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ABSTRACT: Co;0, nanoparticles were size- and shape-selec-
tively synthesized in a solvothermal approach by the thermal
decomposition of either cobalt(II) acetylacetonate [Co(acac),] or
cobalt(II) nitrate [Co(NO;),] in different solvents followed by
calcination under air. Spherical, cubic, octahedral, and platelike
nanoparticles with narrow size distributions and sizes ranging from
8 to 90 nm were formed in high yield. The nanoparticles were
characterized by X-ray diffraction, scanning and transmission
electron microscopy, energy-dispersive X-ray analysis, and X-ray
photoelectron spectroscopy. The distinctive influence of the size
and shape of the nanoparticles on the electrocatalytic activity in the
oxygen evolution reaction is also demonstrated.

Bl INTRODUCTION

The development of highly efficient electrocatalysts for clean
energy production and environmental remediation is crucial in
our time. The high energy demand of water electrolyzers due
to the sluggish kinetics of both the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR)"” requires
catalysts of high efficiency and long-term stability. Unfortu-
nately, standard catalysts including precious-metal electro-
catalysts are not only high-cost™ but also monofunctional
catalysts; i.e., platinum is highly active in the ORR, but it is
only moderately active in the OER, whereas IrO, and RuO,,
which are the current benchmarking OER catalysts, are less
active in the ORR.>® In this case, a better substitute for noble
metals requires the development of highly active and low-cost
bifunctional catalysts.

Because of their earth abundance and excellent electro-
chemical activity, spinel-type mixed-metal oxides are inten-
sively studied for the OER on the anodic side.” Because the
catalytic activity in the OER generally depends on the number
of active sites and the adsorption energies of reactive
intermediates, nanoparticles are very attractive candidates.
Their catalytic activity often exceeds that of bulk counterparts
because of their high surface areas and high number of active
sites, as well as their unique electronic and chemical surface
properties.” These properties can, furthermore, be tuned in
various ways, resulting in different electrocatalytic activity and
selectivity.” For instance, careful adjustment of the nano-
particle size allows one to control the number of low-
coordinated sites on the catalyst surface as well as the reactant
binding strength, whereas the shape of the nanoparticle may
provide certain facets that are favorable for a catalytic
reaction.'’ In addition, the stability of the oxide species at
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the surface, which also affects the activity and selectivity of a
reaction, depends on both the shape and size of the
nanoparticle, whereas modification of the mixed-metal oxide
composition, i.e., variation of the metal-to-metal ratio or the
incorporation of additional metals (electronic doping), may
provide an optimal ensemble of active sites on the catalyst
surface." '

In order to understand the nano- and microstructural roles
of the catalysts on its performance as well as on the reaction
mechanisms and kinetics, the synthesis of crystalline (nano)-
materials with defined size and morphology, including defined
crystallographic surfaces, is mandatory. Size- and shape-
selective syntheses of transition-metal spinel-type nanoparticles
are typically achieved using a bottom-up approach via the
thermal decomposition of molecular precursors such as metal
acetylacetonates'®"” and metal oleate complexes'® in high-
boiling solvents and in the presence of suitable organic
surfactants (capping agents). We recently reported on the
synthesis of spherical CoFe,O, spinel-type nanoparticles
formed in a solvothermal approach by thermolysis of cobalt(II)
acetylacetonate [Co(acac),] and iron(IIl) acetylacetonate
[Fe(acac);] at different temperatures.'” With increasing
reaction temperature, the size of the nanoparticles increased
from 3 nm (200 °C) to 5 nm (250 °C) and finally to 8 nm
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(300 °C), whereas the electrocatalytic activity in the OER was
found to steadily decrease with increasing particle size.
Coprecipitation of CoFe,O, in the presence of different
concentrations of sodium dodecyl sulfate yielded particles
ranging from 16 to 27 nm in diameter. These nanoparticles
showed different electrical properties, with the largest particles
showing the largest dielectric constant.”” Using a coprecipita-
tion method, Pereira et al. reported on the influence of the
precipitation agent on the size of the resulting MFe,O, (M =
Co, Fe, Mn) nanoparticles.” The largest nanoparticles were
synthesized using sodium hydroxide, whereas smaller particles
were formed upon the addition of organic amines. A seed-
mediated growth method was also successfully employed to
further increase the size of Fe;O, particles because of the
repeated §rowth processes upon the addition of new precursor
material.”” On the other hand, Hu et al. reported on a
solvothermal synthesis of Co;0, nanoparticles with either
cubic, hexagonal, or beltlike shapes, which was realized simply
by changin}g the solvent from ethanol (EtOH) to water (H,0)
or glycol.”” The hexagonal Co;0, plates, for example, were
formed in methanol at lower temperatures in comparison to
the other morphologies. In addition to a successful synthesis,
the authors also proved the promising catalytic properties of
the nanoparticles in methane combustion, with the {112}-
terminated particles showing the highest catalytic activity.
Other morphologies, such as flower-like as well as disc- and
cube-shaped Co;0, particles, were synthesized via a poly-
(vinylpyrrolidone)-mediated hydrothermal route. The Co;0,
nanoflowers showed the best performance in electrochemical
lithium storage experiments.”*

We recently became interested in the size- and shape-
selective synthesis of spinel-type nanoparticles after reporting
on their use in alcohol oxidation reactions as well as in
OERs.'”*7* We herein extend our studies on the synthesis of
pure Co;0, nanoparticles, while exploring the role of defined
sizes and shapes (morphologies) on the electrocatalytic
performance of the nanoparticles.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Co;0, nanoparticles
with different sizes and morphologies were synthesized by the
thermal decomposition of Co(acac), in oleylamine (OLA).
Because of the reductive character of OLA,”® the reaction
initially yielded rock-salt-type cobalt(II) oxide (CoO), which
was subsequently calcined under air at 300 °C to finally give
spinel-type Co;0, (Scheme 1i). The solvothermal approaches
using solutions of cobalt(II) nitrate [Co(NO;),] in different
solvents (EtOH, H,0) in the presence of diluted capping
agents [OLA in EtOH and hexamethylenediamine (HMDA)

Scheme 1. Synthesis of Co;0, Nanoparticles by Either (i)
Thermal Decomposition of Co(acac), in OLA Followed by
Calcination of the As-Formed CoO at 300 °C under Air or
(ii) Solvothermal Synthesis Using Different Combinations
of Solvents and Capping Agents of (a) OLA/EtOH in
EtOH, (b) OLA/EtOH in H,O, or (c) HMDA/EtOH in
EtOH, Followed by Calcination at 300 °C under Air

(i) Co(acac), OLA CoO 308 c Co30,
2

. Solvent 300 °C

(i) Co(NO3), Surfactant™ %2 o; Co30,

in EtOH; Scheme lii] either proceeded with the formation of
cobalt(Il) hydroxide [Co(OH),], which was subsequently
calcined at 300 °C under air to yield Co;O, nanoparticles, or
directly formed the spinel-type cobalt oxide Co;O, (Table 1).

Thermal Decomposition of Co(acac), in OLA. The
initially formed CoO nanoparticles were characterized by
powder X-ray diffraction (PXRD) and transmission electron
microscopy (TEM), as shown for sample S1, whereas PXRD
and TEM photographs of samples $2—S83 are given in Figures
S1 and S2.

Thermal decomposition of Co(acac), always yielded
spherical rock-salt CoO nanoparticles, as is exemplarily
shown for sample S1 (Figure 1a). The size of the nanoparticles
increased with increasing amount of precursor [S1, 8 nm
(Figure 1b; high-resolution (HR)TEM image displayed in
Figure 1c); S2, 9 nm; S$3 11 nm; S4 13 nm; S5 15 nm]
according to TEM studies (Figure S1). In the preparation of
sample S5, we also evaluated the role of the decomposition
temperature. According to PXRD (Figure S3), crystalline CoO
nanoparticles were formed at 200 °C (S5a), 250 °C (S$), and
300 °C (SSb). The particle size also increased with increasing
reaction temperature from 11 nm (SSa) to 15 nm (S5) (Figure
S3), whereas sample S5b, formed at 300 °C, showed even
larger particles. However, the morphology of the nanoparticles
obtained at 300 °C was not as uniform as that of the ones
prepared at lower temperatures; aside from spherical nano-
particles, cubic and octahedral particles were also observed
(Figure S 3d). According to these findings, 250 °C is the upper
limit of the optimal reaction temperature.

Calcination of the CoO nanoparticles (samples S1—S5)
selectively yielded phase-pure spinel-type Co;0, nanoparticles
(samples S1C—SSC; Figure 2a) without any traces of
additional crystalline phases, as was proven by Rietveld
refinement (Figure 2b). The lattice parameters of samples S1
(a = 4267 A) and S1C (a = 8.078 A) are in very good
agreement with the values reported for CoO (a = 4.263 A) and
Co;0, (a = 8.072 A), respectively.

On the basis of the particle-size analysis using the Scherrer
equation, the size of the nanoparticles was relatively preserved
during calcination (Figure S2). For example, a size of 8.8 nm
was calculated for the CoO nanoparticles (sample S1), which
compares well with the TEM measurements (8 nm; Figure S4,
sample S1), while the Co;0, nanoparticles formed by
calcination (sample S1C) showed a mean size of 8.1 nm
based on the Scherrer equation, which is also in good
agreement with the size as-determined by TEM (Figure S4,
sample S1C). However, the results from the PXRD experi-
ments should be carefully considered because the increasing
particle size with increasing concentration of the Co(acac),
precursor was clearly identified neither for the CoO nano-
particles nor for the Co;0, nanoparticles. As was observed for
the CoO nanoparticles (samples S1—85 in Figure S2), the
PXRD patterns of the spinel-type Co;0, nanoparticles
(samples S1C—SSC) synthesized with different amounts of
precursor (Figure 2a) are almost identical. These findings most
likely result from the strong fluorescence effect of cobalt.

Figure 3 shows TEM images of spherical Co;O, nano-
particles obtained after calcination (samples S1C—SSC). The
particle size was found to increase with increasing precursor
concentration from 8 nm (sample S1C in Figure 3a) to 9 nm
(sample S2C in Figure 3b) to 11 nm (sample S3C in Figure
3c) to 13 nm (sample $4C in Figure 3d) and finally to 15 nm
(sample S5C in Figure 3e), while preserving a spherical shape.
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Table 1. Co;0, Samples Synthesized by the Thermal Decomposition of Co(acac), or by Solvothermal Approaches Using

Solutions of Co(NO;), in Different Solvents

precursor mass (g; mmol) solvent (mL) surfactant (mL) temperature (°C) time (h) product”
S1 Co(acac), 0.386; 1.5 OLA (7.4) OLA 250 1 CoO
S2 Co(acac), 0.771; 3.0 OLA (7.4) OLA 250 1 CoO
S3 Cof(acac), 1.16; 4.5 OLA (7.4) OLA 250 1 CoO
S4 Co(acac), 1.54; 6.0 OLA (7.4) OLA 250 1 CoO
Ss Co(acac), 1.93; 7.5 OLA (7.4) OLA 250 1 CoO
SSa Co(acac), 1.93; 7.5 OLA (7.4) OLA 200 1 CoO
SSb Co(acac), 1.93; 7.5 OLA (7.4) OLA 300 1 CoO
S6 Co(NO;), 0.291; 1.0 EtOH (20) OLA/EtOH (2/10) 180 15 Co;0,
S7 Co(NO;,), 0.291; 1.0 H,0 (20) OLA/ETOH (2/10) 180 15 Co(OH),
s8 Co(NO,), 0.291; 1.0 EtOH (20) HMDA/EtOH (708 mg/12) 180 15 Co(OH),
S9 Co(NO;,), 0.582; 2.0 EtOH (20) OLA/EtOH (2/10) 180 15 Co;0,

“Rock-salt-type CoO as well as Co(OH), nanoparticles were subsequently calcined at 300 °C for 1 h, resulting in the formation of phase-pure

Co;30, nanoparticles.
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Figure 1. (a) X-ray diffractogram of sample S1 (CoO; reference PDF 01-071-1178). (b) TEM and (c) HRTEM photographs of sample §1 (CoO).

Scale bars: (b) 20 nm; (c) 2 nm.
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Figure 2. (a) PXRD patterns of Co;0, nanoparticles (samples SIC—SSC) formed by the calcination of CoO nanoparticles (samples S1—SS;
reference for Co;0,, PDF 01-076-1802). (b) Rietveld refinement for CoO (S1, top) and Co;0, (S1C, bottom).

Comparable particle sizes were observed for the original CoO
nanoparticles (Figure S4). These results demonstrate that the
nanoparticle size is controlled during the precursor decom-
position rather than the calcination process and that no
significant sintering occurs under such low-temperature
calcination conditions (300 °C). Even though a slight
broadening of the size distribution was observed for the
largest particles, this is most likely due to Ostwald ripening.*’

The preferred growth of larger nanoparticles with increasing
precursor concentration has been previously reported, i.e., for
iron oxide nanoparticles.’”*> Because the nanoparticle growth
is diffusion-limited while the diffusion rate itself increases with
the precursor concentration, the growth of larger particles with
increasing precursor concentration is therefore favored.
Sintering of the nanoparticles is typically observed in annealing
processes at high temperatures.” Figure 3f shows the (311)
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Figure 3. TEM images of (a) 8 nm (S1C), (b) 9 nm (S2C), (c) 11 nm (S3C), (d) 13 nm (S4C), and (e) 15 nm (SSC) Co;0, nanospheres. (f)

HRTEM image of S5C. Scale bars: (a—e) 20 nm; (f) 2 nm.
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Figure 4. X-ray diffractograms of samples S6 (cubic Co;0,), S7 (platelike Co(OH),), and S8 (octahedral Co(OH),). References: $6, Co;0,, PDF
01-076-1802; S7, f-Co(OH),, PDF 01-089-8616; S8, Co,(OH),Cl, PDF 01-073-2134.

plane with a d spacing of 2.4 A in sample SSC, which is the
most exposed crystal plane in the nanospheres, whereas the
rock-salt-type CoO nanospheres (sample SS5) showed the
(111) plane. The nonpolar (100) plane of the cubic rock-salt-
type structure contains equal numbers of anions (O*7) and
cations (Co**) and therefore represents the ideal termination
of the bulk structure. In contrast, the polar (111) plane is
hexagonally closest packed and contains only one sort of ions,
which renders this termination inherently unstable.** However,
octahedra and tetrahedra are limited by the (111) plane, and in
our case, coordination of the organic capping agents may have
a stabilizing effect, resulting in the preferred (111) termination,
as observed for the CoO nanoparticles. Thermal treatment of
CoO nanoparticles yielded cube-shaped Co;0, nanoparticles
with (311) and (220) crystal planes, as was previously reported
for Co;0, nanoparticles.””*°

Solvothermal Approach. The thermal decomposition of
Co(acac), at 250 °C only yielded spherical nanoparticles. In
order to investigate the effect of the different crystallographic
facets of Co;O, on the resulting electrochemical (OER)

activity, we performed shape-selective syntheses of Co;0,
nanoparticles using solvothermal reactions of Co(NO;), in
different solvents (EtOH and H,0) and with different
(diluted) capping agents (OLA in EtOH and HMDA in
EtOH).

All solvothermal reactions using solutions of Co(NOs;), in
EtOH and H,O with diluted capping agents (OLA or HMDA
in EtOH) initially yielded green precipitates upon the addition
of the surfactant/solvent mixture. Instead of formation of a
rock-salt cobalt(II) oxide phase as was observed upon thermal
decomposition of Co(acac), in pure OLA, the resulting
precipitates from reactions in H,0/OLA (sample S7 in Figure
4) and EtOH/HMDA (sample S8 in Figure 4) were
transformed into a cobalt hydroxide phase upon thermal
treatment to 180 °C, as shown by PXRD (Figure 4). In
remarkable contrast, the reaction in EtOH/OLA directly
yielded Co;0, nanoparticles (sample S6 in Figure 4).

Although thermal decomposition methods of metal
acetylacetonates are commonly reported in the literature, no
general decomposition pathway can be derived from these

https://dx.doi.org/10.1021/acs.inorgchem.0c01180
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studies. For instance, Zn(acac), and Fe(acac); decompose in
the solid state under an inert gas atmosphere via a carbonate
intermediate, yielding the corresponding metal oxides ZnO
and Fe,0;, respectively.’”*® In contrast, the thermal
decomposition of Co(acac), under vacuum releases acetone
and carbon dioxide, while yielding a solid product described as
“amber” and “some green material” depending on the
decomposition temgerature; this description coincides with
the color of CoO.” In contrast, Co(acac); was found to
decompose upon thermal treatment with intermediate
formation of Co(acac), which consequently reacts with
oxygen, with the formation of cobalt acetate [Co(OAc),].*
The formation of acac radicals might also play an important
role in the thermolysis of transition-metal tris-
(acetylacetonates),”" Finally, thermolysis of Co(OAc), at 280
°C yielded rock-salt-type CoO, as proven by PXRD,* which
corresponds to our findings observed for the thermolysis of
Co(acac), in OLA at a comparable reaction temperature
(samples S1-S8S).

In remarkable contrast to the findings observed with
Co(acac),, the treatment of Co(NOj;), in an alkaline solution
at much lower temperatures (45 °C) proceeded via the
formation of Co(OH),, which is then transformed into either
CoO(OH) or Co;0, depending on the oxidation source [30%
H,0, for oxidation of CoO(OH) or air at 400 °C for oxidation
of C0;0,].* Markov et al. reported on the thermolysis of
Co(OH), under an air atmosphere, which initially gave
CoO(OH) as a reaction intermediate, which was subsequently
transformed into Co;0, upon thermal treatment at 280 °C
(Scheme 2).** The formation of CoO was not observed during

Scheme 2. Thermolysis of Co(OH), in Air

Co(OH),

CoO(OH)

A A
02 02 Co030,4

this process; this agrees with our observations for the
solvothermal approach. We therefore conclude that the
formation of Co;0, nanocubes (sample S6) results from the
decomposition of Co(OH), as the reaction intermediate
formed during this synthesis.

Figure S5 shows TEM photographs of the resulting
nanoparticles (samples S6—S8) directly after solvothermal
synthesis, which demonstrate the influential role of the solvent
and surfactant on the morphology of the nanoparticles. While
cubic Co;0, nanoparticles (sample S6 in Figure S) were
directly formed by reaction in EtOH/OLA, platelike and

octahedral Co(OH), nanoparticles were formed in H,0/OLA
(sample S7 in Figure S) and EtOH/HMDA (sample S8 in
Figure 5), respectively. The octahedral Co(OH), particles
(sample S8) most likely contain organic surfactants that could
not be removed in the washing steps. Obviously, the solvent
and surfactant used in the solvothermal process have a large
influence not only on the resulting crystallographic phase of
the nanoparticles [Co(OH), vs Co;0,] but also on the
nanoparticle morphology. The formation of very large
hexagonal platelike particles likely results from the poor
solubility of OLA in the EtOH/H,0O mixture. As was
previously reported for metal nanoparticles,**® such con-
ditions ultimately lead to a growth mechanism at the interface
of the two-phase mixture of OLA and EtOH/H,0.

The mean size of the cubic Co;O, nanoparticles (sample S6,
17 nm) increased with the use of larger amounts of the
precursor (sample S9, 30 nm); however, the morphology
became less defined (Figure SS). The size of the octahedral
Co(OH), nanoparticles (sample S8, 35 nm) was much smaller
than that of the hexagonal plates (sample S7), whose size
ranged from nanometers to several micrometers. Smaller
hexagonal plates were also observed, which typically stick on
the surface of the larger plates (sample S7 in Figure 5).

The cobalt(Il) hydroxides (samples S7 and S8) were then
calcined under air at 300 °C for 1 h, yielding the expected
spinel-type Co;0, phases, as proven by PXRD (Figure 6). The
cubic Co;0, nanoparticles (sample S6) were also calcined to
prove whether this process has any influence on the
crystallography and morphology of the Co;0, nanoparticles.

The sizes of the Co;0, nanocubes before annealing (sample
S6, 17 nm) and after annealing at 300 °C in air (S6C, 16 nm;
Figure 7a) are almost identical. The nanocubes are terminated
by the (220) plane (Figure 7b), whereas the edges represent
the cubic planes {100}, {010}, and {001}, as previously
reported.”” The original morphology and mean size of the
octahedral Co(OH), nanoparticles (sample S8, 35 nm) were
both preserved upon calcination only to give octahedral Co;0,
nanoparticles (sample S8C, 36 nm; Figure 7c). These
octahedral Co;0, nanoparticles are terminated by the (111)
plane with a d spacing of 4.7 A (Figure 7d), which agrees with
previous reports on spinel-type mixed-metal octahedral
nanoparticles.”” Because octahedra naturally grow from cubes
via the overgrowth of cubic planes that result in (111) facets,"
the use of HMDA instead of OLA for the nanocubes should
favor the growth rate.

Figure S. TEM photographs of samples $6 (cubic Co;0,), S7 [platelike Co(OH),], and S8 [octahedral Co(OH),]. Scale bars: $6, 10 nm; S7, 1

pm; S8, 20 nm.
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Figure 6. PXRD patterns of samples S6 (cubic Co;0,), S7 (platelike
Co;0,), and S8 (octahedral Co;0,). Reference for Co;0,: PDF 01-
076-1802.

Calcination of platelike Co(OH), nanoparticles (sample S7)
also occurred with preservation of the morphology, yielding
hexagonal platelike Co;0, nanoparticles (sample S7C), as
proven by selected-area X-ray diffraction (SAED). As was also
observed for the calcined Co;0, sample (Figure S7), the
Co(OH), particles show the same hexagonal shape with a
diffraction pattern fitting to cobalt hydroxide (PDF 01-089-
8616). The SEM image shows the hexagonal morphology of
these large particles, which have diameters of several
micrometers (Figure 8a). Some of the smaller particles sitting
on top of the larger ones are also visible in the SEM and TEM

photographs (Figure 8b). The thicknesses of the Co;0,
hexagons range from 60 to 90 nm irrespective of the plate
diameter. Depending on the direction on the surface, two
dominant facets are visible: the (222) and (220) planes with
lattice spacings of 2.3 and 2.9 A, respectively (Figure 8c).

X-ray Photoelectron Spectroscopy (XPS) Character-
ization. A XPS survey scan of sample S1C exclusively shows
the existence of cobalt, oxygen, and carbon on the sample
surface (Figure 9a). The amount of carbon was found to vary
in different samples, but no correlation between the carbon
intensity and the catalytic activity of the samples was observed.
XPS spectra of different Co;0, nanoparticles with different
morphologies show the typical pattern for the cobalt spinel in
the Co 2p spectra (Figure 9b).*

In the Co 2p;, region (around 780 eV), an asymmetric peak
is visible because of the presence of Co® ions. The satellite
peak at 788 eV is less defined compared to CoO, which only
contains Co*" ions’”®' and is shifted to higher binding
energies. The shape of the Co 2p signal is similar for all four
samples, and no increase of the Co®" intensity is found (Figure
S10). Therefore, the total change of the Co®" content on the
surface of the samples is less than about 10% of the total cobalt
amount. Any larger variation would result in a different Co 2p
peak shape, which should be visible considering the signal-to-
noise ratio. The O 1s spectra of all samples (Figure 9c) show
an intense peak of the lattice oxygen at 530 eV, whereas the
peak at 532 eV indicates the presence of hydroxide or
oxyhydroxide groups on the surface.”> The octahedral
nanoparticles (sample S8C) and, to a lesser extent, the
spherical (sample S1C, 8 nm) and hexagonal nanoparticles
(sample §7C) each show a distinct additional peak with low
intensity at a binding energy of 534 eV, indicated by the two

Figure 7. TEM images of annealed samples S6C (a and b) and S8C (c and d). Scale bars: (a) 20 nm; (b) 2 nm; (c) SO nm; (d) 2 nm.
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Figure 9. (a) XPS survey scan of sample S1C. High-resolution XPS spectra of samples S1C, S5C, $7C, and S8C: (b) Co 2p; (c) O 1s; (d) C 1s.

green Gaussian—Lorentzian lines. This peak is only barely
visible for the larger spherical particles (sample S5C, 15 nm).
These signals correlate to the larger amount of carbon and,
hence, indicate the presence of different carbon—oxygen bonds
(green lines) visible in the C s spectra of these samples
(Figure 9d).

OER Characterization. OER analyses show no impact of
the particle size on the overpotential measured for the rock-
salt-type CoO nanoparticles (samples S1-SS in Figure 10a),
whereas a size effect is observed for the annealed spinel-type
Co;0, nanoparticles (samples S1IC—S5C in Figure 10b). The
current densities were calculated using the geometrical surface
(0.196 cm?). In the Nyquist plots, a minimum charge-transfer

resistance of 335 Q was found for the 11-nm-sized particles
(83C), which correlates with the lowest overpotential
measured for sample S3C. For slightly higher overpotentials
(samples S4C and SS5C), the charge-transfer resistance
increases (Figure 10c). Interestingly, the overpotential
decreased from 494 to 448 mV with increasing particle size
from 8 to 11 nm but then stayed almost constant with further
size increase (13 and 1S nm; Figure 10d). Comparable values
were previously reported for cobalt spinels.”® An increase in
the catalytic activity is generally expected with decreasing
particle size because of the increase of the surface-to-volume
ratio. Because we observed an opposite trend in our studies, we
conclude that the catalytic activity is largely influenced by
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Figure 10. LSV curves for different sizes of spherical (a) CoO (samples S1—S5) and (b) Co;0, (samples SIC—S5C) formed by the thermal
decomposition of Co(acac), in OLA (samples S1—S5), followed by calcination of the as-formed CoO at 300 °C under air (samples SIC—SSC).
Nyquist plot (c) and overview (d) for Co;0, nanospheres (samples S1IC—SSC).

other effects, i.e., the surface modification such as the presence
of surfactants/capping agents or oxygen defects, which will be
further investigated in the future. Another possible explanation
for this phenomenon is that the annealing step is a diffusion-
controlled process in which the oxidation of Co** to Co®* takes
place. The larger the particle size, the less Co®* ions can be
generated due to slower diffusion rates, which finally leads to
substoichiometric Co*-rich cobalt spinels of the type
Co**,Co* 0, (x > 2 and y < 1). Because the presence of
Co*" in cobaltite materials positively effects the OER activity,”*
the larger particles show lower overpotentials. Furthermore,
the substochiometric Co®* in the cobalt spinel can affect the
number of oxygen atoms in the spinel lattice because of
incomplete oxidation of Co** to Co’', which then leads to
oxygen defects in the spinel (Co;0,_,). The presence of
oxygen defects would enhance the activity in the OER by
lowering the reaction barrier (overpotential).>”

The same trend observed for the overpotential of samples
S1C—SSC is true for the Tafel slopes (iR-corrected), which
decrease from 65 to 50 mV dec™" with increasing particle size,
indicating a slight change of the reaction mechanism. Suen et
al.>® investigated the correlation between the Tafel slope and
the mechanism for the OER. According to their reports, a
slope of 60 mV dec™' is commonly found for mechanisms in
which the reaction following the first electron transfer is rate-
determining. For lower slopes (30 mV dec™), the third
electron transfer becomes the rate-determining step. On the

basis of these findings, the mechanism of our reactions changes
only slightly in the direction of the third transfer as the rate-
limiting step for particles with sizes of >11 nm. Nevertheless,
the first electron transfer is still rate-determining for all Co;0,
nanospheres.

The linear-sweep voltammetry (LSV) curves for the OER of
differently shaped Co;0, nanoparticles (Figure 11a) show that
the lowest overpotential belongs to the hexagonal plates
(sample S7C, 430 mV). A slightly weaker activity was observed
for the 16 nm cubes (sample S6C) and the 15 nm spherical
particles (sample SSC), which are in the same range with
overpotentials of 450 and 460 mV, respectively. The larger
nanocubes (sample S9C) are less active in OER catalysis in
comparison to the smaller ones (sample S6C), which fits with
the characteristic of a lower surface-to-volume ratio. The
higher activity of the hexagonal Co;0, plates (sample S7C)
compared to the Co;0, nanocubes (sample S6C) is in good
agreement with the results reported by Sidhureddy et al.*® The
highest overpotential was found for the Co;O, octahedra
(sample S8C, 529 mV). This trend leads to the conclusion that
the {222} termination, which is predominantly observed in the
Co;0, hexagonal plates (sample S7C), brings the highest
activity for the OER, whereas the (220) plane-terminated
Co30, nanocubes (sample S6C) are less active. A comparable
(low) activity was observed for the spherical particles (samples
S1C—S5C), which are predominantly (311)-terminated. In
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Figure 11. LSV curves for different Co;0, morphologies (a) with a Nyquist plot (b), a Tafel plot (c), and an overview (d).
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Figure 12. Shape-selective synthesis of Co;0, nanoparticles.

contrast, the (111) plane is the less active facet in Co;0,
spinels.

The Nyquist plots (Figure 11b) show the lowest charge-
transfer resistance for the most active OER catalyst (hexagonal
plates, sample S7C) with 225 Q at 550 mV overpotential. In
general, the trend in resistance is comparable to the trend
observed for the OER activity, with resistances of 283 Q for 16
nm cubes (sample S6C), 576 Q for 1S nm spheres (sample
S5C), 938 Q for 30 nm cubes (sample S9C), and the highest
resistance of 1857 € for the octahedra (sample S8C). The
Tafel slopes for samples S1C—SSC are almost identical and

only change from S0 to 5SS mV dec™" except for the octahedra
(sample S8C), which show a Tafel slope of 65 mV dec™
(Figure 11c). However, even this change is not significant, and
these findings therefore indicate only a slightly different
mechanism for the octahedral particles compared to the other
shapes (Figure 11d).

B CONCLUSION

In summary, Co;0, nanoparticles with different morphologies,
ranging from spherical (samples S1C—S5C) to cubic (sample
S6C) to octahedral (sample S8C) to platelets (sample S7C),
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as well as different sizes were formed in two different synthetic
approaches using different precursors, precursor concentra-
tions, solvents, and surfactants. CoO nanoparticles (samples
S1-S5), which were initially formed in the thermal
decomposition of Co(acac), in pure OLA, as well as cobalt
hydroxide particles (samples S7 and S8), formed in
solvothermal approaches in different solvents and different
surfactants, were transformed into the corresponding Co;0,
nanoparticles with preservation of their size and morphology
(Figure 12). The most dominant facet observed for the Co;0,
nanocubes (sample S6C) is the (220) facet, whereas the
octahedra (sample S8C) are terminated by the (111) facet and
the hexagonal plates (sample S7C) by the (222) and (220)
planes.

Spherical CoO nanoparticles (samples S1—S5) showed no
impact of the particle size on the overpotential, whereas a size
effect was observed for spherical Co;0, nanoparticles (samples
S1C—S5C) and the 11-nm-sized nanoparticles (sample S1C)
turned out to be the most active catalyst. Surprisingly, the OER
analyses did not show a linear relationship between the size of
the spherical nanoparticle and its overpotential because the
catalytic activity was found to increase from 8- to 11-nm-sized
nanoparticles and then stayed almost constant. In contrast, the
OER activity was influenced to a larger extent by the
morphology of the nanoparticles by increasing in the following
trend: hexagons (sample S7C) > cubes/spheres (sample S6C/
S5C) > octahedra (sample S8C). From these findings, we
conclude that the OER activity is largely influenced by the
surface termination, (222) > (220) > (311) > (111), even
though other effects such as oxygen defects on the surface may
also play an important role in the catalytic OER. Further
investigations are currently being performed to address this
specific topic.

B EXPERIMENTAL SECTION

Materials. Cobalt(II) acetylacetonate [Co(acac),; 99%], hexam-
ethylendiamine (HMDA; 98%), and oleylamine (OLA; >98%) were
purchased from Sigma-Aldrich. Cobalt(II) nitrate hexahydrate (99%)
was purchased from abcr GmbH. All materials were used as received,
without further purification.

General Synthesis of Co;0, Nanospheres. A defined mass of
Co(acac), (Table S1) was suspended in 6 g of OLA and degassed at
120 °C for 1 h. The mixture was stirred at 250 °C for 1 h and then
cooled to ambient temperature, yielding CoO nanoparticles, which
precipitate upon the addition of ethanol (EtOH; 14 mL). As-formed
CoO nanoparticles were isolated by centrifugation (3000 rpm, 10
min) and purified by repeated (two times) redispersion in DCM,
followed by precipitation with EtOH and drying in a vacuum. The
CoO particles were then converted into Co;0, by calcination at 300
°C in air for 1 h.

Synthesis of Co;0, Nanocubes. A solution of 2 mL of OLA and
10 mL of EtOH was added dropwise to a stirred solution of 291 mg
(1.00 mmol) of Co(NOs;),-6H,0 in 20 mL of EtOH. The resulting
mixture was then transferred into a 50 mL stainless-steel autoclave
with a Teflon inset and heated in an electrical furnace to 180 °C for
15 h. The resulting precipitate was isolated via centrifugation (3000
rpm, 10 min), washed two times with EtOH, and dried at ambient
temperature. The resulting powder was calcined at 300 °C in air for 1
h.

Synthesis of Co3;0, Octahedra. Co;0, octahedra were
synthesized in a procedure similar to that applied for the nanocube
synthesis by the addition of 708 mg (6.09 mmol) of HMDA in 12 mL
of EtOH to a solution of Co(NOj;),-6H,0 in EtOH. The resulting
particles were then calcined at 300 °C in air for 1 h.

Synthesis of Co;0, Hexagonal Plates. Co;0, hexagons were
synthesized in a procedure similar to that applied for the nanocube

synthesis by dissolving Co(NO;),-6H,0 in H,O instead of EtOH.
The resulting particles were then calcined at 300 °C in air for 1 h.

Structural Characterization. Powder X-ray diffraction (PXRD)
patterns were measured at ambient temperature with a Bruker D8
Advance powder diffractometer in Bragg—Brentano geometry with Cu
Ka radiation (4 = 1.5418 A, 40 kV, and 40 mA). The powder samples
were investigated in the range 5—90°. The size and morphology of the
nanoparticles were characterized by using a JEOL 2200FS trans-
mission electron microscope. Energy-dispersive X-ray spectroscopy
(EDX) studies were performed using a JEOL JSM6510 scanning
electron microscope equipped with an energy-dispersive X-ray
detector (Bruker Quantax 400). The obtained spectra were quantified
by using the software Esprit 1.9 (Bruker). X-ray photoelectron
spectroscopy (XPS) was recorded by using a ULVAC-Phi Versaprobe
II TM spectrometer with a small minimal beam size of 100 gm and a
spectral resolution of 0.5 eV.

Electrochemical Characterization. The electrochemical meas-
urements were performed in a three-electrode system consisting of a
glassy carbon electrode with a surface area of 0.196 cm’® as the
working electrode, Ag/AgCl (3 M KCIl) as the reference electrode,
and a platinum sheet as the counter electrode using an Autolab
PGSTAT204 potentiostat/galvanostat coupled to a Metrohm
rotating-disk-electrode (RDE) rotator. All OER measurements were
performed in 1 M KOH. The measured potential was converted to a
reversible hydrogen electrode (RHE) by the equation Epyp = Epg/aqci
+ 0.207 V + 0.826 V for pH = 14 at 25 °C.

A total of 5.00 mg of the catalyst was dispersed in 10 uL of Nafion
(5 wt %) and a 1:1 mixture of 990 uL of H,0O and EtOH by
ultrasonification for 30 min. The as-prepared catalyst ink was drop-
coated onto a polished RDE with a mass loading of 100 ug cm™ by
using the geometrical surface area and dried at ambient temperature.
Prior to the OER measurement, the electrode was cycled at 50 mV s™!
in a potential window from 0 to 0.8 V versus Ag/AgCl until constant
voltammograms were obtained. OER measurements were performed
at 5mVslina potential window from 0 to 0.8 V versus Ag/AgCl.
Electrochemical impedance spectroscopy was performed at frequen-
cies between 100 kHz and 0.1 Hz with an overpotential of 550 mV.
The resistance of the electrolyte was determined from the Nyquist
plot by using the equation Ej = E,, — iR, where Ej; is the iR-corrected
potential and E, is the measured potential.
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