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Self-organization of nanoscale structures under an electrochemical treatment is most
pronounced during the formation of porous anodic metal (aluminum, titanium, niobium,
and tantalum) oxides. A theoretical approach is proposed to describe the processes of the
self-organization that allows one to determine the conditions for the formation of porous
niobium oxides with amorphous or crystalline structure. The studies have shown the
influence of the electrolyte nature on the formation of oxide layers. The use of an
activator (fluoride) provides the conditions for the formation of oxides with different
surface morphology at the initial stage of anodizing. By varying the mode of niobium
anodizing, one can investigate the nature of pore nucleation at the initial stage of their
growth, as well as track the in-time evolution of their geometrical dimensions, depending
on the formation conditions, and synthesize porous AOFs on niobium with an amorphous
or crystalline structure.
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CaMoopranmsanua HAHOPA3MEPHBIX CTPYKTYP TPU 3JIeKTPOXUMUUECKOil 06paboTke Hanbo-
Jee APKO TIPOABISAETCA B X0oAe (DOPMUPOBAHUSA TOPUCTHIX AHOAHBIX OKCUIOB METAJJIOB (ayio-
MUHUS, TUTAHA, HNOOUS, TaHTana). I[IpeaiosKeH TeopeTUYecKHWil MOAXOA K OMMCAHUIO ITPOTe-
KalollUX IIPOI[ECCOB CAMOOPTAHWBAIIUM, TO3BOJAIONINN ONPeneNdaTh YCAOBUSA 0o0pasoBaHUSA
TOPUCTHIX OKCHUIOB HUOOUA aMopdHOH MIM KPUCTANIUUYECKOIl cTPYKTYyp. IIpoBemenubie mic-
clelOoBaHUSA TOKA3aJIU BJAUSAHNE NPUPOABLI SJIEKTPOMUTA Ha (GOPMUPOBAHUNE OKCUTHLIX CJIOEB.
HcnonnsoBanmne arTwBaTopa ((QTOpMIAa) TO3BOJAET HA HAYAJBHOM CTAAMM aHOAWPOBAHUSA
obecrieuynBaTh YCAOBUA A (QOPMHUPOBAHUA OKCUAA € PA3IUUHON MOPGOJIOTHE TOBEPXHOC-
TV. Bappupysa peKUMOM aHOAWPOBAHUA HAa HUOOUMU MOJKHO HCCJIEAOBATH XapaKTep 3aposKie-
HUA TOP HA HAUAJBHOHN CTaJMU WX POCTa, a TaKiKe IIPOCJEJUTH 9BOJIOIUI0O BO BPeMeHM UX
reoOMeTPUUYECKNX PasMepoB B 3aBUCUMOCTU OT YCJIOBUH MX (POPMUPOBAHUA U CUHTE3UPOBATH
nopuctile AOII Ha HMO6UM aMOpPGHOIN MM KPUCTAIIUUYECKOH CTPYKTYDP.

dopMmyBaHHA HAHOCTPYKTYP Ha OCHOBi IIOPHCTOro aHoaa 3 OKcuay Hiobiw. [.M.Puwenio,
J.B.J1awox, B.II.'omozos, C.A.Bodonaxuenrxo, C.I'.[[epi6o.

CamoopraHisamis HaHOPO3MIPHHX CTPYKTYP IpU eJeKTpoximiuHili o006pobui Haibinabma
SCKPABO HPOABJISAETBCA ¥ X041 POPMYBaHHS IIOPUCTHUX AHOTHUX OKCHUIIB MeTaliB (aaroMiHio,
TUTaHy, Hi06if0, TaHTaay). 3alIpPONOHOBAHO TEOPETUUYHMUI IiAXix mo ommcy mporecis camoop-
ramisarii, 110 I03BOJIA€ BU3HAUATH YMOBH YTBOPEHHS IIOPUCTUX OKCHUIIB Hiobiro amopduoi
abo kpucraiiunoi crpyxkrypu. IIpoBemeHi mocaig:KeHHA IIOKA3aJIM BILIMB IPUPOAU €JIEKT-
pority Ha (QopMyBaHHS OKCHUIHWNX IIapiB. Buxopucranmusa axtusaropa (PTopumy) L03BOJSAE
Ha I[IOYATKOBIiN crajgii amogyBanHsd 3abesleuyBaTd YMOBH s (POPMYBAaHHSA OKCHIY 3 PisHOIO
mopdoioriero moeepxui. Bapioouu pexmMoM aHOAyBaHHA Ha Hiob6il MOMKHA mociaimKyBaTu
XapaKTep 3apoJsKeHHS IIOP Ha II0YAaTKOBiM cramii iX 3pOCTAHHSA, a TAKOMX IIPOCTEKUTU
€BOJIIOIII0 3a YacoM IX reOMEeTPHUYHHX PO3MipiB B sajerxHOCTi Bixg ymoB ix ¢opmyBamusa i
cunresysaru nopucti AOII ma HioGil amopdHOI abo KpucTandiuuoi CTPYKTYP.
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1. Introduction

Nanoporous niobium oxide formed using
the electrochemical method can have an
amorphous or crystalline structure and can
be used to create composite materials with
controlled nanostructured surface morphol-
ogy [1, 2]. An anodic oxide film (AOF) on
niobium has unique properties (nanometer-
sized pores, high chemical and thermal sta-
bility, catalytic activity, ete.), which make
it promising from a practical point of view.
This material can effectively be used to cre-
ate a wide range of devices, such as gas
sensors [3], solar batteries [4], catalysts [5],
thin-film lithium Dbatteries [6], etc. There-
fore, the development of the technology of
electrochemical formation of porous AOF on
niobium and analysis of its properties has sub-
stantial scientific and practical significance.

From both technological and economical
points of view, one of the most promising
methods of oxide nanomaterials formation
is anodic oxidation of valve metals in elec-
trolytes that are poor oxide solvents [4]. It
was shown in [5] that AOFs formed on nio-
bium in fluoride-containing electrolytes
have a self-organized nanoporous structure.
Despite available scientific information on
the formation of porous niobium oxides
(PNO) [5, 7, 9], most of the works do not
sufficiently reflect the dependence of the
anodic oxide characteristics on the condi-
tions of its formation. The relevance of
finding the answer to this question has de-
termined the target of the present research.

Studies [7-9] are dedicated to analysis of
PNO formation. These studies state that,
depending on the electrolysis conditions, an
amorphous or crystalline oxide with differ-
ent surface morphology can be formed on
niobium. Analysis of [4, 6, 7] shows that
the PNO is formed in fluoride-containing
electrolytes, which are weak solvents of
oxide film. The anionic composition of the
electrolyte significantly affects the dynam-
ics of processes in the energetically inhomo-
geneous passivating layer. According to the
sorption ability, a fluoride-ion exhibits an
activating effect.

Depassivation of the sample begins at the
sites with the highest activity, and then
spreads out to less active sites. The interac-
tion of fluoride with the AOF surface leads
to the formation of a water-soluble complex
[NbF7]2‘ [9], which causes local oxide disso-
lution, contributing to the nucleation of
pores and formation of the porous AOF
structure.
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The amorphous anodic oxide is charac-
terized by a closely packed cell; the cells are
directed perpendicular to the metal surface
and parallel to each other. The hemispheri-
cal shape of the bottom of the growing cell
is preserved [8]. Despite the fact that the
rate of chemical dissolution of the oxide is
approximately two orders of magnitude
lower than the rate of electrochemical disso-
lution, and the duration of anodization is
rather long due to chemical dissclution, the
pore walls can lose mechanical strength and
crumble. Consequently, the less aggressive
the electrolyte, the greater is the limiting
thickness of the porous layer [9].

Under certain anodizing conditions, the
AOF crystalline structure is formed in the
shape of microcones on niobium [9]; this
fact can be used in various devices. It is
considered that a non-porous oxide barrier
layer forms first, and then it transforms
into a crystalline oxide under the action of
an electrolyte and a strong field. Over time
in the process of oxidation of the metal, the
microcones grow together into a continuous
layer of the crystalline oxide. There is no
consistency in the scientific literature re-
garding the mechanism of nucleation and
formation of the crystalline structure of the
porous AOF on niobium. In [5] it is stated
that the formation of the crystalline phase
occurs under the action of internal stresses
as the thickness of the oxide increases. In
[7], it is assumed that the formation of the
niobium oxide microcones may be associated
with the inhomogeneous chemical dissolu-
tion of the anodic film upon anodization.
Thus, there is no unified approach explain-
ing the mechanisms and factors influencing
the formation of pore arrays and structures
during anodic oxidation; this fact signifi-
cantly retards their practical implementa-
tion in the field of ordered nanostructures.
Therefore, the purpose of this work is to
develop theoretical foundations on the for-
mation process of porous nanostructured
niobium oxides with amorphous or crystal-
line structure.

2.Experimental

The study of the niobium anodic behavior
was carried out using 1 M H,SO, solution
with addition of HF solution (0.1 M;
0.25 M; 0.5 M; 1 M). All electrolytes were
prepared from reagents of the "chemically
pure” brand and “analytical grade” using
distilled water. Polarization studies were
carried out with a P-45X machine. As a
working electrode, a niobium foil with a
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thickness of 0.1 mm and a purity of
99.99 % was used. The samples were chemi-
cally polished for 5-10 s at room tempera-
ture (20-25°C) in a solution of the follow-
ing composition: HyS04:HNO;:HF = 5:2:2.
Lead served as a counter-electrode material.
The reference electrode was saturated in sil-
ver chloride. The magnitudes of the poten-
tials are given relative to the normal hydro-
gen electrode. The morphology of the ob-
tained coatings was studied using scanning
electron microscopy (SEM) using a JSM-
7001F microscope.

3. Results and discussion

Initially, the niobium surface structure
looked like as defective, containing a natu-
ral oxide film and inheriting defects after
preparatory operations. In this regard, it
was assumed that the distribution of the
electric field is non-uniform along the nio-
bium surface when the potential is applied;
therefore, the speed of the processes of elec-
trochemical growth and dissolution of the
oxide is not the same in different parts of
the surface and depends on the degree of
imperfection and the composition of a liquid
double electric layer. In the defective areas,
the dissolution process must proceed rapidly
with the formation of pore nuclei at low
field strength and nuclei of the crystalline
phase under the action of a strong field.

It has been established that when nio-
bium is anodized in 1 M H,80, solution, a
general trend of increased film density with
an increase in HF concentration is observed
(Fig. 1); this may be due to the interaction
of F with the Nby,Og film, which leads to
activation of the oxide surface. Fig. 1 shows
a single anode current maximum which im-
plies irreversibility of the process of the
niobium oxide formation. The peak current
increases with increasing concentration of
fluoride ions in the electrolyte. The sharp
rise in the anode current and the transition
of the system to the passive state are asso-
ciated with the formation of oxide mono-
layer having the highest oxidation state at
the boundary with the electrolyte.

The curves show an increase in voltage
in the range of potentials from —-0.05 to
+0.45 V, which corresponds to the forma-
tion of a barrier film on niobium. In elec-
trolytes I and 2, the next current increase
corresponding to the growth of a porous
oxide is much higher than in solutions 3
and 4. This behavior can be explained by
the fact that the dissolution rate of the cen-
ters on the active surface in these electro-
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Fig. 1. Niobium potentiodynamic anodic de-
pendences obtained in the solutions: I — 1 M
HSO,+1 M HF; 2 — 1 M H,S0,+ 0.5 M
HF; 3 — 1 M H,850,+0.256 MHF; 4 — 1M
H,S0, + 0.1 M HF; 5 — 1 M H,S0,.

lytes prevails over the rate of AOF forma-
tion. Chronocamperograms (Fig. 2) of the
niobium electrode show that anodization of
niobium in the electrolyte without fluorides
(curve 5) leads to an exponential decrease in
current density over time, which is typical
for formation of a barrier-type film with high
resistance [3, 4]. An increase in HF concen-
tration is accompanied by an increase in the
residual current at a constant voltage, indi-
cating the formation of an oxide coating with
more developed (porous) surface.

Under certain conditions of anodization,
namely, under the action of a strong elec-
tric field, the crystalline AOF in the shape
of microcones is formed on the surface of
niobium (Fig. 2b). This kind of crystal-
lization was first described by Vermily (2).
Unlike thermal crystallization, in this case,
there is no transformation of an amorphous
AOF into a crystalline state — the crystals
grow on the surface of the metal under the
already existing amorphous film. It is im-
portant to note that the crystallization is
observed only on AOFs of transition metals,
whereas thermal crystallization can occur
on oxides of all metals.

There are controversial views on the
mechanisms of nucleation and formation of
the crystalline structure of the AOF on nio-
bium. We have considered the crystal-
lization at the initial stage of the AOF for-
mation on niobium as a result of the influ-
ence of lower oxides, which are formed
during the AOF growth in the transition
layer at the metal — oxide interface. In
compounds with oxygen, niobium exhibits
oxidation states from the lowest +2 to the
highest +5. The formation of metal ions of
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Fig. 2. Chronoamperograms of a niobium electrode in the following modes: a) U=20V: 1 — 1 M

H,SO, +1 M HF; 2 — 1 M H,SO, + 0.5 M HF; 3 — 1 M H,SO, + 0.25 M HF; 4 — 1 M H,SO, +
0.1 MHF; 5 — 1 M H,S0,. b) U =60 V: I — 1 M H,SO, +1 M HF; 2 — 1 M H,SO, + 0.5 M HF;

3 — 1 M H,SO, + 0.25 M HF.

Fig. 8. SEM images of surfaces of niobium anodic oxide synthesized during 1 h: 1 — 1 M H,80, +
0.25 M HF, 20 V; 2 — 1 M H,S0, + 0,25 M HF, 60 V; 3 — 1 M H,SO, + 0.5 M HF, 60 V.

higher valency occurs due to the oxidation
of lower oxides. The process of electro-
chemical oxidation of the niobium electrode
can be represented by the following chain of
transformations:

Nb > NbO > NbO, > Nb,Op.

Thus, the formation of the niobium oxide
occurs by the solid-phase poly-surface
mechanism. The formation of the AOF is
proceeding in stages, and not throughout the
entire surface, but simultaneocusly in several
areas. The probability of such a multilayer
process is much greater than for single-stage
niobium oxidation to a higher oxide.

In the lower oxides, in contrast to the
higher ones, the M-O bond is predominantly
ionic, and they exist in a crystalline form in
the transition layer. It can be assumed that
these oxides are the nuclei of future crys-
tals. During the time period from the start
of anodization to an increase in the current
flowing through the Nb-Nb,Og electrolyte
system, the destruction of the barrier-type
AOF and the development of crystals take
place (Fig. 38). This period of the crystal
growth is called incubation. As the anodiza-
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tion voltage increases, the incubation period
decreases; this indicates a high rate of the
crystalline phase development.

The process of the crystalline oxide coat-
ing formation during the anodic oxidation
of niobium is described as follows: the in-
itial stage consists of the formation of a
barrier type AOF. Under the action of a
strong electric field, the nuclei of the crystal-
line phase destroy the amorphous barrier
layer, and gradually the entire surface of the
sample is covered with the crystalline oxide.

The SEM results (Fig. 8) confirm the
presence of a self-organized porous oxide
film synthesized on niobium in solutions
containing F~. It should be noted that the
oxide coating structure substantially de-
pends on the HF concentration. At the
0.1 M HF concentration, round pores with a
diameter of 6 to 12 nm are formed over the
entire surface of the sample. As the HF con-
centration increases, the electrolyte aggres-
siveness increases as well; this in turn con-
tributes to an increase in the pore diameter.
At the 0.5 M HF concentration, the oxide
dissolution process appears to dominate
over the process of its formation, which re-
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Table. Key geometric characteristics of
niobium porous oxide films

HF dpore, _ Film
concentration, M nm thickness, nm

0.1 6-12 90

0.25 8-20 160

0.5 15-36 200

sults in the destruction of the AOF struc-
ture due to erosion of pores walls (Fig. 3).

As the voltage increases from 20 to
60 V, the surface morphology of the oxide
film also changes, as can be seen from a
comparison of Fig. 3.1 and 3.2. This may be
due to an increase in the dissolution rate of
the oxide due to the local heating of the
electrolyte in the pores at high voltages.
The thickness of the synthesized amorphous
niobium porous oxide films is in the range
from 90 to 200 nm and also, like morphol-
ogy, directly depends on the anodizing con-
ditions (Table).

As noted above, with the electrochemical
formation of an AOF on niobium, by vary-
ing the anodizing mode, it is possible to
obtain the crystal structure of the oxide. In
contrast to thermal ecrystallization, in this
case, the transformation of the amorphous
AOF into crystalline does not occur, and the
crystals grow on the metal surface beneath
the already existing amorphous film. The
evolution of the crystals takes a long time,
so this crystallization is observed with volt-
static anodizing. The growing crystals have
the shape of irregular polyhedra. The
authors of [8] called such formations as nio-
bium microcones. This type of crystalline
formation consists of needle-like crystals ra-
dially diverging from the beginning of the
crystallization nucleus. The irregular shape
of the crystals is caused by different rates
of growth at different sectors. All the mi-
crocones consist of highly branched niobium
oxide nanofibers and create a very devel-
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oped surface that can have diverse func-
tional applications, given that the crystal-
line niobium oxide is much more stable with
increasing temperature than the correspond-
ing amorphous oxide.

4. Conclusions

Thus, a theoretical approach has been
proposed to describe the processes of a self-
organization of porous niobium oxides; the
approach allows determining the conditions
for formation of an amorphous or crystal-
line structure. The studies have shown the
influence of the electrolyte origin on the
formation of the porous oxide. The use of
an activator (fluoride) at the initial stage of
the anodization allowed us to provide condi-
tions for the formation of oxide coatings
with different surface morphology. By vary-
ing the anodization mode, one has a possi-
bility to investigate the nature of pore nu-
cleation in the oxide at the initial stage of
its growth, to track the in-time evolution of
geometric dimensions depending on the for-
mation conditions, and to synthesize porous
AOFs on amorphous or crystalline niobium.
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