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In this work, sol-gel (SG) oxide films were formed by dip-coating Pt substrates from Ni, Co, and mixed Ni-Co sols. After with-
drawing the substrate at a constant rate, the films were dried between 100 and 400°C for various periods of time (15 min to 1 h).
Based primarily on the cyclic voltammetric behavior of the SG-formed Ni-Co films after drying at high temperatures, it is sug-
gested that both the Ni and Co sites undergo redox reactionsin 1 M NaOH solutions. This aso explains the high charge efficien-
cy and charge density of SG-derived, Co-containing Ni oxide films. Careful optimization of the experimental variables in the SG
film preparation route indicated that the use of 50:50 Ni-Co sols, awithdrawal rate of 6 cm/min, and drying at 250°C for 1 hyields
films which display the highest charge density, the most rapid redox kinetics, and good stability to prolonged potential cycling. In
addition, the charge capacity of the optimized 50:50 Ni-Co SG oxide films can be increased further by the deposition of multilay-
ers. The redox kinetics of the optimized coatingsin 1 M NaOH solution were superior to those for Ni-Co oxide films of compara-
ble charges, but formed in other ways. Diminished reaction rates resulted when higher film drying temperatures were used (denser

films) and when thicker, multilayered films were formed.
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The structural and electrochemical properties of Ni, Co, and
mixed Ni-Co oxides have been extensively studied due to their
numerous applications in batteriest and electrochromic devices,? and
as promising catalysts for oxygen evolution reactions (OERs)? and
oxygen reduction reactions.* Ni and Co oxide/hydroxide films can be
prepared by the anodic oxidation of metallic Ni (Co) substrates®
electron-beam evaporation,® and electrodeposition” methods. Chemi-
ca deposition,® electrodeposition,® and spray pyrolysisi® methods
have been utilized to produce mixed Ni-Co oxide films, which can
also be formed by the anodic oxidation of polycrystalline and amor-
phous Ni-Co aloys.1t

Since the 1980s, the sol-gel (SG) technique has been of increas-
ing interest to the electrochemical community as a convenient meth-
od of mixing different oxides en route to the production of amor-
phous and crystalline xerogels, aerogels, and conductive hydrous
gels.’? The applications include modified electrodes,® elec-
trochromic devices,* and corrosion protection coatings.?® In the last
few years, the SG synthesis of Ni and Co oxide materials has drawvn
considerableinterest.’62% As an example, Svegl et al. formed spinel-
type Coz0,, Co(Al), and Co(Al, Si)-oxide films by the SG route and
established their electrochromic properties during cycling in an
aqueous alkaline 0.1 M LiOH solution.21:252% Chang et al 2% studied
Li,Co,Ni; O, electrodes (y = 0.1-1), synthesized by the citrate SG
method. These SG films, having a layered structure and an average
particle size of ca. 5 wm, were evaluated as cathode materials in
lithium secondary batteriesin 1 M LiClO,-propylene carbonate.

Our work has focused on determining the electrochemical and
structural properties of SG-derived Ni, Co, and Ni-Co oxide films by
using a wide variety of electrochemical and surface analytical tech-
niques.16:3031 One of the primary goals of this study was to prepare
Ni-Co oxide films which combine high charge capacity, rapid kinet-
ics, and stability to cycling by careful selection of the experimental
variables employed in the SG preparation route. These variables
include the withdrawal rate of the substrate from the coating solution,
the temperature and time of drying of the SG film, the oxide compo-
sition, and the number of coatings applied on the same substrate.

This paper focuses initially on establishing the impact of the sub-
strate withdrawal rate and drying temperature on the charge capaci-
ty of the Ni-Co SG oxide films. Also, the SG film composition (i.e.,
the Co content) yielding the highest charge efficiency and charge
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density has been established by cyclic voltammetry (CV) and induc-
tively coupled plasma (ICP) spectroscopic solution analysis. By em-
ploying optimal SG film preparation conditions (e.g., composition,
withdrawal rate, and drying temperature/time), multilayered SG
films were also formed. Finadly, the kinetics of the Ni-Co oxide
redox reactions during potential cycling of these optimized films
have been studied in 1 M NaOH solutions.

Experimental

G film formation.—Ni, Co, and mixed Ni-Co sols were pre-
pared as described elsewhere.16:32 The SG oxide films were formed
by dip-coating Pt foil substrates (0.3-0.8 cm? apparent area) at acon-
stant withdrawal rate of 1-60 cm/min and drying at temperatures
between 100 and 400°C for various periods of time (from 15 min to
1 h). The SG films were equilibrated by soaking in 1 M NaOH
overnight prior to the onset of electrochemical measurements.16

Electrochemical experiments—The electrochemical behavior of
the SG oxide films was studied using CV in 1 M NaOH solution. A
high area Pt mesh electrode served as the counter electrode, and a
reversible hydrogen electrode (RHE) was generally employed asthe
reference electrode in this work. All electrochemical experiments
were carried out using an EG& G PARC 173 potentiostat/gal vanos-
tat, coupled with an EG& G 175 programmer, while the CV respons-
es were plotted on a Hewlett-Packard 7044B X/Y recorder.

The cell solutions were deoxygenated by purging with nitrogen
before each experiment and then by passing it over the solution for
the duration of the experiment. All chemicals used in this work were
ACS analytical grade, and al solutions were made with triply dis-
tilled water. All experiments were carried out at room temperature,
22 = 1°C.

Determination of charge efficiency of SG oxide films—The
charge efficiency of the SG oxide films was determined by combin-
ing the CV data with the subsequent analysis of the metal content of
the film, after dissolution, by ICP-atomic emission spectroscopy
(AES). For the ICP studies, SG oxide films of a range of different
compositions were formed on Pt foil substrates (0.3-0.7 cm?), em-
ploying a withdrawal rate of 6 cm/min and drying at 200°C for
15 min. The equilibrium cathodic charge densities were determined
by integrating the slow sweep rate cyclic voltammograms between
1.55 and 1.0 V vs. RHE. Following this, the SG oxide films were
stripped from the Pt substrates by sonicating in 2.5 mL of 0.1 M
HNO; overnight. The volume of the sample solutions was then
brought to 25 mL with distilled water. 1000 ppm | CP grade solutions
of Ni and Co (Ultra Scientific) were used to prepare the 40 ppm Ni
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and Co standards used for calibration. The analysis of the Ni and Co
content of the sample solutions was performed (using emission lines
at 216.5 nm for Ni and 228.6 nm for Co) on a Thermo Jarrel-Ash
AtomScan 16 |CP-AES spectrometer.

Determination of SG film thickness by scanning electron
microscopy (SEM) and ellipsometry.—A Hitachi 100 scanning elec-
tron microscope (Heath Sciences Center, University of Calgary)
was employed for the SEM work. An accelerating voltage of 20 kV
and a typical working distance of 15 mm were generally employed.
A standard sample (2160 lines'mm) was used for accurate dimen-
sional measurements by SEM. The SG-coated Pt foil substrates em-
ployed in the SEM studies were bent mechanically to fracture the SG
films, enabling film thickness determination. The samples were
attached to Al stubs using conducting carbon tape (E. T. Enterpris-
es). Before being placed in the chamber, samples were sputter-coat-
ed with aca. 30 nm thick Au/Pd film to reduce charging effects dur-
ing the SEM examination.

A Gaertner Scientific Corp. ellipsometer (model L116C) was
employed to obtain the film thickness of various SG oxide films,
dip-coated on Ti/Pt sputtered glass dides. The ellipsometer was in-
terfaced to an IBM 386 PC, driven by Standard Program software
(Gaertner Scientific). The ellipsometric data was acquired using a
red laser beam of 632.8 nm, an angle of incidence of 70°, and a
polarizer angle of 45°. The data acquisition timewas 2 s.

Results and Discussion

Effect of SG film composition on film properties—General CV
behavior of SG-formed Ni, Co, and mixed Ni-Co oxide films—Fig-
ure 1 shows a set of cyclic voltammograms for SG oxide films hav-
ing a range of compositions, but formed using identical withdrawal
rates (6 cm/min) and drying temperatures/times (200°C for 15 min).
The cyclic voltammogram of the pure Ni SG oxide film displays a
single pair of peaks, centered at ca. 1.35V vs. RHE, characteristic of
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Figure 1. Cyclic voltammograms (20 mV/s) of SG oxide films of various
compositionsin 1 M NaOH. Films formed at a withdrawal rate of 6 cm/min
and dried at 200°C for 15 min.

the Ni(l1)/(111) redox transition, which can be described in a simpli-
fied form by the following equation®

Ni(OH), + OH~ < NiOOH + H,O + e [1]

This reaction constitutes the basis for the operation of the Ni oxide
electrode in rechargeable battery applications. The large anodic cur-
rent observed at potentials positive of the Ni(ll)/(111) redox peak
reflects the onset of the OER.

The cyclic voltammogram of the pure Co SG oxide film shows a
pair of peaks at ca. 1.05-1.1V (Fig. 1), attributed to the Co(I1)/(I11)
reaction.3® At more positive potentials, Co(l11) is oxidized further to
Co(1V).3* The relatively low charges observed for pure Co oxide
films, formed using identical conditions to the Ni oxide films, indi-
cate that the SG-prepared Co oxide materials have fewer active sites.
This could arise from the larger crystallite size (and hence lower sur-
face area) of the Co SG oxide films, as determined from field emis-
sion SEM and transmission electron microscopy (TEM) studies.°

The hydrated 50:50 Ni-Co SG oxide films exhibit a unique elec-
trochemical response (Fig. 1). Despite the presence of both Ni and Co
in the film, the peaks characteristic of pure Ni and pure Co oxide are
absent, and only a single pair of peaks is observed. The equilibrium
potential of the mixed Ni-Co oxide film is shifted negatively vs. that
of pure Ni, more so as the Co content is increased. The observed sin-
gle pair of CV peaks and the absence of voltammetric features asso-
ciated with the Co(I1)/(111) couple (Fig. 1) are in agreement with the
reported electrochemical behavior of hydrous Ni-Co oxide films,
formed by coprecipitation and el ectrodeposition methods.3>36 Based
on paralel pH dependence studies, the proposed stoichiometry of the
redox process for the 50:50 Ni-Co SG oxide film investigated in this
work can be represented by the following reaction, ignoring water
injection/expulsion during film reduction/oxidation, respectively3°

Ni(Co)*2 oxide + 1.45 OH~ + 0.45Na"
< Ni(Co)*3(1.45 OH")(0.45Na*) + e~ [2]

The addition of Co to Ni oxide electrodes is beneficial. The sug-
gested effects include reduced mechanical stress during charge/dis-
charge of the Ni oxide electrode, thus preventing electrode failure,3”
as well as better utilization of the Ni sites, attributed to increased
film conductivity.3® It has also been suggested that Co inhibits the
formation of y-NiOOH,3” a phase which is more difficult to reduce
upon discharge than the B-NiOOH phase. These beneficial effects of
Co are obtained, regardless of whether Co is coprecipitated with Ni
hydroxide or is added by the surface treatment of Ni(OH), in a Co
sdlt solution, or if Ni and Co hydroxides are mixed together.

The absence of the characteristic Co peaks in the mixed Ni-Co
oxide films strengthens the conviction of many researchers that only
Ni is eectrochemically active in these film materials.3® Recent
extended X-ray absorption fine structure (EXAFS) studies of electro-
chemically deposited Ni hydroxides containing 10% Co, carried out
by Kim et al.,% suggested that the oxidation state of Co does not
change during potential cycling of the Ni-Co oxide electrode. The
conclusion of this work was that Co does not participate in the elec-
trochemical reaction. However, our work (Fig. 1) demonstrates the
significant influence of the Co content on the shape and position of
the CV peaksfor the SG-formed oxide films under study. Also, apro-
nounced increase in the total charge density of films containing the
same amount of Ni, but with increasing Co content (see the section
on Charge efficiency at SG Ni-Co oxide films formed at 200°C), has
been observed. Our experiments were carried out to provide further
insight into the role of Co in the electrochemical behavior of Co-con-
taining Ni oxide electrodes, as well as to further optimize the avail-
able charge capacity from these SG-formed materials.

Charge efficiency of SG Ni-Co oxide films formed at 200°C.—To
establish the impact of the presence of Co on the Ni-Co CV response
and to determineif Co is electrochemically active, the maximum film
charge density was correlated with the complete Co and Ni content in
the films, using CV and ICP methods (Table I). The experimental
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Table |. Charge efficiency of SG-formed Ni-Co oxide filmsin 1 M NaOH.

Ni? (ug/cm?) Co? (nglcm?) Oexp (MC/CM?, 1.0-1.55 V) Efficiency®
(Gexp/Gtheor: %0)
Pure Ni oxide
25 — 21 50
9.3 — 9 56
16.4 — 14 51
23 — 23 59
90 Ni-10 Co
20.5 1.84 25 75
184 1.63 28 92
21.8 1.87 14 39
70 Ni-30 Co
21.6 6.6 35 98
145 4.6 26 107
17.9 5.2 25 86
50:50 Ni-Co
18.3 15.8 37 121
24.6 19.3 44 109
18.9 14.8 30 96
Pure Co
— 15.4 2.2 5
— 15.8 4.5 9
— 15.1 3.4 7

aFrom ICP analysis of solutions after complete film dissolution in nitric acid.

b Assuming that only Ni sites participate in one-electron Ni*21*3 reaction.

charge densities (from the CV's) were obtained (Table I) by integrat-
ing the low sweep cyclic voltammograms. Following this, coatings
were stripped, and the amount of Ni and Co in the film was deter-
mined (Tablel) using ICP. Then the theoretical charge density of both
pure Ni and arange of Ni-Co SG oxide films was calculated, assum-
ing that only Ni is electrochemically active® and that each Ni atom
contributes only one electron,®®° due to the Ni(l11)/(11) redox reac-
tion, in the potentia range studied (up to 1.55 V). In the pure Co SG
oxide films, a 2 electron per Co site ratio was used to account for the
Co(IV)/(111) and Co(l11)/(11) transitions which are believed to occur3*
over the potential range shown in Fig. 1. Taking the ratio of the ob-
served charge density (from the cyclic voltammograms) to the theo-
retical one (from the ICP data), the experimental charge efficiency
was calculated for each of the SG oxide films under study (Table ).

The experimental charge efficiency (Table 1) for pure Ni oxide
filmswas only 50-60%. This may indicate that not all of the SG oxide
nanocrystalline particlesarein good electrical contact with each other
and/or the Pt substrate. For pure Co oxide films, amuch smaller frac-
tion of the sites, 5-9%, is electrochemically active. These results for
pure Ni and pure Co oxide films are consistent with the relative mag-
nitude of their CV signals (Fig. 1). It is also seen in Table | that the
addition of 10% Co to Ni oxide notably increases the charge effi-
ciency, while for a Co content of 30 and 50%, the apparent charge
efficiency increases further and, in some cases, exceeds 100%.

There are two possible explanations for the observations in
Table | for Co contents of 30% or higher. First, some Ni sites may
contribute more than one electron in a potential scan to 1.55V vs.
RHE. The formation of Ni(IV) at positive potentials has been pro-
posed by several authors.3%#% Mansour et al.*° suggested that, dur-
ing the oxidation/reduction of Ni oxide electrodes, the Ni sites can
convert between the +2 and +4 oxidation states. Further, it has been
proposed that the formation of Ni(1V) and the better utilization of the
Ni sites may be enhanced in the presence of Co, which is claimed to
increase the conductivity of the Ni oxide films.3® However, O’ Grady
et al., % although supporting the formation of Ni(IV) species, sug-
gested that only one electron per Ni site is exchanged during the
charge/discharge of the Ni oxide electrode. EXAFS studies of fresh-
ly prepared Ni(OH), electrodes, carried out by Hu et al.,** did not
support the existence of Ni sites with aformal oxidation state high-
er than +3.

Another explanation for the >100% charge efficiency observed
with some of the Ni-Co SG oxide films (Table I) is the participation
of the Co sites in the redox reaction. The fact that the charge effi-
ciency of the Ni SG oxide films under study increases by afactor of
ca. 2 when the amount of Co equals that of Ni in the film strongly
suggests that both metals, Ni and Co, are electrochemically activein
these SG-formed films. This explains the pronounced increase in the
charge density of Ni SG oxide films on the addition of Co. To test the
hypothesis that the Co sites are also active in these films, the CV be-
havior of films formed by drying at higher temperatures was exam-
ined in more detail (see the section on Electrochemical Response of
Ni-Co Oxide Films Formed at 300 and 400°C).

It is notable that there is a significant scatter in the efficiencies
reported in Table I. This reflects the inherent irreproducibility of SG
oxide film formation methods encountered and reported previously
by many research groups.*2

Electrochemical response of Ni-Co oxide films formed at 300 and
400°C.—The overall qualitative similarity of the CV signatures of
pure Ni and mixed Ni-Co SG oxide films, together with the absence
of the characteristic Co oxide peaks, has persuaded many re-
searchers that, in Co-doped Ni oxides, all the charge arises from Ni
electrochemistry aone.*® While SG oxide films formed at tempera-
tures below 300°C (Fig. 1) show asingle pair of peaks, similar to the
data reported in the literature for hydrous Ni-Co oxides formed by
other techniques,®® the electrochemical response of SG-formed Ni-
Co oxides formed by drying at higher temperatures (300 and 400°C)
is different.

Figure 2 (top) shows aset of cyclic voltammogramsfor a’50:50 Ni-
Co oxide film, formed on a Pt foil substrate and heated at 300°C for
15 min, with time of cyclingin 1 M NaOH. In addition to the normally
observed peaks, A;/C4, the cyclic voltammogram of a freshly formed
oxide film displays an extra pair of peaks at ca. 1.0 V, involving a
sharp anodic peak, A,, and a broad cathodic pesk, C,. With cycling
time, both the A, and C, peaks shift to more positive potentials, merg-
ing with the main peaks, A;/C;. The charge in the main pair of peaks,
A4/C4, increases proportionally, suggesting that the species initially
oxidized/reduced in A,/C, later undergo their redox transitions in the
main pair of pesks, A;/C;. With longer cycling times, the new peaks,
A,/C,, disappear completely and only the A;/C; pesks remain.
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Peaks A,/C, do not arise from organic residues retained in the
oxide film from the SG formation step, as they are not seen for pure
Ni oxide films, formed identically. The equilibrium potential of the
A,/C, peaks closely matches the potential for the Co(l1)/(I11) redox
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Figure 2. CV response of SG oxide films with different compositions (top)
50:50 Ni-Co, (center) 70:30 Ni-Co, and (bottom) 30:70 Ni-Co. Films were
dip-coated on Pt foils (0.4-0.8 cm?) at a withdrawal rate of 6 cm/min and
dried at 300°C for 15 min. Cyclic voltammograms recorded in 1 M NaOH at
20 mV/s (top, center) and 50 mV/s (bottom).

reaction (see Fig. 1). Also, the resolution of peaks A,/C, is clearly
linked to the Co content (Fig. 2), with the peaks being largest for
films containing the highest Co content, i.e., 70% Co. Further, the
number of potential cycles required before the A,/C, peaks have
fully merged with peaks A/C; increases for films with a higher Co
content (Fig. 2).

For SG-derived Ni-Co oxide films, formed by drying at 300 and
400°C, we suggest that the A,/C, peaks, seen in the first CV cycles
in 1 M NaOH, reflect the redox reaction of the Co sites. It appears
possible to initialy resolve the Ni and Co electrochemistry sepa-
rately, under these conditions. The Co sites are oxidized/reduced
between their (I1)/(111) states at ca. 1.0V, while the Ni sites undergo
their (11)/(111) transition in the peaks at ca. 1.35 V. With longer times
of potential cycling, the charge due to the Co electrochemistry is
transferred into the A,/C, peaks (Fig. 2 top and bottom). This strong-
ly suggests that both Ni and Co oxide redox processes are occurring
in the A;/C; peaks, as has also been suggested for chemically pre-
cipitated mixtures of Ni(OH), and Co(OH),. *

In the present work, the appearance of the A,/C, peaks in the
cyclic voltammograms for SG Ni-Co oxide films formed at 300-
400°C (Fig. 2) is clearly linked to the drying treatment. The cyclic
voltammograms obtained after prolonged potential cycling of ini-
tially anhydrous Ni-Co SG oxides, formed at 300 and 400°C, display
a single pair of peaks (Fig. 2) and appear similar to the cyclic
voltammograms of hydrous Ni-Co oxide films, formed by electro-
deposition,3® coprecipitation,** and, in the present work, by the SG
technique at temperatures <300°C (Fig. 1). It is suggested that, with
time of cycling (Fig. 2), the SG Ni-Co oxide films become saturated
with water. This causes the redox potentials of the Ni and Co sitesto
change and the SG films to develop a single synergistic redox poten-
tial, characteristic of the mixed Ni-Co oxide material. Also, the
charge in the steady-state peak is similar to the sum of the chargesin
the two original sets of peaks (Fig. 2), other than in the first cycle.

The electron diffraction studies of the SG-formed 50:50 Ni-Co
oxide films,3 dried at various temperatures for 15 min, indicated the
presence of face-centereed cubic NiO and CoO phases. The unit cell
parameters of the cubic CoO and NiO are sufficiently similar (4.26
and 4.18 A, respectively) to permit the formation of solid solutions
throughout the entire composition range.*® Kim et al.36 suggested
that coelectrodeposition of Ni and Co hydroxides generates a mixed
single-phase metal hydrous oxide, in which Co ions occupy Ni sites
in the lattice, and not two intermixed phases, each consisting of a
single metal hydrous oxide.

It is suggested here that the formation of the SG oxides at 300 and
400°C may result in the partial segregation of NiO and CoO phases.
Therefore, in these anhydrous films (as confirmed by | R spectroscopy
results®9), the Co and Ni sites may initially react at their characteris-
tic potentials. Although a complete ternary diagram for the NiO-
Co0-1/2 O, system is not presently available,*® the coexistence of
various crystalline and amorphous phases of nanosized particles (e.g.,
NiO, CoO, Co. Oé’ and NiCo,0,) in mixed Ni-Co oxide films has
been reported,?847 |n addition, the existence of multiple CV anodic
peaks during potentia cycling in alkaline solutions has been reported
for a number of Ni-Co oxide materias, formed at 300-400°C by the
thermal decomposition of Co and Ni nitrates.*8:4°

Based on these ICP and CV results, it appears likely that both the
Ni and Co sites participate in the oxidation/reduction of SG-formed
Ni-Co oxide films, especially in filmswith a Co content =30%. This
then explains the charge efficiency of >100% (Table 1) seen for films
with Co contents of 30 and 50%. To further test this suggestion,
in situ X-ray absorption near-edge structure and EXAFS measure-
ments of these Ni-Co SG-formed oxides would be appropriate.

Optimization of the withdrawal rate and drying conditions dur-
ing SG film formation.—The rate at which a substrate is withdrawn
from the SG coating solution determines the thickness of the film.
The use of more rapid substrate withdrawal rates leads to thicker
films and, thus, higher charge densities, indicating a greater number
of electrochemically active metal sites.1® Although high charge den-
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sities are desired, it was found here that thinner films, formed at
slower withdrawal rates, sustain prolonged potentia cycling better,
similar to the results for chemically precipitated Ni(OH), films.5° A
withdrawal rate of 6 cm/min was therefore selected here, as robust
SG films with relatively large charge densities then resulted.

A SEM study of our SG films®® showed that the drying tempera-
ture strongly influences their density. When the substrate is with-
drawn at a constant rate from the same solution, thinner coatings are
obtained with higher drying temperatures. The use of higher calci-
nation temperatures also results in a loss of water, as was indicated
by our IR spectroscopy results, 3 as well as the formation of larger
nanocrystallites (TEM data), as was mentioned earlier.

Table I shows the impact of the drying temperature on the equi-
librium charge density of 50:50 SG oxide films, all formed using
otherwise identical conditions and therefore containing the same
total amount of film material. The maximum charge density is
achieved when the films are dried at temperatures between 180 and
250°C. The smaller charge densities at lower temperatures may
result from a gel-like structure of the film, in which retained organ-
ic residues block access of ions to the metal sites.2 It is suggested
herethat drying above 180°C is hecessary to form relatively compact
SG films in which the nanocrystallite oxide particles are well inter-
connected, allowing electronsto freely pass between the SG film and
the underlying Pt substrate. Similar behavior has been reported®? for
chemically precipitated Ni(OH), films having a gel-like structure,
where only the materia close to the Pt substrate surface was sug-
gested to be electroactive.

The decrease in the charge density of the SG Ni-Co oxides
observed at higher temperatures (Table I1) isin agreement with prior
reports for Ni and Co hydroxide films formed by other methods.>?
The lower charge for films prepared above 250°C may have severa
origins. These include phase transformations, the possible collapse
of the oxide structure (reflected by the SG film shrinkage seen by
SEM), the loss of water (confirmed by IR spectroscopy results),
and/or an increasing crystallite size and, thus, areduced total surface
areaof the oxide films (TEM data).3%3L Overall, the temperature em-
ployed during drying of the SG oxide films under study here has a
marked effect on their electrochemical response, likely due to
changes in the film microstructure and composition. The maximum
charge capacity and best stability were obtained for SG oxide films
which were formed between 180 and 250°C with the drying time
increased from 15 minto 1 h.

Formation of optimized multicoatings of Ni-Co oxide films—The
careful selection of the experimental variablesin the SG preparation
route indicated that the use of 50:50 Ni-Co sols, dip-coated on con-
ducting substrates at a withdrawal rate of 6 cm/min and dried at
250°C for 1 h, yields films that display the highest charge density
and the best stability to prolonged potential cycling. SG oxide films
formed using these optimized conditions are further referred to as
“optimized.”

Table Il. Impact of the drying temperature on the cathodic peak
charge density of 50:50 Ni-Co SG oxide films?

Drying temperature Equilibrium cathodic peak charge

(°C) density? (mC/cm?)
30 2

150 6-8

190 32-41

250 33-39

300 23

400 18

2All films dip-coated on Pt foils at awithdrawal rate of 24 cm/min
and dried in air for 15 min.

b Charge densities obtained from slow sweep rate cyclic voltammo-
gramsin 1 M NaOH.

Another way to achieve high charge densitiesin SG processing is
to form multiple coatings of the oxide film on the same substrate.
The dip-coating and heating steps are repeated for each additional
film layer, so that thicker films are gradually formed.}” The cyclic
voltammograms of the optimized 50:50 Ni-Co oxide films displayed
asingle pair of voltammetric peaks, A;/C,, similar to the electro-
chemical response of the 50:50 Ni-Co oxide in Fig. 1. The charge
capacity of the optimized Ni-Co SG oxide filmsincreases linearly as
a function of the application of three layers (Fig. 3), while the film
thicknessincreases from ca. 65 nm (single coat) to ca. 165 nm (triple
coat), determined by SEM and ellipsometry.3? Additional coatings
could be applied if a higher charge density were desired.

Kinetics of SG-derived films—It is of interest to compare the
kinetics of 50:50 Ni-Co oxide films formed using identical with-
drawal rates and displaying similar charge densities, but exposed to
different drying treatments. The first film was formed from a 50:50
Ni-Co sol and dried at 200°C for 15 min. It was ca. 400 nm thick, and
the cyclic voltammogram yielded an equilibrium charge density of
45 mC/cm?. Figure 4 (Ieft) shows a plot of the cathodic peak current
density asafunction of the sweep rate for this particular film.28 A lin-
ear dependence of the peak current on sweep rate, s, is observed at
slow sweep rates (<35 mV/s), consistent with the behavior of surface
films such as hydrous oxides and conducting polymers.>3 At sweep
rates greater than this, the redox reaction becomes controlled by dif-
fusion, as seen from the s¥2 dependence of the peak current.

When a similar coating was formed using optimized conditions,
i.e., the identical withdrawal rate (6 cm/min) followed by drying at
250°C for 1 h, the film thickness was reduced to ca. 65 nm,30 while
the charge density remained unchanged at 44 mClcm2. Figure 4
(right) shows that, for this 65 nm thick film, alinear dependence of
the cathodic peak current density on sweep rate is now seen up to
100 mV/s, indicating the absence of any diffusion limitations. There-
fore, a single-layered optimized 50:50 Ni-Co oxide film [Fig. 4
(right)] behaves as a fully reversible surface redox system under
these conditions. The more compact structure of the 65 nm thick film
[Fig. 4 (right)] appears to inhibit the onset of diffusion limitations,
as compared to the situation with the 400 nm film [Fig. 4 (Ieft)]. This
suggests that site-to-site electron hopping is the slow process, accel-
erated by bringing the Co and Ni sites closer together with more ex-
tensive film drying.

These 50:50 SG-formed Ni-Co oxide films, having a relatively
high charge capacity (ca. 45 mC/cm?), show excellent kinetic char-
acteristics, especially when compared to those of similar oxide films
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g, mC/cm?
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Figure 3. Equilibrium cathodic peak charge density of 50:50 Ni-Co oxide
films as afunction of number of layers. Each layer formed at withdrawal rate
of 6 cm/min and dried at 250°C for 1 h. Films equilibrated by immersion in
1 M NaOH overnight.
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Figure 4. Dependence of the cathodic
peak current density on the sweep rate for
the 50:50 Ni-Co oxide films with equilib-
rium charge density of ca. 45 mC/cm?.
Films dip-coated on Pt substrates at

T T
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formed by other techniques. A linear i, o s dependence is normally
seen only for thin Ni-Co oxide films (up to 500 mV/s for eight
monolayers of film having a charge density of 1.2 mC/cm? and up to
100 mV/s for a ca. 100 monolayer thick film with a charge density
of 15 mC/cm?) formed by the anodic oxidation of amorphous
aloys™ or by spray pyrolysis (up to 20 mV/s for 8 mC/cm? films).%°
For thicker films, such arelationship is either seen only at very slow
sweep rates, or a sU2 dependence, typical for mass-transport con-
trolled reactions, is observed at all sweep rates.3

Figures 5 and 6 show the sweep rate dependence of the cathodic
peak current density of the optimized double and triple layer SG-
formed Ni-Co oxide films, respectively. A linear dependenceis seen
up to 20 mV/sfor the double coating (Fig. 5) and only up to 10 mV/s
(Fig. 6) for the triple coating. The onset of the diffusion-controlled
conditions at slower sweep rates after the formation of a second and
third SG film layer is in agreement with their increased thickness.

Thus, the SG oxides under study show fully reversible surface
behavior at slow sweep rates. At more rapid sweep rates, the redox
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Figure 5. The effect of sweep rate on the cathodic peak current density of a
50:50 two-layered Ni-Co coating, with equilibrium charge density of
59 mC/cm?, in 1 M NaOH. Each layer was formed on Pt substrate at
6 cm/min and dried at 250°C for 1 h.

—l
60 80 100 120
s, mV/s

6 cm/min and dried at (left) 190°C for
15 min®® and (right) at 250°C for 1 h.

reaction becomes controlled by the transport of ions and/or solvent
inside the film as reflected by the i, = sV2 dependence. During the
formation of multicoatings, an increase in the film thickness after the
formation of a second and third layer resultsin the onset of diffusion
limitations at lower sweep rates.

Conclusions

In this work, SG-derived Ni-Co oxide films were formed on Pt
substrates by dip-coating from Ni, Co, and mixed Ni-Co sols. After
withdrawing the substrate at a constant rate, the films were dried at
between 100 and 400°C for various periods of time (15 minto 1 h).
The CV response for mixed Ni-Co filmsin 1 M NaOH is unique,
when the films are dried at <300°C, and does not show the individual
features of Ni and Co. When dried at temperatures higher than this,
the signatures of Co and Ni can be resolved separately. Based on the
observed charge density, the withdrawal rate and drying temperature
determine the thickness of the film; thinner films are formed at slow-
er withdrawal rates and higher drying temperatures. The SG films
under study here ranged between 60 and 800 nm thick.
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Figure 6. The effect of sweep rate on the cathodic peak current density of a
three-layered 50:50 Ni-Co coating, with equilibrium charge density of
127 mClcm?, in 1 M NaOH. Each layer formed on Pt substrate at 6 cm/min
and dried at 250°C for 1 h.
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The ICP and CV results, especialy for films dried at above
300°C, strongly suggest that both Ni and Co sites participate in the
oxidation/reduction reaction (and contribute to the measured charge
density) of the SG-formed oxides. Films dried at high temperatures,
likely being dehydrated, show redox peaks reflecting the presence of
both Co and Ni. However, with time of cycling in 1 M NaOH, the
charge in the Co oxide peaks merges with that of the Ni, with the
total charge passed remaining constant. This suggests strongly that
both Co and Ni contribute to the electrochemistry in the typical CV
response seen for these films. This explains the increased charge
efficiency and charge density observed when Co is added to the Ni
SG oxide films.

A careful study of the experimental variables in the SG prepara-
tion route has indicated that the use of a 50:50 Ni-Co sol, dip-coating
of aconducting substrate at a withdrawal rate of 6 cm/min, and dry-
ing at 250°C for 1 h yields films that display the highest charge den-
sity and demonstrate good stability to prolonged potential cycling.
The charge capacity of the optimized 50:50 Ni-Co SG oxide films
can be increased further by the deposition of multilayers. The sweep
rate studies of the optimized 50:50 Ni-Co SG oxide films showed that
these materials combine high charge density and excellent kinetics,
compared to similar Ni-Co films prepared by other techniques.
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