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AL O; - Co AND AL, O3 — Fe COMPOSITES OBTAINED BY THE ELECTROCHEMICAL METHOD

OTRZYMYWANIE KOMPOZYTOW AL O; - Co i AlL,O; - Fe METODA ELEKTROCHEMICZNA

The electrochemical method for obtaining the oxide coatings of the Al-Al,03;-M composite structure is based on a

two-stage process:

e anodic oxidation of aluminium with the formation of a porous oxide coating

e cathodic deposition of ’foreign’ metal ions (e.g. Ni, Co, Fe, Cu, Ag, etc.) from an aqueous solution with the direct, pulsating,
reversing, or alternating current.

In the present study, the oxide layers on aluminium with an ordered pore structure were obtained in a two-stage process
of anodic oxidation in an oxalic acid solution. In the Al,O; layers that are obtained, the cell parameters were changed by pore
widening and barrier layer thickness reduction. These processes resulted in obtaining thin membranes, in which cells in the
aluminium oxide layer had the following dimensions: pore diameter of ~ 80 nm, single pore wall thickness of ~ 25 nm, and
a height of ~ 5 um. Those membranes were used as a "templates’ for the incorporation of cobalt and iron particles.

The metals were deposited in to membrane pores by the electrodeposition of cobalt and iron from sulphate electrolytes.
Measurements were carried out using direct and reversing current (PRC).

The microscopic observations of cobalt and iron nanowires indicate that the membrane pores were not entirely filled by
deposited metals. Although in practice, each pore was ’built-up’ by a metal, but the length of the nanowires ranged from 1
(Co) to 2 um (Fe), while the pore height in the membrane was approx. 5 um.

The cathode efficiencies of the studied metals electrodeposition were determined by using direct current. These efficiencies
were not high due to hydrogen co-evolution.

Metoda elektrochemiczna otrzymywania powlok tlenkowych o budowie kompozytowej Al-Al,O3;-M bazuje na procesie

dwuetapowym :

e anodowe utlenianie aluminium z wytworzeniem porowatej powloki tlenkowej

o katodowa redukcja jonéw ,,obcego” metalu (np.Ni, Co, Fe, Cu, Ag itp. ) z zastosowaniem pradu stalego, pulsacyjnego,
rewersyjnego lub zmiennego.

W przedstawianej pracy otrzymywano warstewki tlenkowe na aluminium, o uporzadkowanej strukturze poréw, w dwu-
etapowym procesie anodowego utleniania w roztworze kwasu szczawiowego. W otrzymanych warstewkach Al,O; zmieniano
parametry komodrek przez poszerzenie poréw oraz zmniejszenie grubo$ci warstwy zaporowej. W wyniku tych proceséw uzy-
skano cienkie membrany, w ktérych komérki w warstewce tlenku glinu mialy nastepujace wymiary: Srednica poréw ~ 80 nm,
grubo$¢ Scianek ~ 25 nm, a ich wysoko$¢ ~ 5 um. Membrany te stanowily ,,szablon” dla wbudowywanych metali : kobaltu i
zelaza.

Metale osadzono w porach membrany w procesie katodowej redukcji jonéw Co** i Fe
Pomiary prowadzono z zastosowaniem pradu stalego i rewersyjnego (PRC).

Obserwacje mikroskopowe uzyskanych nanodrutéw kobaltu i zelaza wskazuja, ze w zadnym przypadku pory membrany
nie byly wypelnione calkowicie przez osadzane metale. Wprawdzie praktycznie kazdy por zostal ,,zabudowany” przez metal,
jednak dlugo$é otrzymanych nanodrutéw wynosita od 1 (Co) do 2 um (Fe), podczas gdy wysoko$¢ poréw w wytworzonej
membranie wynosila okofo 5 um.

Wyznaczono katodowe wydajnosci pradowe elektroosadzania badanych metali z zastosowaniem pradu statego. Wydajnosci
te nie sg zbyt wysokie ze wzgledu na wspétwydzielanie wodoru.

2+ z elektrolitéw siarczanowych.
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1. Introduction

Aluminium is a chemically active metal, with a high
affinity to oxygen, and despite that it is still resistant to
the corrosive action of numerous environments and a
number of chemical reagents. Aluminium showes its re-
sistance due to the protective nature of the oxide layer on
the metal’s surface. The porous and ordered structure of
the oxide layers obtained on aluminium in the process of
anodic oxidation is especially appropriate to production
of Al- ALL,O3 -M (M — other metal) composite layers.

The oxide layers on aluminium are most often pro-
duced in the process of anodic oxidation in the sulphuric,
oxalic, phosphoric, or chromic acids solutions [1-11].

The following electrode reactions occur in the pro-
cess by using a direct current :

Al — Al + 3e, at the anode (1)
2H* + 2e¢ — H,, at the cathode 2)

The layer of aluminium oxide forms in the reaction
of AI** ions with O*~ ions:

60H™ — 3H,0 + 30°*~ 3)

2AP* +30% — ALO; 4)

a)

AlO;

o)

Porous alumina layer forms in consecutive stages:
— formation of a thin (0.01 — 0.1 um) oxide layer, the

so-called blocking or barrier layer
— transformation of the barrier layer on the boundary

of phases: oxide — electrolyte (formation of a porous
layer)
— increase in the porous layer thickness (from a few to

a few dozen um)

The alumina layer characterizes with ordered struc-
ture in the form of hexagonal close-packed ‘honeycomb’
type cells. In each of them are centrally located pores,
separated from the metal surface by a thin, so-called
barrier layer.

Fig. 1 shows the schematic oxide layer structure (a),
ordered cells structure, (b) and the structure and dimen-
sions of a single cell (c).

The pore and cell dimensions as well as the barrier
layer thickness are depend on the voltage applied in the
process of anodic aluminium oxidation; they also depend
on the electrolyte type, composition, and temperature
[12-15].

In their studies Keller et al. [12] described in detail
the results referring to the relation between individual
cells’ dimensions and the anodizing conditions. Compo-
sition of electrolytes and process parameters are shown
in Table 1.

b)

Fig. 1. Diagram of the porous structure of the oxide layer obtained in the process of anodic oxidation of aluminium.

a. A — porous layer, B — barrier layer
b. ordered hexagonal structure of the porous layer

c. structure and dimensions of a single cell of the oxide layer that was obtained in the process of anodic oxidation of aluminium in a 4%

solution of phosphoric acid at a voltage of 120 V, [12]



TABLE 1
Conditions of anodic oxidation of aluminium [12]
Temperature, Electrolysis | Cells num-

o voltage, ber,
Electrolyte t U N

°oC v N-107°

("712
15 77
15% sulphuric acid 10 20 52
30 28
20 36
2% oxalic acid 24 40 12
60 6
20 22
3% chromic acid 49 40 8
60 4
20 19
4% phosphoric acid 24 40 8
60 4

The data in the table show that the cells’ (and hence
the pores) number changes in a relatively wide range,
from 4-10° to 77-10° (per 1 cm? of surface). This de-
pends on the type of electrolyte and on the voltage ap-
plied in the process . At the same time, the pores’ di-
mensions were seen to change, namely: the smallest in
diameter (120 A) pores were obtained in the sulphuric
acid solutions, while in phosphoric acids solutions, the
pores diameter was the largest, equal to 330 A.

Extensive investigations on formation and the meth-
ods for creating an appropriately ordered structure of
the Al,O3 layer [16-21] have increased interest in this
system in recent years. Al-Al,O3; composite is a materi-
al of special applications in the processes of obtaining
nanomaterials based on a porous and ordered structure
of the oxide layer on aluminium, which works as a tem-
plate to incorporation specific materials in its pores. In
this way the nanowires of metals, metal alloys, or mul-
tilayer Al,O3 — metal (alloy) composite systems of the
reproduced structure of the membrane used are obtained
(replica method) [8-12, 16-24].

Thin layers become especially interesting for infor-
mation technologies (IT) for high — density magnetic
recording systems. They are used for production of mini-
disks, hard disks, video players and recorders, in per-
sonal computers and car navigation systems. Because of
the demand for such equipment with increasingly high
speed of information recording, the requirements related
to the magnetic flux density have been sharply increased.
Since 2002 this amount increased from 150 Gbit/inch?
(23 Gbit/cm?) to 200 Gbit/inch? (31 Gbit/cm?) and even
to 1 Tbit/inch? (0.155 Tbit/cm?) [18].

Magnetic materials for information carriers are
based on layers with high magnetic anisotropy in the
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perpendicular direction to the layer surface. For the first
time a perpendicular system of recording was suggest-
ed by Iwasaki [25]. The electrodeposition of cobalt or
its alloys’ (e.g. CoFe, CoNi, CoNiFe, etc.) nanowires in
aluminium oxide pores is most frequently used to obtain
magnetic information carriers [19, 20, 26].

The basic stages of the process resulting in the ob-
taining of nanomaterials in Al,O3 layer pores comprise:
— appropriate preparation of an Al,Oz matrix in the

form of a membrane
— selection of parameters of metal or alloy electrode-

position in the pores.

It has been shown that an oxide layer on alumini-
um with an high ordered structure forms as a result of
two-stage anodising [5, 17, 21, 27, 28]. A detailed de-
scription of this method was presented by Nielsch [17].

The first stage of the process consists of a
long-lasting (a few dozen hours) anodic oxidation of
aluminium at a voltage of 40V, which leads to the typ-
ical hexagonal cell structure of aluminium oxide. A 3%
solution of oxalic acid is used as the electrolyte at a
temperature of 2°C. As the aluminium oxide layer after
this process features non-uniform pore distribution, it is
chemically removed in a phosphoric acid solution or in
a mixture of phosphoric and chromic acids. Once this
layer is removed, a hexagonal pore structure remains on
the aluminium surface, which is the ’template’ for the
uniform hexagonal structure of the layer forming in the
second stage of anodic oxidation.

The second anodizing stage is relatively short (a few
hours) and proceeds in a few steps: anodic oxidation,
chemical pore widening, and barrier layer thinning. The
dependence of electrolysis voltage and current density
on the anodizing time is recorded during this process
and some anodizing parameters are gradually changed.
Figure 2 shows the schematic course of the consecutive
parts of the second anodizing stage (I) and corresponding
changes of the oxide layer structure (II). Dotted lines al-
so mark the symbolic stages before (a) and after (e) the
second stage of anodic aluminium oxidation to enable
a comparison of the differences occurring in the layer
structure.

The relationships in the figure 2 show that a mini-
mum of current density is observed at the beginning pe-
riod of the second stage of anodic oxidation, correspond-
ing to the barrier layer formation. During the continued
oxidation, up to an hour approx., the rate of layer for-
mation stabilises (the rate of aluminium oxide formation
is equal to the rate of its dissolution by the electrolyte),
and as a result the barrier layer thickness stabilises.

Further treatment of the alumina membrane leads to
the reduction of the barrier layer thickness. It is carried
out by the further oxidation in the same solution at a
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temperature of approx. 30°C. Under those conditions,
the rate of layer dissolution is higher than the rate of its
formation, which leads to pore widening and barrier lay-

er thinning. The process is accompanied by decreasing
electrolysis voltage, which after 4 hours decreases to 25
V.
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Fig. 2. The course of voltage and current density versus time in the process of anodic oxidation of aluminium (I) and the structure of the
layer formed in each of the steps (II) [17]: a. the first anodizing step — long-lasting anodic oxidation in a 3% solution of oxalic acid, at 2°C,
and removal of the oxide layer of an unordered structure b. the second anodizing step — obtaining an ordered oxide structure c. pore widening
(t° = 30°C) with a simultaneous barrier layer thinning d. further reduction of the barrier layer thickness e. ‘foreign’ metal electrodeposition

in membrane pores

The next step consists of breaking the process of
pore widening, which is achieved by cooling the elec-
trolyte to 2°C. Then, for further reduction of the barrier
layer thickness, lower current densities are used during
the anodic oxidation than that at the initial stage.

The final effect of the described preparations of an
Al-Al,O3 membrane is the reduction of the barrier layer
thickness to 10 nm. At the same time, the electrolysis
voltage in the studied system reduces to 6-7 V.

Careful preparation of an aluminium oxide matrix
guarantees that Al-Al,O3-Metal (or alloy) composites
featuring a uniform and densely-packed structure are ob-
tained in the process of ‘foreign’ metal electrodeposition

in the oxide layer pores. This process is carried out using
direct, alternating, pulsating, or reversing current.

As the application of direct current usually results
in non-uniform pore build-up, most of these composites
are obtained by using alternating, pulsating or reversing
current [17, 22]. During the flow of alternating or re-
versing current, in cathodic periods of current flow, the
incorporation metal ions are reduced according to the
reaction:

M™ +ne—->M %)

which is accompanied by hydrogen co-evolution (reac-
tion 2).



The hydrogen co-evolution is an unfavourable pro-

cess:

— it causes a decrease in the cathodic efficiency of met-
al electrodeposition

— gaseous hydrogen may block the pores in the layer

— cathodic reduction of hydrogen ions results in a pH
increase — electrolyte alkalisation occurs close to the
cathode surface, which may cause metal hydroxide
precipitation and even damage to the porous ordered
structure of the alumina layer.
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The application of pulsating or reversing current
hinders out those unfavourable effects in the periods of
reverse current flow to a large extent.

It should be emphasised that the production of the
nanomaterials requires individual techniques, depending
on the type of composite . The barrier layer is very often
removed, which leads to a structure with pores open on
both sides.

The process of gold nanowires, based on an Al,O3
membrane, can be used as an example (Fig. 3 [24]).

Electrodeposited
Au

A pore Al,O, B
membrane
Electrodeposited
Ag
Sputtered Ag film
C D

Au nanoparticles

Fig. 3. Diagram of gold nano-wires production

In the first step (A) silver was sputtered on an Al,O3
matrix surface and afterwards: silver (B) and then gold
(C) were consecutively electrodeposited. The final step
was the removal of the silver with nitric acid (D).

Nanocomposites that are based on the ordered struc-
ture of an oxide layer on aluminium: Al-Al,O3-Metal (or
alloy) and Al,O3-Metal (or alloy) constitute a group of
modern materials characterized with special properties
and wide range of applications.

In the present study, cobalt and iron nanowires were
obtained in the process of those metals electrodeposition
in the pores of an alumina membrane on a copper plate.

2. Experimental
2.1. Materials

The specimens were aluminium of the composition:
Al — min. 99.999%; Cu — 0.3 ppm; Fe — 0.3 ppm; Mg
— 1.2 ppm; Si — 0.8 ppm (Goodfellow).

The specimen’s surface was 0.8 cm? and 0.3 mm
thick. Before the measurements were performed, the
specimens were degreased in acetone for 3 minutes, with
the application of ultrasound. Then the specimens were
annealed in an argon atmosphere for 3 hours, at 500°C,
to remove any residual stress and for homogenization of
its composition.

The annealed specimens were electropolished
(Stuers LectroPol-5 electropolisher) in a mixture of
HCI10O,4 and C,H50H solutions with the addition of butyl
cellulose. Table 3 shows the parameters of electropolish-
ing.
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TABLE 2
Parameters of electropolishing

Temperature 16°C
Time 20s
Voltage 48V
Electrolyte flow 16 cm?/min

78 cmHCIO,
700 cm?® C,HsOH
100 cm? butyl cellulose
120 cm?® H,0

Electrolyte
composition

2.2. Anodic oxidation of aluminium
The anodic oxidation process was carried out in two

steps. 0.3 M oxalic acid was used in both of them. The
first step was carried out at constant electrolysis voltage

&P,

of 40V and 2°C. Low temperature is needed during an-
odizing steps because temperatures higher then 5°C may
cause thermal shocks and breakdowns in the barrier layer
[17].

The schematic diagram of the experimental appara-
tus is shown in Fig. 4.

The electrolyser (made of Teflon) had an opening in
the bottom, in which the Al anode was fixed. One surface
of the specimen was in contact with the electrolyte, the
other — external — with a copper plate, which ensured
the current connection to the aluminium electrode. The
cathode was made of aluminium and placed parallel to
the specimen. To ensure low temperatures, the system
was cooled using a cryostat. Temperature of electrolyte
was measured continuously. The electrolyte was stirred
by means of a mechanical stirrer.

9 10
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3
1
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U1
7 mmm—

h

=

KRYO 30

KRYO 30
6

Fig. 4. Diagram of the experimental set. 1 — electrolyser, 2 — Al anode, 3 — Al cathode, 4 — electrolyte, 5 — Cu block, 6 — aluminium block, 7
— pipe with KRYO 30 cooling liquid, 8 — cryostat, 9 — temperature controller, 10 — stirrer, 11 — stabilised power supply, 12 — data recording

system (KEITLEY 199)

The time of the first anodising step was 24 hours.
The oxide layer that was obtained in this step was re-
moved in a solution containing H3PO4 (35 cm?/dm?) and
CrO; (20g/dm3) at 80°C for 2 hours. After the oxide
layer removal, the specimens were anodic oxidised (step
two) for 5 hours. Then the specimens were subjected to
pore widening by heating the oxalic acid up to 40°C for 2
hours. In the next step, which aimed at the thinning of the
barrier layer, the anodizing was continued, during which
the electrolysis voltage was gradually reduced from 10.1
to 5.0 V. These parameters are shown in Table 3.

TABLE 3
Parameters of the thinning process of the barrier layer

Anodizing voltage,
\4

10.1
8.8
7.5
6.9
5.0

Time,
min

W W W | Wl w




2.3. Aluminium and barrier layer removal

The aluminium substrate was dissolved after two an-
odizing steps. This process was carried out in a 1:3 mix-
ture of HC1 and CuCl, solutions (100 cm?® of 38%HCI
+ 3,4 g of CuCl,-H,O + 100 cm® H,0), at room tem-
perature for approx. 45-60 minutes. In these conditions
the aluminium react with CuCl, solution:

2Al + 3Cu*t — 2AP*3Cu (6)

After this process, the pores opened. The barrier
layer was etched in a 5% H3PO, solution at 30°C for 15
minutes.

2.4. Substrate deposition

After removal of the aluminium and barrier layer, a
thin layer of gold was sputter on the fracture of the tem-
plate (on the open pores of the external specimen’s sur-
face).Then, copper was electrolytically deposited from a
sulphate bath. The composition of electrolyte was: 65g
CuSOQy, 184g H,SO4 and 105 mg KCl in dm3. The elec-
trolysis was carried out using direct current, under poten-
tiostatic conditions at potential -300 mV (vs SCE); the
time of electrolysis — 10 minutes. IPS AJ potentiostat
was used in the measurements.

In this way the porous membranes were obtained
with the structure, which is shown in the diagram in
Fig. 5.

Al O, pore
BEEEnEnEE
<4 CU
| | | | |
A
Au

Fig. 5. Diagram of the alumina membrane structure

Sputtering gold is aimed at the closing pores, while
the layer of electrodeposited copper causes a reduction
of electrolysis voltage in the process of metal electrode-
position in the pores of an Al,O; layer.
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2.5. Cathodic deposition of metals

The process of cobalt and iron incorporation in to
the membrane pores was carried out in the electrodeposi-
tion of Co?* and Fe?* ions from sulphate baths, applying
direct or reversing current (PRC). Electrodeposition was
carried out using IPS AJ potentiostat at room tempera-
ture. The composition of electrolytes is shown in Table 4.

TABLE 4
Composition of electrolytes for Co and Fe deposition

Electrolysis Electrolyte composition pH
Cobalt deposition 140.6 g/[dm? CoS04.7H,0
25 ¢/dm® H3BO; 3.0
Iron deposition 139 g/dm? FeSO4.7H,0
25 g/dm® H3BOs 26

In the process of metal electrodeposition, the speci-
men (membrane) was placed horizontally in the electrol-
yser made of Teflon. A platinum sheet was an auxiliary
electrode, while the saturated calomel electrode was the
reference electrode.

Analytical purity reagents were used to prepare the
solutions. The pH value was controlled by the addition
of a 10% H,SO,4 or NaOH solution.

Electrodeposition was carried out using direct cur-
rent, under potentiostatic conditions (E = -1.2 V (vs.
SCE)), or by using reversing current (PRC). IPS AJ po-
tentiostat was used in the measurements.

The measurements under PRC conditions were per-
formed by applying:
the time of cathodic current flow tx = 140 ms; potential
Ex =- 1.2 V (vs. SCE);
the time of anodic direction of the current flow ty = 20
ms; potentials:

Ea= 0V (vs. SCE) for Co; Epo= -0,350 V (vs. SCE) for
Fe.

Selected materials were subjected to observations on

a scanning electron microscope (FE Gemini LEO 1530).

3. Results and discussion
3.1. Membrane preparation

Membrane preparation is an important step in the
nanowire deposition. Depending on the anodizing pa-
rameters (voltage, time) applied, we can control the pore
diameter and height.

During step I of anodic oxidation of aluminium, the
relationship between current and time was recorded. The
course of such a relationship is shown in Figure 6.
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First anodization step:
03MCHO,
2°C,40V, 24 h
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S
3
4L
E
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Fig. 6. Current density versus time during the first step of anodizing

A sudden decrease in the current intensity was ob-
served in the initial stage of the process, which is related
to the beginning of the oxide barrier layer formation.
After a few minutes, the rate of the layer formation is
equalised with the rate of its dissolution by the elec-
trolyte — a constant current intensity is observed.

Pores start growing in various directions and pores
distribution in the oxide is entirely irregular. Therefore,
after a long-lasting period of the first anodising step

the porous unordered oxide structure was removed in
a solution containing H3PO4 (35 cm’/dm?) and CrO;
(20g/dm?) at 80°C for 2 hours. Cavities remain after ox-
ide removal, which make the template for future pores
formation. After this process, the specimen was subject-
ed to repeated anodic oxidation (step II). Fig. 7 shows the

dependence of the anodic current density on oxidation
time.

9
Second anodization step:
03MH,C,0,
2°C,40V,5h
T 7
3
3
-
=
<5} .
= i
-l
@) % S
W
3 //
0 6 12 18 24 T 5x60
Time, min

Fig. 7. Current density versus time during the second step of anodizing



As a result of the second anodizing step, the pores
grow perpendicular to the surface and form an ordered
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hexagonal structure, which was confirmed by scanning
microscope observations (Fig. 8).

200 nm

Mag =100.21 KX |_|

WD= 4mm

EHT = 5.00 kv

Date :30 Nov 2007
Time :8:26:09

Signal A = SE2
ox222-Fe_const

Fig. 8. Microstructure of aluminium specimen after the second anodizing stage

Pore dimensions and the porosity of the membrane

are shown in Table 5.
TABLE 5
Dimensions of membrane obtained

. Distance .
Pore td1a— Pore height| between Surfa;:e fraction
meter the pores of pores
D, L 1 %
nm wm nm
~80 ~105
(~0,08m) ~3 (~0,1 wm) ~30

3.2. Nanowire deposition

Cobalt and iron nanowires were obtained in the pro-
cess of electrodeposition in the nanopores of an alumini-
um oxide membrane under potentiostatic conditions by
using direct or reversing (PRC) current.

3.2.1. Electrodeposition of cobalt nanowires — direct
current

Cobalt was deposited from sulphate baths of the
composition shown in Table 4. Cyclic voltammetry was

applied to determine the optimal potentials for Co elec-
trodeposition.

The dependence of current density on potential i =
f(E) is obtained from cyclic voltammetry. This relation-
ship is shown in Figure 9. The potentials are given versus
SCE.

Based on voltammogramme, it is possible to con-
clude that cobalt electrodeposition occurs in the poten-
tials that range from -0.7 V to -1.2 V.

A potential was selected from this range, at which
cobalt was electrodeposited in membrane pores, based
on the values of cathodic current efficiency.

Cathodic current efficiencies were determined from
an electrode mass increase, in which the amount of
charges flowing through the system was determined by
planimetry of I = f(t) curve. The measurement was per-
formed at a few potentials, which values result from the
voltammetry. The relationship between the current effi-
ciency and potential is shown in Figure 10.
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Co
19 20mVis
5 sweeps

Fig. 9. Voltammogramme for cobalt

The maximum of cathodic efficiency was observed electrodeposition, because it ensures the highest degree
at the potential of -1.2 V . This potential was selected of metal incorporation into the membrane pores.
as the most appropriate in the measurements of cobalt

90

B I

60 |
50
40
30

20—~ /
10 T . . .

1,2 1,1 1.0 0,9 0,8
potential E, V (vs.SCE)

cathodic current efficiency, %

Fig. 10. Dependence of cathodic current efficiency on the potential cobalt electrodeposition

Specimens after cobalt electrodeposition were ob- 11 shows the microphotograph of Co nanowires obtained
served on a scanning microscope. The pore diameter and during electrodeposition in potentiostatic conditions, (E
nanowire height was determined. Observations of the = -1.2 V(vs. SCE)).
cross-section of the Al,O; — Co were carried out. Fig.
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1um EHT = 5.00 kv
WD= 4mm

Mag = 50.00 K X

—

Signal A = SE2
0x224-Co_const

Date :23 Nov 2007
Time :12:09:59

Fig. 11. SEM images of template after Co electrodeposition under direct current, E = -1.2 V (vs.SCE)

The obtained nanowires are uniform, cobalt is de-
posited in each pore and the pores are around 1 um high.

On the composite surface, on Al,O3 — electrolyte
phase boundary, a deposit of cobalt hydroxide was ob-
served (in the picture — below Al,O3), which is not seen
in the microphotograph presented. It is formed due to
the pH decrease resulting from the cathodic reduction
of hydrogen ions (reaction (2)).

3.2.2. Electrodeposition of cobalt nanowires —
reversing current (PRC)

Cobalt was deposited from sulphate baths of the
composition shown in Table 4. Reversing current of the

following parameters was used in the process of elec-
trodeposition: Ex = -1.2 V (vs. SCE), tx =140 ms; Ep
=0V (vs.SCE) , ta= 20ms.

Specimens were subjected to observations on a scan-
ning microscope. The pore diameter and nanowire height
were determined. Observations of the cross-section of
the surface were carried out. Fig. 12 shows the micropho-
tograph of Co nanowires obtained during electrodeposi-
tion under PRC conditions.

2m
Meg= 2000KX | |

EHT = 5.00 kV
WD= 4mm

Signal A = SE2

Date :23 Nov 2007
0x225_Co_puise  Time 114655

Fig. 12. SEM images of template after Co electrodeposition using reversing current:
Ex =-1.2 V (vs. SCE), tx =140 ms; E5 = 0 V(vs. SCE) ta= 20ms
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The nanowires are not uniform and differ in height.
Cobalt is deposited nearly in each pore.

3.2.3. Electrodeposition of iron nanowires — direct
current

Iron was deposited from sulphate baths of the com-
position shown in Table 4. Cyclic voltammetry was car-

20

10

ried out to determine the optimal potentials for Fe elec-
trodeposition. The relationship between the current den-
sity and potential i = f(E) is shown in Figure 13.

i, mAcm’

-10

-20

16 14 12 10 08

-06 -04 02 00 02 04

E’VSCE

Fig. 13. Voltammogramme for iron

Based on voltammogramme it is possible to con-
clude that iron electrodeposition occurs in the potentials
that range from -0.9 V to -1.4 V.

A potential was selected from this range, at which
iron was electrodeposited in the membrane pores, based
on the values of cathodic efficiency.

The dependence of cathodic current efficiency on
the potential of cathodic Fe?* ions reduction is shown

in Fig. 14. A maximum of cathodic current efficiency is
observed at the potential of -1.25 V.

The cathodic current efficiencies, both for iron and
cobalt electrodeposition, are not high. This is under-
standable, because gaseous hydrogen co-evolves apart
from metal ions reduction in the cathodic process.

Iron electrodeposition measurements were made at
the potential of -1.2 V (vs.SCE).
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Fig. 14. Dependence of cathodic current efficiency on the potential — iron electrodeposition

Specimens after iron electrodeposition were subject-
ed to observations on a scanning microscope. The pore
diameter and nanowire height were determined. Obser-
vations of the cross-section of the surface were car-

ried out. Fig. 15 shows of a microphotograph of the
Fe nanowires obtained during direct current electrode-
position under potentiostatic conditions ( E = -1.2 V
(vs.SCE)).

‘ |
\ Al Wl "‘"’ LT
| | B s eVt imaren o | KRBT W, 1)
% A A AT ) N “(‘ ~7 ¢l \K?‘?‘i » e 3! u
2 um EHT = 5.00 kV Signal A = SE2 Date :30 Nov 200
Mag = 20.00 KX — WD= 4mm 0x222-Fe const Time :8:08:44 ‘

Fig. 15. SEM images of template after Co electrodeposition under direct current, Ex = -1.2 V (vs.SCE)

Iron was uniformly deposited in each pore. The
nanowires obtained have the same height, equal to ap-
prox. 2 wm.

3.2.4. Electrodeposition of iron nanowires —
reversing current (PRC)

Iron was deposited from sulphate baths of the com-
position shown in Table 4. Reversing current of the fol-
lowing parameters was used in the process of electrode-

position: Ex = -1.2 V (vs. SCE), tg =140 ms; Ex =
-0.350 V(vs. SCE), ta= 20ms.

Specimens were subjected to observations on a scan-
ning microscope. The pore diameter and nanowire height
were determined. Observations of the cross-section of
the surface were carried out. Fig. 16 shows a micropho-
tograph of the Fe nanowires obtained during electrode-
position under the reversing current conditions.

The microphotograph shows that iron is deposited
in each pore. The nanowires are not uniform and differ
in height.



1132

- -

1 2 pm EHT = 5.00 kv Signal A = SE2 Date :30 Nov 2007
R b L Fe-pulse-227  Time :15:56:13
Fig. 16. SEM images of template after Co electrodeposition using reversing (PRC) current:
Ex =-1.2 V(vs.SCE), tx =140 ms; E5 = -0.350 V(vs.SCE) ty= 20ms
Microscopic observations of the cobalt and iron Acknowledgements

nanowires (Fig. 11, 12, 15 and 16) indicate that the
membrane pores were not entirely filled by deposited
metals. Although in practice each pore was fulfilled with
a metal, but the length of nanowires ranged from 1 to
2 um, while the pore height in the membrane amounted
to approx. 5 um.

In the microphotograph, in the Al,O3; — electrolyte
interface, a clear iron hydroxide deposit is seen, which
forms due to a pH decrease as a result of cathodic re-
duction of hydrogen ions (reaction (2)).

4. Conclusions

1. Nanocomposite Al,O3 — Co and Al,O3 — Fe were
obtained on a copper plate.

Cobalt and iron nanowires were obtained in the pro-
cess of cathodic deposition of those metals ions in
the pores of an aluminium oxide layer (membrane).
Experiments were performed using direct or revers-
ing (PRC) current.

The nanowires distribution in the pores of an alu-
minium oxide layer is uniform, in the processes of
electrolysis using both direct and reversing current.

Cathodic efficiencies depend on the potential at
which Co and Fe were electrodeposited. The max-
imum values were obtained during the process car-
ried out at the potential of -1.2 V (vs. SCE). They
amount to: 85% for cobalt, 27% for iron. Hydrogen
co-evolution is the reason for the relatively low cur-
rent efficiencies.

This research work has been supported by the Polish Ministry
of Science and Higher Education under project No. 10.10.180.307.
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