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Structural and electrochemical studies of Co
oxide films formed by the sol-gel technique
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Two different types of Co oxide films, each having a distinct electrochemical signature
correlated with the film drying temperature, were formed using the sol-gel (SG) technique.
Two different states of gelation of the film precursor were also explored. Cyclic
voltammograms, collected in alkaline solutions for the low temperature films, displayed
two pairs of peaks corresponding to the Co(ll) to Co(lll) and Co(lll) to Co(lV) transitions,
centered at 1.2 and 1.4V, respectively, while the high temperature films underwent only the
Co(lll) to Co(lV) redox process at 1.4 V. The charge densities obtained for the lower
temperature films (particle sizes 2-10 nm in diameter) ranged between 40 and 70 mC/cm?;
charge densities for the higher temperature films (particle sizes of 5-40 nm), otherwise
formed identically, were between 10 and 20 mC/cm?. The more viscous Co oxide gels led to
significantly higher charge densities than less viscous gels, as well as greater film stability
during electrochemical cycling. Using a wide range of film characterization techniques, it
was shown that Co oxide films formed at >180°C are composed mainly of Co30, spinel,
while films formed at <180°C consist predominantly of CoO.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

The electrochemistry of Co and Co oxide in alkaline so-
lutions has been extensively studied due to their numer-
ous practical applications, including as insertion cath-
odes in Li batteries [1-3], in electrochromic devices [4,
5], as promising electrocatalysts for the oxygen evolu-
tion (OER) [6] and reduction (ORR) reactions [7] and
in recording media [8]. Recently, great interest has also
been shown in the capacitive behavior of Co oxide films
[9]. It is also known that the addition of Co to Ni ox-
ide improves the performance of the Ni oxide cathode,
in both aqueous and non-aqueous battery applications
[10].

Burke et al. [11] and Simpraga et al. [12] have
studied Co oxide films prepared by the anodic ox-
idation of a metallic Co substrate by potential cy-
cling in alkaline solutions. Other methods of prepar-
ing these oxide films include cathodic precipitation
[10], electron-beam evaporation [13], chemical deposi-
tion [14], electrodeposition [15], spray pyrolysis [16],
and, most recently, the use of the sol-gel (SG) tech-
nique [17-20]. Svegl et al. [17-19] carried out in situ
and ex situ spectroelectrochemical investigations of
SG-derived Co3O4 spinel films, cycled in 0.1 LiOH.
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Spinolo et al. [21] characterized the surface properties
of SG formed spinel Co oxide, deposited on a Ni sup-
port. The surface properties of SG formed Co oxide,
using CoCl, as the precursor, were also studied [22],
while the capacitive behavior, surface area and pore
volume of SG derived Co oxide films have also been
examined [9, 23, 24].

The SG method is becoming an increasingly pop-
ular route for the preparation of metal oxides due to
its time and energy saving advantages [25, 26]. In-
creasing attention on SG formed oxides also arises
from their highly porous structure and high surface ar-
eas, useful for many applications. SG films can be de-
posited on essentially any substrate, and can be shaped
into fibers, powders, monoliths and films [27]. Fur-
ther, the SG method allows the preparation of a mix-
ture in solution, achieving homogeneity on the molec-
ular scale in the solid product. Importantly, the com-
position of SG-derived materials can be tailored by
varying the ratio of the precursors in solution. In gen-
eral, SG processing allows the control of the tex-
ture, composition, homogeneity, and structural prop-
erties of the resulting materials, which, in turn, influ-
ence the physical (film thickness, degree of hydration,
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etc.) and electrochemical properties of these films
[18, 21, 28].

Our group has previously carried out detailed electro-
chemical studies of Ni and Ni-Co oxide films formed by
the SG technique [20, 24, 28-30], revealing the many
beneficial factors of the presence of Co in these mixed
films, while also demonstrating the contribution of Co
redox chemistry to their response. In our preliminary
work with pure Co oxide SG-formed films [29-31], it
was shown that films formed by drying in the range of
200°C could exhibit one of two distinct types of cyclic
voltammetric (CV) responses. Therefore, a key goal of
the present work was to establish the origin and mean-
ing of these two CV signatures. As well, Co sol-gel
solutions of differing viscosity have been synthesized
and studied here in an attempt to improve the adhesion
of the films to the substrate, as well as to enhance the
film stability in alkaline solutions.

2. Experimental procedure
2.1. Sol-gel (SG) formed Co oxide film
preparation

2.1.1. Preparation of Co-containing sol
The Co oxide sol was prepared as described elsewhere
[30, 32] i.e., by dissolving 11 g of Co(NOs3),-6H,0
(Aldrich) in 80 ml of absolute ethanol. The solution
was refluxed and stirred continuously for 5 h on a water
bath and then cooled to room temperature over 4 h. A
mixture of 80 ml ethyl acetate (BDH) and 1 ml Mazawet
DF™ nonionic surfactant (PPT Industries) was added
to the solution to improve the uniformity of the resulting
films. The resulting sol phase, having a viscosity of 7
centistokes, is referred to as SGA (Fig. 1).

SGA was stirred for another 18 h and heated again for
2 h at 80°C to evaporate the solvent (to ~30-50% of the
initial volume) until a viscosity of ca. 12 centistokes was
obtained. This higher viscosity sol-gel phase is referred
to as SGB (Fig. 1).

Co(NOs), - 6 H,O ethanol

2.1.2. Deposition of Co oxide film
on electrode substrate

SG derived Co oxide films were then deposited on Pt
foil (99.99% purity, Johnson-Matthey, Aldrich) or Pt
sputter-coated glass substrates, with geometric surface
areas ranging between 0.4 and 1 cm?. A dip-coating
procedure, in which the substrate was immersed in the
sol phase and then withdrawn at a constant rate of 1.2
to 24 cm/min to vary the film thickness, was employed.
The film was then placed into a pre-heated oven and
calcinated between 100 and 300°C for 15 to 240 min.
The Co oxide films formed from both SGA and SGB
were then equilibrated in 0.1 and 1 M NaOH for 0.5 to
70 h prior to any electrochemical measurements. Elec-
trochemical data reported in this paper were obtained
after equilibrating the film-coated electrodes in 0.1 M
NaOH for 18 h for SGA and 2 h for SGB.

2.2. Film characterization

2.2.1. Thermal analysis of Co oxide gel
Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a
NETZSCH STA 449C to examine the thermal behavior
of the air dried Co oxide sol. Samples were loaded into
an Al,Oj3 crucible and purged with high purity nitrogen
at 30 mL/min. The mass and thermal changes were
measured as the temperature was increased from 22 to
900°C at 5°C/min.

2.2.2. Scanning electron microscopy (SEM)
surface morphology studies
The thickness and surface morphology of the Co oxide
SG films were determined by scanning electron mi-
croscopy (SEM) by using a Philips/FEI ESEM (Health
Sciences Center, University of Calgary) and a JOEL
JXA-8200 electron microprobe (Department of Geol-
ogy and Geophysics, University of Calgary). An ac-
celerating voltage of 20 kV and a high vacuum of

Sh reflux, 18 h stirring ‘1, ethyl acetate
Co-containing solution <€ ‘+
t surfactant
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Co-containing sol solution - > Co-containing sol solution
(SGA) [34] evaporation (SGB)
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Co oxide gel wet Co oxide film
heat-treatment l l ¢ heat-treatment

Co oxide powder
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dried Co oxide film

v

XRD, SEM, TEM, XPS analysis

v
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Figure 1 Flowchart showing SG formation and characterization of Co oxide powders and films.
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2 x 10~* Torr were generally employed. The SG films
were mechanically fractured using a diamond blade be-
fore mounting them on Al stubs using conducting car-
bon tape (E. T. Enterprises). A thin layer of Au/Pd, Pt
or C was sputtered onto the sample to improve surface
conductivity. The samples were also tilted in the SEM
chamber for a better estimation of the film thicknesses.

2.2.3. Transmission electron microscopy
(TEM) and electron diffraction (ED)
analysis

A Hitachi H-7000 transmission electron microscopy

(TEM, Health Sciences Center, University of Calgary)

with electron diffraction (ED) capabilities was em-

ployed to obtain particle size and phase information
about the SG formed Co oxides. Co oxide samples
were first sonicated for 60 min to ensure suspension in
ethanol. The suspended samples were then deposited
onto the carbon-coated Cu-grid and allowed to dry in
air at room temperature for the evaporation of ethanol.

2.2.4. X-ray diffraction (XRD) studies

X-ray powder diffraction was employed to determine
the phase and the average crystallite size of the SG
formed Co oxide materials. The XRD patterns were
collected using a Rigaku multiflex diffractometer (De-
partment of Geology and Geophysics, University of
Calgary), equipped with a Cu target with an operating
voltage and current of 40 kV and 40 mA, respectively.
The scanning range was varied between 10 and 70 de-
grees at arate of 2°/min. XRD data were analysed using
MDI Jade 6.5 software. The average crystallite size (D,
in A), was calculated using the Scherrer equation [33],
D = KAX/B cos 8, where K is a constant (taken as 0.89),
A is the incident radiation wavelength (1.5406 A for Cu
Ko radiation), 8 is the peak width at half-maximun in
units of 26 and 6 is the Bragg angle of diffraction.

2.2.5. X-ray photoelectron spectroscopy
(XPS) studies
Most of the XPS spectra were collected using a Kratos
Axis 165 X-ray Photoelectron Spectrometer (Alberta
Centre for Surface Engineering and Science, Univer-
sity of Alberta) with monochromatized Al K« radiation
(1486.6eV) working at 210 W. Some of the XPS spectra
were obtained using a VG Scientific ESCALAB220I-
XL (Chemical Institute, Chinese Academy of Science,
China) photoelectron spectrometer using monochro-
matic Al Ko radiation (1486.6 eV), with an operating
X-ray power of 300 W. The working pressure in both
systems was lower than 10~/ Pa. XPS spectra were
recorded in the constant analyzer energy (CAE)-mode.
Using the Kratos Axis 165, extended spectra (survey)
were collected in the range of 0 to 1196 eV with a
pass energy of 160 eV, 0.4 eV step~! and 100 s step~'.
Detailed spectra were recorded for the Co 2p, O 1s, and
C Isregions with 10 eV, 10 eV and 20 eV pass energy,
respectively and a data collection rate of 0.1 eV step™!
and 200 s step~!. A linear background correction was

applied to the raw spectra to obtain quantitative ratios
of the elements analyzed. Depth profiles of the different
elements were carried out by Ar™ sputtering at 3 keV
with an Ar pressure of 5.5 x 1077 torr. No charging
was observed for the reference standards of CoO and
Co304. However, charging problems related to the low-
temperature SGA and SGB films were corrected for by
comparing the binding energy (BE) of the observed C
1s peak to the reported value of 284.9 eV [34, 35].

2.3. Electrochemical studies

The working electrodes (WE) employed in this work
were SG-formed Co oxide films coated on a Pt sub-
strate, as described earlier. The counter electrode (CE)
was a large area (ca. 0.7 cm?) Pt gauze, while the re-
versible hydrogen electrode (RHE), separated from the
WE cell compartment by a closed wet stopcock and a
Luggin capillary, was used as the reference electrode
(RE). All potentials quoted in this paper are referred
to the RHE. Cyclic voltammetry (CV) experiments
were carried out using a Vanostat HA-301 potentiostat
equipped with PowerLab Chart v4.0 (ADInstruments)
for data acquisition or an EG&G PARC 173 potentio-
stat and EG&G PARC 175 programmer equipped with
a Hewlett-Packard 7044 X-Y recorder. Solutions of 0.1
M NaOH were deaerated by purging with N, gas for
15 min before recording the CVs. Triply distilled water
was used to prepare all solutions and all electrochemi-
cal experiments were carried out at room temperature,
22 £2°C.

3. Results and discussion

3.1. TGA-DSC analysis

The TGA and corresponding DSC data for a Co ox-
ide SGB, air-dried at room temperature, as well as for
the Co(NOs3),-6H,0O starting material (Fig. 2), show
slight differences in their decomposition behavior. The
mass loss seen for the Co(NO3),-6H,0 starting mate-
rial occurs in five main stages. An initial mass loss of
~14 % between 25 and 100°C is attributed to the loss
of two water molecules (~12.4%) from the hexahy-
drated starting material. This is followed by two sepa-
rate ~13% mass losses between 100 to 150°C and 150
to 200°C, each attributed to a further loss of two water
molecules bound to the Co centre. A ~35% mass loss
between 200 and 275°C suggests the decomposition
of the nitrate species (e.g. two NO; ~32%), forming
Co0304. The final mass loss of ~3% at 750 to 800°C was
attributed to the reaction of some Co oxide in contact
with the Al,O3 heating pans, likely forming the blue
cubic CoAl,O4 compound at high temperatures.

In comparison with the starting material, the TGA
data of the Co SG compounds were more difficult to
analyze, due to the anticipated “polymeric” nature of
the Co oxide network. Based on the assumption that
only Co3Qy is present at temperatures >300°C (based
on the XRD, ED and XPS data of the 300°C dried
material—see below), and assuming all Co present in
the SG material is converted to Co304 at 300°C, a pos-
sible decomposition mechanism can be deduced. As

4041



DSC (mW/mg) TG (%)
) + exo |
o-vg?;,;h_\ AN 100
=24 !ik\\ e
t‘.\ % e - " 80
-4 S e . 0
W\ e
o\ -60
-6
i L w
-8 ; Tt
X - " 40
%t _____________ ‘-‘-‘R’—— - v b
10 - o e XS b
™ 200 ™ 400 g0 ™ 800
Temperature (oC)
== DSC of Co(NO3)2-6H20 DSC of CoSGB
* TGA of Co(NO3)2:6H20 --TGA of CoSGB

Figure 2 TGA/DSC data for SG formed Co oxide gel (SGB), initially air-dried at room temperature, heated at 5 K/min in N2 flowing at 30 mL/min.

the SG network is likely a hydrated, polymeric system,
each major mass loss region may be due to either a
single step or a combination of steps.

However, it can be concluded that 0.4 mg (31% of
initial mass of 1.333 mg SGB) of Co30,4 was formed at
300°C. The mass loss seen in each thermal region were
assigned as follows. An initial mass loss of ~0.13 mg
(about 10 mass%) between 25 to 75°C, which is ac-
companied by a broad endothermic peak, is attributed
to the evaporation of ethanol or ethyl acetate trapped
inside the pores of the air dried Co SG network. This is
followed by a major mass loss of 0.18 mg (~25%) be-
tween 100 and 150°C, corresponding to three endother-
mic peaks very similar to those of the starting material,
attributed to the removal of bonded water from the Co
centre. The removal of two water molecules would re-
sult in a 0.19 mg mass loss, assuming a 2:1 H,O:Co
ratio.

The region between 150 and 200°C, with a mass loss
of ~0.18 mg, is referred to as the intermediate region.
The DSC behavior in this region differs significantly
from that of the starting material and hence the mass
losses are more difficult to interpret. It is possible that
this mass change may be due to the removal of two
oxygens per Co unit, either from the conversion of Co
hydroxide to Co oxide or from nitrate decomposition,
which is then followed by the removal of nitrite in the
next step. The removal of two oxygens would result in
a 0.17 mg mass loss, assuming a 2:1 O:Co ratio.

A major mass loss of 0.42 mg between 200 and
260°C, accompanied by a broad endothermic peak, is
attributed to nitrate decomposition, releasing NO, and
forming Co3QOy4, where a 2:1 NO,:Co ratio yields a 0.49
mg mass loss. The DSC data for SGB also matches the
DSC pattern assigned to decomposition of the starting
material. The formation of spinel type Co3O4 at temper-
atures of ~200°C is occurring at a lower temperature
than reported earlier for SG formed Co3O4 [17-19, 22].
The final mass loss of 0.02 mg (~3%) at 740-760°C,
accompanied by a marked endothermic peak, is again
attributed to the formation of a blue cubic CoAl,O4 by
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reaction of Co oxide with the Al,O3 pans. Very sim-
ilar TGA/DSC patters were observed for SGA films,
indicating that these films differ only in their viscosity.

3.2. Microstructural and compositional
analysis of SG-formed Co oxide films
3.2.1. SEM analysis
A typical SEM image of a SGB Co oxide film, dried at
165°C for 2 h on a Pt substrate, is shown in Fig. 3. The
microstructure shows that the films are porous. Heat
treatment during the preparation of these films results
in the loss of water and organic residues, as well as the
sintering of particles. In addition, the high vacuum of
the SEM will result in further evaporation of the solvent,
and thus cracks are observed due to film shrinkage from
both the pre-heat treatment and the SEM environment
(Fig. 3b).

It is widely accepted [32] that variables such as sub-
strate withdrawal rate from the sol and drying tempera-
ture affect SG film thickness, which can then influence
film redox kinetics and charge densities, consistent with
our previous study of Co-Ni oxide based materials [28].
Indeed, the measurement of SG-formed Co oxide film
(SGA) weight as a function of withdrawal rate (Fig. 4)
shows that the amount of film deposited on the sub-
strate is proportional to the square root of withdrawal
rate, as expected for sol-gel derived films [32]. It is
also thought that longer drying times and higher heat-
ing temperatures will form thinner layers due to film
shrinkage.

For these reasons, efforts were made to measure the
thickness of the SG formed films from the edge of film
fragments at crack sites (Fig. 3b). However, these films
were found to be quite non-uniform, even though this
is not obvious in Fig. 3b. While the SG film thickness
was measured in several locations (typically more than
6 sites per specimen), the results showed arange of error
from £15-40% vs. the mean for both SGA and SGB
films. It can therefore only be concluded from this work
that our SG-derived Co oxide films are between 200 and
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Figure 3 SEM images of SGB formed Co oxide film withdrawn at 1.2 cm/min and dried in air at 165°C for 120 min. (b) is a higher magnification

image of the centre of image in (a).
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Figure 4 Effect of withdrawal rate on film weight for SGA films, formed
by withdrawing of Pt substrate at 1.2 to 120 cm/min from the sol and
drying at 175°C in air for 120 min.

1200 nm in thickness and that no real trends between
film thickness and withdrawal rate, drying temperature
or time, can be discerned.

Figs 5 and 6 shows the back scattered electron (BSE)
images of SGA and SGB films, respectively, after expo-
sure to electrochemical cycling. The darker areas rep-
resent the Co oxide film and the lighter background
reflects the back-scattered electrons from the Pt sub-
strate. It is observed that, on average, SGA films ap-
pear to be thinner and more uniform than SGB films
after electrochemical cycling. It is also observed that
high temperature dried SGA and SGB films (Figs 5b
and 6b) are more uniform than the low temperature
films (Figs 5a and 6a). Furthermore, the low temper-
ature dried SGB films (Fig. 6a) are less uniform than
SGA films (Fig. 5a), showing preferential film loss in
certain regions, resulting in uneven films, especially
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(b)

Figure 5 Back-scattered electron SEM image of SGA formed Co oxide film formed by withdrawal of Pt at 6 cm/min and dried at (a) 175°C and (b)
300°C for 15 min after electrochemical experiments in 0.1 M NaOH.

after electrochemical cycling. However, the electro- 3.2.2. TEM and electron diffraction (ED)

chemically active charge obtained for these films will analysis of SG-derived Co oxide films
be shown below (Section 3.3) to be higher for SGB vs.  TEM analysis shows that the shape of the SGA and
SGA films. SGB formed Co oxide particles, dried at between 100
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Figure 6 Back-scattered electron SEM image of SGB formed Co oxide film formed by withdrawal of Pt at 1.2 cm/min and dried at (a) 175°C and (b)

300°C for 120 min after electrochemical experiments in 0.1 M NaOH.

and 400°C, is mainly pseudo-spherical. Well-defined
particles are barely observed for the films formed at
lower temperatures than this (Fig. 7). On the other hand,
Co oxide particles formed at higher temperatures are
nicely resolved, with a narrow size distribution ranging

from 3 to 6 and 4 to 10 nm for particles formed at
300°C from SGA (dried for 15 min) and SGB (dried
for 120 min), respectively (Fig. 8). Listed in Table I are
the particle sizes of SG-derived Co oxides, as obtained
from TEM analysis, showing that they increase with
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Figure 7 TEM images and corresponding ED patterns for low temperature SG-derived Co oxide films (a) SGA dried at 100°C for 15 min and (b)

SGB dried at 165°C for 120 min.

drying temperature, likely due to sintering effects [27].
Analysis of the TEM images also shows that the Co
oxide particles derived from SGB are, on average, 2 x or
more the size of SGA derived particles. While the time
of drying may also affect particle size, the results for
300°C dried SGB (2 h of drying), as compared to SGA
(15 min drying time), show only a minor difference in
the particle size.

The particle size observed for SGB was comparable
to those obtained using a Co sulphate derived sol-gel
synthesis [19], from which Co30, particles were re-

TABLE I Average particle size of SGA and SGB Co oxide, as obtained
from TEM analysis

Drying SGA particle SGB particle
temperature (°C) size (nm) size (nm)
100 2-3 -

150 3-5 -

175 6-10

200 4-7 10-16

300 3-6 20-40

400 4-9 7-14

600 15-20 -

Drying time for SGA and SGB was 15 and 120 min, respectively.
An average of at least 20 particles were used to obtain particle size.
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ported to be 20 and 40 nm in diameter after heat treat-
ment at 300 and 500°C, respectively. However, the par-
ticle sizes obtained from SG derived preparation proce-
dures are significantly smaller than for oxides formed
by heat treatment of a Co alloy at 1000°C [36], where
the CoO particles were reported to range from 100 to
200 nm in diameter.

The selected area electron diffraction (ED) patterns
for Co oxide deposited on a Cu grid yield well-defined
and continuous ring patterns for the high temperature
films, characteristic of polycrystalline phases [37, 38]
(Fig. 8). A comparison of inter-planar spacings (d-
spacing) of the SG films formed at 300 and 400°C to the
JCPDS diffraction database shows a good match with
the spinel Co304 oxide [39] (Table IT). The particle size
and the diffraction index obtained for the SG-formed
Co oxide films are similar to those reported by Yang
et al. [37] after the hydrothermal oxidation of Co(OH),
gel at 180°C for 2 h to form Co30y4, with particle sizes
being less than 12 nm, compared to the 4-7 nm and
10-16 nm particle diameters obtained for SGA (dried
for 15 min) and SGB films (dried for 120 min at 200°C
in air), respectively,.

The films formed at the lower temperature of 175°C,
on the other hand, show a very simple diffuse pattern
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Figure 8 TEM image and the corresponding ED patterns for high temperature SG-derived Co oxide films (a) SGA dried at 300°C for 15 min and (b)

SGB dried at 300°C for 120 min.

(Fig. 7), likely due to the poor crystallinity of the SG
formed film, believed to contain both CoO and possibly
some Co(NO3), starting material. At these low drying
temperatures, some water and organic compounds may
also still be trapped within the pores. Thus, in the high
vacuum of the TEM chamber, the films will become
dehydrated, resulting in a lack of physical and chemical
stability, which may also explain the diffuse ED patterns
seen at these lower drying temperatures.

3.2.3. XRD analysis
The XRD patterns obtained for SGB formed Co oxide,
calcined at 175 and 300°C for 120 min, are shown in

Figs 9 and 10, respectively. Characteristic lines corre-
sponding to Co3O4 spinel (JCPDS 42-1467) were ob-
served for SG formed Co oxide films treated at 300°C.
The average crystallite size calculated from the Scher-
rer equation [40] ranged from 20 to 40 nm for the
300°C films. These values for SGB generally agree with
the size of the nanoparticles seen in the TEM images
(Fig. 8) and are similar to those reported previously
[17-19] for SG Co304 formed by heat treatment of a
Co sulfate precursor to 300°C for 30 min. Barrera et al.
[22] reported the formation of Co3zO4 by heating a Co
acetate sol-gel to 450°C for 20 min. The crystallite sizes
were ca. 9 nm, slightly smaller than seen in our results.
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Figure 9 Powder XRD pattern of SGB dried at 175°C for 2 h.

The splitting of the peak at 37° for both the 175 and
300°C (Figs 9 and 10) dried films may be due to a
lattice distortion from the cubic to tetragonal unit cell.

As opposed to the nicely matched XRD patterns for
films formed at 300°C, it was a challenge matching the
XRD data obtained for SG Co oxide powders or films
formed below 175°C to the database. The XRD pat-
tern for a SG Co oxide formed at 175°C, as shown in
Fig. 9, suggests a mixture of Co(NO3), starting mate-
rial, CoO and Co30j. In most cases, films or powders
formed at <175°C display a mainly amorphous pattern,
which may be due to the very small, <3 nm particles,
as shown in the TEM image (Fig. 7). The presence of
some Co304 may indicate that part of the sample may
have experienced temperatures very close to the tran-

TABLE II Comparison of selected area electron diffraction ring pat-
terns of Co oxide SGB films dried at 300 °C with the JCPDS diftraction
pattern for Co3O4 polycrystals

Radii  Experimental JCPDS d-spacing Ratio of
(em)  d-spacing (A)  (A) for Co304 hkl  dexper/dycPDs
0.625  2.87 2.860 220 1.00

0375 244 2.438 310  1.01

0.88 2.04 2.021 400  1.01

1.09 1.65 1.6505 442 0.999

1.15 1.56 1.5605 511 1.00

1.25 1.44 1.4293 440  1.01

1415 1.27 1.2788 620  0.993

—
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50 s 710
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sition temperature of ~200°C. Analysis of films dried
at the lower temperatures of 100 and 150°C showed no
evidence of Co30y4.

3.2.4. XPS analysis

The Co 2p XPS spectra of SGA and SGB Co oxide
films, dried at 175 and 300°C, and of Co304 and CoO
reference standards (Figs 11 and 12), were collected
and their energies compared [41]. Table III shows the
Co 2p and Ols binding energy (BE) for the CoO and
Co304 standards, the 150°C dried SGA and SGB films,
and the 300°C SGB films. The peaks at 781 and 797 eV

TABLE IIT Co 2p and O Is binding energy (eV) of CoO and Co304
reference standard and SG derived 150°C film (dried for 30 min) and
300°C film (dried for 120 min) obtained from XPS data

Co 2p3/2 Co 2p1/2

Co 2p3j» shake-up Co2py» shake-up O 1s
Standards
CoO 780.6 786.6 796.4 803 529.8 531.8
Co304 782.4 790 797.5 805.9 529.8 5325
100°C
SG A 781.3 786.6 797.2 803 532.3
SGB 781.4 786.6 797.4 803.2 532.1 5328
300°C
SGB 780.3 795.7 804.7
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Figure 10 Powder XRD pattern of SGB dried at 300°C for 2 h.

correspond to the Co 2p3 > and 2py /> shell, respectively,
while the peak at 530 eV corresponds to the O 1s shell.

The Co 2p and O 1s XPS data for SGA and SGB
films are essentially the same (Fig. 11), with the peaks
at781.3 and 797.2 eV matching closely to the literature
values for standard CoO [34, 42, 43]. The presence of
CoO was confirmed by the intense shake-up satellites
ca. 6 eV (observable after sputtering) above the primary
spin-orbit BE [42] at 786.6 and 803 eV, corresponding
to the Co 2p3 2 and 2py /, shake-up peaks. It is known in
the literature [42] that the BE values of the most intense
Co 2p peak does not allow a clear distinction to be
made between CoO (containing pure Co'") and Co304
(Co"'Col'0y), due to the presence of the high-spin Col!
in both cases. However, it is widely agreed that the
presence of shake-up satellites, consistently observed
in the literature, indicates the presence of CoO [43,
44]. These satellites were used as a fingerprint for the
identification of Co'! species in CoO.

Fig. 12, on the other hand, shows the Co 2p XPS of
the Co oxide SGB film formed at 300°C for 120 min.
The Co 2p;,, and 2p;/, peaks are at 780.3 and 795.7
eV, respectively, again comparable to those reported in
the literature for Co304 [34, 42—44]. In Co30y4, a single
asymmetrical peak is sometimes observed, due to the
contributions of the two oxidation states that are not
very well resolved in the spectra. It is observed that
300°C dried films show very low intensity shake-up
satellites, consistent with the literature XPS data for

Co030y4, for which the satellite peak is either very weak
or is missing [34, 42-44].

Fig. 11 shows the O 1s XPS spectrum of the CoO and
Co304 reference standard and of the 150°C dried SGA
and SGB films. O 1s XPS data for the 150°C dried films
of SGA and SGB were again very similar. The main O
Is peak is observed at 532 eV. A shoulder peak, which
is more pronounced for the SGB film, is also observed
at 532.9 eV. The literature attributes a binding energy
ranging from 529.5-530.3 eV to the O%>~ ion in the
crystalline network of CoO [42, 44]. The presence of
non-equivalent hydroxy groups, low-coordinated oxy-
gen ions at the surface, grain boundaries, defect sites
and weakly adsorbed species at the surface has been
assigned to the peaks at 531.5 (£0.2) eV [34, 42, 43,
45]. The peak at 530.1 eV was specifically assigned by
Borghi et al. [44] to surface adsorbed oxygen species
that were later removed by sputtering. The peak at 533.3
eV has also been assigned previously to adsorbed water
[42], or to the oxygen in retained nitrate species [35].

The O 1s binding energy observed for the cobalt ox-
ide SG films shown at 532 eV may be due to low-
coordinated oxygen ions (O%>~) at the surface, weakly
adsorbed species, or contamination, as mentioned ear-
lier. The shoulder observed at a higher BE of 532.9 eV
is very likely due to the presence of nitrate ions from the
starting material, which is also seen in the XRD data.
It is of interest that the lower BE O 1s peaks, indicative
of O~ in the CoO network, is not observed in the XPS
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Figure 11 (a) Co 2p and (b) O 1s XPS spectra for CoO and Co304
standards and SGA and SGB dried at 150°C for 30 min.
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Figure 12 Co 2p and XPS spectra for Co3O4 standard and SGB formed
at 300°C for 120 min.

data collected for these SG films. This may be due to a
surface contamination effect.

3.3. Electrochemical behavior

3.3.1. Voltammetric analysis

The electrochemical behavior of Co oxide in basic so-
lution is relatively complex, due to the variety of oxida-
tion states (0, I, II, IIT and IV) accessible between 0 and
1.6 Vvs. RHE [21, 24]. Typical CVs, obtained for SGA
(and SGB in inset) Co oxide films, dried at 175°C, on
Ptin 0.1 M NaOH, are shown in Fig. 13. As reported by
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Figure 13 Cyclic voltammograms (5 mV/s) of SGA Co oxide film,
formed at 6 cm/min withdrawal rate, dried at 175°C for 15 min (a),
and then stabilized in 0.1 M NaOH for 18 h (b) before potential cycling
at 5 mV/s. Inset: CV (10 mV/s) of SGB dried 175°C for 120 min.

Burke and others [11, 12] for electrochemically grown
films on Co metal, the redox peaks (Ag, A1/Cy), cen-
tered at ca. 0.9 and 1.2 V, are believed to be due to
the conversion of Co(Il) to Co(IIl)-containing species,
with suggested examples of the latter including Co, 03,
C0304 (Co" Col'O4) and CoOOH [17]. In fact, the Ag
peak is frequently observed for SGA films, but rarely
for SGB films. This may be related to the higher A/C;
peak currents of SGB films (which are thicker), which
consequently may obscure the A peak. A broad peak
(Cy) in the negative sweep, spread over the potential
range of ca 0.8 to 0.3 V, has been proposed to repre-
sent the reduction of Co(IIlI) oxide to the Co(II) state.
The A,/C, peaks, centered at ca. 1.4 V and overlapping
with the onset of oxygen evolution, have been suggested
to be due to the Co(III)/Co(IV) oxide conversion pro-
cess [21]. Electrochromic behavior was observed above
and below ca. 1.2V, at the Co(II)/Co(III) transition for
these low temperature films, at which point the film
color changes between light brown and dark brown. The
Co(IIT)/Co(IV) transition at 1.4 V however, causes the
film to change between dark brown and black. For the
higher temperature Co304 spinel electrode (Fig. 14),
the Co(II)/Co(IIl) peaks are not observed. This obser-
vation may be due to the 1:2 Co(II):Co(Ill) ratio in
the spinel structure. It has also been suggested in the
literature [30] that the Co(Il) sites may be less easily
accessible due to their location in the tetrahedral site of
the spinel structure, and thus the Co(II)/(I1T) redox tran-
sition cannot readily occur. Overall, the electrochromic
behavior during the Co(IIT)/Co(IV) transition (i.e., from
dark brown to black) can be difficult to differentiate, es-
pecially for thicker films.

The charge densities of the SG-derived Co oxide
films were compared with those formed electrochemi-
cally at bulk Co metal. For a single dip Co oxide film,
dried at 175°C, charge densities were normally between
6 and 10 mC/cm?, and 50 and 70 mC/cm?, for SGA
and SGB films, respectively. SG films dried at 300°C
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Figure 14 Cyclic voltammograms (5 mV/s) of SGA Co oxide film,
formed at 6 cm/min withdrawal rate, dried at 300°C for 15 min, and
then stabilized in 0.1 M NaOH for 18 h before potential cycling at 5
mV/s. Inset: CV (10 mV/s) of SGB formed identically, except dried at
300°C for 120 min.

showed smaller active charge densities, between 2 and
4 mC/cm?, and 10 to 20 mC/cm?, for SGA and SGB
formed films, respectively, compared to the lower tem-
perature dried films. For comparison, an electrochem-
ically grown Co oxide film on a Co metal substrate
showed a charge density from 5 mC/cm? in the first
hour of potential cycling between —0.5 and +1.7 V vs.
RHE at 1 V/s, to 8.5 mC/cm? after 6 h [31]. Thus,
the SG route allows the more rapid formation of high
charge density Co oxide films, as compared to other
preparation techniques.

It is important to note that, while the literature on
SG formed Co oxide films shows mainly the “high
temperature” spinel CVs (Fig. 14), containing only
one set of peaks between 1.2 and 1.4 V [9], our work
has shown that the drying temperature is what defines
the type of Co oxide made and the electrochemical
response observed. In terms of their applications, lower
temperature formed films will be more favored for
electrochromic and supercapacitive applications, due
to the more pronounced color change from the Co(II)
to Co(Ill) transition and the broader, reversible CV
response. On the other hand, the higher temperature
formed films have more potential in battery applica-
tions. A comparison of the kinetics of the high vs. low
temperature films will be discussed in a second paper
[46], currently in preparation.

3.3.2. Stability and reproducibility of SG
formed Co oxide films

The stability of the CV response in base has been an in-
herent problem for SGA derived Co oxide films. Freshly
formed films (Fig. 13 (curve a)) display a significant
loss of the electrochemical signal (up to 50%), par-
ticularly in the A;/C; peak region prior to reaching a
steady-state response (Fig. 13 (curve b)). The stability
of SGA in basic solutions was improved by optimiz-
ing variables such as working in a less basic 0.1 M

NaOH solution, instead of 1 M NaOH, pre-treating the
film in the electrolyte for 18 h prior to electrochemical
testing, and the use of the higher viscosity sol (SGB).
Indeed, SGB Co oxide films have shown greatly im-
proved stability, with only a ca. 10% loss in charge
observed between the initial and the steady-state CV
scans, and requiring only 2 h of pretreatment in 0.1 M
NaOH. In some cases, it was observed that SG formed
films showed an increase in charge within the first few
scans prior to some loss in signal. It is believed that, in
the initial scans, the dry SG film becomes wetted by the
electrolyte solution [20, 24], thus providing improved
access of counter ions (Na™, OH™) to the active sites
within the film.

4. Conclusions

Nanoparticulate Co oxide films, of varying degrees of
gelation/viscosity, were formed using the sol-gel (SG)
synthesis method. A wide range of techniques were
used to characterize the films and powders derived
from this SG methodology. Transmission electron mi-
croscopy (TEM) images have shown pseudo-spherical
particles, increasing in size with drying temperature and
independent of the original gel viscosity. These parti-
cles are typically below 20 nm in size, even when the
films were dried at high temperatures of ~600°C. In
addition, a narrow particle size distribution is generally
observed for any one set of preparation conditions.

Thermal gravimetric analysis (TGA), differential
scanning calorimetry (DSC), powder X-ray diffraction
(XRD), electron diffraction (ED) and X-ray photoelec-
tron spectroscopy (XPS) data confirm the formation
of two different Co oxide materials when the sol-gels
are dried below and above the transition temperature
of ~200°C. Results suggest the presence of primar-
ily CoO, possibly some Co(NOs), starting material,
and trace amounts of Co3z04 for SG films and pow-
ders formed at <200°C, while films dried at >200°C
are undoubtedly converted to a Co3Oy4 spinel structure.
Two distinct electrochemical signatures were observed
in 0.1 M NaOH solutions for these two different types
of Co oxide films. For films formed at the lower tem-
peratures, the cyclic voltammograms show two pairs of
peaks attributed to the Co(II) to Co(IIl) transition at 1.2
V and the Co(III) to Co(IV) transition at 1.4 V, whereas
the higher temperature formed films showed only the
Co(III) to Co(IV) transition at 1.4 V. Itis suggested that
the absence of the peaks at 1.2 V for the higher tem-
perature films may be due to the less accessible Co(II)
tetrahedral sites, and thus no redox activity from these
sites is observed [30].

The highly viscous SGB led to an improved film sta-
bility in alkaline solutions, especially for the lower tem-
perature films. The charge density obtained for a single
coat of the SGB precursor ranges from 50 to 70 mC/cm?
for Co oxide films dried at 175°C for 120 min and 10
to 20 mC/cm? for films dried at 300°C for 120 min.
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