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Electrochemical Deposition of Porous Cobalt Oxide Films on AISI 304 Type Steel
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Cobalt hydroxide films on AISI 304 stainless steel were prepared using the electrochemical deposition from neutral
cobalt acetate solutions under galvanostatic conditions. The obtained films were characterized using X-ray diffraction,
X-ray photoelectron spectroscopy, scanning electron microscopy and thermal analysis. It was established that as-
deposited films consisted of a-modification with intercalated CH;COO™ ions. The lamellar morphology of cobalt
hydroxide film was retained in Co;0, films obtained after the initial cobalt hydroxide film thermal treatment at 673 K.
Electrochemical oxidation of as-deposited hydroxide films led to the formation of black oxohydroxide film, CoO(OH).
Keywords: cobalt hydroxides, electrochemical deposition, oxide electrodes.

1. INTRODUCTION

Hydroxides and oxides of cobalt constitute an
important class of materials characterized by good electro-
chemical, catalytic and optical properties. It is known [1]
that cobalt hydroxide mainly exists in two polymorphic
modifications, designated as a- and [-Co(OH),. Both
forms have a hexagonal layered structure. a-Co(OH), is
isostructural with hydrotalcite-like compounds while
p-Co(OH), is brucite-like and consists of hydroxy groups
with Co(II) ions occupying octahedral sites. The
a-modification has hydroxy group deficiency and consists
of positively charged layers with intercalated anions (e. g.
NO;~, CI, CO;%, etc.) and water molecules in the
interlayer space to maintain charge neutrality [2]. The
o-hydroxides have a larger interlayer spacing (>7.0 A,
depending on the intercalated anions) when compared to
the p-form (4.6 A) [3—11]. However, the hydrotalcite-like
form is metastable and easily transforms to more stable
brucite-like form. It has been shown in numerous papers
that both hydroxides are very promising materials for
various important technological applications, for example,
supercapacitors [12—17], electrocatalysts [18—21],
electrochromic electrodes [22]. Cobalt hydroxide-based
materials are widely used as precursors for the synthesis of
various mixed oxide catalysts and adsorbents, activity of
which is highly dependent on structure, morphology,
composition and treatment method of the hydroxide
precursor [23]. Upon thermal treatment above 300 °C
cobalt hydroxide usually transforms to black tricobalt
tetraoxide Co;04 [24, 25].

A mixed-valence Co30, has the spinel structure with
cobalt(Il) in tetrahedral sites and cobalt(IIl) in octahedral
sites. Cobalt oxide is p-type semiconductor exhibiting high
catalytic activity in oxidation reactions [26]. Black cobalt
oxide is a selective coating material for high-temperature
solar collectors [27,28]. The cobalt oxide coatings are
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superior to the black chrome coatings often used. The
function of cobalt oxide as a coating intended to operate up
to 1000°C is to concentrate the solar radiation on the
collector surface. For this purpose, a high solar absorbance
with low infrared emittance is required. Moreover, Co;04
has attracted increased attention to its application in
rechargeable Li-ion batteries [29, 30]. Co;0;, is stable up to
800 °C and decomposes to cobalt oxide CoO above 900 °C.
CoO is an antiferromagnetic material, which finds
applications in electroanalysis [31, 32]. Cobalt oxyhydrox-
ide, CoO(OH), has a hexagonal structure, in which the
divalent metal cation is located in the octahedral site
coordinated by six hydroxy groups. CoO(OH) is a
promising material for fuel cells [33] and capacitors [34].
Generally, cobalt oxides materials can be deposited
using several techniques, such as precipitation, sputtering,
pulsed laser deposition, spray pyrolysis, chemical bath
deposition, sol-gel, hydrothermal synthesis, electrochemi-
cal deposition. Electrochemical deposition presents several
advantages when compared to other methods [35, 36]: low
cost, possibility of large-scale deposition, low temperature
processing and direct control of film thickness. Very thin
layers with specific composition, morphology and good
adhesion between the deposited film and the substrate can
be prepared using the electrochemical techniques. The
final morphology and texture of the electrodeposited
material depend on the electrolyte composition,
temperature, electrode potential or current density,
duration of electrodeposition process and nature of the
electrode substrate. Conventional baths for the
electrodeposition of cobalt oxides typically contain CoCl,
[9,15,18,19,21,34], CoSO, [28,41] or Co(NOs3),
[8, 10, 13, 14, 17, 20, 32, 33,37—-40]. The presence of
various organic molecules (e.g. glucose, fructose, citric
acid, tartrate, polyelectrolytes, etc.) in the electrodeposition
bath was shown to highly influence the structure,
morphology and properties of cobalt (hydr)oxide films
[42—-45]. To the best of our knowledge, there is no data
concerning electrochemical deposition of cobalt hydroxide
on stainless steel substrate from acetate solutions.



Therefore, in the present study we report the
electrochemical deposition of cobalt hydroxide films from
the aqueous solution of cobalt acetate as a cobalt source in
combination with KNO; as a supporting electrolyte. Our
interest in metal oxide film deposition stems from the
search for the new functional materials suitable for the
realization of various photocatalytic redox processes in
water and air, such as organic compound degradation and
CO, photoreduction.

2. EXPERIMENTAL METHODS
2.1. Synthesis of cobalt hydroxide

Cobalt hydroxide films on stainless steel were
prepared by electrochemical deposition using a standard
three electrode cell (volume 100 mL). AISI 304 stainless
steel plates 0.5 mm thick were used as support. All
solutions were prepared using doubly distilled water and
analytical grade reagents. Cobalt acetate (Co(CH;COO),,
>97 % purity) and potassium nitrate (KNOj, purity >99 %)
were obtained from Reachim (Russia) and used as
received. Only freshly prepared solutions (initial pH 7.05)
were used for the measurements. All solutions were not
deaerated during the experimental runs. The electrochemi-
cal synthesis was carried out at 291 K +1 K. The as-
deposited samples were thoroughly washed with distilled
water and dried to constant weight at room temperature.
The electrodeposition process was carried out under
galvanostatic conditions. The obtained results showed that
the most stable films were obtained at 0.5 mA cm™ with
the electrolysis duration of 30 min. Under these conditions,
the amount of the electrodeposited cobalt hydroxide was
(0.5 +£0.02) mg cm 2, as determined by gravimetric method.

2.2. Analytical techniques

The electrochemical measurements were performed by
computer-controlled Autolab PGSTAT12 (Ecochemie, The
Netherlands) potentiostat/galvanostat. The GPES®4.9
software was used for the collection and treatment of the
experimental data. The anodic compartment contained the
stainless steel working electrode and Ag, AgCl | KCl(sat)
reference electrode. Throughout the paper all potentials are
referred to this electrode. The cathodic compartment
housed a platinum wire (geometric area about 15 cm?) as a
counter electrode. 0.1 M KNO; (purity >99 %, Reachim,
Russia) solution was used as a supporting electrolyte.

The X-ray powder diffraction (XRD) data were
collected with DRON-6 (Bourevestnik Inc., Russia)
powder diffractometer with Bragg-Brentano geometry
using Ni-filtered CuK, radiation and graphite monochro-
mator. The crystallite size Dy, was calculated from the line
broadening using the Scherrer’s equation [46]:

k-2

D = —
bkl >
B -cos@

where 4 is the wavelength of the CuK, radiation
(1.54056 x 10"'" m), @ the Bragg diffraction angle, B, the
full width at the half maximum intensity of the characteris-
tic reflection peak (26 = 36.86°) and k a constant (the value
used in this study was 0.94).

237

A custom-designed Kratos Axis Ultra X-ray
photoelectron spectroscopy (XPS) system was used to
determine the elemental composition of as-deposited and
annealed at 673 K films. The experimental set-up for
reactions and analysis has been described in detail before
[47]. Briefly, the surface analysis chamber is equipped
with monochromatic radiation at 1486.6 eV from an
aluminum Ko source using a 500 mm Rowland circle
silicon single crystal monochromator. The X-ray gun was
operated using a 15 mA emission current at an accelerating
voltage of 15kV. Low energy electrons were used for
charge compensation to neutralize the sample. Survey
scans were collected using the following instrument
parameters: energy scan range of 1200 eV to —5 eV; pass
energy of 160 eV; step size of 1 eV; dwell time of 200 ms
and an
X-ray spot size of 700 umx300 um. High resolution
spectra were acquired in the region of interest using the
following experimental parameters: 20 eV to 40 eV energy
window; pass energy of 20 eV; step size of 0.1 eV and
dwell time of 1000 ms. One sweep was used to acquire all
the regions. The absolute energy scale was calibrated to the
Cu 2p2/3 peak binding energy of 932.6 eV using an etched
copper plate. All spectra were calibrated using carbon Cls
peak at 285.0eV. A Shirley-type background was
subtracted from each spectrum to account for inelastically
scattered electrons that contribute to the broad background.
CasaXPS software was used to process the XPS data [48].
Transmission corrected relative sensitivity factor (RSF)
values from the Kratos library were used for elemental
quantification. An error of +0.2 eV is reported for all the
peak binding energies.

All scanning electron microscopy (SEM) images were
acquired using the Hitachi S-4800 scanning electron
microscope operating at 2kV accelerating voltage.
Samples were imaged without any conductive coating.

Differential scanning calorimetry and thermogravim-
etry (DSC-TGQ) analysis was performed on a Netzsch STA
409 PC Luxx (Netzsch GmbH, Germany) simultaneous
thermal analyzer. The heating was carried out in air, the
rate of temperature increase was 15 Kmin"' and the
temperature range from 303 K to 1073 K was used.

FTIR spectra were measured in the range of
400 cm ™' 4000 cm™ on a Perkin Elmer FT-IR System
infrared spectrometer using KBr pellets (1 mg of the
substance was mixed with 200 mg KBr and these pellets
was pressed in vacuum atmosphere).

3. RESULTS AND DISCUSSION

3.1. Voltammetric behavior of stainless steel in
cobalt(Il) acetate electrolyte

The voltammetric behavior of AISI 304 type stainless
steel electrode in 0.05 M Co(CH3COO), with 0.1 M KNO;
electrolyte is shown in Fig. 1. Sweeping negatively from
an initial potential of —0.2 V, two reductive peaks (labeled
C, and C,) are observed. The first increase in cathodic
current was observed at negative potential of —0.35 V. This
peak can be related to the reduction of nitrate ions and
formation of hydroxy groups [35, 38]:

NOj3 +H,0+2¢~ — NO; +20H; (1)



NO3 +7H,0 + 8¢~ — NHj +100H . )

A further increase in current observed at —0.9 V can be
mainly associated with water decomposition releasing
molecular hydrogen and hydroxy groups:

2H,0+2¢” > H,(g)+20H . 3)

Due to these processes, the pH of the electrolyte close
to the electrode increases. Hydroxy groups formed via
electrochemical reduction are expected to react with Co(II)
ions present in electrolyte. As a result, cobalt hydroxide is
deposited on the electrodes according to the reaction (4):

Co*" +20H™ — Co(OH), (s) . 4)

Consequently, cobalt hydroxide electrodeposition in
nitrate bath follows an EC (electrochemical reaction
followed by an irreversible chemical reaction) mechanism.
As it is pointed out in [35] the relative importance of (1)
and (2) reactions in electrogeneration of base is not well-
established. Some experimental evidences show that
hydrogen evolution reactions are as important as nitrate
reduction in the electrodeposition of hydroxides.

6

4

Js mA cmi®

-/ﬂ -

-6 ) ) ) L) L)
.2 07 -02 03 08 13

E,V

Fig. 1. Voltammetric behavior of AISI 304 type steel in 0.05 M
Co(CH;3;CO0), + 0.1 M KNOs electrolyte. Potential scan
rate v=>50mV s~

When the potential was reversed at —1.0 V and
scanned towards the positive values, a distinctive anodic
peak was observed at the potentials above 0.7 V. It can be
mainly associated with the oxidation of electrodeposited
compounds. The increase of anodic current at the poten-
tials above 0.9 V can be related to the evolution of oxygen
and the oxidation of the stainless steel substrate. It has
been shown [49] that in this potential range the transpas-
sive dissolution of stainless steel occurs due to the release
of soluble Cr(VI) and Fe(III) species into the electrolyte.

Additionally, it was also found (Fig. 2) that the peak
around +0.8 V appears only if the electrode potential is
swept to the negative potential of —0.85 V. At more
positive potentials the presence of this anodic peak was not
observed. This can be explained by proposing that under
these conditions cobalt hydroxide layer on the steel surface
is not formed. Such assumption is supported by electroly-
sis experiments under potentiostatic conditions. During
these experimental runs stainless steel electrode potential
was kept constant (-0.5, —0.6, —0.7, —0.8 or —0.9 V) for
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20 min. No formation of cobalt hydroxide residues was
observed at potentials from positive to —0.9 V.

The rate of electrodeposition is increased by the
electrolyte temperature in the range of 293 K—373 K, as it
is evidenced in inset of Fig. 2.

E,V

Fig. 2. Cyclic voltammograms of AISI 304 type steel in 0.05 M
Co(CH3CO0), + 0.1 M KNOj; electrolyte at different
negative sweep values. Potential scan rate v=50 mV s
Inset: dependence of anodic peak height on electrolysis

temperature

In order to form cobalt hydroxide coatings, a gal-
vanostatic method was used. The current density of
electrodeposition was varied in the range of (0.01-1)
mAcm™ and electrolysis duration (10—50) min. The
characteristic chronopotentiograms are shown in Fig. 3.
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Fig. 3. Chronopotentiometry plots for the cobalt hydroxide
electrochemical deposition on AISI 304 type steel at
different current densities (mA cm™>): a — 0.01; b — 0.05;
c—-0.1;d-02;e-0.5;f-1.0

The preliminary electrolysis experiments revealed that
the most stable coatings are obtained at (0.4—0.6)
mA cm 2. At higher current densities the rapid thickening
and flaking of the deposits was observed. Thus, in the
following characterization experiments, we used the cobalt
hydroxide electrode prepared under the experimentally
determined optimal conditions: cathodic current density
0.5mAcm?, electrolysis duration 30 min, electrolyte
temperature 291 K and coating amount 0.5 mg cm ™.



3.2. Structural characterization of cobalt
hydroxide coatings

Fig. 4 shows thermogravimetric (TG) and differential
scanning calorimetry (DSC) analysis results of as-prepared
cobalt hydroxide sample. DSC curve reveals three endo-
thermic effects in the temperature range of 323 K—620 K.
They are accompanied by the weight loss of about 43 %.
The first endothermic effect at 323 K—433 K is due to the
evaporation of physically adsorbed and interlayer water
molecules. The endothermic effect at 470 K—535 K can be
associated with the decomposition of the hydrotalcite-like
structure of cobalt hydroxide. The third endothermic peak
observed at 606 K can be related to the decomposition of
intercalated CH;COO™ groups. These results are consistent
with the TG data reported in the literature [3, 5].
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Fig. 4. TG-DSC patterns of as-deposited cobalt hydroxide

The X-ray diffractograms of as-prepared and annealed
at 673 K cobalt hydroxide samples are presented in Fig. 5.
XRD curve of as-prepared sample reveals diffraction peaks
at 9.76, 19.66, 33.16 and 59.28° corresponding to cobalt
hydroxide. Small number of reflection peaks is an
indication of poorly ordered samples. Based on the
obtained results it can be assumed that the hydroxide
synthesized here is of a mixed phase showing reflections
characteristic of both a- and f-modifications. The strong
low-angle reflection peak at 26 =9.76° can be found with
d-spacing of 9.05 A. This can be associated with acetate
groups intercalated into hydrotalcite-like  a-cobalt
hydroxide structure. This value is intermediate as
compared to those reported in literature for acetate
intercalated a-cobalt hydroxide: 8.36 A in [3] and 12.65 A
in [5]. The structure of a-cobalt hydroxides is highly
dependent on the nature of inserted anion species leading
to increased interlayer spacing compared to S-cobalt
hydroxide. Both inorganic and organic groups have been
incorporated into cobalt hydroxide layers [3—11]. In a case
of NH;, NOs™, CO32_ and SO42" ions, the interlayer spacing
was found to be in the range of 7.35 A—10.1 A. Kurmoo
showed [6] that the basal spacing increases with the length
of the organic species in the following order: dicyanamide
11.5 A, suberate 162 A, caprylate 22.8 A and dodecyl
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sulfate 25.0 A. Similar results were obtained by Yarger et
al. [7]. They determined that cobalt hydroxide with
significantly increased basal spacing (>25.0 A) can be
produced by incorporating sodium dodecyl sulfate or
1-hexadecanesulfonate via electrochemical deposition.

(b)

Intensity, a.u.

T T T T ~T T
0 10 20 30 40 50 60 70 80 90
20, degrees

Fig. 5. XRD pattern of (a) as-deposited and (b) annealed at 673 K
films

The presence of a reflection peak at 260 =19.66° in
Fig. 5, a, can be related to the formation of f-modification.
The reflection peaks at 260 = 33.16° and 26 = 59.28° exhibit
an asymmetry on the higher angle side. This feature
indicates the presence of turbostratic materials in which the
stacked layers are randomly oriented about the principal
crystallographic axis [14]. These diffraction peaks can be
associated with a-cobalt hydroxide, according to the
results reported in the literature [3].

The corresponding XRD pattern of thermally treated
samples (Fig. 5, b) reveals diffraction peaks which can be
readily attributed to the cubic phase of Co3;0,4. According
to the Scherrer’s equation, the average Co;O, crystallite
size was calculated to be 29.2 nm.

The incorporation of acetate ions in as-prepared cobalt
hydroxide films was confirmed using infrared absorption
analysis (Fig.6). It can be seen that there are IR
absorptions not only in the high (3600 cm™' —3700 cm ™)
and the low (600 cm™' —400 cm ™) wavenumber regions as
it would be expected for f-Co(OH), modification [9], but
also in the intermediate (1600 cm™' —800 cm™') wavenum-
ber region due to the vibrations of intercalated ions. The
large absorption band centered at 3431 cm™' can be
assigned to the stretches of hydroxy groups. The peaks at
1578 cm™ and 1385cm™ can be attributed to the
stretching COO vibrations of the free acetate ion. The
absorption band at 666 cm™'' can be ascribed to Co—-OH
vibrations. Other peaks at 1474, 1020 and 458 cm™' show
the presence of CH; groups.

The FTIR spectrum of annealed cobalt hydroxide is
shown in Fig. 7. Two distinctive bands can be seen
characteristic for cobalt oxide Co30,4 [50]. The first band at
565 cm' is associated with the Co(III) ions in octahedral
position. The second band at 659 cm™ is attributed to the
Co(II) ions in tetrahedral position.
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Fig. 6. FTIR spectrum of as-deposited cobalt hydroxide
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Fig. 7. FTIR spectrum of cobalt hydroxide annealed at 673 K

Chemical composition of the cobalt hydroxide and
oxide films was characterized using XPS. High resolution
Co2p and Ols spectra were obtained for both films and are
shown in Fig. 8. The quantification was performed in
terms of O1s/Co2p ratio and was found to be 1.56 for as-
deposited sample and 1.35 for annealed sample. Latter
value was very close to the theoretical value of 1.33 for
C0304. Co2p region had doublets with Co2p;, peak at
781.2 eV and 780.1 eV for as-deposited and annealed
samples, respectively. Co2ps/, peak at 779.5 eV—-780.1 eV
has previously been attributed to Co;0O, phase of cobalt
oxide [51, 52], albeit close in value for CoO phase [53].
Co2p;, peak at 780.7eV, on the other hand, has
previously been attributed to Co(OH), [10].

Satellite peaks are also present in Co2p spectra for
both samples, but of much lower intensity in annealed
sample than in as-deposited. The suppression of shake up
satellite peaks was observed for Co;0O4 phase as opposed to
CoO phase [54], thus corroborating previous assignment of
Co050, for annealed sample. Satellite peaks have also been
observed to be more prominent in Co;O4 as opposed to
Co(OH), samples [10].
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Fig. 8. High resolution XPS spectra of Co2p and Ols regions of
(a) as-deposited and (b) annealed at 673 K films.
Satellites in Co2p spectrum are denoted with asterisks

Ols spectra shown for both samples are comprised of
several components. Namely, peaks at 530.1, 531.3 and
533.2 eV can be observed. These can be attributed to
oxygen atoms in Co-O, Co(OH), and adsorbed water [10].
Peak due to the cobalt-hydroxy bonds is the main peak in
as-deposited sample, whereas in annealed sample it
constitutes roughly to 34 % of all Ols region. This, as well
as XPS spectral analysis of Co2p region discussed above,
unambiguously shows that as-deposited sample is cobalt
hydroxide, whereas annealed sample is Co;0, with some
hydroxy groups adsorbed on the surface.

SEM images at various maginifications of as-
deposited and annealed cobalt hydroxide films are shown
in Fig. 9. Both films shown have the same surface
morphology, e.g. the cobalt oxide film retains the same
porous morphology as that of the precursor hydroxide.
Both films showed very distinct clustering behavior at
lower magnification, while at higher magnification lamelar
structure can be seen. The morphology reported in this



work differs from that synthesized using chemical vapour
deposition methods, where rounded grains were observed
[55] but similar to other high surface area electrodeposited
films, recently reported [32, 39]. The film morphology was
uniform throughout the sample showing robust and
reproducible deposition conditions.

Fig. 9. Representative SEM

images
hydroxide (a) and cobalt oxide (b) coatings

of as-deposited cobalt
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Fig. 10. FTIR spectra of various cobalt hydroxide films: (a)
annealed at 673 K (b) galvanostatically oxidized for
30min in 0.1 M Na,SO, (=10 mAcm?) and (c)
galvanostatically oxidized for 2 min in 0.1 M Na,SO,
(=10 mA cm™)
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It was established that as-prepared hydroxide can be
readily transformed to oxohydroxide by electrochemically
oxidizing in 0.1 M Na,SO,4 solution (current density
10 mA cm ™). Structural changes occurring during oxida-
tion were evaluated using FTIR spectroscopy (Fig. 10).

4. CONCLUSIONS

Cobalt hydroxide films on AISI 304 type stainless
steel were prepared using the electrochemical deposition
from neutral cobalt acetate solutions under galvanostatic
conditions. Electrochemical measurements revealed that
cobalt hydroxide deposition occurs at negative potential of
—0.85 V. It was established that the most uniform and
stable films were obtained at 0.5 mAcm>, electrolysis
duration 30 min and amount of hydroxide 0.5 mgem™.
The as-deposited coatings are determined to be
predominantly a-Co(OH), phase with some acetate ions
and water molecules intercalated in the interlayer space.
After heat—treatment at 673 K for 1 h cobalt hydroxide was
transformed to cobalt(Il)-dicobalt(Il) oxide with an
average crystallite size of 29.2 nm. Obtained Co;0,4 film
retained the same porous morphology as that of the
precursor cobalt hydroxide. During the electrochemical
oxidation in 0.1 M Na,SO, solution the as-prepared cobalt
hydroxide transformed to cobalt oxohydroxide CoO(OH).
The data reported in this paper show optimal deposition
conditions for porous lamellar structure cobalt oxide and
hydroxide films that can serve as visible light active
catalyst support.
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