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Abstract

The paper presents results of various media influence on the degradation processes of FeNi nanostructures obtained
by electrochemical synthesis.The dependence of the change in the degradation degree on acidity and residence time
in the medium has been found. By X-ray diffraction and energy dispersion analysis it has been determined that the
change in the parameters of the crystal structure can be explained by the appearance of FeO oxide phases, as well as
the formation of disorder areas, which appear as a result of oxidation processes and subsequent degradation.
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Introduction

In the modern world more and more attention is paid to
nanostructured materials, which in the future will take their place in
almost all fields of science and technology: from magnetic recording
devices to catalysts and drug carriers [1-4]. One of the founders
of obtaining nanostructures, Martin and co-authors [5,6] showed
a universal approach to obtain ordered arrays of nanostructures
by a template synthesis method. Porous membranes based on
alumina, polycarbonate or polyethylene terephthalate can be used
as templates. An electrochemical deposition method is emphasized
among the variety of methods [7-10] of obtaining nanostructures,
its distinguishing features are simplicity, convenience, manufacture
efficiency, as well as the ability to control the length and wall thickness,
element and phase composition by changing the deposition conditions.
In turn, one of the unique materials for practical use is an alloy of
iron and nickel. NiFe nanostructures have unique physicochemical
properties when the conditions of synthesis or chemical composition
change, and it allows them to be one of the universal materials with
a wide potential application [11-15]. Targeted delivery of drugs via
the magnetic nanostructures takes a special place among the variety
of practical applications of nanostructures. Groups of researchers
discuss the type of nanostructures with optimal characteristics for use
as containers for medicines [15-18]. Nanowires and nanotubes with
their elongated shape and anisotropy of magnetic properties allow us
to overcome the limitations of nanoparticles [19,20]. Compared with
nanowires, nanotubes have some potential advantages, in particular,
the absence of a magnetic core, which allows creating nanostructures
with homogeneous switching fields that guarantee reproducibility of
results [20]. A smaller specific density gives them an ability to float
in liquids (including biological ones) and makes them suitable to use
in biotechnology [21]. A large specific surface area provides a greater
number of functional links and, correspondingly, the movement of a
larger number of target components in precise drug delivery [22].

One of the important properties of nanotubes is their resistance
to oxidation and degradation in environment with different acidity
defined by the concentration of H* and OH". In the absolutely clean
water not containing even a dissolved gas concentrations of these
ions are equal. Hydrogen index (pH) is a value characterizing the
concentration of hydrogen ions in solution. Deionized water, used
from preparation of drug injection, has pH in the range 6.5-7, which is
characteristic for the neutral and mildly acidic medium, pH of saline is
5.5, pH of blood is 7.32-7.43.

This work demonstrates the degradation dynamics of NiFe
nanotubes in various environments. According to these results the
time frame of applicable of nanostructures and their degradation rate
can be defined. Morphology and structure properties are studied using
scanning electron microscopy and X-ray energy dispersive analysis.

Material and Methods

Synthesis of Fe Ni, , nanotubes

Fe Ni,  nanotubes (NT) were synthesized in pores of ion-track
membranes based on polyethylenterephtalate (PET) of Hostaphan® type
(Mitsubishi Polyester Film GmbH, Germany) with a pore density of 4
x 107 cm™. Activation of COOH bonds formed as a result of chemical
etching of tracks from heavy ions on surface of pore walls was carried
out under UV sensitization of PET templates. This procedure made it
possible to create localized charge states on pore walls that contributed
to obtain the tubular shape of nanostructures at the electrochemical
deposition stage.

Electrodeposition was carried out in the electrolyte of the
composition FeSO,-6H,0 (20 g/L), H,BO, (45 g/L), and CH,O, (1.5
g/L) at cathode voltage of 1.75 V and temperature of 25°C, pH of
the solution was equal 3. The cathode was a 10-nm-thick gold film
deposited using vacuum magnetron sputtering. This thickness of the
gold film enabled pores to remain open, and the growth of the NTs
began at sites of the contact of gold with the electrolyte (Figure 1b and
1c). The electrodeposition process was monitored chronometrically
using Agilent 34410A multimeter instrument.

Methods

The structural and morphological characteristics of NTs were
studied by scanning electron microscopy (SEM) implemented in
a Hitachi TM3030 scanning electron microscope equipped with
a BrukerXFlash MIN SVE energy-dispersive analyzer (EDS) at an
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Figure 1: a) SEM images of pure nanotubes; b) XRD pattern; c) EDS spectrum of virgin sample.

accelerating voltage of 15 kV. Inner and outer diameters of the NTs
formed in the PET template were measured by the manometric method
of the gas permeability determination [21,22] based on measuring a gas
pressure in a closed chamber in the range of 8-20 kPa with a step of 4
kPa. X-ray diffraction structural analysis (XRD) was performed using
D8 ADVANCE ECO diffractometer equipped with an X-ray tube with
a copper anode and a graphite monochromator on a diffracted beam.
XRD patterns were recorded in the angular range of 26=30°-70° with
a step of 0.02°.

Reactivity study

Three aqueous solutions with different pH value ranging from
pH=1 (strongly acidic) to 7 (neutral) were selected to study the
reactivity. The most common chemical reagent used to reduce the high
pH of aqueous solutions is hydrochloric acid. The concentration of
hydrogen ions in solutions increased gradually due to the use of slightly
concentrated (0.01 M) hydrochloric acid. The pH was monitored by a
pH meter (Hanna Instruments HI2210-02).

To carry out the experiment the nanotubes were freed from the
polymer matrix by dissolving it in an alkaline solution. A 9 M solution
of sodium hydroxide was used to etch the film. Pure nanotubes were
placed in prepared aqueous solutions with different pH values for 1, 5,
10 and 20 days. At the end of each time interval changes in the structure
and morphology of nanotubes were researched.

Results and Discussion

SEM images of obtained nanotubes are shown in Figure la.
According to the SEM-microphotographs the tubes are isotropic and
cylindrical, with a length of 12 um and an outer diameter of 400 nm,
corresponding to the pore size of the original template. The thickness of
walls was 100 nm. The XRD and EDS methods were used to determine
the crystal structure and elemental composition. The diffraction pattern
of the study sample (Figure 1b) demonstrates low-intensity peaks,
characteristic for diffraction at nanoscale objects. The broadening
of peaks indicates a polycrystalline structure of Fe/Ni nanotubes.
According to results of the X-ray diffraction analysis (XRD) the phase

composition of virgin study samples corresponds to a substitutional
alloy by iron atoms in nickel with a predominance of the fcc-phased Ni
in the crystal structure of nanotubes with a cell parameter a=3.5695 A,
different from the reference value (a=3.5154 A, PDF Ne 031051), with
the predominant texture [111].

The unit cell parameter can grow due to the difference in the
atomic radii of nickel and iron. By EDS it has been determined that
the atomic ratio of iron and nickel in nanotubes is equal to 21% and
79% respectively. At the same time, peaks typical for oxygen are not
observed in the EDS spectrum, which indicates the absence of oxide
compounds in the virgin samples.

The effect of the medium acidity on the crystal structure of Fe/
Ni nanotubes has been studied by the method of EDS and XRD
analysis. Figure 2 shows graphs of the elemental composition of
nanotubes depending on the medium pH and the retention time in the
corresponding solution.

According to the obtained data, the appearance of oxygen in
the structure of nanotubes is observed on the 5" day for media with
pH=1 and pH=5, and it can lead to oxidation of nanotubes and partial
amorphization.

According to the EDS analysis there has been studied the rate of
oxidation reaction of nickel and iron that means the change in the
concentration of substances per time unit. An integral method has
been used to determine the order of the chemical oxidation reaction
of nanotubes, depending on the medium acidity. The results are shown
in Figure 3.

Anamorphosis character for various environments in coordinates
In(A/(A,-x))-t, where A is an initial substance concentration, A -x is
a current concentration in a given time, f is the time described by a
straight line, confirming that the oxidation process of nanotubes is a
first order reaction.

The X-ray diffraction method was used to determine the oxidation
products of FeNi nanotubes. Figures 4-6 show X-ray diffraction
patterns of study samples in media with different pH.
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Figure 2: Dependence of the atomic content of iron (A), nickel (B) and oxygen (C) in nanotubes on the residence time in solution with pH - 1, 5, 7.
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Figure 3: Anamorphosis of the kinetic curve for the oxidation and degradation reaction.
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Figure 4: XRD patterns of Fe/Ni nanotubes in medium with pH=1 for a) 5 days, b) 10 days, c) 15 days, d) 20 days.
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Figure 5: XRD patterns of Fe/Ni nanotubes in medium with pH=5 for a) 5 days, b) 10 days, c) 15 days, d) 20 days.
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Figure 6: XRD patterns of Fe/Ni nanotubes in medium with pH=7 for a) 5 days, b) 10 days, c) 15 days, d) 20 days.
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Based on analyzing the nature of changes in intensity and shape of
peaks of the diffraction patterns it is possible to make an assumption
about the structure amorphization and partial degradation of nanotubes
in acidic media after 10 days in medium with pH=1 and 5. Additionally,
on diffraction patterns there are peaks typical for hydroxide Fe(OH),
and iron oxides FeO on the 10" day for aggressive media, and on 15%
day for media with pH=5. Also, there are low-intensity peaks typical for
nickel oxide NiO with Miller indices (311) and (400) on the diffraction
patterns. At the same time, according to the obtained diffractograms
as the residence time in solutions increases, the intensity of the peaks
characteristic for the nickel phase decreases, while the intensity of the
peaks of the oxide phases Fe(OH), and FeO rises. Based on the analysis
of the shape of peaks, the contributions of various phases to the crystal
structure of nanotubes were obtained during the oxidation process.
The results of the assessment of contributions are presented in Table 1.

As can be seen from the presented data, the hydroxide phase of
the Fe(OH), and oxide phase of FeO begins forming on the 10th day
for nanotubes, when the oxygen content in the structure of nanotubes
exceeds 10%. At the same time, for nanotubes in neutral media, the
presence of oxide phases is not detected, but according to the data of
EDS analysis, the appearance of oxygen is observed, probably the oxide
phase is formed only on the surface of nanotubes.

Analysis of X-ray diffraction patterns made it possible to estimate
the crystallinity degree of the obtained nanotubes, and also to follow up
the dynamics of the amorphization process of the crystal structure in
media with different pH. Figure 7 demonstrates the diagram of changes
in the crystallinity degree during the experiment.

As can be seen from the presented data, the crystallinity degree has
reduced from 91% for the virgin sample to 65% on the 15" day and 54%
on the 20™ day for the medium with pH=1, and to 73% on 15" day and
66% on the 20™ day for the medium with pH=5. It has been found that

to the formation of oxide compounds on the surface of nanotubes and
subsequent corrosion processes that can cause structural destruction.

According to the obtained data, the appearance of FeO oxide
compounds in the structure of nanotubes is typical when the
crystallinity degree decreases below 70%. Oxide compounds of nickel
have not been found in the structure. In turn, an insignificant fall of the
crystallinity degree is observed for samples in a medium with pH=7, as
well as peaks typical for oxide compounds of nickel and iron are absent
in the diffraction patterns.

Figure 6a shows the dependence of the lattice parameter a on the
residence time in a medium with different pH, obtained using the
Nelson-Taylor extrapolation function:

1({cos’® cosO
=f(= +
“ f(2( sin® 0 j)

The value and error of determining the parametera were obtained
by linear extrapolation of this function to the zero value of the argument
(6=90°). The increase in the parameter a for a medium with pH 1 can
be explained by the appearance of hydroxide and oxide phases in the
structure. In the case of a medium with a pH of 7, an insignificant
growth of the lattice parameter is observed, which indicates a low rate
of nanotubes’ oxidation in neutral media.

At the same time, the growth of the average crystallite size is
observed (Figure 8), which is directly related to the appearance of
hydroxide and oxide phases in the form of corrosion outgrowths, as
well as the formation of disorder areas in the crystal structure.

The dynamics of the crystallite shapes and the orientation of
the Fe Ni , nanotubes as a result of oxidation has been studied by
estimating the texture coefficients of nanotubes. Crystallographic
texture is named the predominant orientation of grains in a polycrystal.
The texture coefficients have been calculated by the Harris formula:

a decline of the crystallinity degree below 70% leads to a high degree I 1 I
o A A TC. =ik /(_*Z hkl )
of the structure amorphization and partial structure destruction due ikl
Lo 1 Lo
Time 1pH 5 pH 7 pH
Ni FeO Fe(OH), NiO Ni FeO Fe(OH), NiO Ni FeO Fe(OH), NiO
0 100 - - - 100 - - - 100 - - -
5 days 100 - - - 100 - - - 100 - - -
10 days 91 6 2 1 100 - - 100 - - -
15 days 86 9 3 2 94 3 2 1 100 - - -
20 days 77 15 5 3 88 7 3 2 100 - - -
Table 1: Data on the phase state of nanotubes, %.
100 1pH
N 5pH
N/ =
. §g 07 pH
N
:M \/
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Figure 7: Diagram of the changes in the crystallinity degree.
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Figure 8: Characteristics of the crystal structure of the obtained samples of nanotube arrays: a) unit cell parameter; b) the average size of crystallites.

hkl pH1 pH5 pH7
Pristine = 5days Pristine 5days 10days 15days 20 days 10 days 15days 20 days Pristine 5days 10days 15days 20 days
Ni (111) 1.6441 1.5615 | 1.6441  1.6415 1.6351 | 1.5635 1.5151 | 1.3211 1.1142  1.0515 1.6441 1.6142 | 15511 | 1.4521 @ 1.2522
Ni (200) 0.9412 | 0.8415 0.9412 | 0.9146 A 0.9121 0.9024 0.8781  0.7514 @ 0.5252 | 0.3111 0.9412 0.9341 | 0.7472 | 0.6521 | 0.6521
Ni(220) | 0.7621 @ 0.5315  0.7621 | 0.7351 | 0.7145  0.6954 | 0.6721 0.5214 0.3451 @ 0.2141 0.7621 0.7214 | 0.6721 | 0.5352 | 0.4141
Ni (311) 0.4521 - 0.4521 | 0.4511 - - - - - - 0.4521 0.3515 - - -
FeO (111) - - 0.4214 | 0.5782 | 0.8732 - - - 0.5321 | 0.6532
FeO (200) - - 0.3412 | 0.5451 | 0.7472 - - - 0.4314 | 0.5632
FeO (220) - - - - 0.5578 - - - - 0.4251
Fe(OH), - - 0.1314 | 0.2781 | 0.4662 - - - 0.2413 | 0.3214
(100)
NiO (311) - - 0.1135 | 0.1642 @ 0.2461 - - - 0.1314 | 0.1879
Table 2: Data of texture coefficients.
Where I, is the experimentally obtained intensity of the reflex, I,

is the corresponding intensity according to the JCPDS base, and n is the
number of reflexes. The results of the calculations are given in Table 2.

Texture coeflicients more than one indicate the predominant
orientation of the array of nanotubes along the corresponding
directions, which implies an increase in the number of grains along
these directions. The number of reflections (n) corresponds to the
maximum value of the texture coefficients. According to the analysis
of the obtained data, the texturing degree decrease in the acid medium
with pH=1while the content of oxide compounds increase, which
leads to amorphization of nanotubes. In the case of neutral media, the
change in the texture coeflicients is negligible.

From the above data, it can be summarized that a typical oxidation
of iron and nickel occurs. Iron is oxidized to Fe?* in an acidic medium.
Mechanisms of iron oxidation have been studied well by the authors
[23-25]. The reaction equations are shown in Scheme 1.

At the same time, when the FeNi nanotubes are kept in more
aggressive media, also the nickel oxidizes, that proceeds by loss of
electrons during interaction with the medium and transition to nickel
oxide (II):

Ni® - 2e=Ni*.

The obtained nickel oxide (II) refers to berthollides with oxygen
stoichiometry. When much oxygen is in the structure, it passes into

Fe (s)+20, (g) <> FeO (s)

Fe (s)+2H,0+0, — 2Fe (OH), (s)

Fe (s)+2H" — Fe*" (I)+H, (g)

Fe (OH), (s)+2HCI — FeCl, (I)+2H,0
FeO (s)+2HCI — FeCl, (I)+H,O

Scheme 1: The reaction equations of the iron oxidation.

nickel oxide (I1T) of Ni,O,+H,O or NiOOH. In this case, nickel ions are
completely oxidized:

Ni** - 1e=Ni*.

However, since the oxidation state +3 is not typical for nickel,
compounds with this valency are unstable, so the hydrated forms of
nickel oxide (II) fragment with oxygen release.

According to the results of SEM, the corrosion outgrowths are
forming on nanotubes, and then gradually dissolving with increasing
the residence time according to the chemical transformations presented
in Scheme 1, and probably the interaction of ferric hydroxide with
hydrochloric acid occurs faster than iron oxide, so predominantly the
iron oxide (II) phase is detected on the tubes.
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Figure 9 demonstrates SEM images showing the degradation is observed for acid media with pH=1, which confirms the results of
dynamics of Fe Ni,  nanotubes in various media. According to the  the change in the crystal structure and the reactivity calculation. The

analysis of the obtained images the greatest degradation of nanotubes photographs clearly illustrate that for the medium with pH=1on the

20 days

Figure 9: SEM images of changes in the surface morphology of Fe Ni, . nanotubes as a function of the medium acidity.
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Figure 10: The detailed EDS analysis of outgrowths on nanotubes.
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10™ day outgrowths form on the surface of nanotubes, consisting of
oxide compounds, according to the data of EDS and XRD. A detailed
analysis of the outgrowths is shown in Figure 10.

As can be seen from the presented EDS data, a high concentration
of oxygen and iron is observed on nanotubes, which indicates the
oxide structure of the outgrowths. On the 15th and 20th day, there is
an increase in the number of outgrowths that cause the amorphization
of nanotubes’ surface, which confirms the results of these changes in
the crystallinity degree. According to the EDS analysis for media with
pH=5 and pH=7 the oxygen appearance in the structure is observed on
the 5% day for pH=>5 and on the 10" day for pH=7, but based on XRD
data, oxide compounds in the crystal structure appear on the 15" day
for the medium with pH=5. The presence of small oxygen impurities
on the 5" day is due to the surface layer oxidation of nanotubes.
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