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Abstract: Ni nanotubes (NTs) were produced by the template method in the pores of ion-track
membranes and then were successfully functionalized with gold nanoparticles (Ni@Au NTs) using
electroless wet-chemical deposition with the aim to demonstrate their high catalytic activity. The fab-
ricated NTs were characterized using a variety of techniques in order to determine their morphology
and dimensions, crystalline structure, and magnetic properties. The morphology of Au coating de-
pended on the concentration of gold chloride aqueous solution used for Au deposition. The catalytic
activity was evaluated by a model reaction of the reduction of 4-nitrophenol by borohydride ions in
the presence of Ni and Ni@Au NTs. The reaction was monitored spectrophotometrically in real time
by detecting the decrease in the absorption peaks. It was found that gold coating with needle-like
structure formed at a higher Au-ions concentration had the strongest catalytic effect, while bare Ni
NTs had little effect. The presence of a magnetic core allowed the extraction of the catalyst with the
help of a magnetic field for reusable applications.

Keywords: template synthesis; magnetic nanotubes; Ni@Au nanocomposite; Au nanocatalysts1

1. Introduction

Gold nanostructures have a number of specific properties, including high conductivity,
localized plasmon resonance, and biocompatibility, which explains their wide use in various
fields from sensing and imaging to photothermal therapy [1]. Owing to high surface energy
and large surface area, Au nanoparticles, in contrast with bulk gold, are considered a key
catalyst in various reactions, providing high activity and selectivity [2,3]. In many cases, the
Au–nano catalytic activity remains very high even in the absence of solvents and without
use of harsh conditions (strong oxidants, high temperatures, and pressures). The catalytic
efficiency of nanostructured gold depends on a number of factors such as particle size and
shape [4–6]. Typically, smaller Au particles behave better due to a larger number of surface
atoms. The shape may also influence the number of surface atoms and affinity. Therefore,
controlled morphology of Au nanoparticles is important for catalytic applications [7–9].

Another factor affecting catalytic efficiency is the support on which the particles
are evenly distributed and therefore exposed to more reagents. Thus, carbon nanotubes
are promising as a catalyst support for metal nanoparticles [10,11]. The support can
have magnetic properties, which makes it possible to control the catalyst by an external
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magnetic field, simplifying many processes such as stirring during the reaction, recovery,
or purification of the catalyst [12]. In this work, hollow nickel nanotubes (NTs) synthesized
by a template method and then coated with a stable layer of nanostructured gold were
proposed as catalysts and tested using a model reaction of the reduction of 4-nitrophenol
(4-NP) [13]. In general, 1D-nanomaterials such as NTs have potential for applications in
catalysis [14].

Among the noble metallic nanostructures, Ag and Cu are also attractive in catalysis
owing to their lower cost and high reactivity and selectivity. In particular, the reduction in
p-NP by borohydride with the assistance of Ag nanoparticles was accepted as an alternative
route to effectively produce p-aminophenol (p-AP) [15,16]. However, the catalytic activity
of AgNPs is not as good as AuNPs. Depending on the reaction type, bimetallic Au
nanomaterials such as AuPd could be more preferred [17,18].

Most of the research is devoted to the search for stabilization of gold nanoparticles
and their immobilization on various substrates to improve their catalytic activity, stability,
and durability. Standard procedures for creation of a gold shell around metal nanoparticles
are based on a two-step process: first, an inner metal core is synthesized using inorganic
salts of Men+ (for a magnetic core, Me = Fe, Ni, Co), and then the shell is formed by
successive reduction of Au in the presence of sodium citrate or sodium borohydride [19–21].
In another approach, an Au layer is produced by deposition through an additional polymer
or silica compound layer [20]. Additionally, the template electrochemical synthesis can
be employed where the matrix with deposited Au tubes is used as a template for inner
metal deposition [22–24]. The developed methods make it possible to produce a gold
coating with a predefined thickness and with various morphologies, such as flat layers and
individual particles in the form of ellipsoidal granules, hemispheres, and needles.

The study of cost-effective methods for the production of stable, easily controllable,
and reusable catalysts remains an important challenge in the field of catalysis research.
Nanomaterials structured as ‘magnetic core-Au shell’ can be good candidates in the field
of efficient and environmentally friendly catalysts. The possible control of the catalyst by
an external magnetic field simplifies many processes such as stirring during the reaction,
recovery, or purification of the catalyst. In such systems, iron oxide nanoparticles are
most frequently used as a magnetic core [12,20,25]. Replacing them with 3D metals brings
stronger ferromagnetic properties. In particular, Ni, as naturally occurring transition
material, can be more advantageous as a magnetic core. Furthermore, elongated magnetic
nanostructures in the form of nanowires and NTs should outperform the spherical magnetic
beads in catalytic applications [26].

The proposed bimetallic nanostructures of the type nickel core-Au shell (Ni@Au)
represent a catalytic system for several types of reactions, such as hydrodechlorination
of 2,4-dichlorophenol [12] and chlorobenzene [27], chemoselective hydrogenation of ni-
troarenes [28], selective hydrogenation of alkynes or dienes and levulinic acid [29], metha-
nation of synthesis gas [30], and light hydrocarbons reforming [31]. Gold-on-magnetic
metal catalyst can be used in oxidation processes: both complete oxidations, used to catalyt-
ically destroy various toxic compounds, and selective oxidation, used for organic synthesis
in fine chemistry to get the desired products such as oxidative decomposition of volatile
organic compounds, selective oxidation of alcohols, hydrocarbons, and sugars.

Here, we study the reduction of 4-NP by NaBH4 in the presence of Ni@Au NTs,
which is regarded as a ‘model catalytic reaction’. This implies that the reaction yields a
single product, and it does not proceed in the absence of a catalyst. On the other hand,
the reduction of nitro derivatives is very important due to their pollutant nature [13].
The reaction was monitored by UV–vis spectroscopy by the decrease in the absorption
peak of 4-NP at 400 nm. Ascribing this decrease to the concentration of 4-NP, the reaction
rate was determined, and its change was used to compare the performances of Ni@Au NTs
as catalysts.
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2. Materials and Methods

A two-stage process was used to produce Ni@Au NTs: Ni NTs were synthesized in
the pores of ion-track matrices by the method of template synthesis, and then gold was
deposited on the surface of the NTs by wet chemistry.

Track-etched membranes with a thickness of 12 µm (pore diameter of 380 ± 20 nm,
density of 4× 107 cm−2) based on polyethylene terephthalate (PET) were used as templates.
Manufacturing and control parameters of PET membranes were demonstrated in previous
works [32–36]. In short, PET films (Mitsubishi Polyester Film, Germany) were irradiated
by Kr-ions with an energy of 1.75 MeV/nucleon and an ion fluence of 4 × 107 ions/cm2

using a DC-60 accelerator (available in Astana branch of the Institute of Nuclear Physics
of Kazakhstan). After chemical treatment in 2.2 M NaOH at 85 ◦C, membranes of a given
diameter were obtained.

Electrochemical deposition was carried out at a potential difference of 1.75 V (neg-
ative potential) in a two-electrode electrochemical cell using an aqueous solution of
NiSO4 × 6H2O (100 g/L) and H3BO3 (45 g/L) at room temperature [37,38]. The process
was controlled by a chronoamperometric method of measuring the voltage vs. time char-
acteristic with an Agilent 34,410 system. Before electrochemical deposition, a thin layer
of gold (10 nm) was magnetron sputtered on one side of the membrane. The resulting
tubes length was 8.8 ± 0.2 µm, so they were shorter than the thickness of the PET template
to prevent the formation of NTs overlaps. The external diameters corresponded to the
pore diameters. The internal diameters were 220 ± 20 nm, and the wall thickness was
approximately equal to 80 nm.

After the synthesis of nanotubes, the PET template was etched in a 5 M NaOH solution
for 4 h and at a temperature of 85 ◦C until the template was completely evacuated.

The electroless wet-chemical method was used to coat NTs with gold. The deposition
was carried out from the aqueous solution of the gold chloride with two concentrations of
0.005 M and 0.01 M and 1%-hydrofluoric acid [39] at 25 ◦C for 30 s. After gold deposition,
the samples were washed with NaOH (1%) to neutralize hydrofluoric acid, water, and
ethanol. This process involves the replacement of the Ni atoms on the NTs surface with
Au atoms through a reduction–oxidation reaction. The sequence of reactions leading to
the formation of a nanostructured gold coating on the surface of Ni NTs is represented by
Equations (1)–(4):

3Ni0 + 2Au3+ → 2Au0 + 3Ni2+ (1)

Au3+ e−→ Au2+ e−→ Au+ e−→ Au0, (2)

2Au2+ → Au3+ + Au+, (3)

nAu0 → Au0
n (NSs). (4)

The fabricated NTs were characterized using a variety of techniques in order to
determine their morphology and dimensions, crystalline structure, magnetic, and optical
properties. Structural features were examined using scanning electron microscopy (SEM,
Hitachi TM3030), scanning transmission electron microscopy (STEM, Hitachi SU9000) at
simultaneous bright-field and annular dark-field imaging regimes, transmission electron
microscopy (TEM, JEOL JEM-100). Energy dispersive X-Ray analysis (EDX, JED-2300
Analysis Station at JEOL JCM-6000 Plus Neoscope microscope) and X-ray diffraction
analysis (XRD, Bruker D8 ADVANCE, Cu Kα radiation) were used for elemental and
crystallographic characterization.

The basic magnetic parameters were determined from the hysteresis loops measured
with the help of vibrating sample magnetometer (universal measuring system “Liquid He-
lium Free High Field Measurement System, Cryogenic LTD, London, UK”). The magnetiz-
ing field was up to ±1 T. The measurements were taken at room temperature. The samples
were prepared in the form of powders.

The catalytic activity of nanotubes was examined using a model reaction of the
reduction of 4-nitrophenol (4-NP) by borohydride ions in the aqueous solution. For



Processes 2021, 9, 2279 4 of 11

catalytic reduction of 4-NP, sodium borohydride solution (0.5 mL, 0.1 mM) was added to
4-NP (4.5 mL, 0.11 mM) contained in a glass vessel. After that, a predetermined amount
of Ni@Au NTs was added, and immediately, UV/Vis spectra of the sample were taken
every 2 min in the wavelength range of 200–600 nm. Fourier-transform infrared (FTIR)
spectrometer (InfraLUM FT-08) was used to record FTIR spectra (range 400–4000 cm−1,
25 scans, 2 cm−1 resolution, on ATR accessory (PIKE, PIKE Technologies, Madison, USA)).

After the reaction, the catalysts were removed using a magnet, washed three times
with ethanol and distilled water, and freeze-dried for reuse in the next run.

3. Results and Discussion

The determination of the elemental composition by the EDX method confirmed that
the originally produced NTs by the electrochemical deposition consisted of pure nickel,
and they were free from any impurities. The SEM image of Ni NTs shown in Figure 1a
demonstrates their smooth surface and a hollow structure. Similar results were previously
obtained in [37,38].The XRD pattern given in Figure 1b shows that Ni NTs have a (111)
preferred direction of growth, as this peak is much larger compared to the other peaks.
The XRD pattern recorded at diffraction angles of 20 < 2θ < 35◦ contained the halo typical
of PET films [36]. The crystal structure was a face centered cubic (fcc) with the lattice
parameter a = 3.5176 ± 0.0007 Å and an average crystallite size of 17.5 ± 1.1 nm. The XRD
analysis confirmed pure structure of Ni NTs (phase concentration of Ni is 100%) with a
degree of crystallinity of 78%, which is associated with a well-formed crystal lattice, as
well as a low content of disordering regions. Structural parameters of initial Ni NTs are
collected in Table 1.
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Figure 1. SEM image in (a) and XRD pattern in (b) of an array of Ni NTs in PET template. Similar results were previously
obtained in [37,38].

Table 1. Structural parameters of Ni NTs.

Phase (hkl) 2θ◦ d, Å
Crystallite
Size, nm

Lattice
Parameter, Å FWHM

Ni-Cubic
Fm-3m(225)

111 44.586 2.03015 17.35

3.51760

0.550

200 51.835 1.76354 15.68 0.629

220 76.601 1.24424 17.67 0.636

After the synthesis of nanotubes, the PET template was completely etched. The depo-
sition of gold on the surface of nickel nanotubes carried out by the wet chemistry method
with two different concentrations of gold salt in the solution (0.005 M and 0.01 M) resulted
in different coatings. The analysis of SEM images (Figure 2) showed that gold covers
Ni NTs surface in different manner, depending on the concentration of gold ions in the
solutions. Previous results on structural and optical properties of Ni NTs plated with Au
for use as SERS substrates (surface enhanced Raman scattering) were reported in [39].
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With increase in the concentration, the surface morphology of the gold layer changes.
At a concentration of 0.005 M, a thin gold film is formed having a granular structure with a
grain size of less than 50 nm. At a concentration of 0.01 M, gold nanostructures grow on
the surface of NTs in the form of needles up to 200–250 nm in length.

Processes 2021, 9, x FOR PEER REVIEW 5 of 11 
 

 

NTs surface in different manner, depending on the concentration of gold ions in the solu-
tions. Previous results on structural and optical properties of Ni NTs plated with Au for 
use as SERS substrates (surface enhanced Raman scattering) were reported in [39]. 

With increase in the concentration, the surface morphology of the gold layer changes. 
At a concentration of 0.005 M, a thin gold film is formed having a granular structure with 
a grain size of less than 50 nm. At a concentration of 0.01 M, gold nanostructures grow on 
the surface of NTs in the form of needles up to 200–250 nm in length. 

 
Figure 2. SEM images of Ni@Au NTs: (a,c)—prepared with gold chloride concentrations of 0.005 M 
and 0.01 M, respectively. (b,d)—the corresponding enlarged patterns. 

To determine the gold content in the composition of coated nanotube samples, EDX 
analysis was performed. The EDX mapping shown in Figure 3 simultaneously records 
nickel and gold and their quantities. 

 
Figure 3. SEM image (a,d), nickel and gold mapping (b,c,e,f) for Ni@Au NTs prepared with different 
concentration of Au 0.005 M (a–c) and 0.01 M (d–f), respectively. The images for 0.01 M concentra-
tion are similar to those published in [39]. 

The results of EDX showed that the atomic ratio of Au and Ni in the structure was 
21% and 79% for samples produced with a gold chloride concentration of 0.005 M, and 
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To determine the gold content in the composition of coated nanotube samples, EDX
analysis was performed. The EDX mapping shown in Figure 3 simultaneously records
nickel and gold and their quantities.
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Figure 3. SEM image (a,d), nickel and gold mapping (b,c,e,f) for Ni@Au NTs prepared with different
concentration of Au 0.005 M (a–c) and 0.01 M (d–f), respectively. The images for 0.01 M concentration
are similar to those published in [39].

The results of EDX showed that the atomic ratio of Au and Ni in the structure was
21% and 79% for samples produced with a gold chloride concentration of 0.005 M, and this
percentage changed to 68% and 32% when the gold chloride concentrations increased to
0.01 M, respectively. The spectra showed that the surface of the nanotubes was uniformly
covered with gold, and the needle-like nanostructures are entirely composed of gold.



Processes 2021, 9, 2279 6 of 11

The XRD spectra of Ni@Au NTs shown in Figure 4 reveal the presence of phases of
Ni and Au. In the XRD patterns of the samples with two gold chloride concentrations,
low-intensity peaks correspond to 0.005 M, and higher intensity peaks are for samples with
0.01 M. The fcc phases of Ni and Au are identified in both cases. Structural parameters of
Ni@Au NTs are presented in Table 2. The crystallographic parameters were calculated from
the main peaks of Au (111) and Ni (111). For Ni, the unit lattice parameter and crystallites
size slightly increased, probably due to the aching process of the Ni surface during the
reaction. The position of the Au (200) peak close to the Ni (111) peak may also result in
apparent increase in the peak widths. For Au, the lattice parameter a slightly increases
from 4.0618 Å to 4.08243 Å with the increase in concentration. The phase concentration
of gold increases from 20.5% to 38.9% with the increase in concentration of Au ions in the
solution. This differs from the results obtained with the EDX method, which predominantly
reflects the concentrations in the surface layer and often does not reliably determine the
volume or mass content of components. On the other hand, XRD is an accurate method for
determining the phase composition of a crystalline material. Equations (1)–(4) show the
sequential reduction of gold to a metallic state. Therefore, the large difference in the relative
mass concentration of gold in the composite can be explained by both the specificity of
the methods used and by the phase state of gold (the presence of a non-metallic phase) on
the surface of nickel nanotubes. The presence of mixed phases such as substitutional or
interstitial solutions was not detected. A slight increase in the degree of crystallinity is due
to the formation of the fcc-Au phase.
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curve). The lower intensity peaks are due to smaller amount of NTs used for the investigation.

Table 2. Structural parameters of Ni@Au nanotubes.

Ni@Au NTs,
Concentration of Au

in Solution
Phase Crystallites

Size, nm
Lattice

Parameter, Å
Phase

Concentration, %

0.005 M

Ni-Cubic
Fm-3m(225) 19.87 ± 2.01 3.51991 79.5

Au-cubic
Fm-3m(225) 12.29 ± 1.15 4.0618 20.5

0.01 M

Ni-Cubic,
Fm-3m(225) 21.08 ± 1.61 3.53442 61.1

Au-Cubic,
Fm-3m(225) 16.6 ± 1.35 4.08243 38.9
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The hysteresis loops of Ni and Ni@Au NTs powder samples are shown in Figure 5.
The loops are typical for ferromagnetic materials and correspond to previously obtained
results for Ni NTs [38]. The magnetic properties: coercivity and squatness of hysteresis
loops for samples of Ni and Ni@Au NTs are slightly different. Thus, the coercivity increases
from 75 Oe for Ni NTs to 82 Oe for Ni@Au NTs (0.005 M) and to 87 Oe for Ni@Au NTs
(0.01 M). The remanence to saturation value of about 0.315 is almost the same for all
the samples. A change in magnetic properties of magnetic nanomaterials coated with
functional layers is often observed, which is associated with surface effects, such as fixation
of the magnetic moment due to the coating and a change in the interaction between
particles [40]. In our case, the change was insignificant.
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To demonstrate the catalytic activity, the reaction of reduction of 4-nitrophenol by
borohydride ions in aqueous solution was used, which meets the following requirements:

i. A simple and well-controlled chemical reaction of the transformation of substance A
into B should be observed in the presence of nanostructures, and the termination of
the reaction without them;

ii. Analysis of reaction kinetics must be performed by simple and accurate methods
(e.g., UV–Vis spectroscopy), and the reaction mechanism, including a possible inter-
mediate state, must be precisely known;

iii. The reaction must proceed under rather mild conditions in order to avoid any side
reactions or possible dissolution of the nanoparticle.

To understand the efficiency of the catalysts, as well as the possible influence of the
nickel core on the catalytic activity, the reaction was monitored spectrophotometrically in
the presence of the following samples: Ni NTs, ‘nickel core-gold shell’ NTs of two different
morphology of the gold coating, and accordingly, the amount of gold. 4-nitrophenol has
a characteristic absorption peak at about 400 nm, which remains almost unchanged in
the presence of Ni NTs, as shown in Figure 6b. The absorption peak decreases in the
presence of Ni@Au (0.005) NTs (Figure 6c) and almost disappears after 10 min of addition
of Ni@Au (0.01) NTs, which indicates almost complete conversion of 4-nitrophenol to
4-aminophenol. Simultaneously, a peak at around 299 nm corresponding to 4-aminophenol
appears which evidences the reaction (indicated in Figure 6 by arrow). Therefore, under the
experimental conditions, the considered reduction reaction was not possible without the
use of gold nanoparticles of sufficient amount and specific morphology. The concentration
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of remaining p-nitrophenol Cnit as a function of time can be described by introducing the
apparent rate constant (kapp) [13,16,41]:

dCnit
dt

= −kappCnit (5)

Considering that the absorption peak intensity is proportional to Cnit, the following
relationship is held:

kappt = ln A(t)/A0, (6)

where A0 corresponds to the absorption intensity of p-nitrophenolate ions at 400 nm, and
A(t) corresponds to the measured absorption peak at time t. This allows us to use a linear
fit with respect to time of the function ln A(t)/A0 as an indicator of the catalytic activity of
different samples.

The largest value of kapp of 1.7 × 10−3 s−1 is obtained in the presence of Ni@Au NTs
(0.01). This parameter reduces to 0.532 × 10−3 s−1 when Ni@Au NTs (0.005) are used, and
down to 0.19 × 10−3 s−1 in the presence of Ni NTs. It is seen that Ni NTs on their own are
not a catalyst.

The obtained results for the reaction rate kapp can be compared with the use of other
Au nanostructures. Depending on the size, shape, and surrounding ligands, this value may
range from 0.8 × 10−3 s−1 up to 7.2–7.9 × 10−3 s−1 [6,23,41,42]. Therefore, we achieved a
moderate value of kapp but the technology has a potential of further optimization, since an
improved performance with changes in Au morphology was demonstrated.
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Ni@Au 0.01 M (d). Kinetic analysis of the competitive reduction according to Equation (6) (e).
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The reaction was tested in five cycles (runs), and the change in the reaction efficiency
is shown in Figure 7. We observed at first a slight decrease in the efficiency of 78 and 65%,
compared with the first run; however, after the fifth cycle, the reaction efficiency dropped
to 48%, which could be due to a decrease in the amount of recovered material with the use
of a magnet.
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4. Conclusions

We have shown that Ni nanotubes (NTs) produced by a convenient template synthesis
are suitable for deposition of nanostructured gold directly on their surface using a solution
of tetrachloroauric acid. By varying the concentration of gold salts in the initial solution,
a layer of pure gold of two different morphologies was obtained on nickel NTs: a uniform
layer of smooth nanoparticles and a layer with nano-needles. The proposed method of
Ni nanotubes surface modification very slightly affects the magnetic properties of Ni NTs,
since few changes were observed in the structure of the magnetic core. A significant
catalytic activity of Ni@Au NTs was demonstrated using a model reaction of reduction of
4-nitrophenol. The efficiency depended on the state of the Au surface of such structures.
The largest value of the reaction rate of 1.7 × 10−3 s−1 was obtained in the presence of
Ni@Au NTs (0.01 M) with Au layer having nano-needles. The presence of the magnetic
support allowed the catalysts’ removal with a magnet for reuse.
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