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Cobalt oxide materials have shown great potential for
applications such as magnetic data storage devices, heteroge-
neous catalysts, lithium-ion battery materials, supercapacitors
and solid-state sensors.") Most recently, cobalt-based nano-
structures have also attracted wide interest as a catalyst for
water oxidation and a cheap and abundant alternative to
ruthenium and iridium-based materials. Particularly, the work
of Nocera and co-workers on the in situ formation of a cobalt-
based material through electrodeposition has stimulated
considerable research activities in the field of water oxidation
catalysis.”! Typically, the approaches to synthesizing defined
compound oxides or other nanostructures such as nano-
porous, nanotubular, nanorod, and nanowire morphologies
are either template-based, for example, through porous
anodic alumina,” SBA,”! viruses,® or template-free hydro-
and solvothermal” techniques.

One of the most elegant and attractive approaches to form
nanostructures of metal oxides is through self-organizing
electrochemical anodization. The prototype of this process is
the growth of highly ordered porous alumina structures which
had been achieved by Masuda and Fukuda in 1995 by
establishing an optimized oxide formation/dissolution equi-
librium during anodization of aluminium in an acidic solu-
tion.®l In 1999, Zwilling etal”! demonstrated that self-
organized TiO, nanopores or nanotubes can be obtained
through anodization of Ti metal sheets in a fluoride-contain-
ing electrolyte. This simple and low-cost fluoride-based
approach to form nanoporous layers has then been extended
to oxide nanotube or nanopore formation of numerous other
metals such as Ta, Hf, W, Zr, Nb, Fe, and V, as well as many
alloys.'" The key role of addition of fluorides is to establish
sufficient solubility of the oxide [by formation of MF!~
complexes] to allow for a sufficient dissolution rate during
anodization, to establish optimized self-organizing condi-
tions.1Z

Nevertheless, up to now, there is no report on the
successful anodization of cobalt to obtain self-ordered nano-
structured oxide layers. The main difficulty in anodizing
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cobalt is intrinsically connected with one of its most promising
practical applications, that is that cobalt oxides are highly
electrocatalytically active towards water oxidation. In other
words, when an anodic voltage is applied in an aqueous
electrolyte, the preferred reaction is the oxidation of the
water at a comparably low potential as illustrated in Fig-
ure 1a. This prevents the application of higher anodization
voltages (typically some 10 V) from growing a high-field
oxide and from establishing self-organization conditions.
Herein, we show how to overcome the problem by combining
a number of strategies to retard the reaction rate of water
oxidation and favor oxide formation. This enables the
successful anodic growth of high-aspect-ratio ordered nano-
porous layers on a cobalt foil as shown in Figure 1. These
structures can be grown up to several 10 micrometers long
with an ordered pore arrangement and diameters in the range
of 50 to 100 nm.

The key parameters to slow down the oxygen evolution
kinetics (and favor oxide growth) are an electrolyte with a low
but optimized water content and anodization at reduced
temperature. Additionally, an optimized oxide dissolution
rate through adjusting the fluoride ion content and pH is
needed to allow for self-organization. In this context it is
noteworthy to mention that the pH not only influences the
dissolution kinetics of the oxide (in the interplay with
fluorides) but also strongly affects the oxygen evolution
kinetics, which is in line with a recent report by Gerken et.
al™l indicating a strong pH dependence of the mechanism of
electrolysis of CoaqII in buffered HF/F~ electrolytes. Following
these principles, a step-by-step optimization of anodization
parameters (as outlined in Table S1 and Figures S1-S8 in the
Supporting Information) enabled the formation of porous
cobalt oxide structures and led to a progressively improved
degree of self-organization of the resulting morphologies.

Figure 1b,c shows top and side view SEM images of the
nanoporous layers formed on a cobalt foil after anodization in
a mixed ethylene glycol and glycerol solvent (volume ratio of
1 to 3) containing 3M H,O and 0.54m NH,F at 50 V at 0°C for
16 h. Depending on the anodization time, the thickness of the
ordered structure can be adjusted from some hundred
nanometers to several micrometers (Figure le). In every
case a comparably smooth surface is achievable (Figure 1d).
The porous layer exhibits the typical scalloped bottom view
morphology of self-ordered anodized metal oxides (see
Figure S1c). Additional morphological details are shown in
Figure S1.

The parameter range for successful self-organization is, in
comparison to other self-organizing systems, comparably
narrow.!'" This is illustrated with some examples in
Figure 2. A very good indication for a successful growth of
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Figure 1. Schematic illustration for a) current-voltage and current—
time curves that illustrate the essential parameters to suppress oxygen
evolution, to establish and favor a self-organizing anodic porous oxide
formation. Top (b) and side (c, d) views of SEM images of the
nanoporous anodic layer grown under optimized anodization condi-
tions (a mixed glycerol and ethylene glycol solution with a volume
ratio of 3 to 1 containing 3m H,O and 0.54m NH,F, anodization at
50V, 0°C for 16 h). d) Regular channels at the nanoporous layer.

e) Thickness evolution with time under the conditions as described in

(d)-

well-defined nanoporous layers are the current-time profiles
as shown in Figure 2a (and as schematically illustrated in
Figure 1aii). In the case of cobalt anodization, a sufficiently
high and steady-state current leading to self-organization is
only achievable when the anodization is performed at
sufficiently low temperature to prevent current self-amplifi-
cation because of resistive heating (runaway anodization)
with continuously increasing currents and an ill-defined mix
of O, evolution and oxide formation. The effect of temper-
ature control is illustrated in Figure 2 for structures formed at
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Figure 2. a) Typical anodizing current-time behavior for different elec-
trolytes at different temperatures. Shown are glycerol (GLY) and

a mixture of GLY and ethylene glycol (EG), 3:1 (3m H,0 and 0.54m
NH,F at 50 V) at room temperature, 10 and 0°C. b) Thickness of the
resulting porous layer as a function of the anodization time that
performed at 10 (0) and 0°C (m). The inset shows the current—time
profiles for anodization under the same conditions for periods of 24
and 14 h and for anodization temperature of 0 and 10°C, respectively.
(c) Cross-section view of SEM images of samples anodically grown in
the same electrolyte as described in (b) for various designated periods
and temperatures at i) 8 h, 10°C, ii) 8 h, 0°C, and iii) 24 h, 0°C.

room temperature (RT), 10, and 0°C. For RT, under any
investigated situation runaway oxidation was observed,
whereas at 10 and 0°C in the electrolyte used (a mixed
ethylene glycol and glycerol solvent with a volume ratio of
1 to 3, containing 3m H,0 and 0.54m NH,F) ordered
structures could be formed. Figure 2b shows a plot for the
thickness—-time behavior for porous layers grown at 0 and
10°C. In both cases, the layer thickness grows with time.
Nevertheless, after some hours of anodization, dissolution
(current increase) is observed and a maximum layer thickness
(at 10°C, about 17 um) is reached; for prolonged anodization
a large portion of the surface is found to peel off as shown in
a digital photograph in Figure S5d. At 0°C, longer anodiza-
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Figure 3. a) EDX spectra and b) XRD patterns of the anodic structure (as prepared and after annealing at

c) Co 2p, F 1s and O 1s XPS spectra of the anodized layer; as prepared (dark curve) and
after annealing (gray curve). d) Top left: TEM bright-field image of the structure after annealing to Co;0, at low
and high (inset) magnification. Top right: the corresponding selective area electron diffraction pattern. Bottom
left: The cross and top (inset) section view SEM images of the annealed Co;0, sample. Bottom right: High-
magnification SEM image of the aligned channel geometry in the annealed Co;O, sample.

350°C for 30 minutes).

tion can be performed but the maximum layer thickness is
about 22 um. Figure 2c shows some of the examples for the
cross-sections for anodization performed for different dura-
tions at 0 or 10°C.

To gain information on the composition and crystal
structure, energy-dispersive X-ray spectroscopy (EDX),
XRD, and X-ray photoelectron spectroscopy (XPS) of the
as-formed (as-anodized) and annealed layers were acquired.
From the EDX spectra in Figure 3 a, it is evident that the as-
formed layer mainly consists of cobalt fluoride (CoF,) with
about 5 atm % O (this resembles the case of self-organizing
anodization of vanadium)."% This finding is also in line with
XRD analysis (see Figure 3b) where peaks corresponding to
crystalline CoF, can be identified. Upon a heat-treatment for
30 minutes at 350°C in air, the layer can be entirely converted
to Co;0, (black color, digital photograph of Figure S5¢) with
the nanoporous structure well maintained (see Figure 4d).
This implies that a simple and straightforward heat-treatment
approach is sufficient to produce an ordered nanoporous
Co;0, surface. From XPS measurements, the Co2p XPS
spectra of the annealed sample presented in Figure 3¢ show
two major peaks with binding energy (BE) values at 795.6 and
780.2 eV, corresponding to the Co2p,,, and Co2ps, spin—orbit
peaks, respectively, of the Co;O, phase.' The Ols XPS
spectra peak with a BE of approximately 530 eV for the
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before annealing with
a binding energy around
685.54eV. EDX spectra
further confirm the loss of
fluorides after the anneal-
ing step.

Additionally, Fig-
ure 3d shows TEM and
SEM images of the Co;0,
obtained after the as-ano-
dized nanoporous layer
was heat-treated in air at
350°C for 30 minutes. The
nanoporous structure can
be readily seen from the
top-left TEM image. The
inserted higher magnifica-
tion image shows the
thickness of the wall to be
approximately 50  to
70 nm. The nanoporous
wall consists of crystals with an average size of around
20 nm, and a high degree of crystallinity as evident from the
selected-area electron diffraction (SAED) pattern (top right).
The diffraction patterns can be entirely indexed with the
spinel cubic Co;O, phase. The cross-section SEM image
shows the bottom of the annealed nanoporous layer consist-
ing of about 0.3 pm thick compact oxide resulting from
thermal oxidation of the cobalt foil (see also SEM images in
Figure S9). The SEM images also show that the nanoporous
structure remains after annealing, and that a higher crystal-
linity results in a rougher pore wall morphology.

To demonstrate the functional potential of these ordered
nanoporous Co;0, structures, electrochemical studies were
carried out using cyclic voltammetry. The measurements were
performed in 1M KOH solution, where an application of the
formed layers as catalyst for the water oxidation can be
readily evaluated. We used directly the cobalt nanoporous
layers grown on the metallic cobalt foil as an electrode
material (i.e. we took advantage of the fact that anodization
leads directly to a back-contacted oxide electrode without the
need of using a conductive adhesive medium or binders to
fabricate a functional porous oxide electrode). This also has
the advantage of retaining the vertically aligned geometry of
the nanoporous layers. Figure 4 a shows that in comparison to
a reference compact oxide layer, a 5.5 pm thick ordered

1/50.12 nm)
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Figure 4. Cyclic voltammograms of different Co;O, layers in 1.0m
KOH with a) comparison to a 5.5 um thick ordered porous layer on

a substrate (obtained by anodization of cobalt in mixed GLY and EG
(3:1), 3m H,0O and 0.54 M NH,F, at 50V, 0°C for 4 h and subsequent
annealing) with compact anodic oxide layer and Co;0, (nafion
immobilized). b) Comparison of cyclic voltammograms of the nano-
porous layers with different thicknesses. c) The stability test showing
cyclic voltammograms for the first and 200th cycle. The scan rates
employed are for a) and b) 25 mVs™ and for ¢) 50 mVs™'.

porous Co;0, layer shows a significant lowering of the onset
potential required for water oxidation by approximately
100 mV. The advantages of the larger surface area can be seen
from the comparison shown in the inset of Figure 4a where
drastically increased redox peak currents corresponding to
the oxidation of Co™ to Co'v are obtained for the porous
layer.'') We confirmed through gas chromatography and
mass spectroscopy measurements the obtained gas at the
anodic compartment to be O,. To compare the performance
of the nanoporous layer to the typical nanoparticle approach,
commercially available Co;O, nanoparticles were immobi-
lized on cobalt foil by nafion. In this case, an onset potential of
the catalytic reaction comparable with the nanoporous layer
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is observed. Nevertheless, the nafion immobilized particles
yield a significantly lower catalytic current. The redox process
from cyclic voltammograms (inset in Figure 4a), indicates
that the amount of electroactive Co;0, is much lower for the
particle layer, but even for higher Co;0, particle loading no
higher catalytic currents could be obtained (see Figure S11).
The clearly better performance of the aligned nanoporous
layers may be due to the advantageous geometry that allows
an optimized use of the electroactive area with minimal ohmic
resistance issues (as is the case encountered when using
binders) and/or the considerably smaller crystallite size of
Co;0, in the nanoporous structure (about 20 nm vs. 50 nm).

As presented in Figure 4b, we further explored the
thickness dependence of the obtained nanoporous Co;0,
layer towards the electrocatalytic water oxidation perfor-
mance. Only an insignificant difference in the catalytic
currents between the samples of 2.8 and 5.5 um thicknesses
were observed, whereas for 8.5 um thick layers, a lower
catalytic current at potentials above 0.70 V is obtained. From
the anodic and cathodic peak positions, a larger peak-to-peak
separation is observed, indicating a slower electron-transfer
process for the sample with a thicker nanoporous layer. This
behavior is characteristic of quasi-reversible diffusion-con-
trolled electron-transfer process (see the scan rate depend-
ence study in Figure S12). From Figure 4b,c, we see that
another potential application of nanoporous Co;0O, is in
redox-based pseudo-capacitors, because a significant en-
hancement of the capacitance values with the increase of
the layer thicknesses is achieved (see enlarged redox peaks in
Figure S13). Morever, in the alkaline environment the porous
Co;0, layers show excellent stability over 200 cycles (Fig-
ure 4¢).

In summary, we report for the first time the formation of
highly ordered cobalt oxide nanoporous layers using self-
organizing electrochemical anodization. This also represents
another example (except for iron)!"! for self-organizing
anodization of non-valve metals. We demonstrate that by
thoroughly optimized electrochemical conditions, competing
oxygen evolution can be sufficiently suppressed to reach an
anodic formation of the desired nanoporous structures. In the
present case a layer rich in fluorides is formed that upon
suitable heat-treatment can be readily converted to Co;0,.
We illustrate that the formed oxide layers have a significant
potential for applications such as a catalyst-electrode for
water oxidation (towards substitution of conventional catalyst
such as IrO, or Ru0,)," and a pseudo-capacitive material for
supercapacitors.
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