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Research Highlights
e The influence of media with different pH (1..7) on nanotubes was studied;
e Nanotubes morphology and structure after interaction were analyzed,
¢ Ni nanotubes degradation mechanism was described;
e Degradation scheme: passivation — formation of point defects — pitting — destruction;

e Ways of surface protection with gold, organosilicon and polymer coatings were shown.

Abstract: Stability of nanomaterials during their life cycle is a crucial problem of modern
nanoscience. In order to understand the processes, which are going in the nanostructures, the
comprehensive study of the influence of media with different acidity on the nickel nanotubes
morphology and structure was carried out. On the base of the analysis of nanotubes characteristics,
sequential evolution of degradation stages involving the surface passivation, formation of point
defects, pitting and destruction of nanotubes walls was determined. The results are of importance
for the wide range of potential nickel nanostructures applications, which are associated with their
using in real-life conditions. To improve Ni nanostructures stability, the possible ways of surface
protections from the aggressive environment effect and the routes of nanostructures covering with
gold, organosilicon compounds and polymer coatings were considered. Demonstrated approaches
for nanostructures covering provide an opportunity of surface functionalization for attaching of
different molecules. It is useful for targeted delivery of drugs and genes, biodetection, bioseparation

and catalysis application.
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1. Introduction
Recently interest in the manufacture of nanowires (NWs) and nanotubes (NTs) increase due to their
unique mechanical, optical, magnetic and electronic properties. NWs and NTs have a huge potential
for application in nanoelectronic devices [1], for catalysis [2], high-density magnetic recording [3],
bio-application [4,5]. To date a wide variety of methods for the tailored nanostructures (NSs)
formation exists, such as electrochemical deposition [3,6], electron-beam lithography [7], chemical
vapor deposition [8], pulsed laser deposition [9], and other methods [10—19]. Among the all range
of synthesis methods, electrochemical deposition stands out, because it allows to control the
structure, elemental and phase composition of the NSs by variation only of the deposition
conditions [3,20,21].
For creation of NSs with a high aspect ratio, nickel is actively used today due to attractive physical
and chemical properties. NSs based on Ni are promising for the design of optoelectronic elements,
magnetic sensors, contrast liquids, drug delivery systems, storage of hydrogen and for direct use as
chemical catalysts [22-26]. It should be noted that the presence of a hollow channel inside NTs
gives some advantages over NWs: the specific surface area significantly increases, that is critical
for catalysis applications. The absence of a magnetic core makes it possible to create NSs with a
uniform magnetic field distribution [27], that is important for construction of microelectronic
devices and memory elements. Due to the lower specific density NTs can float in liquids (including
biological ones), that is important for bio-application, for example, for drugs delivery systems [28].
Mostly, oxidation is considerate as a negative process, which leads to degradation of the material
and loss of their initial properties [29-31]. For example, the formation of nickel oxide and
hydroxide in the volume of the NSs entails a change in the magnetic and electrical properties, it is
critical for micro- and nanoelectronic applications. Degradation of nickel NSs in acidic and slightly
acidic media with the formation of toxic nickel oxides can lead to cell apoptosis in case of bio-
application [32]. Therefore, for most areas of use of nickel NSs, oxidation leading to the formation
of dangerous compounds on the surface and in volume, as well as the destruction of NSs is
undesirable. Nevertheless, the information about the changes occurring in nickel NSs during
exposition in media with different acidity is fragmentary, and for NTs is practically absent, the
study of the behavior of Ni NTs under the influence of media with different acidity is important
task.
To prevent the oxidation and destruction of NSs various types of coatings are used. Generally,
coatings impart chemical stability, mechanical strength and allow prolonging the service life of
NSs. Moreover, it is possible to form new functional bonds for attaching tailored cargo. New

properties of the nanomaterial will be determined by the uniformity of the coating and its reliability.
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There are three main ways of functionalizing the surface: inorganic (noble metals), organic
(biocompatible polymers, organosilicon compounds) and composite ones.

Usually, for creation of a gold shell around metal NSs, two main methods are considered: (1) direct
deposition of gold on the surface and (2) indirect deposition, through the "mediator" layer. Direct
deposition of gold can be carried out from an aqueous solution or from an organic phase. The most
common method is the deposition of gold atoms from chloride by the addition of sodium citrate
[33]. The mediated method consists in step-by-step creation of a “mediator” layer on the magnetic
nanostructure surface at the first stage, and after — in deposition of gold on its surface [34]. The
advantage of this method is the ability to create a coating of a predefined thickness. It is achieved
by simply repeating of described procedure.

Creation of organosilicon coatings on the surface of metallic NSs by silanization is an attractive
way for surface protection. In this case silanol group of the silane coupling agents reacts with the
surface [35] [36], by hydrolysis and polycondensation of R—Si(CyHy); on the surface hydroxyl
groups of metallic NSs. Organosilicon layer can be considered as an independent functionalizing
layer or as a basis for creating other organic coatings. For further interaction with the target
molecules, providing stable covalent bonds and forming a single-molecule thin layer on the metal
surface, (3-Aminopropyl)triethoxysilane and (3-aminopropyl)trimethoxysilane are the most
commonly used for this purpose. It is important to note that silane coupling agents can also be used
to prevent aggregation of NSs.

For the surfaces functionalization with polymers there are a lot of methods in use. A radical
polymerization method is possible, it could be carried out through a step of coating with an
organosilicon compound and addition of a thermal initiator described in [37]. Thanks to this
method, almost any polymer can be grafted. It is also possible to coat a polymer by mean of
controlled radical polymerization of NSs surface in accordance with the atom transfer radical
polymerization mechanism [38] or a direct reaction between hydroxide groups formed on the
surface of NSs due to corrosion in weakly alkaline solutions and C = O bonds that are present in
polymers through hydrogen bonds or covalent attachment of polymers with terminal SH-bonds
[39]. The perspective method of creating protective layers is covering by hydrogel matrices [40],
which allows to produce co-shell magnetic NSs with high biocompatibility, low friction, fast
response, and spatial temporal control manipulation, as well as non-invasive and remote actuation
[41].

In this work we study influence of media with different acidity on the nickel nanotubes
morphology, composition and basic parameters of the crystal structure to understand the

degradation mechanism and to show the possible ways of nanostructures surface protections from
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the environment effect with using of gold, (3-aminopropyl)trimethoxysilane and poly(methyl

methacrylate) coatings.

2. Experimental part
Template synthesis of Ni NTs, study of the evolution of the morphology, composition and basic
parameters of the crystal structure of NSs and their covering with various coatings, were carried

out. The main scheme of investigations is shown on the figure 1.

Figure 1. Schematic representation of main stages of the work.

2.1.Nanotubes formation

Track-etched membranes with a thickness of 12 microns (pore diameter of 400 nm and density of
4x10" cm™) based on poly(ethylene terephthalate) (PET) were used as templates. Information about
PET membranes formation and peculiarities of their parameters control are demonstrated in [42—
45]. Electrochemical deposition was carried out at voltage of 1.75 V in a two-electrode
electrochemical cell using water solution of NiSO4x6H,O (100 g/1), H;BO; (45 g/l) at room
temperature. Process was controlled by chronoamperometric method at Agilent 34410 system.

For electrodeposition a thin gold cathode was sputtered on the rear surface of the template and it
formed inside the pores a ring electrode, which predetermined the shape of synthesized NSs [46].
The deposition of metal into the pores of the PET membranes was carried out from electrolyte
without its interaction with rear surface of cathode. To ensure the absence of closing the pores with
metal of the hollow channel of NTs, a sufficiently high potential was applied. It provided
accelerated diffusion of metal ions into the pores, but due to the dissociation of water molecules,
gas emission took part in the central of the pore. These parallel processes contributed to the
reduction of metal near the pore walls with the formation of a tubular form of NSs. The deposition
process and the influence of the synthesis parameters on the morphological features of nickel NTs

were considered in detail in [47].
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NTs were extracted from PET templates by etching of polymer in a solution of 5SM NaOH at 50 °C
for an hour in ultrasonic bath. Residues of the alkaline solution were neutralized in 1% solution of
acetic acid and deionized water. The washing procedure was carried out three times to completely

purify NTs from the residues of alkali and acid.

2.2.Degradation mechanism study
To study the degradation process in various media, Ni NTs extracted from polymer templates at
mass concentration of 0.0005 g per 10 ml of water solution were used. Three aqueous solutions with
pH from 1 (strong acid medium) to 7 (neutral medium) were employed. The hydrogen ion
concentration in the solutions was gradually increased using weakly concentrated (0.01 M)
hydrochloric acid, which was added in small doses (droplets) to the continuously stirred aqueous
solution. The values of pH were controlled using pH meter (Hanna Instruments HI2210-02). After
attaining the desired pH, pH value was additionally checked using a universal indicator paper.
Extracted from PET template Ni NTs were placed in the aqueous solutions with pH for the time up

to 20 days. The NTs structure and morphology were investigated after each time interval.

2.3.8urface coating

To demonstrate possible ways of Ni NTs surface protection from the influence of the external
environment, the surface of NTs was coated with gold, (3-aminopropyl)trimethoxysilane (APTMS)
and poly(methyl methacrylate) (PMMA). The Au coating was formed in two different methods. The
first is in the coating of NTs with gold due to the reduction of the Au ions on the metal surface, and
the second — electrodeposition of Ni NTs inside gold NTs, produced by wet-chemistry method.

For the obtaining of the gold coating on the Ni NTs surface the electroless wet-chemical method
was used. Deposition was carried out from the aqueous solution of the gold chloride 0.02 M and
hydrofluoric acid 5 M. The process temperature was 35°C during 1 minute.

Growth of Ni NTs inside the Au NTs consisted of the following stages: (1) sensitization, (2)
activation, (3) synthesis of Au NTs and (4) electrodeposition of Ni NTs inside gold one. For
sensitization, the PET membrane was placed in a hydrochloric acid solution of bivalent tin, where it
was held for 15 minutes at room temperature to form Sn nuclei on the pores surface. The activation
of the template surface was carried out in a solution: 0.6 M AgNOs - 1 ml, 20% NH,OH + 0.12 M
MgSO47H,0 — 1 ml, 2.08 M KNaC4O¢H4 — 1 ml and deionized water — 14 ml for 3 min at room
temperature. The deposition of gold NTs was carried out chemically in a gold-plating solution of 1
ml of Na;[Au(SO3),] with 10 ml of solution (0.127 M Na,SOs3, 0.625 M formaldehyde and 0.025 M
NaHCOs) at pH = (11-12). Precipitation was carried out for 24 hours at a temperature of 4-6 °C.
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Synthesis of NTs inside the gold was carried out according to the electrodeposition route described
before.

The amine functionalization of NTs surface was carried out by adding 1 ml of Ni NTs APTMS with
concentration of 20 mM in ethanol. The reaction mixture was placed in an ultrasound bath for 1-2
minutes and then kept NTs in these solutions for 12 hours at room temperature. After the Ni NTs
amination procedure samples were washed in ethanol and dried in air.

Covering of Ni NTs with polymer was carried out using PMMA. The coating was realized by
placing NTs in a 10% solution of PMMA in dichloroethane for 24 hours, then the polymer coated

NTs were washed in dichloroethane, ethanol and dried.

2.4.Characterization
Characterization of structural features was conducted by scanning electron microscopy method
(SEM, Hitachi TM3030), energy dispersive X-Ray analysis (EDX, Bruker XFlash MIN SVE), X-
ray diffraction analysis (XRD, Bruker D8 ADVANCE) using Cu K, radiation. For spectra analysis,
Bruker AXSDIFFRAC.EV Av.4.2 and an international database ICDD PDF-2 were used. Control
of internal diameters and estimation of wall thicknesses was conducted by methods of gas
permeability (Sartocheck® 3 Plus 16290). For control of resulted polymer coating Fourier-
transform infrared (FTIR) spectra were recorded on Agilent Technologies Cary 600 Series FTIR
Spectrometer with Single Reflection Diamond ATR accessory (Gladiatr, PIKE). Measurements
were taken in the wavelength range from 400 cm™' to 3000 cm . All spectra (32 scans at 4.0 cm '

resolution and rationed to the appropriate background spectra) were recorded at room temperature.

Data processing was carried out by Agilent Resolution Pro software.

3. Results
3.1.Nanotubes formation
Typical SEM images of nickel NSs obtained by the template synthesis are shown in Figure 1 (the

PET template is chemically removed).
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Figure 2. Typical SEM image of array of nickel nanotubes after removal from polymer template and an

enlarged part of a broken nanotube (insert to the figure).

The synthesized NSs had the form of hollow tubes (insert to Figure 2) with a length corresponding
to the original thickness of the PET template (11.8+0.2 pm) and external diameters corresponding
to pore diameters of 380+20 nm. Considering the insufficient resolution of SEM images, the
determination of the internal diameters of NTs in the pores of the PET template was carried out by
the manometric method of determining gas permeability [42]. The internal diameters of nickel NTs
were 160+20 nm, corresponding wall thickness is approximately equal to 110 nm. The
determination of the elemental composition by the EDX method has shown that NTs consist of pure

nickel, and they are free from any impurities.

3.2.Degradation mechanism study
The dynamics of the surface change of nickel NTs after their exposition in solutions with pH=1..7

for up to 20 days was controlled by SEM and EDX methods (Figure 3a).
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Figure 3. Degradation of Ni nanotubes depending on the time of exposition in solutions: (a) SEM images of

the evolution of nickel nanotubes morphology exposition in media with different pH (scale is same for all
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SEM images); (b) Dependence of the oxygen in the nanotubes composition exposition in media with

different pH, calculated from EDX results, (¢) XRD spectra of nickel nanotubes in solution with pH=1.

It is evident that changes in the morphology of NTs occur in all solutions during long-term
exposition, while the largest surface transformation is observed in acidic media (pH=1). Already on
the fifth day, according to EDX, the oxygen content in NTs is about 10% (Figure 3b). On the tenth
day, the oxygen content increases to 18%. Partial destruction of the walls is observed after 20 days,
and the structure of NTs contains 36% of atomic oxygen. In solutions with pH=5 and pH=7,
morphology changes more slowly: on the fifth day, oxygen content on the surface of NTs does not
exceed 5% and 3%, on the 10th day 9% and 6%, and on the 20th day - 17 % and 9%, respectively.
X-ray diffraction spectra (Figure 3¢ and Supplementary 1), allowed to determine the dynamics of
the changes in the structure of nickel NTs. The large ratio of peaks (111) and (200) in pristine NTs
indicates that they have the preferred growth direction (111). The XRD spectrum contains
broadened peaks; it is typical for diffraction on nanoscale objects. NTs have a face-centered cubic
(FCCQ) lattice structure with the parameter a=3.5192+0.0007 A.

The result of exposition in a neutral solution (pH=7) is a slight increasing of the parameter a from
3.5192 to 3.5237 A (Table 1). Low intensity of NiO peaks with orientation (220) appear on the
twentieth day. In solution with pH=5, an increasing of the parameter a from 3.5192 to 3.5322 A is
observed. The appearance of nickel oxide (II) peaks occurs on the tenth day, their intensity

increases with elongation of exposition time.

Table 1. Changes in the crystallite size and degree of crystallinity.

a, A Crystallinity, %
Day
pH=1 pH=5 pH=7 pH=1 pH=5 pH=7
Pristine | 3.5192 3.5192 | 3.5192 &9 89 89
5 3.5211 3.521 3.5201 75 85 87
10 3.5371 3.5242 | 3.5211 73 82 85
20 3.5511 3.5322 | 3.5237 67 78 83

Changes in nickel NTs in solution with pH=1 have the same character as in less acidic media, but
they are more pronounced. Exposition in an acidic solution leads to increasing of the lattice
parameter a (from 3.5192 to 3.5511 A). After 5 days under influence of media, the intensity of the
main peaks (111) and (200) decreases with their simultaneous broadening, while the appearance of
new peaks on the XRD spectrum is not observed. Increasing of the exposition time to 10 days leads

not only to decreasing of the intensity of the main peaks (111) and (200), but also to the appearance
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of peaks at 260=43.3° and 62.8° corresponding to the formation of a new phase, nickel oxide (II). For
20 days exposition samples, the intensity of the NiO peaks increases; it corresponds to the results of
EDX and indicates an increasing of oxide phase amount. The appearance of nickel oxide (III) phase
(26=39.3°) is also recorded on the XRD spectra.

An analysis of the shape and width of the peaks on XRD patterns with the use of symmetric pseudo-
Voigt functions made it possible to estimate the degree of crystallinity and also to trace the
dynamics of crystal structure amorphization in media with different pH. The change in the lattice
parameter a and in the crystallinity degree are presented in Table 1.

For media with pH=5, the crystallinity degree decreases to 82% for 10 days and 78% for 20 days.
For media with pH=1 the crystallinity diminishes from 89% for the original sample to 73% for 10
days and 67% on day 20.

From the point of view of chemical reactions, the interaction of Ni NTs with media characterized by
different acidities (pH was regulated by the addition of hydrochloric acid) can be described by the

following reactions:

Ni + H,0 < Ni*" + 2¢"+ H,0 < NiO + H, (1)
2Ni + 3H,0 — 2Ni*" + 3H,0 < Ni,O; + 3H, )
2Ni + O, < 2NiO (3)

4Ni + 30, <> 2Ni,0;3 4)

NiO + 2HCI < NiCl, + H,0 (5)

Ni,O; + 6HCI «> 2NiCl; + 3H,0 (6)

NiO + H,0 « Ni(OH), (7)

2NiO + H,0 <> Ni;Os + H, (8)

According to the Pourbaix diagram for the Ni-H,O system [48], during the interaction of nickel
with solutions (pH<3), active dissolution of nickel occurs with forming of Ni* ions. That’s why
stable nickel oxides, which are registered on the XRD-patterns (Figure 3c), can not be formed
thermodynamically. Using Pourbaix diagram to analyze the processes occurring during the
interaction of Ni NTs with media, it is necessary to bear in mind that the potential-pH diagrams do
not take into account kinetics of the reactions and the presence of other ions (for example, chloride
ions) in solutions. Thus, this interaction between Ni NTs and media with high content of CI ions
initiates reactions 5 and 6. A great content of chloride ions promotes more active formation of
nickel oxides [49], that is observed in our case as well.

At pH values of 1..7 on the Pourbaix diagrams presents «the passivation region». In acidic media

the primary passivating film is formed by nickel oxides (reactions 2, 3, 4 and 8). This film protects
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the sample from the electrolyte influence. In ideal systems, where only the thermodynamics of the
process is taken into account, the protective layers are stable. In real systems, where kinetics plays
an important role, during the corrosion of NTs walls the probability of oxides formation in the
sample volume is high. In work [50], devoted to researching of potential-acidity diagram in real
conditions, it was shown that at low pH, zones of pitting corrosion are formed. Destruction of the
passivation film promotes the penetration of oxygen into the sample volume. However, the rate of
volumetric oxidation is usually low, it is observed in a series of experiments with nickel NTs at
various pH.

It should be noted that for low pH values, Ni,O3 (reactions 2, 4, 8) can be stable, that promotes
pitting corrosion. However, it is important to clarify that in our case the Ni,O; phase is formed only
in solutions (pH=1) with an exposition time of not less than 20 days (Figure 3¢ and Supplementary
1). Most likely, it occurs due to the fact that during prolonged contact with an acidic media, the NTs
undergo greater destruction than in media (pH> 1) and with an exposition time of less than 20 days.
Accordingly, all the main occurring processes are appeared in greater degree, and the probability of
Ni,O; formation in such conditions is higher than in more acidic solutions and in the case of lower
exposition time.

At pH=7, the primary passivating film is hydroxide Ni(OH), (7), which can be formed in the
presence of Ni’ " ions on the metal surface. This hydroxide provides relatively reliable protection
against general corrosion. The formation of oxides in case of the long exposition times at pH=7 can
be explained by the fact that the necessary distances for macro- and microdiffusion are small due to
the small wall thickness and also due to the features of NTs such as a high ratio of surface area to
volume, the presence of residual stresses and other defects, which influence on the mechanisms of
ongoing processes. The penetration of oxygen into the walls occurs from the side of the NTs surface
in the direction perpendicular to its main axis, as evidenced by the appearance on the XRD-patterns
(Supplementary 1) of the NiO peak (220) in the absence (100), when the NTs were exposition for
20 days in a solution with pH=7.

Reducing the degree of crystallinity (Table 1) below 73% leads to a high degree of amorphization
of the structure due to the formation of oxide compounds NiO and Ni,Os;. During the comparing
these data with SEM images (Figure 3a), it can be concluded that the formation of oxide phases,
their transition into water-soluble salts NiCl, (5) and NiCl; (6) in acidic solutions and these salts
subsequent washing out leads to the destruction of the nickel NTs walls. It should be noted that
when NTs are exposition in acidic solutions for less than 10 days, essential changes in surface are
not detected, although the degree of crystallinity is 75%. Taking into account the EDX data (Figure

3b), which indicate the presence of oxygen in the structure of NTs, it can be assumed that point
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defects and nanosized inclusions of the oxide phase are formed, and they are amorphous and are not
expressed as isolated peaks in the XRD spectra (Figure 3c and Supplementary 1).

The exposition of NTs in solutions with different acidities leads to increasing of the crystal lattice
parameter (Table 1). Changes in the parameter a can indicate an increasing of both the number of
defects and appearance of stresses with a rising of the content of oxide compounds in nickel
crystallites. As a result, NTs wall are formed as polycrystalline.

The deficiency of structure is estimated based on the concentration of vacancies, which is
determined using the formula [51]:

AL Aa
C = 3(7—7} )

if ALL — is changing of the average size of crystallites, 24 s changing of the average of crystal
a

lattice parameter.

The calculation of the average stress in the crystal structure is carried out using the formula [28]:

Y
S=g-—, 10
e (10)
if & =|20 "9 _ s coefficient of structure deformation, @y and a — the reference and experimentally
ay

obtained values of the lattice parameter, Y — elastic modulus, G — Poisson's ratio for explored metal.
Dynamics of changes in the concentration of vacancies and the average stress in the crystal

structure during the exposition of nickel NTs in different acidity media are shown in Table 2.

Table 2. Dynamics of changes of defects concentration and in the crystal structure.

Defects concentration Average stress
bay pH=1 pH=5 pH=7 pH=1 pH=5 pH=7
Pristine - - - - - -
5 0.504 0.243 0.133 0.390 0.370 0.018
10 1.344 0.760 0.491 3.710 1.030 0.390
20 2.002 1.355 0.910 6.530 2.670 0.920

It can be seen a sharp increasing of the concentration of vacancies in the crystal structure is
observed in all solutions, and already at 5 days of exposition Cy=0.504 in a solution with pH=1. It
can be explained by the realization of the Kirchendall effect [52,53]. These processes are
accompanied by the formation of voids and can contribute to the destruction of NTs walls. The

formation of defects leads to extension of deformation of the crystal lattice, which is reflected as
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changes in the shape of the peaks on XRD patterns (Figure 3¢ and Supplementary 1) and their
deviations from the symmetrical shape.

Summarizing the obtained data, it can be assumed that the oxidation of nickel NTs will occur
according to the scheme shown in Figure 4. The formation of water-insoluble nickel oxides and
hydroxides in neutral solutions leads to passivation of the NTs surface, which significantly reduces
their reactivity. The small thickness of the NTs walls, as well as the general imperfection of
nanoscale structures possessing a large share of surfaces, residual stresses and other defects, leads to

the formation of the oxide phase at large exposition times due to macro- and microdiffusion of

oxygen into the walls.

5 days: 10 days: 20 days:
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Figure 4. Schematic representation of degradation processes on the surface of Ni NTs in media with pH=1, 5

and 7 (exposition time of 5, 10 and 20 days).

The interaction of nickel NTs with solutions (pH=5) leads to passivation of the surface with

formation of nickel (II) oxide, as well as formation of point defects and nanosized oxide inclusions
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in the NTs structure (pitting effect). Such kinds of defects grow in size with the increasing of the
interaction time and spread deep into the NTs walls. The presence of chloride ions contributes to the
more active formation of nickel oxides, as well as the formation of a water-soluble salt of NiCl,,
and following washing out of them leads to the through corrosion of the nickel NTs walls.

In strongly acidic media (pH=1), the structure of nickel NTs changes in the same mechanism as it
shown below. However, a large concentration of chloride ions promotes an increasing of the
degradation rate of NTs walls with the formation of nickel (IIT) oxides during prolonged exposition.
In the presence of Ni,O3, in addition to NiCl,, water-soluble salt of NiCls is forming too; it causes a
faster destruction of the walls. It should be noted that the presence of a hollow channel inside NTs

leads to uneven destruction along their length.

3.3.8urface coating

Taking into account NTs degradation, for their using it is necessary to cover them with various
functional coatings. It is interesting that coatings can provide new bonds to attach functional groups
to their surfaces (anticancer drugs or antibodies), that is extremely important for NTs
bioapplications [54]. To show possible ways of NTs coatings we considered three main types of
metallic nanomaterials functionalization: gold, organosilicon compounds and polymers coatings.
Schematic representation of possible ways of Ni NTs surface protection with gold, organosilicone
compounds and polymer coatings are presented on Figure 5.

Ni NT

Au Organosilicon Polymer '
£

&K ® ©

B % Fan s 7

L™ /

Figure 5. Schematic representation of Ni NTs surface protection with gold, organosilicon compounds and

polymers coatings.

In present work covering with gold was produced by two methods: standard chemical technique
(wet chemical reduction of metal on metal) and by using of original technique for creating multi-
wall nanosystems "Ni NTs inside gold" via direct growth of 1D NTs inside the gold one.
Organosilicon coating was created by polycondensation of APTMS. To functionalize the surfaces

of Ni NTs with polymers was used direct reaction between the hydroxide groups formed on the
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surface of the NTs due to corrosion in weakly alkaline solutions and the C=0 bonds that are present
in the polymers, by the formation of hydrogen bonds of PMMA.

Gold coating. Electroless wet-chemical deposition implies reduction of metal on metal by reaction
of replacement and provide an opportunity to obtain gold layer on the Ni NTs surface. Analysis of
SEM images of Au/Ni NTs showed that gold coating of NTs surface is a continuous film consisting
of individual crystallites with characteristic dimensions of 50-100 nm (Figure 6a). EDX mapping
simultaneously register nickel (Figure 6b) and gold (Figure 6¢) that indicates the formation of a
gold layer on the surface of nickel. Thus, this data shows the potential of the electroless wet-
chemical method application for Ni NSs coating. However, a rather large size of the crystallites
indicates that the film is a sufficiently thick and, correspondingly, it is necessary to improve

deposition regimes.

Electroless
deposition

T
«Tube intubes growth

Figure 6. Au/Ni NTs obtained by the electroless wet-chemical method: (a) SEM image and (b, ¢) EDX
mapping in the regime of Ni and Au detection. Main stages of “tube on tube” Au/Ni NTs formation: (d)
cross-section of activated PET template with Ag nanoparticles, (e) gold NTs extracted from the PET
template, (f) Ni NTs grown up in Au one. (g) SEM image of Au/Ni NT with (h, i) EDX mapping in the

regime of Ni and Au detection.

Formation of Au film on the NSs surface by the “tube in tube” route implies growth of Ni NTs
inside the Au NTs and consists of the fourth stages: (1) sensitization, (2) activation, (3) synthesis of
Au NTs and (4) electrodeposition of Ni NTs inside gold one. The first stage is tin sensitization of
PET templates, when on the pores surface forms Sn nuclei. These nuclei were used in the activation
phase, as the centers of silver nanoparticles (NPs) crystallization from a solution of silver nitrate. It

can be seen from (Figure 6d) that the average size of Ag NPs formed on pores surface varies in the
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range of 25-30 nm. Precipitation of Au NTs in a gold-plating solution is activated due to the
replacement of silver atoms by gold atoms. The SEM image (Figure 6e)-shows, that Au NTs have a
granular wall structure with an individual crystallite size of about 50 nm and repeat the geometry of
the template pores. The external diameter of Au NTs is about 430 nm. The internal diameter of Au
NTs established by the gas permeability method, is 370 nm, it corresponds to a wall thickness about
30 nm. The formation of Au/Ni NTs with a "tube on tube" structure was performed by an
electrochemical method using the same regimes as for the formation of Ni NTs in the pores of PET
templates. Before electrochemical deposition a gold layer formed during chemical deposition was
removed from one side of the template by etching with an ion beam. SEM images of Au/Ni NTs
shown in Figures 6f and 6g indicate the possibility to create «tube in tube» nanosystem. EDX
mapping (Figures 6h and 61) confirms the formation of the Au film on the Ni NTs surface.

Organosilicon compound coating (APTMS). Functionalization of the surface of Ni NTs with
organosilicon compound was carried out by amination reaction using APTMS. The process is based
on the chemical inertness of Si-C linkages and the high reactivity of Si-O bond which readily
undergoes hydrolysis and reacted with OH-terminated NTs surface. The scheme of process is
shown in Figure 7a. To confirm that samples modified with organosilicon compound were
examined by SEM with EDX mapping of the surface. In the SEM image (Figure 7b), a change of
the NTs surface with respect to the uncoated sample (Figure 2) is shown on considerably difference.
EDX mapping (Figures 7c and 7d) clearly shows that the organosilicon compound is localized

exceptionally in the surface of the NTs.
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Figure 7. (a) Scheme of Ni NTs with APTMS coating. (b) SEM image of Ni NTs with APTMS coating and
(c, d) EDX mapping in the regime of Ni and Si detection.

Polymer coating (PMMA). Coating of Ni NTs with polymer was carried out by immersion in the
PMMA solution. The interaction of PMMA with metallic surface takes place due to both adhesion

forces and formation of hydrogen bonds of the oxidized surface of NTs with the carbonyl
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component of PMMA, as shown in the Figure 8a. Pretest analysis of PMMA/Ni NTs was carried
out by SEM. A comparison of SEM images of coated (Figure 8b) and non-coated NTs (Figure 8c)
demonstrates a difference in the morphology of the structure surfaces before and after
functionalization. The pristine NTs have a relatively smooth surface and after PMMA coatings have
uneven surface with presence of conglomerates formed as a result of the polymerization of
monomers not interacted with the Ni NTs surface. FTIR-IR spectrometry confirms the formation of
PMMA bonds with the NTs surface (Figure 8d). The FTIR-IR spectrum of Ni NTs is a poorly
informative curved line before coating with polymer. After functionalization the IR spectrum of Ni
NTs almost completely reproduces the PMMA spectrum that indicates the successful coating of
NTs with a PMMA layer. In the spectrum there are main adsorption peaks: 1150, 1180, 1220 cm™
possibly related to the C—O—C stretching vibration, 1330, 750 cm™ possibly attributed to the a-
methyl group vibrations. The peaks at 990 cm ™' together with the bands at 1069 cm ™' and 840 cm '
are the characteristic absorption vibration of PMMA, 1444, 2997, 2952 cm” C-H bond, 1724 ¢cm’!
related to C=0 bond [55]. In this case, there is a slight shift of C=0 absorption peak from 1730 cm™
(for pure PMMA) to 1724 cm™ (for Ni NTs-PMMA) being the evidence hydrogen bonds formation
between PMMA and the surface of NTs.
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Figure 8. (a) Scheme of Ni NTs coating with PMMA. SEM image of (b) Ni NTs and (¢) PMMA/Ni system.
(d) FTIR spectra of coating.

Concluding the coatings described above we could add that the NTs surface coating can be

considered not only from the point of view of NSs protection from the external media influence, but
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also for the purpose of their functionalization. Depending on the choice of material, the coatings can
impart new properties to NSs or can be used for binding of cargoes. To impart new uncharacteristic
properties to NSs, inorganic materials are commonly used. Such materials can significantly change
electronic, photonic, magnetic, mechanical and chemical properties of the surface, for example by
inhibiting agglomeration or by imparting antiseptic properties [56]. In addition, systems "NSs +
inorganic coatings" are promising for application in the field of catalysis, detection (for example,
using SERS), creating of nano- and microelectronics elements [57].

The surface functionalization for attachment of cargoes allows to add various types of
pharmaceutical agents such as proteins, nucleic acids and drugs, which makes it possible to use the
"NSs + coatings + cargo" system for targeted delivery of drugs and genes [58,59]. Organosilicon
compounds and biocompatible polymer coatings are commonly used for such purposes.
Modification of NTs with selected in the work organosilicon compounds (APTMS), lead to the
surface coating with amine-terminated groups which have a high reactivity. It can be used to bind
the protein thereto NSs [28] . When PMMA is used, amide and carboxyl groups, which allow to
attach proteins and drugs, are formed. This modification of the surface makes it possible to consider
"NSs + coatings + cargo" in the context of such applications as biocatalysis [60], bio-detection [61]
[62] [63], bioseparation [2], delivery of drugs and genes [64], etc.

It should be noted that the data above, shows the first results of the Ni NTs surface coating with
noble metal (gold), organosilicon compound (APTMS) and polymer (PMMA) and is provided to
demonstrate the possibility of protecting the surface of Ni NSs from the environment effect. Detail
consideration of coatings, as well as the assessment of their effectiveness in terms of protecting the

surface in media with varying acidity will be given in next works.

4. Conclusion
Ni NTs with a diameter of 400 nm and a wall thickness of about 120 nm were obtained by template
synthesis method. SEM, EDX, and XRD investigations of the dynamics of changes in the
morphology, composition, and basic structural parameters of Ni NTs when they were exposed in
media with pH=1, 5, 7 (the acidity of aqueous solutions was regulated by the addition of
hydrochloric acid) up to 20 days showed that changes of NTs morphology and structure occurred in
all solutions. The nature of the changes is related to the increasing of the oxygen content, which
enters the crystal lattice with the formation of phases of nickel (II) and (III) oxide. The penetration
of oxygen into the walls mainly occurs from the side of the NTs surface and the greatest surface
degradation is observed in acid media, with an increasing of the oxygen content in the NTs structure

up to 36%. According to the obtained results, the scheme of NTs degradation is proposed:
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passivation of the surface — formation of point defects and nanoscale inclusions — pitting —
destruction. The reaction rate increases inversely proportional to the media acidity and directly
proportional to the chloride ions content in the solution.

The possible ways of nickel NSs surface protection from the environment effect using coatings
based on noble metal (gold), organosilicon compound (APTMS) and polymer (PMMA) were
shown. For the formation of gold coating two methods were used — the standard one, consisting of
using the electroless wet-chemical method, and the original one — by the "tube in tube" route. The
surface protection with organosilicon compound was carried out by using APTMS which reacted
with OH-terminated surface of Ni NTs. Coating with polymer was carried out by using PMMA
which reacts with metallic surface due to formation of hydrogen bonds of the oxidized surface of
NSs with the carbonyl component of PMMA.

Coating the Ni NSs surface allows not only to protect them from the influence of the environment,
but also to form additional functional bonds. Functionalization of the surface is important from the
point of view of the possibility of various substances binding to the NSs surface and can be
practically used, for instance, for the targeted drug delivery, separation of biological objects,

catalysis and biodetection.
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