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A universal method has been developed for producing nanomaterials based on the use
of solid-phase matrices with ordered porosity; these are called solid-phase nanoreactors, in
this case, porous aluminum oxide. It allows you to create nanomaterials with a unique
complex of functional properties that are characteristic only for highly organized arrays
of ordered nanoparticles with a pore size narrow distribution. Perspective matrices for the
synthesis of the nano-composites are films of porous anodic aluminum oxide having an
ordered structure. They are thermally stable and chemically inert with respect to most
materials. The purpose of this work was to study the features of preparing nano-struc-
tured anodic aluminum oxide as a matrix to create a composite Al,0;—WO; system with
specified functional properties. Influence of the nature of sulfuric acid and oxalic acid
electrolytes and their concentration on the porosity of anodic aluminum oxide was estab-
lished. The synthesis parameters for obtaining oxide films on an aluminum substrate with
a given pore geometry and nanostructures in the bulk of the aluminum oxide matrix were
determined. A method for immobilizing by introduction of WO; in a film of porous
aluminum oxide is proposed which makes it possible to obtain an electrode suitable for use
in gas semiconductor sensors for detecting nitric oxides NO,.

Keywords: porous aluminum oxide, nanomaterials, nanocomposites, orderliness, oxide
film, formation modes.

Paspaboran yHuBepcaJbHBIA METOJ IIOJYUYEHUS HAHOMATEPHAJOB, OCHOBAHHBLIN HaA WHC-
[IOJIb3OBAHUY TBEPIOMASHBIX MATPHUIL ¢ YIOPALOUYEHHON IIOPHUCTOCTHI0 — TBepHLo(asHBIX HAa-
HOPEaKTOPOB, B MAHHOM CJIyuyae MHOPHUCTOTO0 OKCHIA AJIOMHUHHA. JTO IIO3BOJISET CO31aBATD
HAHOMATEPHAJbl, 00JaJa0lNe YHHKAJIbHBIM KOMILIEKCOM (DYHKIMOHAJIBHBIX CBOMCTB, Xapa-
KTEPHBIX TOJBKO IS BBICOKOOPraHM30BAHHBIX MACCHBOB YIIOPSAMLOUYEHHBIX HAHOYACTUIL C
V3KHM pacrpelesieHreM HOp 110 pasmepy. IlepcreKTUBHON MaTpUIlell IJd CUHTEe3a HAHOKOM-
IIOBUTOB ABJSIOTCHA IIJIEHKH IIOPHCTOTO AHOTHOTO OKCHAA AMIOMUHUSA, UMEIOIINe YIIOPALOUEH-
HYI0 CTPYKTYPY, OHU TEPMHUYECKN YCTONUMBBI WM XUMUYECKM HHEPTHBI II0 OTHOIIEHHIO K
fonbmIMHCTBY MarepuanoB. llesb paborbl — uccaegoBaHue OCOOEHHOCTEHM IIOJYUYEHUS HAHO-
CTPYKTYPHUPOBAHHOTO AHOLHOTO OKCHUAA AJIOMUHHSA KAK MATPHUILI IJd CO3TAHUSA KOMIIOSUT-
moit cuctemsl Al,0,—~WO; ¢ saganapiMy QYHKIMOHATEHEIME CBOHCTBAMU. YCTAHOBJIEHO BJIH-
aune mpupozsl snexrponuros (1 M H,S0, n 0,6 M C,H,0,), ux KoHIeHTpPanuM Ha IOpPUC-
TOCTE @HOTHOTO OKCHAA ajioMuuusa. OmnpemeseHbl MapaMeTphl CUHTE34, KOTOPbIE MO3BOJSIIOT
MOJIyYaTh OKCHUIHLIE INIEHKM Ha ajJIOMUHNAU ¢ 3aJaHHON reoMeTpHueil mop ¥ HAHOCTPYKTYPHI B
obweme marpunsl Al,O,. Ilpegnoxena meropuka nmmobunusanuun WO, B III€HKY IIOPHCTOrO
OKCHIA AJIOMHUHUSA, IO3BOJANONAA [IOJYIUTh UYBCTBUTENbHBLIM 9J€MEHT AJS MUCIIOJb30BAHMS
B r'asoBBIX IIOJYIPOBOJHUKOBEIX ceHcopax mia gerexruposanus NO,.
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Cunres GYHKmioHAJBHHX HAHOKOMIO3WUTIE HA OCHOBI OKCHAIB aNOMIiHIiIO.
I'.I'"Tyavevruil, JI.B.Jlawoxk, I.C.Illeguenkxo, O.B.Bacunvuenrxo, O.A.Cmeavmax.

Pospobieno yHiBepcanbHUT MeTOS OTPUMAHHS HAHOMATEPiaTiB, 3aCHOBAHUI Ha BUKOPUC-
TaHHI TBepAo®a3HUX MATPUIL 3 YIOPAJKOBAHOI TMOPYBATICTIO i TBepmodasHUX HaHOpeaK-
TOpPiB, Y AAHHOMY BUTQAKY TOPYBATOTO OKcHMAY adoMiuito. Ile mo3BoJsie CTBOpPIHOBATU HAHO-
MaTepiangu, 10 BOJOAIIOTH YHIKATLHUM KOMILIEKCcOM (YHKIIOHAJILHWX BJACTHBOCTEH, Xapa-
KTEPHUX TIiMBKU [OJA BHUCOKOOPTAHIBOBAHWX MACHBIB BIOPATKOBAHNX HAHOYACTHUHOK 3
BY3bKUM DPOBIOTIJIOM TIOp 3a posMipoM. IlepcreKTUBHOIO MATPUIEI0 AJASA CHUHTE3Y HAHOKOM-
TMOBUTIB € TIIBKY TTOPYBATOTO aHOAHOTO OKCHUIY aJIOMiHi0, III0 MAlOTh BIOPAAKOBAHY CTPYK-
TYypPy, BOHU TepMmiuHo cTifiki i ximiuno imepTHi mo BigHOUIeHHIO X0 GinbIIOCTi MaTepiamis.
MeToto poboTH € AOCHIAKEeHHA OCOOJUBOCTEIl OTPUMAHHA HAHOCTPYKTYPOBAHOTO AHOTHOTO
OKCHAY ATIOMiHII0 AK MATPUIL AIsA cTBOpeHHA KoMmmosuTHOI cuctemu Al,O;—WO; iz sagamu-
MU (GYHKIIOHAJBLHUMM BJIACTUBOCTAMU. BCTaHOBJIeHO BIJAWB HPUPOAM ejeKTpositie (1 M
H,SO, i 0.5 M C,H,0,), ix koxmenTpanii Ha mopyBaTicTh aHOZHOTO OKCHIY asioMiHiioo.
Busuaueno mapameTpu CHUHTE3Y, AKi J03BOJAAITH OTPUMYBATH OKCHUAHI IUIIBKM HA ajdoMiHil
i3 3amaHOI0 reoMeTpicro ImOpP Ta HAHOCTPYKTypH B 06’emi marpuni aamomimieBoro oxcumy.
3amponoHoBano MeroAuKy immo6Gimisanii WO, y nuiisky mopueroro okcuny amiominiio, aka
IOSBOJIAE€ OTPUMATH €JEKTPOX, HPUAATHUI NS BUKOPUCTAHHSA y I'ad0BUX HAIIiBIIPOBIZHUKO-

BUX ceHcopax Aya gerekTysaHHa NO,.

1. Introduction

One of the most important areas of
chemical design of modern materials is con-
nected with solution of the problem of pro-
ducing nanostructures with specified char-
acteristics and creating functional nanoma-
terials based on them. An additional
problem is the metastability of phases in
the nanocrystalline state [1]. It is connected
with a significant increase in the specific
surface of particles as their linear dimen-
sions decrease; this results in increase in
the chemical activity of the compound. The
main method for synthesis of nanocompo-
sites includes reception of free nanoparti-
cles and their subsequent incorporation into
an inert matrix. To obtain nanoparticles of
the desired morphology with a narrow size
distribution, as a rule, the method of synthe-
sis in colloidal nanoreactors is used [2-4].
This approach is rather simple, but it im-
poses serious restrictions on the choice of
the matrix, since organic polymeric com-
pounds are usually used as matrices, and
they do not always have the necessary
physical properties. In addition, this ap-
proach does not completely eliminate proc-
esses of aggregation of nanoparticles. An
essential significant drawback of the
method is also the impossibility to obtain
nanocomposites with an ordered arrange-
ment of nanoparticles in the matrix; that
significantly limits the production of mate-
rials with such unique properties. This aim
is possible to reach only in the case of
highly ordered systems (for example, sys-
tems with specified magnetic, electrical and
optical properties) [5]. In this regard, of
particular interest is the development of
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methods for the formation of nanocompo-
sites using spatially-ordered nanostructures.
As a rule, such structures are necessary for
the creation of various classes of functional
materials where metals, their oxides, semi-
conductors, dielectrics, etc. can act as the
nanophase. One of solutions to this problem
is proposed in this work; it is the method of
nanocomposite synthesis, based on forma-
tion of nanostructures in the bulk of the
aluminum oxide (Al,O3) matrix during a
chemical reaction. In this case, the matrix
should contain structural voids (pores) that
can be filled with compounds; their sub-
sequent modification leads to the formation
of nanoparticles in these voids. In other
words, the pore walls should limit the zone
of reaction with the participation of the
compounds introduced in them, i.e. pores
act as solid-phase nanoreactors [6]. Obvi-
ously, choosing compounds with different
geometry of structural voids, one can syn-
thesize nanostructures with different mor-
phology and in various solid phase reactors
[6] (for example, in nanoporous oxides of
niobium, tantalum, and aluminum with
amorphous or crystalline structures). If
such voids are ordered, then it becomes pos-
sible to obtain spatially-ordered nanocompo-
sites. The proposed approach allows us to
avoid the drawbacks of the methods for ob-
taining free nanoparticles in colloidal
nanoreactors with subsequent immobi-
lization in an inert matrix. Also we can
directly control the parameters of nanopar-
ticles in the matrix at the stage of their
formation and change these parameters dur-
ing the operation of the material and sub-
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stantially facilitate practical application of
some unique materials [7].

From the physicochemical point of view,
anodic aluminum oxide (AAO) is an X-ray
amorphous mixture of aluminum hydroxide
Al(OH)3;, aluminum oxyhydroxide AIOOH,
hydrated aluminum oxide Al,03:(H,O)q 3 and
anions integrated from an electrolyte solu-
tion [8]. The nature of anions in the struec-
ture of AAO strongly depends on the type
of electrolyte and can range from 2 % for
C2H204 to 13 0/0 for Hb2804 [9].

The structure of the AAO can be repre-
sented in the form of hexagonal dense
packed cylindrical pores perpendicular to
the surface of the barrier film. In the AAO
film, porous and barrier layers are distin-
guished. The porous layer constitutes the
most part of the anodic Al,O3 volume. The
barrier layer is a rather thin and dense film
located at the base of the pore. Usually, the
structure of AAQO can be characterized by
such parameters as the degree of porosity,
pore diameter, distance between pores, wall
thickness, thicknesses of the porous film
and barrier layer. Porous aluminum oxide is
characterized by the following properties:
regular porosity close to a perfectly ordered
structure; relative simplicity of managing
the pore sizes in a wide range; high homo-
geneity of the porous structure; good repro-
ducibility of the production process. It
should be noted that the porous structure
has a low dispersion of the distribution of
pores in diameter; this parameter can be
controlled by changing the anodizing condi-
tions ranging from a few units to hundreds
of nanometers. In addition, to obtain pores
of a certain size, an appropriate electrolyte
should be used. Pores of the smallest diame-
ter are obtained when the anodization is
carried out in sulfuric acid [10].

Despite intensive ongoing researches and
developments of effective methods for the
synthesis of porous anodic metal oxides, a
uniform approach to explaining mecha-
nisms and kinetics of formation of ordered
pore arrays during anode oxidation has
not yet been developed. This fact signifi-
cantly hinders implementation of the
method in industrial technologies of or-
dered nanostructures.

The aim of this work was to study the
peculiarities of producing anode nanostruc-
tural aluminum oxide as a matrix to create
a composite Al,03—WO; system with speci-
fied functional properties.
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Fig. 1. Voltage versus anodizing time depend-
ences for oxalic acid and sulfuric acid solu-
tions of different concentrations: I — 1 M
C,H,0,4; 2 — 0.5 M C,H,0,5 3 — 1 M H,SO,;
4 — 0.5 M H,S0,.

2. Experimental

Anodic behavior of aluminum was stud-
ied in solutions of 1 M sulfuric acid
(H,SO,4) and 0.5 M oxalic acid (C,H,0,4) at
different temperatures (5°C and 15°C). Alu-
minum foil samples (99.99 %) were sub-
jected to anodization. For the study, the
method of voltammetry was used. Gravimet-
ric measurements were used to calculate the
porosity of the anodic oxide films. The surface
area of the samples was 2 em2. The counter
electrode was made of lead. Morphology of the
produced coatings was studied using the scan-
ning electron microscopy method (SEM) using
a microscope JSM-7001F.

3. Results

Study of the growth kinetics of a porous
aluminum oxide layer was carried out in a
galvanostatic mode with a variation of ano-
dizing parameters (voltage and current).
The dependences obtained as a result of the
research are shown in Fig. 1.

The character of the dependences in Fig.
1 shows that a higher voltage and, presum-
ably, pore size is achieved when using
0.5 M oxalic acid. Due to the more stable
nature of the curves, solutions of 0.5 M ox-
alic acid and 1 M sulfuric acid were chosen
for the further research.

The results of the study of electrolyte
temperature effect on the growth of AOF

are shown in Fig. 2.
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Fig. 2. Voltage versus anodizing time depend-
ences at different electrolyte temperatures:
I — 0.5 M C,H,0,, 5°C; 2 — 0.5 M C,H,0,
15°C; 3 — 1 M H,S0,, 5°C; 4 — 1 M H,SO,,
15°C.

Regardless of the electrolyte composi-
tion, a change in temperature from 5 to
15°C with a current density of 5 mA-cm 2
resulted in different voltage values. As the
temperature raises, the aggressiveness of
electrolyte increases; thus, the processes of
AOF dissolution and decrease in film thick-
ness are accelerated. Therefore, tempera-
tures above 15°C can lead to the destruction
of a porous anodic film on aluminum.

The structural characteristics of AOF
which were formed in solutions of 1 M sulfu-
ric acid and 0.5 M oxalic acid under various
synthesis conditions are given in Table 1.

As can be seen from the obtained indica-
tors, the porosity of AOF on aluminum de-
pends on the nature of electrolyte and ano-
dizing conditions. Study of the structure of
the obtained films confirms that pores with
a larger diameter are formed in oxalic acid
(Fig. 3); this result is in accordance with
the results given in [10].

It can be seen from the above figures
that the synthesized films have an ordered
porous structure with a uniform pore size
distribution.

As it is known, nitric oxides NO, are one
of the most toxic components of industrial
emissions and exhaust gases of vehicles. In
solving the problem of monitoring their
concentration in atmosphere, semiconductor
metal oxide sensors with tungsten oxide
WO; as a sensing element are relevant [2].

The method of the nanccomposite synthe-
sis is based on the formation of nanostruc-
tures in the bulk of the Al,O3 matrix during
a chemical reaction.

Immobilization with WO3 was carried out
by impregnation from a saturated solution
of ammonium tungstate prepared by the re-
action:

H,WO, + 2NH,OH — (NH,),WO, + H50.

Then, the samples impregnated in the
ammonia solution were dried at temperature
of 100 to 110°C, while ammonium paratung-
state (APT) crystallized:

+ 14NH3 + 2H,0.

In the next stage the thermal decomposi-
tion of APT was carried out in air atmos-
phere in a muffle furnace at temperature of
600 to 700°C:

(NHg)19HoW;5045 - 4H,O0 — 12WO4 +
+ 10NH3 + 10H,0.

Thus, the method described above has al-
lowed us to synthesize a semiconductor com-
posite Al,O3-WO5; based on nanostructured
aluminium oxide.

To calculate the theoretical amount of
WO; introduced in the oxide matrix, we as-
sume that the volume of WOj; is equal to
the pore volume of the matrix. Taking into
consideration that the pores of anodic alu-
minum oxide have a cylindrical shape and
are perpendicularly located to the surface,
also, the thickness of the synthesized film
is equal to the height of a pore, we can
calculate the area and volume of one pore.

The number of pores per surface unit
depends on the anodization current density
j and is calculated using the formula

Table 1. Characteristics of porous structure of synthesized anodic oxide films

Electrolyte Current density | Voltage U, V Cell diameter Pore diameter | Porosity P, %
i» mA-cm™2 D,, nm Dp, nm
1 M H,SO, 5 20 54.3 18.1 10.2
0.5 M C,H,0, 5 60 166.3 55.4 7.1
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Fig. 8. Micrographs of porous AAO synthesized in: A — 0.5 M C,H,0,4; B — 1 M H,SO,.
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Table 2. The main parameters of the synthesized composite

Electrolyte Number of pores, n| Pore volume, em3 |Theoretical mass of | Practical mass of
WO,, mg WO,, mg
0.5 M C,H,0, 21-10° 0.5:1073 1.59 1.74
4. Conclusions
n=ngj %,

where n is the number of pores per em?2; ng is
a constant that equals 112.10% cm 2 for oxalic

acid based electrolytes; o is a constant, which
is 0.72 for oxalic acid based electrolytes.

Knowing the volume of one pore and the
number of pores per surface unit, we can
calculate the theoretical mass of WO5 intro-
duced in the oxide matrix. The practical
mass was calculated gravimetrically by
weighing the samples before and after fill-
ing. Parameters of the formed composite
are given in Table 2.

Apparently from Table 2, the practical
mass of implemented WO; is larger than theo-
retically calculated. This result suggests that
in synthesized composites, WO is not only in
pores, but also on the surface of the samples.

To determine the gas-sensitive properties,
the developed electrodes were saturated with
NO, gas for a certain time. The electrical
conductivity of the composites was measured
as a certain amount of gas was repeatedly
added. The conductivity value was measured
using an automated laboratory bench.

It can be concluded that the obtained
electrode turned out to be sensitive to NO, and
can be proposed for use in gas semiconductor
sensors for detecting NO, [2]. Such sensors can
also be used in industries, for example, nitric
acid, oxide-semiconductor capacitors, etc.,
where there are emissions of NO,.
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Thus, the process of the single-stage pro-
duction of AAO with the ordered structure of
pores has been investigated in this work.
Electrolysis parameters which allow obtaining
oxide films with a given pore geometry on
aluminum substrates were determined. Theo-
retical calculations are confirmed by scanning
electron microscopy data. A method for im-
mobilizing by introduction of WO3; in a film
of porous aluminum oxide is proposed. The
performed tests confirmed that the synthe-
sized composite can be used to detect NO,.
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