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The influence of ac electrolysis conditions in various metal salt solutions on the
alumina template parameters RC, and properties has been studied using experi-
mental Lissajou's figures, anodic stripping and cathodic sweep voltammetry. As
expected, the growth of the metallic nanoparticles within the alumina pores pro-
ceeds simultaneously with further Al substrate anodizing or Al oxide re-anodizing
depending on the ac voltage applied. However, the results obtained have shown
that these processes proceed at different ratios (that is, the thickness of the alu-
mina barrier oxide layer in nm per one volt) depending also on the composition
of the aqueous solutions used. Furthermore, variations of the alumina template
parameters RC, during nanoparticle growth as voltammetric responses indirectly
imply changes in the electrochemical properties of the alumina barrier oxide layer.
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INTRODUCTION

During the last decade, fabrication of nano-scale ar-
rays of metals [1-3], oxides [4, 5], semiconductors
[6-9], conductive polymers [10], carbon [11], and
other compounds [12, 13] within self-organized high-
ordered microporous and mesoporous templates has
become quite popular in various fields of chemistry
and physics due to a wide application of these ar-
rays in novel magnetic and electroluminescence dis-
plays, thermoelectric and opto-electronic devices as
quantum dots, wires, or wells [3, 14, 15], catalysts
[4, 16], sensors [17], two-dimensional photonic crys-
tals [18, 19], and surface enhanced Raman scatte-
ring structures [20].

Porous anodic oxide films of aluminium formed
in aqueous solutions of sulfuric, oxalic, or phospho-
ric acids are typical examples of self-organized three-
dimensional nano-channel structures. These films,
known as alumina, exhibit a packed framework of
columnar hexagonal cells with central, cylindrical,
uniformly sized pores, ranging from a few to about
200 nm in diameter [21, 22]. The cell size of alu-
mina linearly depends on the applied anodizing vol-
tage with a slope from 2.7 to 2.25 nm V! depen-
ding on the composition of the solution used [23-
25]. The mesoporous layer is separated from the
metal phase by a thin, mainly amorphous barrier
oxide layer, impressed upon the aluminium surface
as a close-packed array of hemispherical cavities [26].
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During alumina growth by field-assisted transport
of Al™ and O%OH- ions, electrolyte species also
migrate into the contaminated region of the barrier
oxide layer [27] and incorporate into the alumina
either directly or with a following transformation
leading to the formation of ALO, B (AnY) y H,O
[28]. Due to excellent thermal stability, easy handl-
ing, and the low absorption coefficient, the alumina
frameworks have recently been used as templates in
the formation of nanostructured materials. Besides,
in the last few years high-ordered alumina have been
obtained by anodizing annealed, high purity and
smooth aluminium surface under appropriate condi-
tions in sulfuric [29], oxalic [30] and phosphoric [22,
24] acid solutions by means of two-step anodizing
[31], or pre-patterning of the aluminum surface be-
fore the template growth [32, 33], substantially in-
creasing quantum effects of the composite templa-
te-wire material.

Due to rectifying properties of alumina the bar-
rier oxide layer, an alternating current, ac, has been
for a long time used for deposition of metallic and
semimetallic particles commencing from the bottom
of alumina pores. Although this method has been
claimed as being ideal, the growth rate of particles
at constant ac voltage usually gradually decreases
and finally the columns stop growing [34], leaving
the pores of the alumina template not fully and
unevenly filled. The reasons for such behavior are
not yet clear. Thus, in the meantime there is a
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strong interest in fundamental studies of the beha-
vior of alumina template and especially of the be-
havior of alumina barrier oxide layer during ac elec-
trolysis.

The aim of the current work was to determine
changes of alumina template resistance, capacitance
and electrochemical properties with subsequent ac
electrolysis in solutions of copper, tin and cobalt
salts.

EXPERIMENTAL

A 99.5% pure aluminum foil containing Fe 0.24,
Si0.2, Cu 0.03, Zn 0.02, and Ti 0.01% (by weight)
was used in this study. The surface of Al specimen
was etched in a hot 1.5 M NaOH solution, rinsed
with water, neutralized in 1.5 M HNO,, carefully
rinsed again and air-dried. The specimens were ano-
dized at dc voltage, U, equal to 15 V in the stirred
1.53 M (15%) sulfuric acid solution at 18 * 0.2 °C
for 34 min. Such procedure makes it possible to
obtain 10 pm thick porous anodic oxide film con-
taining a 15 nm thick barrier oxide layer at the
metal |oxide interface and a mesoporous oxide layer
with cells about 37.5 nm in diameter [26]. According
to [28], the ALO,,, (SO,),,, 0.38 H,O framework is
formed. After formation, the alumina was carefully
rinsed with distilled water for about 2 min and trans-
ferred into the solution for deposition of metal par-
ticles into the template nanoholes. Sine wave bias

Table. Composition of the solutions used for deposition
of metallic particles into alumina template pores
Ne Composition Concentration, M | pH
A CuSO, 5 H,O 0.1
MgSO, 6 H,O 0.025 4.0
H,SO, to adjust the pH
B CuSO, 5 HO 0.1
MgSO, 6 H,O 0.05 1.5
H,SO, to adjust the pH
C Cu(CH,CO0), H,0 0.25
H,BO, 0.24
CH,COOH to adjust the pH 4.8
D CuSO, 5 HO 0.2
N(C,H,OH), 0.66 7.0
H,SO, to adjust the pH
E SnSO, 0.05
Tartarlc acid, CHO, 0.05 1.1
Hydrazine sulfate 0.05
H,SO, to adjust the pH
F CoSO, 7 H,0O 0.15
MgSO, 6 H,O 0.1 5.5
H,BO, 0.5
N(C,H,OH), to adjust the pH
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of 50 Hz frequency at a constant peak voltage va-
lue, U, ranging from 6 to 25 V (rms) was used for
deposition of copper, tin, or cobalt particles. The
composition of the solutions used is listed in Table.
Two graphite rods were used as auxiliary electrodes.
Ac treatments were performed at 20 = 0.5 °C for
up to 10 min.

The experimental cyclic current-voltage depen-
dencies, J-U, shown in Fig. 1 and known as Lissa-
jou's figures, LF, served as a basis for estimation of
the resistance, R, and capacitance, C, of the alumi-
na matrix. For R and C; calculations theoretical LFs
in line with experimental ones (Fig. 1) were simu-
lated using the methodology and equations derived
for the equivalent circuit (EC) of parallel connec-
ted capacitance with a two-terminal network (TTN)
that were reported elsewhere [35] and can be sum-
marized as follows:

O
snwt/R, -U(/R, +1/R
§J” éREuvaz)Rd ) for Uy <U <U,,if dU/dt <0,and
O 0
O forU, <U <Up,if au/at >0,
sinwt/R, -U/R,-J
"O—L:=§JP c/(Tu+vu2)Ru : for U <U.,if 9U/dt >0,
] 0
LU sinwt/R, -U /R, -J
B! pSNW/R, ZR” 8 forU>U,,
O Co(1+VU?)
snwt/R,-U/R,-J
EJ” c/(Tuvuz)Ru 4 for U <U,,,if du/at >0.
+
0

1)

U, is the ac peak voltage, w is the current frequen-
cy, C, is the capacitance of alumina at U = 0 V, R
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Fig. 1. Experimental Lissajou’s figure of copper ac deposi-
tion process from solution B (Table) at the end of 60 s
(points) and calculated one (line) using an equivalent cir-
cuit of the capacitance, C, and of a two-terminal network
(TTN) in parallel with the volt-ampere characteristic of TTN,
Jp- R = 6.65kQ cm?, C; = 0.82 pF em?, U, = 14.07 V, B =

=-039 V', U, ——448VV 0.0025 V72, R =64QFE =
= 0.545 V7, U =797V, U, =958V
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is the ohmic resistance of mesoporous alumina, cor-
responding to the resistance of TTN in a linear part
of its volt-ampere characteristic signed as J in Fig.
1. R, is the ohmic resistance of the external circuit.
B, V, and E are freely adjustable parameters used
to fit the experimental data. U, U, U, correspond
to the ac voltage U values shown in Fig. 1. The
current values J,, J, and J, are defined as:

5, =80 1+BU, @)
2~ ’
RB

5 - efUVo) _1 4 EU, 3
3 - )
RE

eV 1+ HU,,
RH '

J, = “4)
They describe the current flowing within distinct ac
voltage ranges in accordance with the volt-ampere
characteristic of TTN. The parameter H was obtai-
ned from the requirement of current continuity in
the Z point by solving the transcendental equation:

eH(UZ—UH) -1+HU,, _ eBUzUr) 14 BU;
m B

o (9)

where U, is the voltage value at the Z point.

To investigate the changes within the alumina bar-
rier oxide layer during ac deposition of metallic par-
ticles into the pore channels, the electrochemical be-
havior of alumina template was studied in the 0.1 M
MgSO, solution (pH 2.0) using potential sweep vol-
tammetry. Experiments were performed in a three-
electrode one-compartment glass cell, with a carbon
rod auxiliary electrode and a Ag|AgCl, KCl (sat.) re-
ference electrode. To record the electrochemical sig-
nals, a PI 50-1.1 potentiostat equipped with a PR-8
programmer and a PC was employed. The voltam-
mograms were recorded between 0 and —17 V at the
potential sweep rate, v, equal to 0.2 V s at 20 =
+0.2°C.

To avoid influence of the metallic particles on
the electrochemical behavior of the alumina tem-
plate, the deposits were dissolved immediately after
their deposition by soaking the matrix in a H,0O-
H,SO,-H,0O, (1:1:0.01) solution at ambient tempe-
rature for 3 min.

In accordance with [36], anodic stripping of po-
rous alumina was performed in the solution of 0.1 M
H,SO, by potential sweep at a rate of 0.1 V s™
from 0 to 27 V.

The amount of copper deposited within the alu-
mina template was determined spectrophotometri-
cally after a complete dissolution of Cu in a HNO,-

H,O (1:2) solution according to the procedure desc-
ribed in detail previously [5].

All solutions were prepared using triply distilled
water, high-grade acids and chemical grade salts pur-
chased from Aldrich and used as received. Only
triethanolamine was purified by distillation at 200
°C and reduced pressure.

RESULTS AND DISCUSSION

Alumina template R and C; variations

The conditions of electrochemical deposition of dif-
ferent nanoparticles at the bottom of U-shaped alu-
mina template nanotubes and at the plane surface
of conductors are quite different. Firstly, a high im-
pedance of the barrier oxide layer, which developes
at the bottom of each nanopore, requires much hig-
her polarization for the discharge of metal ions [37].
Secondly, as can be seen from Lissajou’s figures
(Fig. 2), the alumina barrier oxide layer, behaving
as a n-i-p semiconductor [26], rectifying the alter-
nating current and showing the features of one-polar
conductor [38] was found to transform its proper-
ties during ac electrolysis. Variations in the resistan-
ce, R, and capacitance, C, of the alumina template
observed in the acidic solutions of copper salt dur-
ing ac electrolysis, were calculated from the experi-
mental LFs and are shown in Fig. 3. It is interest-
ing to focus attention on these variations with ac
electrolysis duration, ¢, showing quicker changes in
the template parameters at the beginning of the pro-
cess, rather than on dependence of these changes
on the ac voltage. As one can see from curves 2 in
Figs. 3a and 3b, the resistance of the alumina tem-
plate at ac u >U, sharply increases, whereas C,
decreases with ¢ at the beginning of electrolysis, im-
plying the further growth of the alumina barrier oxi-
de layer. This process is completed in about 20 to
30 s after formation of a thicker barrier oxide lay-
er. The further decrease in R and increase in C;
may be explained only by an increase in electrocon-
ductivity of the alumina barrier oxide layer due to
interaction with the solution species and/or with the
products of ac electrolysis. It is well known [39, 40]
that the barrier oxide layer absorbs easily the posi-
tively charged species at a certain depth at the oxi-
de}solution interface due to the negative volume
charge of the oxide surface. On the other hand, the
specific resistance and dielectric constant of the me-
tal oxides, which determine the conductivity, stron-
gly depend on their hydration degree. Moreover, a
minor quantity of protons is needed to increase sig-
nificantly the conductivity of metal oxides [41]. Ta-
king into account what was said above, it may be
supposed that the decrease in the alumina resistan-
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Fig. 2. U-I dependencies (Lissajou‘s figures, LFs) obtai-
ned for the alumina template during ac deposition of
copper from solution B (Table) at the end of 5 (a), 60
(b) and 300 s (c) electrolysis at U 11 V

ce during ac electrolysis is related to hydration of
the barrier oxide layer.

The calculations of R give an about 25 kQ cm?
value for the alumina template at the beginning of
the first 5 s of ac electrolysis in the acidic Cu(1I)
solution (Fig. 3a). This value, however, is signifi-
cantly lower than the resistance of the fresh meso-
porous template measured in the 0.6 M solution of
NaCl where at least 130 kQ cm? resistance was es-
timated for the barrier oxide layer [42]. Therefore,
it is reasonable to assume that the conductivity of
the alumina barrier oxide layer increases sharply just
in the first seconds of the ac treatment and that R
and C; calculated from the experimental LF after
5's electrolysis denote the resistance and capacity of
partly changed alumina.

R decreases but C; increases with £ at U < U,
at the onset of the process (curves 1 in Fig. 3),
which, in agreement with previously reported evi-
dence [42], is indicative of a decrease in the alumi-
na barrier oxide layer thickness due to re-anodizing
effects or an increase in the conductivity of the bar-
rier layer due to hydration effect. It is worth noting
that the product RC, is considered to be constant
in the case of development of uniform layers [42].
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Fig. 3. Variations of the resistance, R, (a) and capacitan-
ce, C,, (b) of the alumina template with ac electrolysis
time, ¢, in the acidic Cu(Il) solution B (Table) at U,
8.5V (1) and 22.5 V (2) calculated from the experimen-
tal LFs. The geometric surface of specimens was 50 cm?

However, this is not valid in the case of the solu-
tions used, since RC value as a rule decreases with

ac peak voltage, Upl v

Fig. 4. Variations of alumina template resistance, R, (a)
and capacitance, C,”, (b) with ac Up at the end of 300 s
electrolysis in CuSO, + MgSO, (solution B)
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t. The observed phenomena imply that variations in
the alumina template parameters R and C; during
deposition of metallic nanoparticles may be attribu-
ted to the changes in the barrier oxide layer thic-
kness and properties.

The variations in mesoporous alumina resistance
and capacitance 1/C, with the ac voltage U, in the
acidic CuSO, + MgSO, solution (composition B)
are depicted in Fig. 4. It should be noted that line-
ar relations of 1/C versus U, are characteristic of
the alumina frameworks due to a direct dependency
of the thickness of the alumina barrier oxide layer,
d,, on the Al anodizing voltage [26, 43]. Therefore,
the linear dependence of 1/C, versus U obtained
during copper ac deposition into the alumina pores
(Fig. 4b) may be explained by a linear increase in
9, with increasing U . On the other hand, the non-
linear plot R versus U can be explained partly by
an increase in the height of copper nanowires de-
posited within the alumina pores and in their resis-
tance with increasing U .

Anodic stripping voltammetry

The changes occurring within the alumina during ac
deposition of tin, copper and cobalt particles were
also supported by the behavior of the alumina tem-
plate during subsequent dissolution of deposited me-
tal particles by anodic stripping voltammetry in the
sulfuric acid solution. These dependencies reflecting
electrochemical responses of dissolution of nanopar-
ticles incorporated into the alumina pores have been
proposed earlier to determine the amounts of spe-
cies existing in both oxide and metallic states [36].
Besides, since this process begins at the potential
E?°, which is strongly related to the alumina barrier
oxide layer properties, arising from the alumina his-
tory we found the anodic stripping to be handy to
verify the changes occurring in the alumina templa-
te. The plots of the current density, i, versus the
stripping potential, E, obtained for the alumina tem-
plate containing copper particles deposited from dif-
ferent solutions are shown in Fig. 5. One can see
that the potential E° at which the current appears
in voltammograms depends on the composition of
copper solution used for ac filling of alumina pores,
although conditions of the template growth and ac
electrolysis remained the same. A decrease in E°
with acidity of the Cu(Il) solution indicates that
changes in the barrier oxide layer properties during
copper deposition are dependent on pH of the so-
lution. The potential E° was found to be also strong-
ly dependent on the ac voltage used for deposition
of the metal particles. As shown in Fig. 6, the plots
of E?° versus U, actually contain two different linear
regions in the ac U, range under investigation with
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Potential, £,/ V vs. Ag| AgCl

Fig. 5. Anodic stripping voltammograms in 0.1 M H,SO,
solution obtained at v 0.1 V s for the alumina template
partially filled with copper particles from solutions B (1),
C (2), and D (3) by ac electrolysis at U, 19 V for 180 s.

18+

12+

IV vs. Ag |AgCl
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Fig. 6. Dependencies of the anodic stripping potential at
which appreciable current of the copper dissolution from
the alumina template appears, E°, on the ac voltage am-
plitude, U, used for copper deposition from solution: A
(1), B (3) and C (2). v 0.1 V s

an obvious change in the slope at U < U, de-
pending on the pH of Cu(Il) solution. In fact, the
potential E° at which the electrochemical process
of dissolution of the metallic particles begins, deno-
tes the lowest value of anodic potential drop, which
could be treated as an activation potential required
to transfer charges through the alumina barrier oxi-
de layer. Thus, the different slopes of the E° — U,
plots might be indicative of the fact that the chan-
ges occurring in the barrier oxide layer during ac
electrolysis (thinning, further growth and changes in
properties) depend on the ac voltage applied.

Electrochemical responses of Al|alumina|MgSO,
electrode

To ascertain the ac voltage regions of the alumina
barrier oxide layer thickening or thinning, the beha-
vior of the alumina template treated under various
ac electrolysis conditions in copper, tin and cobalt
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containing solutions was studied in 0.1 M MgSO,
supporting electrolyte by potential sweep voltam-
metry. In agreement with previous observations [44],
it may be assumed that only one cathodic wave re-
lated to hydrogen evolution is observed in this so-
lution with a sharp current peak at the potential
E . As shown in Fig. 7, the E_ linearly depends on
the alumina template growth voltage at the end of
the process, U, ;. Moreover, the potential at which
an appreciable current of hydrogen ion reduction
appears, EH*/H’ is also linearly dependent on U,
(dashed line and the inset in Fig. 8). These results
may be understood if we assume that both E and
E, ., are in a linear relation with the thickness of
the alumina barrier oxide layer which has been ap-
pointed being equal to approximately 10 A per volt
for sulfuric anodizing solutions (see [26], p. 369 and
references therein).

The voltammograms recorded in MgSO, solution
using the alumina template that was pretreated by
ac electrolysis in the metal salt solutions are similar
to those shown in Fig. 7, provided that the metal
particles were removed from the template by che-
mical dissolution. The dissolution (up to 15 min)
procedure of the metallic particles in the solution
containing H,0-H,SO,-H,0, (1:1:0.01) was found to
have notlceable mfluence on the potential EH*/H and
E ata 99% confidence level. In contrast, both E
and Epm, values for the Al|alumina|MgSO, elec-
trode after deposition and dissolution of metallic
particles were found to be strongly dependent on
the ac voltage applied. A typical example of such
data is shown in Fig. 8. These results show that the

Current dencity, i/ mA cm?

0 -4 -8 A2 16
Potential, £/ V vs. Ag| AgCl

Fig. 7. Voltammograms for the Al|alumina|0.1 M MgSO,
electrode at v 0.3 V s on the alumina re-anodizing vol-
tage, U .1 9 (1); 11 (2); 13 (3); 15 (4); 18 (5) and 21 V
(6) for 3 min. In the inset: variation of peak potential,
E versus U

a,fin
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Fig. 8. Dependencies of the potential of the onset of
hydrogen evolution, E . ) for same as in Fig. 6 electro-
de with mesoporous alumina formed at u =0, =15

a,fin

V on the ac peak voltage of deposition “of cobalt (1),
copper (2) and tin (3) particles into the template pores
from solutions F, B and E, respectively. Voltammetric me-
asurements were performed at v 0.3 V s after complete
dissolution of metallic deposits. The dashed line and the

inset represent the potential E . versus U, .

alumina barrier oxide layer undergoes transforma-
tion during deposition of Cu, Sn, or Co within the
alumina pores in an entire ac voltage range under
investigation. Moreover, two regions with different
slopes are clearly seen on the linear dependencies
of EH+/H versus U at U > U, and at u <U,
respectlvely This 1mphes that further alummum ano-
dizing performed at U, > U, or re-anodizing at U
< U, proceeds at different ratio, a. A comparison
of the EHJ,/H U, plots for different metal salt so-
lutions with a lmear dependency E ., — U, . cle-
arly shows that the changes within the f)arrler oxide
layer during ac treatment differ from those occur-
ring in the sulfuric acid anodlzlng bath after U,
changes. Assuming that a = 10 A/V for sulfurlc
anodizing solutions [26], the calculations for Cu(II)
and Co(II) solutions give a values of about 10.2
and 8.85 A/V, respectively. However, this is doubt-
ful, especially for slightly acidic Co(Il) solutions,
where o must approach significantly higher values
in the range 12 to 14 A/V [26]. Therefore, the re-
sults obtained show that the alumina barrier oxide
layer affects not only the thickness depending on
the ac voltage applied, but also the properties due
to interaction with the solution species.

CONCLUSIONS

The influence of ac electrolysis conditions in vario-
us metal salt solutions on the alumina template pa-
rameters RC| and properties has been studied using
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experimental Lissajou's figures, anodic stripping and
cathodic sweep voltammetry. As expected, the growth
of the metallic nanoparticles within the alumina po-
res proceeds simultaneously with the further Al sub-
strate anodizing or Al oxide re-anodizing depending
on the ac voltage applied. However, the results ob-
tained have shown that these processes proceed at
different ratios (that is, the thickness of the alumi-
na barrier oxide layer in nm per one volt) depen-
ding also on the composition of the aqueous solu-
tions used. Furthermore, variations of the alumina
template parameters RC, during nanoparticle growth
as the behaviour of anodized Al electrode during
subsequent voltammetric treatments indirectly imply
changes in the electrochemical properties of the alu-
mina barrier oxide layer.
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A. Jagminas

METALINIU NANODALELIU ELEKTROCHEMINES
SINTEZES SALYGU ITAKA ALUMINA MATRICOS
SAVYBEMS

Santrauka

Tirta aliuminio anodinés oksidinés matricos (alumina) var-
z0s (R), talpos (C,) bei elektrocheminiy savybiy kaita
uzpildant jos akutes vario, kobalto bei alavo nanodale-
lémis. Nustatyta, kad oksidinés matricos R ir C, kitima
del jos barjerinio sluoksnio persitvarkymo lemia ne tik
kintamosios sroves lauko stiprumas, bet ir elektrolito su-
detis. Alumina matricos elgsena anodinio bei katodinio
potencialo skleidimo salygomis po kintamosios sroveés
elektrolizés taip pat pasikeicia. Katodinése voltampero-
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gramose atsiranda tiesiniy priklausomybiy EH+/H2— U; ¢ia
E v — H, skyrimosi foniniame MgSO, tirpale potencia-
las, Up —vkintarnosios sroves amplitude, luziai Up = U,
taskuose. Sie luziai Zymi ne tik alumina barjerinio sluoks-
nio plonéjimo, kai U < U, ar storé¢jimo (Al oksido to-
limesnio augimo), kai Up > U, fakta, bet ir tai, kad Sie
procesai priklauso nuo metaly drusky tirpaly. Alumina
matrica po jos akuciy elektrocheminio uzpildymo Cu,
Co ar Sn dalelémis elgiasi taip, lyg jos barjerinio sluoks-
nio plonéjimo ar tolimesnio augimo proporcingumo koe-
ficientai (nm/V) bty skirtingi. Tai rodo, kad, uzpildant
kintamosios srovés elektrolize alumina akutes metaliné-
mis dalelémis, matricos barjeriniame sluoksnyje vyksta
procesai, pakeiCiantys ne tik jos RC,, bet ir elektroche-
mines savybes.



