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Copper oxide nanowhiskers are of interest as potential sensors, photodetectors, catalysts, and photocatalysts. The paper
presents the data of studies related to the problems of using copper (II) oxide nanowhiskers under the effects of temperature
fields and corrosive environment. As such effects, reactions of catalytic oxidation of carbon monoxide and methyl alcohol
(methanol) are considered. Arrays of nanowhiskers are obtained by annealing two types of copper coatings in an oxygen-
containing atmosphere. One type of the coatings was grown by the method of electrodeposition with a mechanical activation
of the cathode, and the other one — without it. In the former case, coatings consisting of large defect crystals were formed,
and in the latter one, coatings composed of nanocrystalline copper were formed. It is shown that, in both cases, annealing of
copper coatings resulted in the formation of layers consisting of copper oxides. Both coatings showed high activity under the
catalytic oxidation of carbon monoxide and methyl alcohol, but the sample obtained without mechanical activation during
electrodeposition entered into the reaction much earlier than the sample obtained with mechanical activation. This may be
due to a higher concentration of whiskers on the surface of the first sample. However, during prolonged tests, the activity of the
first sample decreased more rapidly than the one of the sample obtained with mechanical activation. In the authors” opinion,
the decrease in the activity of the samples in oxidation reactions is due to the fracture of nanowhiskers which is caused by the
change of the crystal lattice size due to their partial reduction. Applications of nanowhiskers are proposed.
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HanoBuckepHbIe CTPYKTYpPbI OKCH/IA MEAM B YCIOBMAX
BO3/IeJICTBYA TeMIIEPAaTYPHBIX IIO/IEeN U aTPeCCUBHBIX Cpef,

IprisynoBa H. H.", Bukapuyk A. A., bexun B. B., ®upcos B. C., IpbizyHoB A. M.

TonbATTMHCKIII TOCYNAPCTBEHHDIIT YHUBEPCUTET, Y. benopycckas 14, Tonbartu, 445020, Poccna

HanoBuyckepbl OKc1a Mey IPefCTaB/AIOT MHTepeC B KaueCTBe NOTEeHIMATbHBIX CEHCOPOB, POTOETEKTOPOB, KaTaI13aTo-
pOB, poTokaTanmM3aTOpoB. B paboTe nmprBeneHbl JaHHBIE MCCTEJOBaHMI, CBA3AHHBIX € IPOOIeMaMIt IIpYIMEHeHVI HAHOBUC-
kepoB okcypa Menu (II) B ycmoBuaAX BO3[eiicTBMA Ha HUX TeMIIepaTypHBIX IIOJIel 1 arpecCUBHBIX Cpell. B kadecTBe Takoro
BO3JIEJICTBMA PACCMATPUBAIOTCA PeaKIy KaTaIUTUIeCKOro OKMCIIeHN A OKycH yriepopia II 1 MeTunoBoro cnmpra (MeTaHo-
na). MaccyBbI HAHOBMCKEPOB HOIYYa/Iyl OTXKUIOM MeIHBIX IOKPBITUI IBYX BUJIOB B KUCTIOpOAOCcOofepKameit cpefe. Onmuu
BIJI HOKPBITHII BEIpAIVIBa/IV METOIOM 3IEKTPOOCAXKICHIA C MEXaHIYeCKOJ aKTUBallyell KaTofa, a fpyroit — 6e3 Hee. B mep-
BOM cJy4ae OpMMPOBAINCH IOKPBITHA, COCTOALLME U3 KPYIHBIX Ae(eKTHBIX KPMCTAJUIOB, a BO BTOPOM C/Iy4ae — U3 Ha-
HOKpUCTa/II4ecKoit Meny. IlokazaHo, 4TO 11 B TOM ¥ B IPYTOM CIIy4ae OT>KUT MeIHBIX ITOKPBITHIL IIPUBOJUT K (GOpMUPOBa-
HIIO B HUX CTI0€B, COCTOAIIMX M3 OKCUIOB Mefn. ITpy KaTanuTryeckoM OKMCIEHNUN OKUCH YITIepoja ¥ METUIOBOTO CIMPTa
00a ITOKPBITYA II0Ka3aly BBICOKYIO aKTMBHOCTD, OJHAKO 0Opasell, IONTy4eHHbII 6e3 MeXaHNIeCKOl aKTUBAlMU BO BpeMs
9JIEKTPOOCAKIEHM, BCTYIA/L B PeaKIMIO 3HAUUTE/IbHO paHbllle, 4eM oOpasell, TOTyYeHHbII ¢ MeXaHNYeCKOI aKTUBaIell,
YTO MOXeT OBITb CBA3aHO ¢ O0JIee BHICOKOJT KOHI[eHTpaljyell BUCKepOB Ha II0BEPXHOCTH IIepBOro obpasra. OgHaKo Ipy AyI-
Te/IbHBIX VICIBITAHNAX €T0 aKTYBHOCTD CHYDKA/IACh OBICTpee, 4YeM aKTVBHOCTb 00paslia, IOTy4YeHHOIO ¢ MeXaHIYeCKoll ak-
tyBanyeil. [To MHEHMIO aBTOPOB, CHIDKEHNE aKTUBHOCTI 00pasLoB B peaKLMAX OKVIC/ICHUA IPOUCXOINT U3-3a paspylleHn
HaHOBMCKEPOB, IPMYNMHON KOTOPOTO CIY>KUT M3MEHEHMEe pasMepa KPUCTA/INYECKON PEIIeTKN B Pe3y/IbTaTe NX YaCTUYHOTO
BoccTaHOB/IeHMA. [TpemIoxeHsl 06/1acTI IPYIMEHeH) I HAHOBUCKEPOB.

KnroueBbie cmoBa: HaHOBICKEDPBDI, pa3pylieHNe, TEMIIEPAaTypHbIE 11014, arpeCCUBHBIE CPETIBI.

294



Gryzunova et al. / Letters on Materials 8 (3), 2018 pp. 294-298

1. Introduction

Nanosized particles and whiskers of base metals and their
oxidesareof greatinterestlately. Nanoparticlesfind expanding
applications as catalysts [1-5] and photocatalysts [6-8],
and whisker structures can be applied in microelectronics.
In particular, there are publications [9-11] that describe
potential fields of applications of whisker structures of copper
oxide (CuO) as anodes for lithium-ion batteries, gas sensors,
photodetectors, field-emission displays. Furthermore,
whiskers are tested for photocatalytic properties [10, 12, 13].
The most promising ways to create arrays of nanowhiskers of
CuO are chemical and electrochemical methods of obtaining
copper crystals and their further heat treatment in oxygen-
containing medium [9-12]. During such processing,
nanowhiskers of CuO with the density of 10°-10° cm™ are
formed on the surface of copper crystals, films or coatings
[11, 12]. It is shown in [10, 11] that nanowhiskers of
CuO obtained by such methods have unique mechanical
properties at room temperature, in particular, flexural
strength close to the theoretical one (6.6x10' Pa). There
are, however, no data on the structural stability of these
nanowhiskers in the temperature fields and corrosive media.
The goal of the present work is to explore the features of the
behavior of the nanowhisker arrays of copper (II) oxides
(CuO) in corrosive media and temperature fields. Reactions
of catalytic oxydation of carbon (II) monoxide (CO) and
methyl alcohol (methanol) oxydation were used as corrosive
media.

2. Experiment

In the present work the arrays of copper oxide (CuO)
nanowhiskers were obtained by means of two processing
operations.

By means of the first operation, coatings of two types,
one of nanocrystalline copper (Fig. 1a) and the other one
of microcrystalline copper (layers of crystals, which contain
disclination type growth defects and are further referred to
as defect crystals (Fig. 1b)) were obtained. The coatings of
nanocrystalline copper (further referred to as sample I) were
obtained by electrochemical deposition from solutions of
electrolyte on a mesh from stainless steel 12X18H10T with
the cell size of 40x40 pm and the wire diameter of 30 um.
Aqueous solution of 25 wt% copper sulphate with addition
of 5 wt% sulphuric acid was used as the electrolyte. The
mesh was connected to the cathode of the potentiostat and
immersed into the electrolyte. The deposition was carried
out in the potentiostatic mode at 160 mV overvoltage for
15-25 minutes using P-150] potentiostat by Elins. The
surface morphology is shown in Fig. 1a.

The procedure of obtaining the layers of defect
microcrystals (sample II) had the only difference from the
first way that an activator in the form of microparticles
of metal oxides were added to the agitated electrolyte in
the beginning of electrocrystallization, due to which a
mechanical activation of the cathode and copper crystals
growing on it was performed [13-16]. The morphology of
such a surface (further referred to as sample II) is shown in
Fig. 1b. The mechanical activation occurred due to an effect

of abrasive particles of a powder composed of aluminium
and silicon oxides in the approximate ratio 1:1 moving in
the electrolyte, which are inert to the cathode. The average
size of the particles amounted to 10-25 um. The activation
of the cathode and crystals growing on it was carried out
in order to grow coarse-crystalline precipitations of copper
and to achieve their developed surface. The specific surface
of the microcrystalline copper obtained using mechanical
activation (Fig. 1b) was 0.9 m?/g, while that of copper (Fig. 1a)
consisting of nanocrystalline grains (with the same mass of
the samples) amounted to only 0.02 m?/g. Thermo Scientific
Surfer porosimeter was used to estimate the specific surface.
The preliminary gas removal was done for 120 minutes at the
temperature of 190°C. Krypton was used as an adsorbate,
and the specific surface was calculated using the Brunauer —
Emmett — Teller method (BET).

During the second operation, the mesh with the
nanocrystalline coating (Fig. 1a) and layers of the defect
microcrystals of copper (Fig. 1b) were treated by air
annealing at 400°C for 4 hours [17-20]. After the annealing
layers consisting of copper oxides (Fig. 2) were formed in
both coatings (Fig. 1).

The surface morphology of the coatings of the two
samples after the annealing was studied with Carl Zeiss Sigma
and JEOL JCM 6000 scanning electron microscopes in the
secondary electron mode (In-Lens detector), to analyze the
composition of elements TEAM EDS accessory by EDAX was
used. The cutting of the coatings (samples I and II) and CuO
nanowhiskers was done by the focused beam of ions (FBI)

50 pm
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Fig. 1. The electron microscopic pattern (SEM) of the mesh surface
after electrodeposition of the copper coatings (sample I) (a) and the
layers of the defect crystals deposited using mechanical activation of
growing crystals (sample II) (b).
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of gallium in FEI Helions Nanolab 600 scanning electron
microscope.

Ion cutting of nanocrystalline copper coatings (sample I),
X-ray structure analysis, X-ray electron probe analysis,
and scanning electron microscopy allowed a detailed
characterization of the laminated coating areas (Fig. 2)
formed in the process of annealing of copper precipitations
on the meshy support:

— the upper layer consisted of nanowhiskers (Figs. 2,3),
the chemical composition of which corresponded to CuO.
The whiskers had the diameter from 30 to 100 nm and the
length from 5 to 15 pm. Their surface density amounted to
10° cm™3

— the second, dark layer (Fig. 2), which the whiskers
grew from, had the thickness of 1.5-2 pm, contained 49%
of copper and 51% of oxygen, that is, it compositionally was
copper oxide CuO;

— the third, light-grey layer of 2-3 um thickness
(Fig. 2) contained 67% of copper and 33% of oxygen and was
identified as the layer of cuprous oxide Cu,O (Fig. 2);

— the fourth, 67 pm thick layer, was the layer of pure
copper (Fig. 2);

— the last one was the support of 12X18H10T steel.

In sample II, the structure of layers of defect crystals
formed during annealing of the coating was qualitatively the
same.

Thus, whiskers composed of copper oxide were formed
on the surface of both samples as a result of air annealing
(Fig. 3); their concentration on the surface of the coating from
nanocrystalline copper (sample I) is, however, much higher
than on the surface from defect microcrystals (sample II).
Due to this, the specific surface of the samples was roughly
the same and amounted to 10 m?/g in the reactions of
catalytic oxydation before the tests.

The reactions of catalytic oxidation of carbon
monoxide II (1) and methyl alcohol (2) were taken as model
reactions:

co -2 co, (1)
CuO
CH,OH —2%5 €O, +2H,0 @)
CuO

Testing of the samples I and II was carried out in a quartz
tube with the inner diameter 3 mm and the length 40 cm
placed in SUOL-0.25.1/12-11 tube furnace. Samples of 50 mg
mass with CuO nanowhisker arrays for the case of oxidation
of carbon monoxide II (CO) or 200 mg for the oxidation
reaction of methyl alcohol (methanol) were preliminarily
loaded into the tube. An initial mixture composed of 2 vol%
CO or methanol and air was injected at a flow rate 10 ml/min.
The maximum temperature for heating of the samples in
the mixture was set equal to 250°C for CO oxidation and to
320°C for methanol oxidation.

The composition of the initial and reaction mixtures was
analyzed using Crystallux 4000M gas chromatograph with
a thermal conductivity detector (TCD). The concentration
of the compounds was determined using the calibration
curve. The analysis of CO and O, was carried out on a
chromatographic tube with a deposited phase NaX of

3 meters length. The analysis of CO, and methanol was
made on a chromatographic tube with the deposited phase
Hyasep Q with 2 meters length.

The regeneration of samples I and II was carried out at
temperature 400°C for 1 hour in the air stream of 10 ml/min
flow rate without taking them out of the reactor. Then the
samples were tested again. The reduction of the samples was
carried out in the hydrogen-air mixture (2 vol% of hydrogen)
at temperature 300°C for 5 hours at the flow rate of the
mixture 10 ml/min.

‘Whiskers of CuO

Layer of CuO
Crack
Layer of Cu2O

Copper

Steel substrate

Fig. 2. Electron-microscopic micrograph of a cut of a copper coating
(sample I) deposited on the steel mesh support and exposed to
annealing at 400°C for 4 hours.

10 pm
x 2000

b

Fig. 3. The surface morphology of catalysts with CuO nanowhiskers
before the oxidation reaction: nanowhisker structures formed
on the surface of the solid coating — sample I (a); nanowhisker
structures formed on the surface of the defect microcrystal layers —
sample II (b).
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3. Results and discussion

The results of testing of the samples in the reactions of
catalytic oxidation of CO and methanol are presented
in Figs. 4 and 5. As seen in Fig. 4, whiskers of copper
oxide grown both on nanocrystalline coating and defect
microcrystals (Fig. 3) exhibit a high catalytic activity in
the reactions of oxidation of CO and methanol. However,
sample I enters into the reaction significantly earlier than
sample II. To the authors” opinion, this is due to the fact that
sample I has a higher density, smaller diameter, and larger
length of whiskers given the same specific surface, as seen
from SEM pictures (Fig. 3a,b). It is the higher concentration
of whiskers on the surface due to which sample I exhibits a
catalytic activity long before than sample II (Fig. 4).

During long-term testing of the samples under
investigation in corrosive media and at high temperatures
their activity decreases. The graphs in Fig. 5 show that in the
oxidation reaction of CO the conversion of sample I exhibits
a twofold drop in about 150 minutes and does not exceed
15% in 5 hours. Sample II undergoes a significant decrease of
catalytic activity as well but with a lower reaction rate.

The samples behave differently from the above behavior
in the reaction of methanol oxidation. Sample I exhibits a
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Fig. 4. Plots of the degree of CO (a) and methanol (b) oxidation
against the temperature for sample I and sample II.

sharp drop of the activity (by approximately 85% within five
hours). The decrease of catalytic activity for sample II is much
slower and the difference between the least and largest values
did not exceed 18% within 5 hours of the experiment. The
decrease of activity in both samples is, in our opinion, due
to the fracture of the nanowhiskers as a result of the reaction
(Fig. 6). A slower decrease of activity of sample II can be
caused by the fact that not only whiskers composed of copper
oxide react in the catalytic oxidation reactions but also the
surface layer of the sample, which, according to preliminary
studies (see Fig. 2), is composed of CuO as well but has a
more developed initial surface (Fig. 1b, 3d) due to the defect
crystals formed in the process of copper electrocrystallization
during mechanical activation of the cathode.

After testing of the samples fracture of the whisker
structures is observed (Fig. 6b). According to the data
obtained by means of scanning electron microscopy, the
mean length of the whiskers is decreased by 40-50%. A
formation of thickenings is observed on them (Fig. 6b), a
particularly large number of which is observed on the bends
and ends of the whiskers. This, in our opinion, is due to a large
number of the cycles of copper valence change and crystal
lattice rearrangement Cu-»CuO—>Cu,O in more defected
and, therefore, more catalytically active parts of the whisker.
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Fig. 5. Plots of oxidation of CO (a) and methanol (b) at T = 300°C for
sample I and sample II.

Fig. 6. Appearance of nanowhiskers: before the test (a); after the oxidation reaction (b).
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A large difference in specific volumes of Cu, CuO, Cu,O [11,
12] results in the fracture of the whiskers structure due to a
large number of cycles of reduction and oxidation of copper.
The Cu,O crystal lattice is the “loosest” one that is why cracks
are formed in Cu,O layer during the heat treatment of copper
(Fig. 2).

To clarify the reasons for the fracture of whiskers, we
carried out temperature tests in vacuum under the conditions
similar to those of catalytic activity testing. No visible
whiskers fracture is observed in vacuum suggesting that it is
is not due to the heating of whiskers up to high temperatures
but to the redox processes.

Thus, in our opinion, the decrease of catalytic activity of
the samples is caused by a reduction of their surface area due
to the fracture of whiskers under the conditions of catalytic
oxidation.

4., Conclusion

Basing on the results of the present study, the following
conclusions can be made:

— application of whisker structures obtained on the
surface of metallic supports and fully composed of copper
oxide in corrosive media, in particular, in the reaction of
catalytic oxidation of CO and methanol is counterproductive
due to their fracture;

— the fracture of whiskers in the process of the reaction
is due to their oxidation and reduction, but not to any thermal
or physical impact. A periodic rearrangement of the crystal
lattice occurs under oxidation and reduction of copper
oxides, and due to the large difference in the specific volumes
of Cu, CuO and Cu,O this results in the fracture of the lattice;

— whiskers and nanowhisker structures of copper
oxide can be more efficiently used in catalytic reactions at
relatively low temperatures (below 200°C), for example, as
photocatalysts active in the visible range of electromagnetic
radiation [10] and used for decontamination of toxic
substances;

— whisker structures of copper oxide can be used at
higher temperatures (up to 500°C) but in inert media and
vacuum.
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