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Abstract

Highly ordered nickel and silver nanorods arrays prepared by alumina tem-
plate assisted electrodeposition were investigated to determine the effect of
the array geometry on metal surface hydrophobicity and adhesion forces. The
nanorod geometry, clustering and pinning were used to characterize surface
hydrophobicity and its modulation. A contribution of metal crystallographic
orientation to the surface energy was calculated. To characterize nanorod ar-
ray surface properties and elucidate the source of the particle adhesion effects
has been calculated. The dispersive components of surface tension y{ and
surface polarizability &, as surface features that markedly characterize hy-
drophobicity and adhesion, were calculated. The highest hydrophobicity was
found for Ag nanorods with aspect ratio of 10 then Ni nanorods with aspect
ratio 10. The same geometry of nanorods particles resulted in different sur-
face hydrophobicity and it was ascribed to the orientation of Ag and Ni crys-
tals formed on the top of nanorods. Due to high hydrophobicity nanorod ar-
ray surfaces could be used as an antifouling surface in medicine to select areas
on implant surface not to be colonized by cells and tissues.
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1. Introduction

Surface properties such as morphology are stable features of the surface, com-

pared to chemical modifications which degrade over time [1]. For hydrophobic
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surfaces there are two basic approaches that can be considered to increase sur-
face hydrophobicity: a) decreasing the surface energy by modifying the surface
chemistry and b) decreasing the surface energy by increasing the surface rough-
ness to increase the effective surface area, which can be expressed by the appar-
ent contact angle 6,,,,,(1) [2]:

cosd

rough

=rcosf,, (1) [2]

where ris the roughness factor defined as ratio of the actual surface area to its
horizontal projection for Wenzel model. For the alternative Cassie-Baxter model
the apparent contact angle is described by (2) [2].

C0S 0,y = f, (COS O +1) 1 ) [2]

where £ is the fraction of the solid surface in contact with the water droplet and

is always less than one. A decrease of £ resulted in an increase of 6,,,, and

ough
gradually leads to a hydrophobic or superhydrophobic surface.

One method of increasing hydrophobicity of a surface by increasing the effec-
tive area is to coat it with a layer of nanorods. Considering nanorods as having a
cylindrical shape as shown in Figure 1, the following two equations for rand £,

values have been obtained [2].

__s+n(2mpH,) | n(2mpH,) 3) [2]
S S
and
n 2
. @ @ [2)

where p is radius of the cylinder, H, is cylinder height and s is the two dimen-
sional surface area that the nanorods have grown on and 1z is number of nano-
rods in area s [2]. Hence, two equations have been derived describing Wenzel

(8y) (5) and Cassie-Baxter (6., (6) angles as a function of nanorod geometry

[2]:

Figure 1. Schematic drawing of cylindrical nanorods arrays with geometry characteris-
tics: nanorod diameter D, nanorod spacing L, nanorod height Hr. Red rhomboid indi-
cates hexagonal orientation of nanorods in template.
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a, :cos‘l[(1+—n(2anr)jcosey (5) 2]

2
Oes = COS™ @(cosey +1)-1 6) [2]

The nanorods can be prepared using filler templates. The thin porous anodic
alumina oxide (AAO) template derived nanowire/nanopillar arrays are high-
ly-ordered and highly-oriented. They have well-tunable and precisely-controlled
structural parameters, including shape, size, interspace, and density, which are
all derived from the structural features of the original AAO template [3] [4]. In
addition these highly-ordered and highly-oriented nanowire/nanopillar arrays
are more promising for many applications because of their uniform functionality
[5]. It has been recently demonstrated that a surface formed with metal nano-
rods, such as copper, may confer a strongly hydrophobic property to the sur-
face, provided the nanorods are allowed to cluster in a particular manner [6].
Self-organization of the nanowires can occur resulting in clustering and made
them taller than a critical height resulting in surface strong hydrophobicity [6]
[7]. The copper nanowires became progressively hydrophobic with an increase
in their length up to 35 um and the maximum contact angle measured was 141°
[6]. As the liquid between the nanorods evaporates, the capillary force generated
due to the evaporation pulls the nanorods together to form clusters [7]. This
process, so called the “nanocarpet effect” [8], has already been utilized to form
cellular networks from carbon nanotubes arrays [9] and as scaffolds for cell cul-
ture. It was shown that a good control over the cluster size and shape enables the
design of efficient applications [10] [11] [12]. This phenomenon utilizes basic
contradictions that underlie adhesive hydrophobicity in the absence of an exter-
nal hydrophobizing agents. While the air pockets between the nanorod clusters
trap air and produce structural hydrophobicity (Cassie-Baxter), the tips of the
inherently hydrophilic nanorods stabilize the air pockets by pinning [10] the
solid-liquid contact line. The static state of the water droplets on the nanorod
surfaces can be either in the Wenzel or Cassie-Baxter state, depending on the rod
height and the rod characteristic energy. When the rod height was low, the water
droplet was in the Wenzel state. As the rod height increased or the rod characte-
ristic energy decreased, the surface becomes more hydrophobic and changed to
the Cassie-Baxter state. The dynamic state of the water droplet can be classified
into three groups by its shape, which depends on the rod height, the rod charac-
teristic energy, and the magnitude of the applied force [13]. The water droplet in
the last group maintains its original spherical shape. This occurs only when the
static droplet is in the Cassie-Baxter state [14].

The polycrystalline nature of Ag and Ni nanorods introduces some variation
in their morphology, including length, diameter, and shape [15]. Generally, the
surface energies of metal surfaces are quite high, thus metal surfaces are re-

garded as hydrophilic. The geometry, the atomic arrangements, and the chemi-
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cally heterogeneous characteristics of the solid surfaces play key roles in surface
wetting behavior. The surface energy also plays an important role in particle
growth and shape selection. Surface energies associated with different crystallo-
graphic planes are usually different, and the general sequence y(111) < y(100) <
y (110) holds for most face-centered cubic crystals, such as the precious metals.
The thermodynamically preferable surfaces are those with densely packed planes
of atoms exposed, ie the low-Miller-index planes (e.g. the familiar (100) and
(111) planes of a face centered-cubic lattice. For Ag the close-packed (111) face
has the lowest energy, followed by the (100) and (110) faces [13]. The final shape
of each Ag or Ni nanoparticle is determined thermodynamically by minimizing
the total surface energy and/or kinetically by the growth rate, especially by a ra-
tio of the growth rate along the (100) direction to the growth rate along the (111)
direction [16]. Wulff polyhedrons contain extended (111) faces and are therefore
often incorporated in the structure of noble metallic particle structures [15]. The
hydrophobicity of the Ni and Ag surfaces produced by electrochemically con-
trolled deposition has been discussed previously [17] [18] and the surface geo-
metry and crystallographic orientation enabled modulation of surface hydro-
phobicity.

The aim of the present study was to extend this work and prepare Ag and Ni
nanorods by electrodeposition and to determine the influence of composition
and of nanorod aspect ratio on their surface hydrophobicity. The crystalline
structure of the materials will also be examined and compared with earlier stu-

dies.

2. Materials and Methods

All operations were performed at atmospheric pressure and 25°C. All chemicals
were p.a. grade. Ultrapure water with resistivity of 18.2 MQm was prepared with
Laboratory purification system (MRC, Ltd. UK). Electron micrographs surfaces
were measured using a SEM JEOL JSM 7001F, (JEOL, Japan). Images of water
drops were taken with EO 3112-C (Edmund Optics, USA) camera and water
contact angles were analyzed by software Image] with plugin LB-ADSA. The
surface area of nanorod top side was measured by using the measure-particles
option in Image J. An Autolab PGSTAT 302N, (Metrohm, Netherlands was used

to apply current pulses for metal deposition

2.1. Preparation of Alumina Oxide Membrane Templates

Nanorod array silicon wafers were obtained from Brno University of Technology
and were coated with a 200 nm tungsten layer and then with a 150 nm high-purity
thin aluminum layer (99.99+%) by thermal evaporation (PVD). The thin porous
AAO templates were prepared as described earlier [19] by a one-step anodic
oxidation of aluminium thin film by using a constant voltage of 40 V in 0.3
mol/L oxalic acid solution in a conventional two-electrode system at 16°C for

180 s using a flow system controlled by a membrane pump, a power source, a
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thermostat and a controlling computer. A gold wire was used as counter elec-
trode. Vertically aligned pores were formed by the honeycomb structure in the
alumina layer. A high current drop indicated that the Al layer had been com-
pletely transformed to AAO and WO, nanodots, which were formed on the W
and AAOQ interface below each pore. The sample was then washed with distilled

water and dried.

2.2. Preparation of the Cylindrical Arrays

Electrochemical pulse deposition was used to fabricate the silver nanorods onto
nanoporous AAO templates, with either 50 or 500 nm rods. Deposition was
performed from 0.2 mol/L AgNO, (pH 2.5) at 60°C in two steps each consisting
of 20 deposition pulses with a current intensity of 1 mA and a duration of 2 s.
The electrolyte was forced to circulate on the AAO template surface for 10 mi-
nutes before the pores of the membrane were filled. The current pulses were ap-
plied using an Autolab PGSTAT 302 N potentiostat with a standard two-electrode
setup. A thin gold layer prepared by evaporation on the AAO membrane was
used as a cathode and a platinum electrode as an anode. Finally, the surface was
etched in aqueous solution containing 5 ml of 85% H,PO, and 3 g CrO, for 6 s at
a temperature of 45°C to remove the AAO.

Nickel nanorods were prepared by electrochemical deposition in modified
Watts bath at 55°C composed of 250 g/L NiSO,-6H,0, 50 g/L NiCl,-6H,0. The
pH was adjusted with 34 g/L H,BO, (pH 3.8) until nanorod growth was observed

using the same pulse sequence.

2.3. Measurement of Contact Angles

Contact angles were measured by dropping water, glycerol, dimethylformamide
(DMF) or dimethylsulfoxide (DMSO) onto the surfaces. The droplets were im-
aged with an EO-3112C colour USB camera (Edmund Optics, USA) and Image ]
software with plug-in LB-ADSA were used to determine the contact angles.

3. Results and Discussion

3.1. Results of SEM Nanorods Surface Characterization

Silver and nickel coated nanorods were prepared by electrodeposition on AAO
templates which were then dissolved. Compared with arrays synthesized by oth-
er methods, AAO template-directed nanowire/nanorod arrays are highly-ordered
and highly-oriented. They have well-tunable and precisely-controlled structural
parameters, including shape, height, size, interspace, and density, which are all
guided from the structural features of AAO template. It was possible to accom-
modate the diameter of the nanorods to 50 (+2) nm and the height to be 50
(£3.5) nm or 500 nm in height, with a corresponding aspect ratios (AR) of 1 or
10, whilst keeping the spacing of the nanorods constant based on the template
structure. SEM micrographs of the top surfaces of the array of silver nanorods

(A, B) and nickel nanorods (C, D) (Figure 2) showed that the nanorods were
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Figure 2. Representative SEM top view micrograph of nanorods array surface prepared.
(A) Silver array of 50 nm nanorods; (B) Silver array of 500 nm nanorodss; (C) Nickel
array of 50 nm nanorods; (D) Nickel array of 500 nm nanorods Magnification 40 kx,
length of scale bar 1 pm. Clustering and pinning of nanorods with aspect ratio 10 ((B),

(D).

pulled together due to effect of surface tension during drying (most obviously at
500 nm height). The images of the nanorods also showed that the nanorods were
aligned parallel to each other. The average spacing between two adjacent rods
was approximately 115 nm for Ni 50 and Ni 500 and 146 nm for Ag 50 and Ag
500 with an average nanorods length of 50 and 500 nm and an average diameter
of 33 nm for Ni 50 and Ni 500 and 41 nm for Ag 50 and Ag 500. The nanorods
density was determined to be 81 rods/um” in case of Ag 50 and Ni 50 and 75
rods/pum’ for Ag 500 and Ni 500.

3.2. Results of the Ag and Ni Nanorods Surface Hydrophobicity
Measurements

The surface hydrophobicity of the nickel and silver high ordered nanorods sur-

faces was determined from the surface contact angles for four solutions (water,
glycerol, DMSO, and DMF) (Table 1).
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Table 1. Contact angles of liquids at Ag and Ni nanorod array surfaces with different as-
pect ratios (AR = height/width). (Images of water drops used to contact angle measure-
ment added)

Contact angle

water glycerol DMF DMSO
Ag AR 10 A 150 112 10 10
Ag AR 1 n 105 98 10 10
Ni AR 10 n 105 110 10 30
NiAR1 n 97 77 25 30

Using the solvent properties in Table 2 the partial components of the surface

tension can be determined from the relationships Equations (8) and (9) [23].
. . P/ D\Y2 D \¥2 .
From the graphical relation of | (7/L ) Vs (1+ oS 9) i (7/L ) , the dis-

persive component of the surface tension (¢ ) can be determined. Increasing

values of yJ correspond to an increase in the surface hydrophobicity.

p 2
7—;(1+ cos @) —ks N

b v \/ﬁ %

Vs 2

L_(1+cos0)=2 D+ki 8) [23
\/ﬁ( ) 7s s \/ﬁ (8) [23]

The values for Ag nanorods with aspect ratio (AR) 10 were higher than those
with an aspect ratio 1 (Figure 3) with the highest contact angle—150" being in
the superhydrophobicity region (Figure 4). The results for Ni nanorods (Figure
5) showed the slopes of y£ coefficients for both aspect ratios were very similar.
For both metals, the higher surface hydrophobicities were found for nanorods
with higher aspect ratio and at the highest value of the dispersive component of
the surface tension. The surface energy decreased with increasing AR. This hy-
drophobicity boosting phenomenon could be explained also by elastocapillary
coalescence [24]. High hydrophobicity of prepared nanorod metal array surfaces
enhanced by elastocapillary coalescence creates unacceptable environment for
cell adhesion and spreading as it is mentioned in our former publication [18].
Hydrophobic silver nanorod array surfaces are supposed to be used as antiadhe-
sive substrates for bacterial cell adhesion for bacterial cell adhesion to prevent
bacterial infection spreading.
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Figure 3. Trends in the surface tension dispersive components change of »J of pre-

pared nanorods surfaces; (A) Ag nanorods; (B) Ni nanorods.
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Figure 4. Graphical evaluation of partial surface tension components of the Ag nanorods
arrays.
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Figure 5. Graphical evaluation of partial surface tension components of the Ni nanorods
arrays.

Table 2. Dispersion components of surface tensions of liquids used to determine surface
energy G—capillary constant, y—total liquid surface tension, y” —dispersion compo-
nent of liquid surface tension, y; —polar component of liquid surface tension [20] [21]
[22].

C(m™) y (mJ-m™) 7. (m]-m™) 7 (mJ-m™)
Water 1.3475 x 10° 72.8 21.8 51
Glycerol 1.9274 x 10° 63.4 37 26.4
DMSO 2.45 x 10° 44 36 8
DMF 2.5041 x 10* 344 24 104
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The surface polarizability (k) can be derived from the regression equation y =
a + xb, where b represents kg and y? could be calculated from /4 [23]. The
calculated surface polarizabilities are shown in Figure 6. The most polar surface
is represented by low aspect ratio Ni nanorods with the highest wettability. From
the SEM micrographs (Figure 2) the surface was highly ordered.

The experimental contact angles showed a good correlation with calculated
values derived from Equations (1)-(4) (Figure 7) for the Wenzel state of hydro-
phobicity using the parameters in Table 3.

The results for »2, polarizability, adhesion force and contact angle were
compared to published values for randomly nanopatterned and highly ordered
and oriented Ni and Ag surfaces [17] [18] and showed that the surface hydro-

phobicity increased from random patterned to highly ordered and oriented sur-
faces (Table 4).

Ag nanorods Ni nanorods

=)
)
o
n

&0 0 -
Z . 2 [
§-0.5 2.05
N N
k| g
£ 1 e

15 15

Ag AR1 AgAR10 NiARI NiAR10
(A) B)

Figure 6. Trends in the surface polarizability change of &, of prepared nanorods array
surfaces.

Ag nanorods Ni nanorods
160 ® experimental 160 = experimental
140 0 Wenzel 1405 Wenzel
—120 calculated = 120 calculated
> o
%n 100 ) 100
g 80 g 80
g 3 60
‘E 60 g 0
8 40 o
20 20
0 0
AgAR1 AgARIO NiARl1 NiARI0
(A) (B)

Figure 7. Water contact angles of nanorod arrays prepared. Blue bars—experimentally
measured. Orange outlined bars—calculated using Wenzel model.

Table 3. Detailed data for Wenzel state calculation of the surface hydrophobicity of the
nanorods.

S/mm? @/° r @, £, Wenzel ?odrl::j;(;l E[TPa
Ag AR1 5.59 105 1.0001 0.0000165 0.071 104 69.6 776
Ag AR 10 1.01 150 1.001 0.0015700 0.071 149 881 1005
Ni AR 1 6.41 97 1.0001 0.0000107 0.075 96 175 1.64
Ni AR 10 5.59 105 1.001 0.0000106 0.075 92 48 869
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Table 4. Summarizing data comparison of random surfaces and highly ordered surfaces of nanorods.

Type of prepared surface WCA/® 7o /mNm™  Polarizability X,  Adhesion force/N

nanostructured nickel

300 s/-1.1V 66
pulse time 0.1 s 63 22.4 1.1
03s 74 28.9 0.76
055 57 32.83 1.16
0.7 55 37,5 ~0.14
ey s 80 40.1 ~0.44
silver dendrites 20 pulse pulse time 0.1 s 83 28.1 0.65
03s 88 31.0 0.34
05s 105 355 0.14
0.7s 97 375 -0.07
CTTETETICCT | 1s 111 454 ~0.41
silver dendrites 30 pulse pulse time 0.1 s 109 423 -0.32
03s 106 415 ~0.24
055 100 339 0.05
0.7s 112 456 -0.41
ol ST 1s 118 473 ~0.61
AR 10 150 60.0 -1.32 7.81 x 1071
AR1 105 46.9 -0.29 6.96 x 107!
AR 10 105 39.8 -0.22 4.8 x 10710
AR1 97 347 0.04 1.75 x 10710

SEMHV: 1500KV  WD: 6,329 mm
View fel4: 2167 km Det.lnBeam 300 8m

SEM MAG: 100.00 kx
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3.3. Crystallographic Analysis of Highly Ordered Nanorod
Surfaces and Ag and Ni surface Energy Calculation

XRD measurements of the Ag and Ni nanorods confirmed the polycrystalline
structure of the surfaces (Figure 8(A) and Figure 8(B)) and peaks correspond-
ing to (111), (200), (220), (311) and (222) orientation of metallic Ag and (111),
(200), (220) of metallic Ni were resolved. These peaks are consistent with the
Joint Committee on Powder Diffraction standards (JCPDS 04-0784) and other
reports [25]. Furthermore, the preferred orientation along the (111) plane indi-
cates that the grown nanorods can be readily indexed as face centered cubic Ag
and Ni, due to sharp peak seen at about 47.5° (Figure 8(A)). It may be noted
that other Bragg reflections were comparatively weak and considerably broa-
dened relative to the (111) reflection, which indicates that Ag and Ni nanorods
are anisotropic in shape.

The surface energy of the polycrystalline Ni and Ag nanorods was calculated
based on crystallographic data with software VESTA (Figure 9).

Wulff projection has been applied and surface energy has been calculated in
accordance with Equation (9) [26] and showed that Ag nanopillars have smaller
surface energy and higher hydrophobicity than nanopillars of Ni which was
more hydrophilic (Table 5).

1500 —Ag AR 10
12504 Ag111

1000 A |

Lin (Counts)
w3
S &
S o

Ag 200 Ag 220
g g Ag 311
250 | f j \
) SO TS N
30 40 50 60 70 80

2-theta-scale
(A)
—NiAR 1
15007 Nil11l —Ni AR 10
12501 '\
21000 1
2 |
o 750 |
R |
— 500 | ‘ )
‘ Ni 200
2501 /.| ,’H'.‘ Ni 220
«.m*‘,[\ / \ " N
Pseering wnﬁn oMy ,4059"% RV, O Y
0 T T T J
40 50 60 70 80
2-theta-scale
(B)

Figure 8. Crystalographic profile of prepared nanorods array surfaces. (A) Ag nanorods;
(B) Ni nanorods.
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@A)

(E) :

(D) F)

Figure 9. Crystal models reconstructed from obtained crystallographic data. A—Crystal
of nickel; B—Crystal of nickel with atom distribution; C—Wulf projection of nickel crys-
tal; D—Crystal of silver; E—Crystal of silver with atom distribution; F—Wulf projection
of silver crystal.

Table 5. Calculated surface energies based on crystallographic data.

E, Miller Surface y Weighted surf.

a
Crystal structure (nm) (eV) indices  area (A%) (eV/A?) energy 7 (eV/A?)

(111) 655.764 0.955
Ni 0.3545 4.44 (200) 213.649 0.935 2.207
(220) 79.978 1.110

(111) 439.638 0.489

(200) 138.844 0.531
Ag 0.4166 2.95 1.505
(220) 171.809 0.394
(311) 50.368 0.527
Z{M} it Pria

7= (9) [24]

z A
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where:
Ve —surface tension for selected plane.

A, —area of selected surface plane.

4. Conclusions

Highly ordered, well-aligned, Ni and Ag nanorod arrays could be prepared by
templated electrochemical deposition and retain nanometer-scale features from
the template. Wetting data showed that the most hydrophobic material was Ag
surface with aspect ratio 10 and a polycrystalline structure with dominant face
orientation (111). The surface hydrophobicity increased from Ni AR 1 to Ag AR
10 where the contact angle about 150" was measured. Ni nanorod surfaces had
lower hydrophobicity and nanorods with a low aspect ratio had a reduced wet-
ting. Thus surface energy decreased with an increase in planar density.

The combination of nanoscale surface geometry and crystallographic plane
orientation features could provide important surfaces with modulated hydro-
phobicity, repellent effects to cells adhesion, and antimicrobial functions as well
as self-cleaning processes. In further studies the authors plan to investigate mo-
lecular-based surface hydrophobicity and the impact of water molecule orienta-

tion.
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