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Abstract

Objectives. Catalytically active materials are required in different chemical engineering processes.
This makes the development of new materials with high efficiency and original ways in which to
obtain them of significant interest. The present work investigates the synthesis of catalytically
active material including electrode materials, as well as their improved efficiency due to the
nanodecoration of their surface.

Methods. An aluminum folio was nanoperforated (nanoscalloped) by high-voltage anodization
in an acidic medium. The effective electrode material was obtained as a metallic nickel replica
rather than an oxide layer of the product. To study the surface state of aluminum obtained in this
manner, a scanning electron microscope (Hitachi-SU8200) was used. The elementary composition
of the aluminum was determined by back-scattered X-ray irradiation.

Results. The nickel replica obtained in the above-described process exceeded the catalytic
activity estimated by methanol oxidation of the unprocessed nickel 70-150 times.

Conclusions. The present paper demonstrates the potential of creating effective catalytically
active nanopillar materials using the metallic rather than metal-oxide part of a layer of anodized
aluminum as a matrix template.
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AHHOMayus

Ienu. Kamanumuuecku aKkmugHble Mamepuaibl OCMaromest 60Cmpebo8aHHbIMU 8 PA3AUUHBLX
XUMUKO-MEXHOSI02UUECKUX NPOUECCax, NOIMOMY AKMYATbHbIMU S8ASIOMCSL UCCAe008AHUSL, HA-
npasseHHble Ha NOUCK HOB8bLX 9(hPeKmuUBHbLX MAMEePUAO8 U OPULUHANIbHBIX nymell ux noayue-
Hus. Hacmosiwwas paboma nocesujeHa CO30aHUI0 JIeHMOUHbIX KAMAAUMUUECKUX, 8 MOM UUC/e
91eKMPOOHBLX MAMEPUANO8, dPPEeKMUBHOCL KOMOPbLLX Y8EAUUCHA 30 Cuem HAHOPUPIEHUS
nogepxHocmu.

Memoobst. Memodom 6bLcoK080IbMHOLL AHOOHOI 06pAbGOMIKU HA NOEEPXHOCU AJIHOMUHUEBOTL (hoNb2U
opmuposanocb HaHopugreHue. SppheKxmusHbslll Kamaiumuuecku aKmugHbLIL Mamepuasl NoaYyua-
JIU KAK HUKele8yt peniuky ¢ Memaiiudeckoll aroMUHUesol ieHmel. /11 onpedeneHust COCmostHUSL
No8epxXHOCIU AIHOMUHUSL UCNOSTL308ANIU CKAHUPYOWULL 91eKmpPOHHbLI muKkpockon Hitachi-SUS200
(“InoHust), Onst aIeMeHMHOo20 AHAUSA COCMABA NOBEPXHOCMU — 0OPAMHYI0 PEHM2eHO8CKY0 homo-
ANIEKMPOHHYIO MUKPOCKONUIO.

Pesynomamult. [TonyueHHblll HAHOBOPCUCMbLIL HUKEe8blll Mamepuasl NPegocxooum no Kamaaumu-
yecKoli aKmugHoCMu 21a0KUll HUKe/lb npu okucieHuu memarosna 8 70—150 pas.

Bwb1800bL. [Tp00eMOHCMPUPOBAHA B03MOIKHOCTL UCNOIb30BAHUSL 8 KAUEeCMEe MeMNAAMHOU MAMpPu-
UbL 0151 CO30aHUSL 9hheKMUBHBbIX HAHOBOPCUCMbLX HUKEe8blX JIEHMOUHbLX KAMAlu3amopos, 8 mom
yuce a1eKmpooos, He AIOMUHUL-OKCUOHOU (KaK npediazaiocb paHee), a Memaiiuveckoll uacmu
AIIOMUHUEBOTL (PO, NOO0BEPZHYMOTL BbLCOKOBO/ILMHOMY AHOOUPOSAHUTO.

Knroueesle cnoea: 8bLCOKOBOSIbMHOE aHodupoeaHue aItOMUHUsL, HaHopuchJleHue noeepxHocmu,
JIeHMOYHble KamaJjiusamopsl, HaAaHO80pocucmole SﬂeKmpOGbL, yﬂbmpaducnepCHbLe SJleK?mpOdbL

Jna yumuposanusn: Antponos A.Il., 3aiiues H.K., Pa6kos E.JI., Smtynos H.A., Mynpakosa I1.H. Xumuko-rexHosnoru-
YeCKHH MOXOM K CO3/IaHUI0 HAHOBOPCUCTHIX (YJIBTPAJIMCIEPCHBIX) KaTAIUTHUCCKN aKTUBHBIX MATepHAIOB. TOHKUE XUMUYECKue
mexnonozuu. 2021;16(2):105-112. https://doi.org/10.32362/2410-6593-2021-16-2-105-112

INTRODUCTION

Modern chemical technology enables the
production of not only substances of a specific
composition and structure, but also materials with
a given dispersion and surface conditions that can
serve as effective catalysts, afterburning catalysts
for automobile exhaust, high-performance electrode
materials for electrolyzers, and as chemical current
sources. Chemical-technological approaches
show great promise for creating materials with
specific surface profiles because mechanical or
thermophysical methods are not applicable in
this case. Such materials include metal strips and

plates with guaranteed roughness in the form of
micro-and nanoscale needles or columns, so-called
nanofilaments, or ultrafine materials, which are
characterized by high -catalytic activity. These
materials can be used in numerous applications in
small-tonnage production [1-13] but are typically not
employed in large-tonnage production. The reason for
this is because nanofilament materials are obtained in
the form of samples with an area of several square
centimeters only, making samples of a sufficiently
large area unavailable.

Increasing demands regarding environmental,
information, and technological security aspects
have necessitated the search for new catalysts and
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alternative energy sources, based on using renewable
resources and enabling the more efficient use of non-
renewable resources, as well as finding autonomous
power sources for various technical devices and
aircraft. The task of increasing the efficiency of fuel
cells and water electrolysis systems is relevant for two
primary reasons. First, the systems of electrolyzer fuel
cells represent the most real energy buffers required
for the operation of alternative energy sources,
common among which is variable power. Effective
operation of such energy sources is impossible without
energy buffers; that is, systems that allow for shading
(smoothing) or compensating for fluctuations in the
power of the original energy sources.

The first stage in the manufacturing of
nanofilament materials is the single/double relatively
high-voltage anodic treatment of aluminum or
titanium surfaces with suitable electrolytes, among
which the most commonly used are oxalic, sulfuric,
and phosphoric acids. In this case, an oxide layer
is formed on the surface of aluminum, comprising
hexagonal cells arranged in a honeycomb formation
and permeated with nanopores throughout. Paszanski
and Schneider [14] suggested the emergence of
a dissipative microcirculation system similar to
Rayleigh—Benard cells, where on the surface of
aluminum the electric potential gradient acted
instead of the temperature gradient, and the diffusion
process instead of Archimedean force. In the case
of aluminum anodizing, the oxide layer comprises
aluminum hydroxide nanoparticles in various degrees
of hydration that have pores with a very large aspect
ratio; this pore diameter can be up to 1 nm, and its
length can be up to several microns. Concurrently, the
surface of metallic aluminum is also grooved, which
reflects uneven propagation of the oxidation front deep
into the aluminum plate [15]. The fluting of aluminum
is much smaller in aspect ratio compared with that in
the oxide layer; however, unlike the aluminum-oxide
membrane, which does not have mechanical strength,
metal tape can be used in a tape-drawing mechanism, as
well as storage and transportation in a rolled state, and is
much more technologically advanced for creating large-
area nanofilament matrices. In all of the publications
we found [1-13], the use of an aluminum-oxide layer as
the initial (template) matrix was described; the typical
samples that the authors of these works worked with
were several square centimeters in size. The question
on the possibility of the practical use as a starting
matrix for the creation of functional electrodes the
metal part of anodized aluminum instead of aluminum-
oxide remains unexplored.

This work investigated the possibility of
obtaining nanofilament nickel replicas with a higher
catalytic activity compared with smooth nickel,

using a replica method not based on an aluminum-
oxide layer but using metallic aluminum. Finding a
solution to this problem can help to determine the
feasibility of developing chemical and technological
installations for creating initial (template) matrices
based on aluminum tape.

EXPERIMENTAL

The formation of aluminum matrices was
performed on aluminum foil samples with a purity of
98.5%; 0.3 M orthophosphoric acid (analytical reagent
(AR) grade) was used as a background electrolyte.
Oxygen was removed from the solution by purging
spectrally pure argon (American Chemical Society
(ACS) grade) and during anodization, gas purging
continued. The auxiliary electrode was a platinum
wire with a diameter of 0.5 mm and a length of 10 cm.
A potentiostat with an operating voltage range from
0 to 300 V was used as a voltage source; a maximum
current of up to 10 A was allowed and the accuracy
of maintaining the voltage at 0.5 V was ensured. A
sample of aluminum foil with an uninsulated area
of 2 cm? was placed in a cell (a 500 mL laboratory
beaker) equipped with a RITM-01 magnetic stirrer
(Econix-Expert, Moscow, Russia). The aluminum-
oxide layer for obtaining a purified aluminum surface
was removed by placing in a 0.1 M sodium carbonate
solution (AR) for 30 min at 100°C.

The sample processed during the selected time
and at the selected voltage was washed with bi-
distilled water and dried in air for 24 h. An enlarged
image of the surface of aluminum was obtained
using an optical microscope, photographed, and
examined on a Hitachi-SU8200 scanning electronic
microscope (SEM; Hitachi, Japan) in a low-voltage
low-temperature mode (at accelerating voltages of
15 kV and 77 K). Scanning electron microscopy
was the main method for determining the number
and size of holes (depressions) on the surface of the
aluminum. In addition, reverse X-ray photoelectron
microscopy was used for elemental analysis of the
surface composition. The primary image processing
of electronic micrographs was performed using the
Digimizer (v.5.4.7) software program.

As catalytically active surface modifiers, palladium
nanoclusters were synthesized from palladium
dichloride (AR) through water microemulsions in
octane (AR) stabilized with a non-ionic surfactant
(Triton X-100), followed by the reduction of
palladium ions with sodium tetrahydroborate (AR),
similar to the process effected in our previous works
[16—18]. For the preparation of nickel replicas, nickel
plating solutions containing 150 g/L of nickel nitrate
(AR), 80 g/L ammonium sulfate (AR), and 50 g/L of
the disodium salt of ethylenediaminetetraacetic acid
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(AR) was used. Nickel plating was carried out in the
same electrochemical cell as anodization but a cathode
voltage of =5 V was applied to the sample. Copper
replicas were similarly prepared. The composition of the
copper plating electrolyte was as follows: 80 g/L copper
sulfate pentahydrate (AR), 80 g/L sodium thiosulfate
(AR), and 80 g/L sodium acetate (AR). The time
taken for the electrochemical reduction of metals to
the surface of the nanoperforated membrane for each
of the samples was 120 min.

After applying the replicas to the surface of
the nanoperforated matrix, the aluminum template
material was removed by keeping the resulting
“sandwich” for 24 h in a 4 M solution of sodium
hydroxide (AR), which was then repeatedly washed
with bi-distilled water, and dried in air for 24 h at
21°C. Following on, the replicas were investigated by
optical and electron microscopy as described above.

To study the electrochemical activity of the
obtained replicas, we used the cyclic voltammetry
method on the Ecotest-VA  (Econix-Expert)
voltammetric analyzer. In the case of nickel replicas,
aqueous methanol solutions were used as the main
substrate. For copper replicas, aqueous glucose
solutions were used. The specific composition of the
background electrolytes is indicated on the signatures
ofthe voltammograms.

RESULTS AND DISCUSSION

The formation of the anode layer at the initial
stage of anodization (15 min after the start of the
process) is shown in Fig. 1. As can be seen from
the figure, light contours—the boundaries of the
initial metal crystallites—appeared on the sample
surface. The black dots of micropore nuclei were
evenly distributed over the sample surface, which is
consistent with Thompson’s observations [9].

100 1

90 80 0 60 50
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With further anodization, dimples formed on the
metal surface. The dependence of the average pore
size on the surface of the aluminum foil on the applied
voltage and the anodizing time is shown in Fig. 2.

As shown, the average size of the pores that
represent the imprint of the propagation front of the
Keller layer depends not only on the magnitude of the
applied voltage but also on the exposition time. This
suggested that the dynamic evolution of the anodized
layer occurred not only at the boundary of the Keller
and Thompson layers (as Thompson suggested [19])
but also at the Keller metal-layer boundary. During
further anodization, depressions formed on the metal
surface [20, 21].

The dependence of the current density on time at
a fixed voltage (70 V) during the sample’s anodization
process is shown in Fig. 3.

Figures 4 and 5 show SEM images of aluminum
foil samples subjected to anodization at 70 V in 0.3 M
phosphoric acid after removing the aluminum-oxide

SU8000 15.0kV 9.6mm x5.00k S|

Fig. 1. Scanning electronic microscope (SEM) micrograph
of an aluminum sample after anodization
(U=90V,t=15min, T =21°C, 0.3 M H,PO,).
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Fig. 2. A three-dimensional diagram of the dependence of the average diameter of holes formed on the aluminum
surface during anodization on the voltage and time of anodizing (7, = 21°C, 0.3 M H,PO,).
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Fig. 3. Change in the current density during anodization in
the mode of 70 V, 5 min, 7, = 21°C in 0.3 M H,PO,;:
(1) the start of the anodization process (voltage supply);
(2) the formation of an aluminum-oxide layer;

(3) electrical breakdowns with the formation of nanoscale holes;
(4) the end of the anodization process (voltage shutdown).

layer, as well as replicas taken from it, respectively.
The photo clearly shows the presence of nanoscale
corrugation on the surface.

The chronoamperogram shown in Fig. 6 confirms
the increase in the efficiency of the electrode material
due to its nanostructuring. The applied voltage in all
cases is 0.8 V (relative to the silver chloride electrode),
the electrolyte is 0.1 M NaOH, and the electrode area
is 1 cm?

As shown in Fig. 6, the resulting nickel replicas
provided a current return during oxidation of the model
fuel (methanol) for fuel cells at 70-150 times greater
amounts compared with smooth nickel. This result can
be directly used to create improved and permanent
sensors for methanol. To date, the reason for such
a large increase in the efficiency of the electrodes in
nanofilament remains unclear; whether it is a result of

Fig. 4. An SEM image of an aluminum foil sample
subjected to anodization at 70 V in 0.3 M phosphoric acid
after removing the aluminum-oxide layer.

Fig. 5. An SEM image of a nickel replica sample from an
aluminum foil subjected to anodization at 70 V in 0.3 M
phosphoric acid after removing the aluminum-oxide layer.
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Fig. 6. Chronoamperograms when three 200-puL portions
of methanol were sequentially added into
an electrochemical cell with a volume of 100 mL:
(1) compact nickel electrode; (2) nickel nanostructured
material; (3) nickel nanostructured material with palladium
nanoparticles.

an increase in the surface of the electrode or because
geometric factors and a surface structure are also
important. It is expected that in the future, the proposed
approach will improve the performance of fuel cells
and hydrogen-source electrolyzers.

CONCLUSIONS

The high-voltage anodic treatment of aluminum
foil was used to form a nanoperforated aluminum-
oxide layer on a metal surface, and a nickel replica was
formed on the surface of the treated aluminum. When
testing the catalytic activity of the obtained replicas,
using the electrochemical method on the example
involving methanol oxidation, current densities
were obtained at 70—150 times higher levels than
on smooth nickel. Thus, it was found that the metal
part of the anodized aluminum/aluminum-oxide-layer
sandwich, despite having a much lower aspect ratio
than the oxide part, was suitable as a template matrix
for the creation of catalytically active materials and
ultrafine electrodes made of nickel and other metals.
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The results obtained herein can be used as a basis in
chemical-technological installation aimed at creating
initial (template) matrices for catalytically active
materials.
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