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Abstract
Information on the anodizing of sintered powders (SP) of niobium is limited by the study of the growth of barrier-type 
fi lms. The formation of a nanostructured anodic oxide fi lm (AOF) on the surface of powder particles should lead to a 
noticeable increase in the specifi c surface of the sample and an increase in the chemical activity of the material. In view 
of the above, the study of the anodic nanostructuring of sintered niobium powders is of high importance and offers 
opportunities for creating new functional nanomaterials. This paper was aimed at the study of the anodizing process of 
sintered Nb powders in a fl uorine-containing aqueous electrolyte 1 М Н2SO4 + 1 % HF.
The objects of the study were samples of sintered Nb powder with a specifi c area of Sspec = 800 cm2/g. Anodizing was conducted 
in a 1 М Н2SO4 + 1 % HF electrolyte with various values of current density ja. Surface morphology before and after anodising 
was investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). X-ray diffractometry was 
used to study the phase composition. Kinetics of the growth of anodic oxide fi lms (АОF) on the surface of sintered Nb 
powders SP in galvanostatic mode was studied. The optimal conditions were defi ned for obtaining Ua(t) voltage-time 
transients, characteristic of the formation of self-organised porous anodic oxide fi lms (AOF). It was established that anodizing 
at current density values ja = 0.10–0.20 mA/cm2 leads to the formation of a Nb2O5 oxide fi lm on the surface of sintered 
powders SP with a regular-porous layer adjacent to metal and a crystalline microcone layer over it. The microcones (up to 
0.6 μm high, up to 2 μm in effective base diameter) consist of branched fi brils with a diameter of ~18–30 nm, connected 
on top.
It was established for the fi rst time that anodizing of sintered niobium powders in a fl uorine-containing aqueous electrolyte 
leads to the formation of an oxide fi lm with an upper crystalline microcone layer on the surface of powder microparticles. 
The suggested method for surface processing can be used for the development of biocompatible powder implants.
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1. Introduction
It is known that the anodizing of Ta, Nb, Al, Ti, 

and other metals in weak acid water solutions that 
do not dissolve the oxide fi lm being formed leads 
to the formation of thick (or barrier-type) anodic 
oxide fi lms (AOF) with dielectric properties on 
their surfaces [1]. Self-organised oxide fi lms with 
regularly located nanosized structural elements 
(tubes or pores) can also be formed on the 
surface of metals and alloys by electrochemical 
anodizing in electrolyte solutions. Self-organised 
AOFs are usually divided into two groups: 
porous and tubular with different morphological 
characteristics [2, 3].

Previous research showed that the synergy 
of the processes of the oxide fi lm growth and 
dissolution implemented during the anodizing 
of niobium in fl uorine-containing electrolytes 
also lead to the formation of self-organised 
nanoporous anodic oxide films [4–13]. The 
interest in nanoporous AOFs formed on Nb can be 
explained by such properties as high specifi c area, 
good adhesion to the substrate, biocompatibility, 
antibacterial, and catalytic activity. Such AOFs 
can be effectively used in gas sensors, catalysts, 
electrolytic capacitors, and electrochromic 
devices as well as in thin-film lithium-ion 
batteries, etc. [11, 13–17].

According to [15, 18–30], the anodizing 
of niobium foil in fluorine and phosphate 
containing aqueous and non-aqueous (organic) 
electrolytes can also help to obtain oxide fi lms 
with a surface layer consisting of an ensemble 
of nanonstructured microcones. The oxide fi lms 
with such morphology obtained by the anodising 
of niobium in fluorine-containing aqueous 
solutions were mentioned for the fi rst time in 
papers [18, 19]. In a series of articles [21–23], it 
was shown that microcones can also be obtained 
by anodizing in a hot glycerine electrolyte with 
additives K2HPO4 and K3PO4. It was established that 
microcones have crystal structure corresponding 
to orthorhombic Т-Nb2O5 [29] in contrast to self-
organised AOFs that tend to be X-ray amorphous. 
Specifi c features of the structure of microcones 
have not been thoroughly studied yet, although 
it is shown that they consist of dendritic fi bres of 
nanosized diameter connected on top [28–30]. 
Their large surface area, morphological regularity, 
and crystal atomic structure make them appealing 

for different applications. In particular, new 
biomedical applications, fabrication of the 
surfaces with regulated wettability, and the use 
as photoanodes in dye-sensitised solar cells 
are considered [28, 29]. The relative lack of 
information on crystalline microcone anodic 
niobium oxides provides motivation for the 
further study of their formation.

There is no agreement on the mechanism 
of initiation and development of microcones of 
crystalline Nb2O5 during anodizing. Only fi rst 
model representations, based on the initiation 
and development of crystalline oxide nuclei on 
the metal/oxide interface, have been suggested 
[21, 29]. Most researchers agree that the initiation 
and growth of microcones of crystallites Nb2O5 
with the formation of nanostructured microcones 
occur under a strong electric fi eld in the presence 
of fl uoride ions (with NaF and/or HF in aqueous 
electrolytes) or phosphate ions (with K2HPO4 + 
K3PO4 in organic electrolytes) with a rather long 
time of anodizing and/or increased temperatures 
of the electrolyte (Т ~ 160 оС).

Previously, the growth of nanoporous and 
nanotubular AOFs obtained on the surface of 
metal foil and tin was studied. Exceptions are 
the works dedicated to the formation of bioactive 
anodic oxide coatings on the surface of porous 
titanium [30–32] and sintered powders of TiAl [3, 
33–35]. Information available on the anodizing 
of sintered powders (SP) of niobium is limited by 
the study of the growth of barrier-type fi lms. The 
formation of a nanostructured anodic oxide fi lm 
(AOF) on the surface of powder particles should 
lead to a noticeable increase in the specifi c area 
of the sample and an increase in the chemical 
activity of the material. In view of the above, the 
study of the anodic nanostructuring of sintered 
niobium powders is highly important and offers 
opportunities for creating new functional 
nanomaterials.

This paper was aimed at the study of the 
anodizing process of sintered Nb powders 
in a fluorine-containing aqueous electrolyte 
1 М Н2SO4 + 1 % HF.

2. Experimental
The objects of the study were samples of 

sintered powder (SP) of Nb. The pressed niobium 
powder [36] was sintered at Т = 1850 оС for 1 h. As 
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a result, cylindrical samples with specifi c area of 
Sspec = 800 cm2/g were obtained.

The samples were preliminarily degreased in 
acetone and ethanol in an ultrasonic bath, washed 
in distilled water, and dried in the air at room 
temperature. Anodizing was conducted at room 
temperature using a three-electrode cell with a 
tantalum cathode and platinum counter electrode 
in the fl uorine-containing aqueous electrolyte 
1 М Н2SO4 + 1 % HF. Anodizing was conducted 
in galvanostatic mode with various values of 
current density jа = 0.05, 0.1, 0.15, 0.20 mA/cm2. 
The process lasted 1 and 2 hours.

During the growth of the AOF, voltage-time 
transients Uа(t) were recorded using an electronic 
recorder “ERBIY-7115” connected to a computer. 
The detailed description of the anodising 
technique is presented in the works [33, 37, 38].

Surface morphology of the samples before 
and after anodising was investigated by scanning 
electron microscopy (SEM) on high-resolution 
microscopes Mira (Tescan, Czech Republic) and 
S-55009 (Hitachi, Japan). Due to the fact that 
the anodised samples are non-conductive, their 
surface was preliminarily sputtered with gold.

At the same time, the elemental composition 
was assessed by energy dispersive X-ray analysis 
(EDXA) using a Thermo Scientifi c attachment 
(USA). The data was collected for 5–10 areas, 
including those of microscopic size (up to 
50×50 μm2) as well as the “dots” of 50×50 nm2 
and 10×10 nm2. The areas were chosen according 
to the previously obtained SEM images of the 
surface with further quantitative analysis of the 
elemental composition. The thickness of the 
oxide fi lms was assessed by SEM images of the 
samples.

At the same time, atomic force microscopy 
(AFM) was used to study the structure of the surface 
of the samples. The studies were conducted in air 
on a Solver Next (ZAO NT-MDT, Russia) scanning 
probe microscope (SPM) in tapping mode. High-
resolution diamond-like carbon tips (NSG01) 
with the length of 125 μm, resonance frequency 
of 87–230 kHz, and curvature radius of the needle 
of 10 nm were used. The size of the scan area 
varied in the range from 1 to 25 μm2 taking into 
account the inhomogeneous surface relief of the 
powder samples. Generally, fairly homogeneous 
areas were selected for surface scanning. From 2 

to 5 areas of the surface were scanned. Using the 
image processing module, Image Аnalysis Р9, of 
the SPM Solver Next, a primary image processing 
was conducted (fi rst, fi ltration using a Gaussian 
3×3 0.391 linear fi lter and a Hybrid Median non-
linear fi lter, then image skew was corrected using 
the Fit Lines method of Flatten Correction 1-D 
for colour correction), and size distribution of 
the image objects (using Grain Analysis) was 
assessed [39].

X-ray diffractometry was used to study the 
phase composition. The samples were studied 
using the X-ray technique before and after 
anodising on a D8 ADVANCE (Bruker, Germany) 
automated diffractometer using СuKa radiation 
in the angular range 2q = (10–90)о with 0.02о 
step. To identify the phase composition of the 
AOF, a set of d-spacings, calculated according 
to the experimental data, was compared to the 
corresponding values for Nb and crystalline 
modifications of niobium oxides. For that 
purpose, a search programme EVA with a PDF-2 
(Powder Diffraction File; Kabekkodu, 2007) 
database was used.

3. Results and discussion
Anodizing of sintered Nb powders in a 

fluorine-containing aqueous electrolyte was 
conducted for the fi rst time. Initial conditions 
for the formation of anodic oxide fi lms (AOF) 
were chosen using the data, obtained during the 
study of anodizing of niobium foil. According to 
[4], in order to obtain nanoporous AOFs in the 
water solution 1 М (10 wt%) H2SO4 with addition 
of (0.5–2) wt% HF, it is preferable to use the 
voltstatic mode at the voltage Uа = 20 V, room 
temperature of the electrolyte Т = Тr = (20–25) °С, 
and the process duration ta from 30 min to 1 h. The 
use of such conditions of niobium foil anodising 
allowed obtaining a self-organised porous AOF 
with the diameter of open pores dp ~ 10–30 nm 
and the thickness d not exceeding 450–500 nm 
[12].

Taking into account this information, an 
electrolyte, 1 М H2SO4 +1 % НF, was selected 
for the anodizing of sintered powders (SP). By 
varying the current density and anodizing time 
of the galvanostatic process, it was established 
that at the current density values in the range of 
jа = 0.05–0.20 mA/cm2 and ta = 1–2 hours the type 
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of voltage-time transients Ua(t) is typical for the 
formation of self-organised porous AOFs (Fig. 1). 
There are successively distinguished sections of 
Uа(t) curves that correspond to different stages of 
the formation of oxide fi lms: growth of a barrier 
layer, initiation and self-organisation of pores, and 
the steady-state growth of the porous layer [2].

As jа increases, both the growth rate of 
voltage at the stage of formation of the barrier 
layer and the time of transition to steady-state 
growth increase. For instance, if the time of 
transition to the stage of steady-state growth 
is approximately 2 hours with ja= 0.05 mА/cm2 
(Fig. 1, curve 1), then with bigger values of ja it 
takes from 40 minutes to 1 hour. In all the cases, 
the value of steady-stage voltage is similar to 
the value Ua

stat ~ 70 V. However, Ua
stat tends to 

decrease slightly with the growth of jа. It should 
be noted that the presence of numerous voltage 
peaks at the stage of the steady-state growth 
of pores is characteristic of Uа(t) obtained at 
ja = 0.20 mА/cm2 (Fig. 1, curve 4). Such voltage 
behaviour can be caused by a local breakdown 
in the barrier layer [21].

During the next stage, a microscopic study of 
the surface morphology of the samples of sintered 
Nb powders before and after anodizing at ja = 
0.10 mA/cm2 (ta = 1 hour) was conducted using 
SEM. Fig. 2a shows that the microparticles have 
irregular shapes with linear dimensions from 10 
to 40 μm. The study of the elemental composition 
using EDXA showed the presence of O in the 

quantity from 1.8 to 7.0 wt% alongside Nb on all 
the studied areas.

SEM overview images of sintered Nb powders 
show that the surface morphology changes 
after anodizing: a multitude of continuously 
located microinhomogeneities appear (Fig. 2b). 
A more detailed study (Fig. 3) revealed that the 
discovered objects are closely located cone-
shaped formations with sizes ranging from 0.4 to 
2 μm, the so-called microcones (Fig. 3a). In their 
turn, microcones consist of branched (dendritic) 
fi bres of nanosized diameter ~18–30 nm (fi g. 3b,c) 
connected on top.

Fig. 3a shows that the AOF on the surface of 
the particles has a heterogeneous structure. From 

Fig. 1. Ua(t) transients obtained during anodising of 
sintered Nb powders in the 1 M H2SO4 + 1% HF elec-
trolyte with different values of current density ja: curve 
1 – ja = 0.05 mA/cm2 (ta = 2 h) and curves 2, 3, 4 – jа = 
0.1, 0.15, 0.2 mA/cm2 (ta = 1 h)

Fig. 2. SEM images of the surface of sintered Nb powder samples before (a) and after anodizing in the 1 M Н2SO4 + 
1 % HF solution for 1 hour with jа = 0.1 mA/cm2 (b)
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the side adjacent to the substrate, there is a self-
organised porous oxide fi lm of approximately 1 
μm consisting of barrier and porous layers. On 
top of it, there is an inhomogeneous microcone 
layer. The height of the microcones varies from 
~0.1 to 0.6 μm. As Fig. 3d shows, there are round 
fragments of ~ 2–8 nm in the body of nanofi bers 
that the microcones consist of. Therefore, it 
can be assumed that the nanofi ber has a “fi ne 
texture”.

Computer processing of the SEM images of the 
surface area S ≈ 50 μm2 (Fig. 4а) allowed assessing 
the distribution of microcones by size, more 
specifi cally by effective base diameter do (Fig. 4b). 
It is evident that there are microcones on the 
selected surface area with do ranging from 0.45 to 
1.85 μm. As the type of distribution demonstrates, 
~ 40 % of the microcones have do in the range 
of 0.7–0.9 μm and ~ 30 % in the range of 1.0 to 
1.3 μm. There are also ~ 30 % of the objects with 
0.4 μm < do < 0.7 μm. The weighted mean value of 
the effective base diameter equals ·doÒ = 0.85 μm. 
Thus, a signifi cant variation of the value do is 
typical for the microcone layer of AOF.

The elemental composition of the AOF was 
identifi ed by EDXA (depth of analysis up to 1 μm) 
for the regions of different sizes. Fig. 5 shows the 
results for the analysed area S ≈ 15 μm2. According 
to the obtained data, Nb and O form a part of the 
AOF (Fig. 5b). Also, an insignifi cant amount of F 
was found in some areas. The presence of F can 
be caused by the inclusion of fl uorine-containing 
complexes into the porous oxide layer of AOF 
during its growth [15]. The values of weight percent 
of the elements СNb ≈ 70 wt%, С0 ≈ 30 wt%, (Fig. 5b) 
show that the composition of the AOF corresponds 
quite well with Nb2O5. The obtained result was 
close to the EDXA data received during the study 
of the composition of the microcone layers formed 
by the anodizing of Nb foil in fl uorine-containing 
aqueous electrolytes [19, 25, 30].

Then, the phase compositions of the samples, 
before and after anodizing, were studied using 
the X-ray method. X-ray patterns of all the 
studied samples after anodizing show a number 
of low-intensity additional lines in addition to 
the refl ections from the niobium substrate. The 
identifi cation of diffraction lines on the X-ray 

Fig. 3. SEM images of the surface of the anodizing samples of sintered Nb powders obtained at various mag-
nifi cations. Anodising conditions: jа = 0.1 mA/cm2, ta = 1 h, T = Tr
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patterns of the anodized sintered powders is quite 
a complicated task, fi rstly, due to the low intensity 
of diffraction lines and, secondly, due to the 
coincident positions of several Bragg refl ections 
for different crystalline phases of niobium oxides. 
Nevertheless, the comparison of the obtained 
values of d-spacings with the tabular data allows 
for the conclusion that the phase composition 
corresponds to the orthorhombic modifi cation 
Т- Nb2O5, which correlates to the results of the 
comprehensive study of the atomic structure of 
microcone AOFs on niobium foil in the work [28].

In our previous works [38, 39] it was shown 
that the AOF formed on the surface of sintered Nb 
powder possesses super-hydrophilic properties, 
high corrosion resistance in the solution 
modelling blood plasma, as well as improved 
protein adsorption. Therefore, the products made 
from sintered niobium powder and anodised 
by the developed technology can be used as 
biocompatible implants.

At the same time, atomic force microscopy 
(AFM) was used to study the structure of the 
surface of the samples before and after anodizing 
at different values of ja. The appearance of AFM 
images of sintered Nb powder demonstrates 
that the surface has quite a developed relief and 
is characterised by the presence of elongated 
(“fi brous”) formations. The width of the “fi bres” is 
in the range from 80 to 160 nm and the length is in 
the range from 200 to 300 nm. A similar structure 
of sintered Nb powders is also revealed on SEM 
images of sintered Nb powders [37]. It appears 
that such surface morphology can be explained 
by special aspects of the production of cylindrical 
samples from sintered niobium powder.

After anodizing for 1 hour at ja = 0.05 mA cm2, 
of the surface relief practically does not change, 
which is likely to be related to the fact that 
the barrier layer of the AOF is formed during 
this period of time (Fig. 1, curve 1). When ta is 
increased to 2 hours (Fig. 6b), a change in the 

Fig. 4. a) SEM image of the surface area of the anodizing sample of the sintered Nb powder; b) the correspond-
ing distribution of oxide microcones by sizes over effective base diameters of do. Anodizing conditions: 
jа = 0.1 mA/cm2, ta = 1 h, T = Tr

Fig. 5. a) SEM image of the surface area after anodizing; b) EDAX spectrum and composition of the analysed 
area 
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relief is observed. In addition to the surface areas 
characterised by the presence of regular open 
pores (dp ~ 10–20 nm), there are also unevenly 
located microcones of different sizes. Effective 
base diameters of do range from 150 to 600 nm. 
The height of the microcones varies from 50 to 
300 nm. It follows that after 2 hours of anodising 
at ja = 0.05 mA/cm2, a porous oxide fi lm is formed 
on the powder microparticles with individual 
microcone formations on its surface.

As Fig. 6c shows, the morphology of the 
AOF formed at ja = 0.1 mA/cm2 for ta = 1 h is 
similar to that revealed by SEM (Fig. 3a). Closely 
located microcone formations of different sizes 
are observed on the surface of the AOF. The 
assessment of sizes of the bases of the microcones 
provides values ranging from 0.3 to 1.3 μm and 
heights of 0.3–0.6 μm, which correlates well 
with the data obtained when processing the 
corresponding SEM images (Fig. 3, 4).

AFM images of surface areas of the AOFs formed 
for 1 hour at high values of current density 0.15 
mА/cm2 and 0.2 mА/сm2 are presented in Fig. 7a, 
b. Ensembles of round microcone formations with 
the height of 0.6 μm are observed on the surface 
of the AOF. It should be highlighted that while the 
result of anodizing at ja = 0.05 mA/cm2 (ta = 2 h) 
on top of the regular porous layer of the AOF is 
only the presence of individual microcones, at 
ja = 0.10–0.20 mA/cm2 (ta = 1 h) they completely 
cover the surface of the fi lm.

The analysis of the distribution of the 
microcones by effective base diameters of db for 
surface areas with S = 25 μm2 (Fig. 7c) shows that 
for the AOFs formed at ja = 0.15 mА/cm2 (Fig. 7а), 
~ 80 % of the microcones have values of do in the 
range from 0.2 to 0.4 μm, while the weighted 
mean value of the effective base diameter equals 
·doÒ ≈ 0.34 μm. For the AOFs obtained at ja = 0.2 mА/
cm2, the value of do for ~ 50 % of the microcones 

Fig. 6. AFM images of sintered Nb powders before (a) and after anodizing in 1 МH2SO4 +1% НF with different 
values of current density: b) 0.05 mA/cm2, ta= 2 h; c) 0.1 mA/cm2 (ta= 1 h)
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is in the range from 0.2 to 0.3 μm, while ~ 20 % of 
them have 0.3 μm < do < 0.4 μm. In this case, the 
weighted mean value is ·doÒ ≈ 0.29 μm. As for the 
AOFs formed for 1 hour at ja = 0.15 and 0.20 мА/см2, 
the microcone layer is characterised by a more 
homogeneous distribution of microcones by sizes 
as compared to the same distribution for the AOF 
formed at ja = 0.1 mА/cm2 (Fig. 4).

Such microstructures were previously found in 
the surface layer of the AOF during the anodizing of 
niobium foil in different electrolytes [7, 15, 18–20, 
26, 29, 30], including aqueous solutions of Н2SO4 
with the addition of HF [18, 20, 26]. Generally, in 
order to obtain a continuous microcone layer, the 
anodizing of these electrolytes was conducted 
in voltstatic mode with the voltage from 20 to 
60 V and at room temperature, but with a higher 
concentration of HF (1.5–2 wt%) or an increased 
duration of the process ta = 5–12 h. For example, in 

[26], when anodizing niobium foil in the electro lyte 
1 M H2SO4+ 1 wt% HF with the voltage Ua = 60 V, 
a microcone layer with do ~ 3–5 μm was formed 
during ta = 5 h. Also, the size of the microcones 
formed on the foil in the electrolytes of similar 
composition is much bigger as compared to the 
microcone layers on sintered Nb powders.

Therefore, the anodizing of sintered Nb 
powders at ja = 0.1–0.2 mА/cm2 in a fl uorine-
containing aqueous electrolyte (1 М Н2SO4 + 
1 % HF) at room temperature for 1 hour forms 
a continuous crystalline microcone layer on the 
surface of the AOF. In order to obtain AOF with 
similar morphology on the surface of niobium 
foil, it usually requires either considerable time 
of anodizing or increasing the temperature 
of the electrolyte [20, 21, 26]. Existing ideas 
[21, 29] about the initiation and development 
of microcones in the process of anodizing of 

Fig. 7. AFM images of the surface of sintered Nb powders after anodizing in 1 М H2SO4 +1% НF (ta = 1 h) with 
different values of current density: a) 0.2 mA/cm2; b) 0.15 mA/cm2; c) corresponding distributions of oxide 
microcones by size

Original articles

Condensed Matter and Interphases, 2020, 22(1), 124–134



132

niobium foil consider fi eld crystallisation on the 
metal/AOF barrier layer interface as the main 
reason for their development. In the process of 
anodising of sintered Nb powders, the number 
of nuclei of the crystalline oxide phase of Nb2О5, 
formed under a strong electric field at the 
metal/oxide interface alongside with the growth 
of the barrier layer of AOF, will be much higher 
than in the process of anodizing foil. Apparently, 
this is caused by the developed relief of powder 
grains (high specifi c area of the sintered powder) 
as well as by substantial presence of oxide in 
their surface layer [40, 41], which is confi rmed 
by EDXA results.

Therefore, in the process of anodizing 
sintered Nb powders in a fl uorine-containing 
aqueous electrolyte in galvanostatic mode, 
with a current density in the range of jа = 0.1–
0.2 mA cm2, a multilayer oxide fi lm is formed on 
the surface of powder microparticles in the form 
of a complex of barrier and regular nanoporous 
layers adjacent to the substrate and upper 
crystalline microcone layer. Therefore, it can 
be said that using the developed technique of 
galvanostatic anodizing of sintered Nb powders, 
a new type of oxide crystalline microstructures 
can be obtained.

4. Conclusions 
The anodizing of sintered niobium powder 

in the fl uorine-containing aqueous electrolyte 
1 М Н2SO4 + 1 % HF in galvanostatic mode 
was studied for the first time. Through the 
study of the kinetics of growth of an AOF, it 
was established that the anodizing process 
(ja = 0.05–0.20 mA/cm2, ta = 1–2 h, T = 21–25 °C) 
is characterised by transients of Ua(t) typical 
for the formation of porous and tubular anodic 
oxide fi lms. Using SEM and AFM methods, it was 
established that anodizing of sintered niobium 
samples under such conditions leads to the 
formation of a heterogeneous AOF with a total 
thickness of about 2 μm on top of a regular porous 
oxide layer of which there is a layer consisting 
of crystalline nanostructured microcones. 
The super-hydrophilicity, corrosion resistance 
in biomedia, as well as high level of protein 
adsorption confi rm the potential of the suggested 
anodic modifi cation technique for the creation of 
biocompatible powder implants.
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