacial properties. As shown in
Figure 6, the water contact angles on polyimide (PI),
Cu, Watt nickel and nickel nano-cone array were
tested. The water contact angles of the PI, Cu and
Watt nickel were 76.6°, 68° and 48.8°, respectively.
However, the water contact angle of the nickel
nano-cone array was only 5.4°, which indicates the
excellent hydrophilicity of nano-cone array. The ex-
cellent wettability is conductive to the solid-liquid
interface reaction”). The surface tension is reduced
due to the widespread nano-grooves formed by the
nano-cone array, leading to capillary action on the
surface of the nickel.

The light adsorption performance of nickel nano-
cone array was investigated by ultraviolet-visible dif-
fuse reflectance spectrometer. The results confirmed
that the light absorption efficiency in the near ultravi-
olet and visible light range was more than 95% (Fig-

ure 7). The nickel nano-cone at different current densi-
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ties of electr odeposition was tested, and the nickel
nano-cone array electrodeposited at 1.5 A -dm? had
the best performance of light adsorption which ad-
sorbed 95% near ultraviolet and visible light. It is
reported that the light adsorption performance could
be improved by adjusting the refractive index of the
material®*, The uniform nickel nano-cone array with
the width of 300 nm at the bottom forms the equiva-
lent refractive index transition layer. The equivalent
refractive index gradient structure of nickel nano-cone
array reduces the light reflection. The conductive
nickel nano-cone array with distinctive light adsorp-
tion performance may has potential in photovoltaic

and solar applications.

4 Conclusions

In this paper, the nickel nano-cone array layer was
succ essfully prepared by electrodeposition and the
factors that influenced the nickel nano-cone array
electrodeposition were studied. It was found that high
main salt concentration and low current density were
beneficial to the formation of nickel nuclei, which
provides sufficient sites to fabricate the nano-cone ar-
ray. Ammonium chloride, as the crystal modifier, had
the weakest adsorption behavior on the surface of
nickel (220) compared with (111) and (200), leading
to the predominant growth along nickel [220] direc-
tion. Besides, the nickel nano-cone array exhibited

more than 95% light adsorption performance and ex-

Figure 6 Water contact angles on different surfaces. (a) PI, (b) Cu, (c) Watt nickel, (d) nickel nano-cone substrate.

35
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30 —— 1.0 A-dm? a
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315t
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Figure 7 UV visible reflectance spectra of nickel nano-cone obtained at different current densities in the wavelength range of (a)

200 ~ 800 nm and (b) 200 ~ 500 nm. (color on line)
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cellent hydrophily.
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