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Spinel cobalt(i,m) oxide (CozO4) represents a p-type semiconductor exhibiting promising functional
properties in view of applications in a broad range of technological fields including magnetic materials
and gas sensors as well as sustainable energy conversion systems based on photo- and electrocatalytic
water splitting. Due to their high specific surface area, nanoparticle-based structures appear particularly
promising for such applications. However, precise control over the diameter and the particle size
distribution is required to achieve reproducible size-dependent properties. We herein introduce
a synthetic strategy based on the decomposition of hydroxide precursors for the size-controlled
preparation of purified CoszO4 nanoparticles with narrow size distributions adjustable in the range
between 3-13 nm. The particles exhibit excellent colloidal stability. Their dispersibility in diverse organic
solvents further facilitates processing (ie. ligand exchange) and opens exciting perspectives for
controlled self-assembly of the largely isometric primary particles into mesoscale structures. In view of

potential applications, functional properties including absorption characteristics and electrocatalytic
Received 15th January 2023 tivit bed by UV-Vi ¢ d l It ¢ tively. In th . ¢
Accepted 4th July 2023 activity were probed by UV-Vis spectroscopy and cyclic voltammetry, respectively. In these experiments,
low amounts of dispersed CozO4 particles demonstrate strong light absorbance across the entire visible

DOI-10.1039/d3na00032] range and immobilized nanoparticles exhibit a comparably low overpotential towards the oxygen
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Introduction

In recent decades, the scientific community has upheld an
intense interest in the development of nanostructured mate-
rials with adjustable size and morphology as well as the study of
associated structure-property relationships. Due to their
versatile, size-dependent functional properties, nanomaterials
are appealing for many important technological applications
including drug delivery, tissue engineering, sustainable energy
storage and conversion systems, (opto-) electronics, and
catalysis.”” In the field of heterogeneous catalysis, transition
metal oxides based on earth-abundant elements, have received
increasing interest in recent years. Cobalt(u,m) oxide (Coz0,4)
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evolution reaction in electrocatalytic water splitting.

and related compounds, in particular, have been identified as
robust and efficient catalyst materials promoting various envi-
ronmentally relevant reactions.*® Aside from applications in
Fischer-Tropsch synthesis and the oxidation of carbon
monoxide, Co;0, has shown excellent performance in the
catalysis of both, the oxygen evolution reaction (OER) and the
oxygen reduction reaction (ORR) in electrocatalytic water split-
ting and as a co-catalyst in photocatalysis.”® The latter repre-
sent highly promising reaction systems for clean energy
conversion and benefit from the remarkable stability of spinel-
type cobalt oxide in an aqueous medium even under highly
acidic or alkaline conditions.

The majority of synthetic approaches for the preparation of
Co30, nanomaterials involve solvo- or hydrothermal sol-gel
methods, followed by calcination at temperatures between 300-
450 °C."»" These methods are mainly designed to generate
larger, non-re-dispersible particles without capping ligands.
While the omission of ligands can be advantageous for appli-
cations based on surface reactions requiring accessible facets of
the nanoparticle (NP) units, e.g. in catalysis or charge/discharge
reactions in energy storage systems," dispersed NPs offer
desirable properties for large-scale processing, surface func-
tionalization, and structuring as well as controlled assembly.

A number of methods for the synthesis of re-dispersible
Co30, NPs have been reported in the literature. Agiral et al.
developed a solvothermal synthetic protocol to fabricate re-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dispersible 4 nm Co3;0, nanocubes. Another solvothermal
method for the synthesis of re-dispersible Co;0, NPs by
oriented attachment was reported by Tsukiyama et al.™ Liu et al.
recently described a hydrothermal method to prepare 8-9 nm
sized spherical and cubic Co;0, NPs.'® To probe the catalytic
activity towards CO oxidation as a function of catalyst particle
size, Iablokov et al. synthesized very small, spherical, and re-
dispersible Co-NPs in the size range between 3-10 nm,'”'®
which were then oxidized into Co;0,4. Similarly, Saddeler et al.
prepared spherical CoO NPs with diameters between 8-15 nm
and subsequently oxidized into Co;0,,"” where the conversion is
accompanied by ligand decomposition and the loss of dis-
persibility though. Recently, Haase et al. reported a method to
prepare CoO,(OH) particles ranging from 1-9 nm.>

NP dispersions with tunable size and narrow size distribu-
tion are in great demand, as such systems may facilitate dedi-
cated studies on size-dependent properties (e.g. catalysis,
magnetism) and enable ordered self-assembly into customized
meso- and microscale superstructures from solution.** There-
fore, our study aims to develop a convenient and reproducible
liquid-phase strategy for the fabrication of primary, re-
dispersible Co;0, NPs with adjustable sizes over a comparably
large range of diameters in just one precipitation system.

Typical liquid-phase nanoparticle syntheses involve the
thermal decomposition of molecular compounds at high
temperatures (250-320 °C) often accompanied by long reaction
times (>10 h).>> In the case of cobalt oxides, such reactions
mainly lead to the formation of CoO, instead of the oftentimes
catalytically more active Co;0, phase.**?* During the electro-
catalytic OER, for example, CoO is rapidly oxidized to Coz0y,
towards which all further oxidation products revert in the
catalytic cycle.”® For this reason, it can be desirable to directly
introduce Coz0, into the electrocatalytic reaction to avoid an
uncontrolled structural transformation which would potentially
impact the overall catalyst structure and possibly its stability.

The most commonly used direct reaction pathway for the
synthesis of spinel-type Co;0, is the initial precipitation of
Co(OH), using alkali hydroxides, ammonia, or urea as reagents
with various cobalt salts.?”*® Cobaltous hydroxides crystallize as
layered double hydroxides (LDH) in the o-Co(OH), (hydro-
talcite) and B-Co(OH), (brucite) form.>**° LDH are capable of
intercalating a large variety of anions within the interlayer space
potentially altering the resulting morphology,* which is then
pseudomorphically translated into the oxide phase upon
thermal conversion.*” As different crystal shapes are associated
with a characteristic set of surface-exposed lattice planes,
functional properties of Co;0,4, such as catalytic activity and
magnetism, are strongly affected by particle morphology.***3*
Another merit of utilizing Co(OH), as a precursor is the rela-
tively mild decomposition temperature of a-Co(OH), at 165 °C
resulting in the transformation to Co30,,* thus significantly
reducing the energy required to generate spinel cobalt oxide
NPs.

In view of functional properties, Iablokov et al. report an
enhanced catalytic activity for Co;0, NPs with diameters in the
range between 5-8 nm towards the oxidation of CO, whereas the
conversion rate decreases rapidly for larger-sized particles.'®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The relationship between catalytic activity and NP size makes it
reasonable to assume that similar size-dependent efficiency
maxima exist for other catalytic processes occurring at the
surfaces of spinel cobalt oxide NPs as well. However, the
determination of size-dependent properties relies critically on
the comparability of the investigated NPs with respect to their
chemical nature and environment (e.g. composition, function-
alization). Therefore, it is highly desirable to prepare an entire
series of differently sized NPs based on the same inherent
reaction conditions and educts. To the best of the authors’
knowledge, no such protocol is currently available for the
synthesis of Co;0, NPs with systematically tunable particle size
in the low nanometer regime. Moreover, the re-dispersibility of
the particles is a desirable property for post-synthesis purifica-
tion and storage.

To address the challenge posed by these requirements, we
here establish a reaction system based on the precipitation of
hydroxide precursor particles at mild temperatures (<100 °C)
and subsequent in situ thermal conversion into spinel cobalt
oxide. In contrast to other methods for the precipitation of
cobalt hydroxide, an organic solvent (oleylamine) is used
instead of an aqueous system. Oleylamine (OLA) simulta-
neously acts as the solvent and stabilizing ligand and limits
monomer diffusion to achieve a stable growth regime. OLA
further represents a bio-renewable chemical and may be
recovered after the reaction if so desired.*® Similarly, the chosen
stabilizer oleic acid (OA) is bio-renewable, as well as non-toxic,
inexpensive, and well-researched while providing reliable
stabilization for NPs in non-polar solvents.***” The injection of
NaOH in an aqueous solution allows for facile, reliable size
control as well as the colloidal stabilization of Co3;0, NPs in the
low nano-regime by a reverse-micelle process.

Hence, a synthetic protocol relying only on commercially
available reagents was designed to provide a facile, versatile,
inexpensive, and potentially scalable method to produce Coz;0,
NPs with controlled size and shape.

Experimental section

Chemicals and materials

Cobalt(u) nitrate hexahydrate (99%, for analysis), oleic acid (OA,
synthesis grade), oleylamine (OLA, 98%), tetrabutylammonium
hydroxide (1.0 M in MeOH), Co;0, nanopowder (<50 nm,
99.5%), Nafion 117 solution (5% in lower aliphatic alcohols and
water) and glassy carbon (spherical powder, 2-12 pm, 99.95%)
were purchased from Sigma Aldrich. Ethanol (EtOH) and
heptane were obtained from VWR. NaOH solution (0.1 M in
distilled water) was purchased from Griissing GmbH. Poly-
tetrafluoroethylene (PTFE, 0.2 pm) syringe filters were obtained
from Carl Roth GmbH. All chemicals and materials were used as
received from the suppliers without further purification.

Synthesis of Co;0, nanoparticles

As a general procedure, Co;0, nanoparticles were obtained via
precipitation of a hydroxide-based precursor followed by
thermal decomposition. For that purpose, Co(NOj), 6H,0O
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(2 mmol, 0.582 g) was dissolved in 20 mL oleylamine (OLA,
>98% primary amine) in a sealed three-necked round-bottomed
flask together with 2 mL of EtOH as phase mediator. The
reactant solution was equilibrated at the desired reaction
temperature (cf Chapter 1 in the ESI}) to fully dissolve the salt
before cobalt hydroxide precursor particles were precipitated
with either 4 mL tetrabutylammonium hydroxide (TBAH) solu-
tion (1.0 M in MeOH, 4 mmol) or 2 mL NaOH solution (4 mmol
in distilled H,0). After stirring the reagent mixture for 1 h, low-
boiling solvents were removed in vacuo. Subsequently, the
precursor particles were thermally converted into Coz;O0, by
heating to 180 °C for 1 h. The resulting nanoparticle dispersion
was then cooled down to room temperature with an ice bath,
followed by the addition of 2 mL oleic acid (OA), as well as
10 mL heptane before stirring the dispersion overnight. After-
wards, the nanoparticles were purified in several consecutive
centrifugation and re-dispersion steps with EtOH and heptane
to remove any traces of OLA and residual salts. The particles are
stable during at least three precipitation and re-dispersion
steps. After drying, the obtained cobalt oxide particles were re-
dispersed in heptane and filtered through a 0.2 pm PTFE
syringe filter.

Specific reaction parameters and variations in the synthetic
procedure implemented to obtain CozO, nanoparticles with
different distinct sizes are detailed in the ESI} (¢f. Chapter 1 in
the ESIT). Major parameters influencing the particle size are the
reaction temperature, the mode of base injection (instant
injection vs. drop-wise addition), and the availability of oxygen
as well as subsequent purification steps by precipitation and re-
dispersion.

Characterization of composition, structure, and properties

Transmission electron microscopy. Transmission electron
microscopy (TEM) images, selected area electron diffraction
(SAED) patterns, and electron energy loss spectra (EELS) were
acquired on a Zeiss EM922 Omega instrument equipped with
a thermal LaBg cathode, an in-column omega filter, omega-
type spectrometer and a Koehler illumination system at 200
kV. Image acquisition was performed with a Gatan CCD
Camera (Ultrascan 1000) controlled by Gatan Microscopy
Suite (GMS) 1.9 software. Prior to the measurements, nano-
particles were immobilized by drop-casting onto Cu TEM
grids covered with a thin amorphous carbon layer (Plano
GmbH, Germany). High-resolution (HR) TEM micrographs
were obtained with a JEOL JEM-2200FS microscope (JEOL
GmbH, Germany) equipped with a Schottky field emission
gun (FEG Zr/W(100)) and an in-column omega energy filter at
200 kv. Images were recorded with a Gatan CMOS (One View)
camera with GMS 3.11.

Image analysis was performed using Gatan Digital Micro-
graph and Fiji software.*®* The particle dimensions were ob-
tained as Feret diameters. Average particle diameters were

determined by fitting a log-normal  distribution
x
Xe .
=y0+ exp ; A = area, x = diameter, x. =
V2Twx 2w?
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center of the distribution, w = log standard deviation) to the
count-size histograms obtained from Fiji. Particle size distri-
butions were calculated from the full width at half maximum
(FWHM) of the log-normal fit functions.

SAED patterns were evaluated by using the DiffTools appli-
cation for Gatan Digital Micrograph as well as Crystbox 1.10.*%*
Reference diffractograms were calculated from crystallographic
information files (.cif) obtained from the Crystallographic Open
Database (COD card: 9005896) with the free VESTA (visualiza-
tion for electronic and structural analysis) software package.*>
The reference diffractogram was recalculated from the
conventional 26 representation to match the scattering vectors
obtained from SAED.

Powder X-ray diffraction. Powder X-ray diffraction (PXRD)
was measured in Bragg-Brentano geometry with an Empyrean
diffractometer (PANalytical B.V.; Netherlands) using Cu-K,
radiation (A = 1.54187 A) and a STOE STADIP Mythen2 4K
diffractometer (Stoe & Cie. GmbH, Darmstadt, Germany)
equipped with a Ge (111) monochromator and four Dectris
MYTHEN2 R 1K detectors in Debye-Scherrer geometry. Dif-
fractograms were recorded in an angular range of 26 = 2°-70° at
room temperature using Ag-K, radiation (2 = 0.56 A). Prior to
the measurements, the samples were sealed in glass capillaries
(@ = 1 mm, Hilgenberg, Malsfeld, Germany). Diffractograms
were analyzed with the X'pert Highscore Plus software.

Dynamic light scattering. The hydrodynamic radii and zeta
potentials were determined with a Malvern Zetasizer Nano-ZS
(Germany, ZEN3600, wavelength = 638 nm) in automatic
mode at 25 °C in highly diluted suspensions (0.03 mg mL ™).
The evaluation software provided by the supplier (Malvern
Zetasizer Software 7.13) is based on the Cumulant method and
uses the Stokes-Einstein-equation for size determination.
Quartz cuvettes (10 mm) were used for the measurements.

Thermogravimetric analysis. Thermogravimetric analysis
(TGA) measurements were obtained with an STA 449C instru-
ment (NETZSCH, Germany). Data were recorded under
a synthetic air atmosphere (100 mL min~ ') in a temperature
range of 25-1000 °C with a heating rate of 10 °C min™".

Small-angle X-ray scattering. For volume-averaging quanti-
tative nanostructural analysis by small-angle X-ray scattering
(SAXS), undiluted NP dispersions were filled into glass capil-
laries (J = 1 mm, Hilgenberg, code-no. 4007610, Germany).
Thin-film samples were obtained by drop-casting a NP disper-
sion (15 mg mL™ ") on Kapton foil (polyimide, item number
GF79050449, thickness: 0.05 mm, Merck KGaA, Darmstadt,
Germany). Measurements were performed at ambient condi-
tions using a Double Ganesha AIR system (SAXSLAB/Xenocs).
Monochromatic radiation with a wavelength of A = 1.54 A was
produced by a rotating Cu anode (MicroMax 007HF, Rigaku
Corporation, Japan). Two-dimensional scattering patterns were
recorded with a position-sensitive detector (PILATUS 300K,
Dectris), which was placed at different distances from the
sample to cover a wide range of scattering vectors g (0.003 A~ <
g < 0.45 A™"). The scattering vector is calculated as

0= 4 = “sin(3) 1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with 2 representing the wavelength of the incident beam and ¢
the scattering angle. One-dimensional intensity profiles of 1(q)
vs. q were obtained by radial averaging (thickness of a 1 mm
capillary or 0.05 mm Kapton foil) and subsequently merged. All
data are normalized to the intensity of the incident beam,
sample transmission, and accumulation time. Background
correction was performed by subtracting the signal of a solvent-
filled capillary or pristine Kapton foil.

Modelling of the data was performed with the Scatter soft-
ware (version 2.5) using the form factor models for polydisperse
homogeneous spheres with a Gaussian size distribution.** The
obtained results were cross-compared to results obtained with
the SasFit application.*

Ultraviolet-visible = and  near-infrared  spectroscopy.
Ultraviolet-visible (UV-Vis) and near-infrared (NIR) spectra were
measured on a Cary 5000 UV-Vis NIR spectrophotometer from
Agilent Technologies in 10 mm quartz cuvettes. The back-
ground spectrum of a blank quartz cuvette was subtracted from
the data. Transparent specimens were prepared by diluting
dispersed NPs with heptane towards a final mass concentration
of 0.1 mg mL™".

Cyclic voltammetry. Cyclic voltammetry (CV) measurements
were performed with a PGSTAT204 potentiostat from Metrohm
Autolab B.V. in a 250 mL three-electrode glass cell in 0.1 M
NaOH as electrolyte. An Ag/AgCl electrode (inner chamber: 3 M
KCl; outer chamber: 0.1 M K,SO,) was used as a reference and
a platinum sheet as the counter electrode. Ligand-free nano-
particles were immobilized on a rotating disk glassy carbon
working electrode (RDE, g = 3 mm, code-no. 6.1204.300). For
that purpose, specimens were prepared by sonication of 1 mg
Co30, powder in 90 uL Nafion solution (Nafion 117 solution,
5 wt% in lower aliphatic alcohols and water) together with
0.2 mg spherical glassy carbon particles as conductive support
(2-12 pum) for 10 min. The resulting black suspension was drop-
casted onto the electrodes and dried for at least 1 h before the
measurements. Each sample contained 0.0178 mg of Coz0,
powder which is equivalent to an electrode coverage of 2.5 ug
mm >,

Electrochemical measurements were conducted in a poten-
tial window of —0.5 V to 1 V at a scan rate of 50 mV s~ ' with an
RDE rotation speed of 2000 rpm to cover the RedOx-active
region of Coz0, and to initiate the anodic oxygen evolution
reaction (OER). The data were converted to the potential scale of
the reversible hydrogen electrode (RHE) and corrected for the
iR-drop according to the following equation

Erng = Eagager + 0.059 pH + Exgiager 6 m ke — iRy (2)

where Egapci represents the measured potential, Eﬁg,
agcl (3 M ke 18 the standard potential of the Ag/AgCl electrode
containing 3 M KCl (ERgagcl 3 m kc1y = +0.205 V), i is the
measured current and R, represents the uncompensated resis-
tance, which was individually determined by the current inter-
rupt method for each sample. To investigate the electrocatalytic
performance of the Co;0, nanoparticles in water splitting, the
overpotentials 7 = Eryg — Ep,0/0, Were calculated as the
difference between the standard potential of the oxygen

© 2023 The Author(s). Published by the Royal Society of Chemistry
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evolution reaction against the RHE (Ey,0/0, = 1.229 V) and the
potential corresponding to a current density of 10 mA ecm™>.
Reported values represent an average obtained from four

different electrodes prepared according to identical protocols.

Results and discussion
General synthetic procedure

Co3;0, NPs with tunable size in the low nanometer regime were
prepared by a facile and versatile liquid phase synthesis based
on the thermal decomposition of hydroxide precursors.

The experimental system developed in this work consists of
a complex solvent mixture of OLA, EtOH, and H,O. While
a small amount of EtOH was added intentionally as a phase
mediator to increase the solubility of the cobalt salt, water is
contributed by the Co(NO3),-6H,0 reagent in the form of crystal
water. Such minute quantities of H,0, however, did not affect
the progress or products of the reaction as demonstrated in
control experiments with an anhydrous Co(u) source obtained
by in vacuo removal of crystal water from the Co(NO3),6H,0
salt prior to the reaction. According to a study by Folkman et al.
on a similar system, EtOH does not contribute a ligand effect
during the reaction.*

As schematically illustrated in Fig. 1, the reaction protocol is
based on the basic precipitation of green a-Co(OH), from the
Co(u) solution. Precursor particles nucleating from the reaction
mixture at elevated temperatures are in situ stabilized by OLA
and subsequently thermally decomposed into Co;0, at 180 °C.
After thermal conversion into the oxide phase, the resulting NPs
are additionally stabilized with OA. Characteristic colour
changes in the reaction mixture are observed along the reaction
path as documented in Fig. S1.F After injection of the base, the
colour of the initially red Co(u) solution depends on the atmo-
spheric conditions. Under N,, green hydrotalcite-type o-
Co(OH), with a layered crystallographic structure and a strong
capacity for ion intercalation is obtained.* Without continuous
nitrogen purging, the dispersion turns dark green and eventu-
ally brown, while under atmospheric conditions, a fast change
towards a brown colour is observed due to the formation of
a complex mixture of o-Co(OH), and its oxidation product
CoO(OH). Above temperatures of 50 °C, a-Co(OH), is rapidly
converted into light pink B-Co(OH), in N, atmosphere.*
However, irrespective of the precursor composition, black
Co30, NPs are obtained after in situ decomposition. The
observed stages of the reaction were isolated as powders and
analyzed by PXRD. The results are summarized in Fig. S2.}
Adjustments of the specific reaction conditions in the precipi-
tation system enable the isolation of NPs with sizes between 3
and 13 nm with narrow size distribution (Fig. S3t). Aliquots
removed from the reaction mixture prior to thermal conversion
were investigated by TEM revealing the preservation of NP size
and shape, which points to a pseudomorphic transformation
pathway (Fig. S41). The assumed reaction scheme is presented

in eqn (3).

+NaOH 4
Co(NOs),-6H,0 o, CoO,H, o Co304 (3)
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(iv) Decomposition
into Co30,

(iii) Precursor
particles

Fig. 1 Schematic illustration of the reaction scheme. (i) A solution of red Co(NOs),-6H,O in OLA is heated in a round-bottomed flask. (ii)
Injection of a base (typically agueous NaOH) induces the formation of green a-Co(OH),. (iii) Further heating leads to the precipitation of
hydroxide precursor NPs. In contact with air, the mixture adopts a brown-green color presumably due to the presence of an oxyhydroxide
oxidation product. (iv) The precursor particles are pseudomorphically converted into black CosO4 NPs.

Remarkably, NPs created according to this method have been
colloidally stable in dispersion (i.e. no agglomeration and
sedimentation is observed) for more than 10 months, thus
exhibiting excellent shelf-life for storage (see Fig. S51).*” Aside
from the stability of the resulting dispersions, the necessary
reaction temperatures of 180 °C and below are significantly
lower than in many reported liquid phase NP syntheses. The
reaction time (~1 h for nucleation and growth of precursor NPs
and ~1 h for conversion into Co3;0,) is short compared to
similar reaction systems in solvothermal synthesis.'*** Hence,
the here presented methodology indeed provides a platform for
the controlled, resource-efficient preparation of colloidally
stable Co;0, NPs with tunable size.

Temperature dependence of the Co;0, nanoparticle
crystallization

When considering important reaction parameters critically
affecting the solubility of reagents, and thus the nucleation and
growth of NPs, temperature, reagent concentration, and solvent
have to be optimized and controlled. In the here presented
precipitation system, OLA is chosen as a medium, in which the
solubility of ionic salts is limited and thus supersaturation is
readily achieved. Nucleation of the hydroxide-based precursor is
routinely induced by stoichiometric addition of base (here:
NaOH). We assume that the phase transition occurs via
homogenous nucleation as evidenced by control experiments
performed with a tripled NaOH concentration (Fig. S61). The
increase in precipitation agent forcefully increases the super-
saturation and thus the nucleation rate. The resulting particles
are smaller with a significantly broader size distribution since
the depletion of monomer occurs in a shorter time period.*
To investigate the effects of the precipitation temperature (7)
on the progress and products of the reaction, a series of
syntheses were performed in the temperature range between
50-100 °C in steps of 10 °C while keeping the salt concentration
(ncoo,),-61,0 = 2 mmol) and all other reaction parameters

3946 | Nanoscale Adv, 2023, 5, 3942-3954

constant to ensure comparability. The experiments are con-
ducted under an air atmosphere. After stirring for 30 min at the
desired temperature, the solutions were destabilized by injec-
tion of NaOH to induce nucleation. The results of these T-
dependent experiments are summarized in Fig. 2.

When analyzed by TEM, the particles precipitated at T = 50 ©
C exhibit a size of ca. 6.5 + 2.7 nm (Fig. 2a). Their fractured
appearance and irregular shapes suggest that at very low
precipitation temperatures, the Co(NO;),-6H,O salt may have

T © sSize

Il

Fig. 2 Temperature-dependence of NP size and shape. TEM micro-
graphs of CozO4 nanoparticles synthesized with a precipitation step
performed at temperatures of (a) 50 °C, (b) 60 °C, (c) 70 °C, (d) 80 °C,
(e) 90 °C and (f) 100 °C (same scale bar). Trends in the temperature-
dependent modulation of particle size and shape are indicated by grey
arrows.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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been only partially dissolved in the medium. We speculate, that
under these conditions, the solution is kept at saturation which
leads to secondary nucleation. In this event, smaller, newly
nucleated particles may readily attach to the surfaces of larger
NPs to reduce the surface energy. Such an effect may explain the
observed overall rough, irregular surface topography and larger
“effective size” (i.e. core and surface-attached particles).*® This
line of thought is supported by experiments performed at
higher temperatures. When precipitation is carried out at T =
60 °C, the particle shape appears more homogeneous due to the
increased solubility of the educts (Fig. 2b). Concomitantly, the
average particle diameter is significantly reduced to 5.4 +
1.9 nm due to the presumed absence of secondary nucleation
and accretion of smaller particles onto the surfaces. However,
even at 60 °C, the solubility of the reagent salt appears to be
limited. When raising the precipitation temperature to T'= 70 °
C, we observed a substantial increase in yield in combination
with a larger average particle size of 12.9 + 4.6 nm and
a centrosymmetric, more clearly defined particle shape (Fig. 2c).
No indication of surface-attached smaller particles is seen in
TEM micrographs of NPs deposited at 70 °C. At equilibration
temperatures of 80 °C and 90 °C, similar results are obtained
with average NP sizes of 12.5 + 3.1 nm and 11.9 £+ 3.3 nm,
respectively (Fig. 2d and e). At T = 100 °C, however, a significant
decrease in size to 8.3 £ 1.9 nm, is observed (Fig. 2f), thus
indicating a drastic significant change in the conditions within
the reaction system. Most importantly, the boiling point of
water is reached at 100 °C, water and EtOH are boiling simul-
taneously. While it is unclear in which exact state of coordina-
tion water coexists with cobalt ions and OLA at elevated
temperatures, we can assuredly infer that its mobility increases
significantly at the boiling point.***> This may lower the solu-
bility of OLA-capped NPs while having no effect on the cobalt
salt. In support of this hypothesis, control experiments were
performed. Without the addition of EtOH as a phase mediator
or by replacing it with water, the NPs decrease further in size
accompanied by a significantly lower yield. Thus, a negative
influence of excess water on particle growth may be inferred.

Interestingly, the T-dependent changes in particle size are
accompanied by a modulation in nanocrystal shape. Specifi-
cally, the smaller particles precipitated at 7' < 70 °C exhibit
a generally spherical morphology, while a gradual transition
toward cuboidal shapes is observed in NP samples obtained at
temperatures of 7 = 70 °C. Influences on particle size and
morphology are further considered in the discussion section,
vide infra.

In summary, these experiments demonstrate that in the here
presented liquid-phase reaction system, adjustment of the
average NP size is possible by systematic variation of the
temperature at the precipitation step.

Size-controlled synthesis of Co;0, nanoparticles

Building on these important observations, we implemented
further adjustments to the process to improve particle size
distributions and to achieve a series of NPs with even smaller
dimensions. The smallest possible NP size achieved by pure
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thermal control is 5.4 = 1.9 nm at 60 °C. Fig. 3 summarizes the
results of these optimizations. Reactions were performed at 50 ©
C, 80 and 100 °C to assure reasonably spaced temperature
intervals (here: a minimum of 20 °C) to facilitate the identifi-
cation of effects of the varied parameters on particle size and
shape. A substantial reduction in particle size (at a constant
temperature) is observed when the reaction is performed under
extended nitrogen purging (Fig. 3a-c). Specifically, NPs precip-
itated at T = 50 °C by an instantaneous injection of stoichio-
metric NaOH solution in the absence of oxygen exhibited an
average size of 4.7 + 1.0 nm (sample S5, Fig. 3c), which corre-
sponds to a decrease by ~2 nm as compared to the analogous
reaction under air atmosphere (compare Fig. 2a; 6.5 £+ 2.7 nm).
Simultaneously, oxygen-free conditions appear to promote
more clearly defined spherical particle morphologies.

For the synthesis of even smaller Co;0, NPs, the mode of
base addition needs to be modified, such that the precipitation
agent is slowly dripped into the Co(NOj3),-6H,O solution over
15 min. Due to the limited amount of hydroxide available for
particle formation, nucleation may only occur locally for each
droplet of NaOH(aq). For this reason, only very small particles
with an average size of 3.9 + 1.2 nm (sample S4, Fig. 3b) can be
formed under these conditions. By exchanging the aqueous
NaOH solution with a 1.0 M solution of tetrabutylammonium
hydroxide (TBAH) in MeOH a further reduction in particle
diameter to an average size of 2.8 £+ 1.0 nm can be achieved
(sample S3, Fig. 3a). Since 4 mL of solution needs to be added
for a stoichiometric amount of base, the application of EtOH as
a phase mediator was omitted in this case (to keep the final
volume constant). With an increasing amount of MeOH (during
dropwise base addition), the solubility of the cobalt salt
increases while the solubility of the resulting particles
decreases, thus inhibiting further growth to yield extremely
small-scale particles. Please note, that the overlap of size
distributions cannot be fully prevented in the case of very small
particles (<5 nm) close to the size of the critical nucleus. Parti-
cles of type S3 may also be synthesized with similar size in an air
atmosphere (¢f Fig. S7t), but a nitrogen-derived sample is
shown in Fig. 3 for consistency with samples S4 and S5 (both
obtained under nitrogen atmosphere).

The aforementioned approach of decreasing particle size by
nitrogen purging, however, is only reliably applicable at low
reaction temperatures, since hydrotalcite a-Co(OH), is con-
verted to brucite B-Co(OH), in the presence of nitrogen at
elevated temperatures.*>** While this conversion is slow, and
can be neglected at T = 50° (as only very small amounts of
brucite are detected in the X-ray diffractogram of sample S5),
repeating the experiments at T = 80 °C leads to the precipitation
of an insoluble pink solid from the dark green dispersion,
thereby preventing the formation of colloidally stable Co;0,
NPs (cf: Fig. S2t). However, to overcome this problem, a blanket
of nitrogen generated by a single surge of the inert gas was
found to improve both, particle shape and size distribution at
temperatures of 80 °C and above.

NPs in the size range between 7.2-13.2 nm are precipitated
with NaOH as a base under a blanket of nitrogen and depicted
in Fig. 3d-f. Well-defined cuboidal particles with an average size
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Fig. 3 Size and shape of NPs in the low nanometer regime. (a—f) TEM micrographs of NPs in the size range from 2.8 nm to 13.2 nm, ordered
according to an increase in particle size. From a—f, samples S3 (50 °C), S4 (50 °C), S5 (50 °C), Cb8 (100 °C), Cb11 (80 °C), and Cb13 (80 °C) are
displayed. (g) Combined, normalized size-distribution histograms obtained by TEM image analysis. The particles of each sample focus on
a narrow size margin, despite a relatively broad basis. Due to the strong overlap between 3-5 nm, the count-size histogram of S4 was omitted.

of 13.2 + 2.1 nm are obtained by instantaneous injection of
NaOH solution at T = 80 °C (sample Cb13, Fig. 3f). Slightly
smaller particles with an average size of 10.9 + 2.4 nm and
facetted, cuboidal morphologies were synthesized by
decreasing the routinely applied equilibration time at 80 °C
from 30 min to 10 min (sample Cb11, Fig. 3e; refer to the
discussion for more information, vide infra). Instantaneous
injection of NaOH solution at 7= 100 °C under a blanket of
nitrogen leads to cuboidal NPs with an average size of 7.2 +
1.6 nm (sample Cb8, Fig. 3d). A direct comparison with NPs
depicted in Fig. 2f, which were also precipitated at 100 °C, but
under exposure to air, demonstrates that the nitrogen blanket
reduces particle size and slightly improves size distribution.
Since NP dispersions generally possess a certain size distri-
bution, care is necessary when evaluating size-dependent
properties due to potentially overlapping particle size distribu-
tions. The comparison of size distribution histograms obtained
for the here described NPs demonstrates that the developed
synthetic strategies lead to particles with focused average sizes
(Fig. 3g, individual histograms cf. Fig. S37). For better visibility,
the distribution of the particles with an average size of 3.9 nm
(sample S4, Fig. 3b) is omitted due to the significant overlap
with samples S3 and S5 (exhibiting average sizes of 2.8 and
4.7 nm, respectively). The particles of 4.7, 7.2, and 10.9 nm
average size (S5, Cb8, Cb11) possess comparable size distribu-
tions of 21-22%. Broader distributions of 31-35% are observed
for the smallest particles (S3 and S4), while a narrower distri-
bution of 15% was obtained for the largest sample (Cb13; see
Fig. S31). The histograms further reveal that small amounts of
very large and very small particles are formed as a by-product of
the synthesis (Fig. 3g) since nucleation and growth are not
decoupled in this system. However, those by-products can be
readily removed by size-selective precipitation during the puri-
fication process, if so desired. This is demonstrated in Fig. S8.1
In this context, we would like to emphasize that the bulk of the
distributions presented in this work was not artificially
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narrowed to illustrate the intrinsic potential of the developed
synthetic strategies. The amount of OA ligands in the different
samples was estimated based on thermogravimetric analysis
displayed in Fig. S9.1

The reported average sizes and size distributions were ob-
tained by TEM image analysis, which represents a semi-
quantitative method. In order to complement these data,
small-angle X-ray scattering (SAXS) was performed directly on
NP dispersions as a volume-averaging technique omitting the
need for further sample preparation and providing statistically
accurate quantitative information on the size and size distri-
bution of scattering objects in the nanometer regime
(Fig. S107).

A summary of the average dimensions of NPs extracted from
TEM and SAXS data is provided in Table 1, demonstrating that
particle sizes determined by SAXS are in good agreement with
results from TEM image analysis.

Fig. S111 compares the scattering signals of dispersed Co;0,
NPs with SAXS measurements of the same particles (Cb13)

Table 1 Particle sizes determined by SAXS based on a model of
polydisperse homogeneous spheres. A Gaussian size distribution was
used in the form factor model, the size is given as two times the radius
of a sphere. The SAXS sizes are compared to the minimum Feret
(smallest average length) and the Feret diameter (actual average
particle size obtained from TEM). Take note that due to the spatial
orientation over all angles and the particle count in dispersion, cubic
particles may also be approximated as spherical objects

Sample SAXS size [nm] MinFeret [nm] Feret [nm]
S3 2.0 £0.8 1.7 £ 0.7 2.8 £ 1.0
S4 2.4 +1.0 2.3+0.5 39+1.2
S5 3.2+1.6 3.2+0.6 4.7+ 1.0
Cb8 6.2 £ 1.1 5.7 £ 1.4 7.2 +1.6
Cb11 9.0 £ 2.0 8.8+ 1.9 109 £ 2.4
Cb13 11.0 = 1.7 10.7 + 1.6 13.2 £ 2.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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deposited on Kapton foil as a dried film. A pronounced Debye-
Scherrer ring observed for the immobilized NPs in the solid
state indicates particle interaction and a very well-defined
interparticle distance, and thus highlights the potential of the
herein-described cuboidal NPs with narrow size distributions
for controlled self-assembly into ordered superstructures.

Optical properties of colloidally
stabilized Coz04 nanoparticles

Absorption spectra were recorded in the ultraviolet-visible (UV-
vis) and near-infrared (NIR) regions (Fig. 4) to study the
composition and electronic structure of the synthesized NPs.
Characteristic signals attributable to Co;0, and OA ligands

Q

4_‘ T T T T
x Co;0, NPs

—— Oleic acid

31 Heptane

O(-l) > Co(lli)(e,)
/

Absorbance [a.u.]

O(-I1) - Co(lll)(t,g)

B(I)O 10I00 12I00 14IOO 16IOO 18l00
Wavelength [nm]

T T

T T
400 600

b Sl S e 2.8 nm
— i 39nm | |
31 | 4.7 nm
o —7.2nm
——10.9 nm|

N O(-ll) — Coflll)(e,)

Absorbance [a.u.]

O(-11) > Co(ll)(tg)

0 T
200 300

T T T T T T
400 500 600 700 800 900

Wavelength [nm]

Fig. 4 UV-vis/NIR spectra of Cos04 NPs dispersed in heptane. (a)
Absorption spectrum of OA-stabilized cuboidal CozO,4 NPs dispersed
in heptane (Cb13) in the spectral range from 200-2000 nm (black
line). For comparison, reference spectra of pure OA (blue line), as well
as heptane (yellow line), are shown. (b) Series of absorption spectra for
NPs with diameters between 2.8 and 10.9 nm showing size-dependent
absorbance. Inset: photograph of cuvettes containing NP dispersions
(left to right: increasing NP size from 2.8-10.9 nm). Intensification of
colouration is observed with increasing NP size.
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were identified for cuboidal particles with an average size of
13 nm (Cb13). Specifically, two strong bands centred at 390 nm
(3.18 ev) and 677 nm (1.83 eV) represent charge transfer signals
of Co;0, are seen in Fig. 4a (black line).** The remaining bands
detected in the NP dispersion are in good agreement with
reference spectra of OA and heptane and thus may be assigned
to the ligand and solvent molecules. A more detailed analysis of
the ligand signals may be found in the ESI} (Fig. S12 and S137).
Fig. 4b displays absorbance spectra obtained from NPs with
diameters between 2.8-10.9 nm (samples S3, S4, S5, C8, and
Cb11) at a mass concentration of 0.1 mg mL ™. At very small
dimensions, a trend of systematically increasing absorption
intensities with particle size is observed reaching a plateau for
diameters of 7.2 nm and beyond.

From an optical point of view, Co;0, is a complex material.
The different oxidation states of Co*"** and the two different
coordination environments of the spinel structure (tetrahedral
and octahedral) allow for six possible optical transitions in the
UV-vis/NIR spectral range including two ligand-to-metal charge
transfers (LMCT), two metal-to-metal charge transfers (MMCT),
and two crystal field transitions for the tetrahedral and octa-
hedral environments.”® In a semi-empirical approach, four
transitions were attributed by Miedzinska et al. to the O~ (2p)
— C0”'(tag) (2.1 €V/590 nm) LMCT, the Co’"(t,g) — C0*"(tsg)
(1.3 eV/954 nm) MMCT, the Co*'(t,5) — Co’*(eg) (1.0 €V/1240
nm) MMCT and the Co*’(e;) — C0*'(tz,) (0.8 €V/1550 nm)
tetrahedral crystal field transition.> More recent works suggest
that the transition at 1.3 eV should be assigned to the O (2p)
— C0°"(t,g) LMCT.*** Density functional theory (DFT) calcu-
lations by Xu et al. which are supported by experiments assign
two transitions at 2.9 eV (440 nm) and 3.3 eV (376 nm) to the
0% (2p) — Co’*(eg) LMCT and the Co**(t,) = C0*'(t,g) MMCT,
respectively.”® This attribution was in part confirmed by Jiang
et al. who argue convincingly that the 0O*~(2p) — Co*'(ey) LMCT
(440 nm) is excited by light irradiation at 400 nm. The same
report also presents a typical absorbance spectrum for thin
films of C0;0,.*

A recent summary of relevant literature and further studies
on the optical properties of Co;0, may be found with Turan
et al.®® Nkeng et al. argue that the relative intensities of the
peaks at 1333 nm (0.93eV) and 1512 nm (0.82 eV) in spinel-type
cobalt oxide thin films are dependent on the layer thickness,
reporting a significant decrease in signal intensity when
reducing the thickness from 2000 nm to 300 nm.** This obser-
vation may explain the absence of these absorption bands in the
spectra of isolated Co;O, NPs in suspension. Moreover, the
authors discuss a size-related modulation of the spectrum in
the spectral range between 500-1000 nm as compared to the
bulk situation. Hence, we assign the prominent absorption
bands detected at 390 and 677 nm to the 0> (2p) — Co*'(e,)
LMCT and the O (2p) — Co”'(t,g) LMCT, respectively.

With decreasing particle size, the absorption bands undergo
a conspicuous blue shift. This effect is confirmed by compar-
ison with relevant literature-reported systems as summarized in
Table 2 (for a detailed discussion of the size-dependent blue
shift ¢f Section 2.12, ESIY).
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Table 2 Comparison of the UV-vis data of O?"(2p) — Co®*(eg) and O (2p) — Co>*(tp,) peak maxima obtained from Cos04 NPs of different

sizes with literature data

Size [nm)] 0% (2p) — Co*'(ey) [nm] 0% (2p) = Co™(tyg) [nm] Morphology Source

31.3 ~500 ~775 Irregular Makhlouf et al.”®
22 441 756 Thin film Jiang et al.>®

15.8 ~425 ~725 Irregular Makhlouf et al.”®
10.9 390 677 Cuboid NPs This work

4.7 376 669 Spherical NPs This work

2.8 369 664 Spherical NPs This work

Phase identification and crystallographic structure of NPs and
precursors

The synthetic strategy presented in this work utilizes a co-
precipitation approach vie hydroxide-based precursor NPs,
which in terms of composition comprise a mixture of a-Co(OH),
and the oxidation product CoO(OH) as evidenced by selected-
area electron diffraction (SAED) (Fig. S4at). Pseudomorphic
transformation of these precursor NPs into Coz;0, (Fig. 5 and
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Fig. 5 Crystallographic characterization of CozO4 NPs. (a) HR-TEM
micrograph of an individual 7.2 nm-sized CozO4 nanocube (Cb8). Two
sets of lattice fringes with distances attributable to {022} and {004}
lattice planes in the spinel-CosO4 structure are highlighted in orange
and yellow, respectively. (b) Electron diffractograms of samples S5
(green trace), Cb8 (yellow trace), and Cb13 (blue trace) obtained from
SAED measurements. The peak profile of bulk CozO4 is shown for
comparison (red line). (c) Fast Fourier transformation corresponding to
(a). (d—f) SAED patterns of NPs with 4.7 nm (S5), 7.2 nm (Cb8), and
13.2 nm (Cb13) size, respectively. The displayed data correspond to
NPs in Fig. 3.
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S4bt) is readily achieved at elevated temperatures, such that
particle size and shape are largely preserved (Fig. S4c-fY).
After transformation, cuboidal NPs of sample Cb8 show two
distinct sets of lattice fringes exhibiting a spacing of 2.82 A (g =
3.54 1/nm) and 2.04 A (g = 4.90 1/nm) (Fig. 5a), corresponding
to characteristic distances between {022}- and {004}-type lattice
planes of the spinel cobalt(u,u) oxide structure (Fig. 5b, data
assigned according to COD reference 9005896). The observed
well-defined lattice fringes in combination with the enclosed
angle of 45° are consistent with a single crystalline Co;0,-cube.
Fast Fourier Transformation (FFT) further confirms a highly
periodic, well-ordered cubic lattice (Fig. 5c¢). SAED diffracto-
grams (Fig. 5b) and corresponding 2D diffraction patterns
(Fig. 5d-f) reveal a general agreement of the crystallographic
structure of NPs in the size range between 4.7 and 13.2 nm with
the spinel-Co;0, lattice. However, the intensity of the signal
decreases substantially with decreasing particle size, leading to
weak and broad diffraction peaks for the very small NPs
(samples S5 (green line) and Cb8 (yellow line)). Only the dif-
fractogram of the largest cuboidal NPs (Cb13, blue line) can be
reliably indexed. However, based on the general superposition
of the peak maxima in combination with the results of UV-vis
characterization (Fig. 4b) and XRD (Fig. S2%), it can be
assumed that both the small spherical as well as the larger
cuboidal NPs synthesized in this work can be identified as
spinel-type Co030,. An EELS measurement of sample Cb13
further confirms the formation of spinel Co;0, (see Fig. S147).

Electrochemical characterization of Co;0, nanoparticles and
their properties in electrocatalytic water-splitting

In view of potential applications in clean energy conversion and
storage systems, the electrocatalytic performance of nano-
particulate Co;0, materials towards the OER (4 OH™ — 2 H,O +
O, + 4 e7) during water electrolysis was investigated by cyclic
voltammetry (CV). However, as the catalytic efficiency of NPs
surface-passivated by OA ligands is limited, thus complicating
electrochemical analysis, non-stabilized Co;0, is chosen as
a probe for initial experiments addressing the inherent prop-
erties of isolated, well-defined NPs (Fig. S151) in comparison to
a commercial powder of randomly agglomerated Coz;0, grains
with irregular size and shape (Sigma Aldrich, Fig. S167). For that
purpose, a sample of cuboidal NPs (Cb13-2) was synthesized
according to an analogous protocol as described for Cb13, but
instead of stabilization with OA, the particles were first washed
with OLA and EtOH to remove impurities post-synthetically

© 2023 The Author(s). Published by the Royal Society of Chemistry
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followed by further washing in OLA. After several sonication
and centrifugation cycles in pure EtOH, the particles were
calcined at 300 °C for 2 h prior to immobilization on a rotating
disc electrode (RDE) for electrochemical characterization.
While the synthetic ligand-free NPs appear uniform in TEM
analysis with average diameters of 11.3 + 2.3 nm (Fig. S157), the
commercial nanopowder exhibits primary grains in the size
range between 16-105 nm, partially agglomerated into micron-
scale aggregates (Fig. S161). The average size of Cb13-2 is
slightly lower than that of Cb13. Possible reasons for this are the
altered solubility due to the absence of OA as well as the puri-
fication steps intended to remove OLA residues from the
particle surface.

Representative cyclic voltammograms are presented in
Fig. 6. Both, the synthetic and the commercial sample were
cycled 10 times at a scan rate of 50 mV s~ and showed char-
acteristic redox couples around 1.2 and 1.55 V corresponding to
electrochemically stimulated Co>* — Co*" and Co®" — Co**
transitions within the Co(u,m)-oxide catalyst material prior to
the onset of the OER (E° = 1.229 V vs. the Reversible Hydrogen
Electrode, RHE).®

The overpotential 7; — 19 ma cm-2 required for the OER, which
represents a kinetic barrier towards the reaction and is widely
regarded as a figure of merit for the activity of an electrocatalyst,
was then determined for both specimens.®

While the reference exhibits an overpotential of 7; — 10 ma
em—2 = 507 mvV, the ligand-free synthetic Cb13-2 NPs adopt
a lower value of 1; — 19 ma em—> = 432 mV (¢f Fig. S177) corre-
sponding to an improved performance comparable with porous
microscale tubular and spherulitic Co;0, materials with
a nanoparticle-based substructure.?>%

25 T T T T T
I
204 ——Cb13-2 Cycle 10
Reference Cycle 10 |
& 154 —— Empty electrode
: : -
€ Wfr--—-—--------F====== -——
E Overpotentials:
- 54 432mV ]
507 mV

T T
1.0 1.2 1.4 1.6 1.8 2.0

E vs. RHE [V]

Fig. 6 Electrochemical characterization and OER performance of
ligand-free cuboidal NPs. Inset: TEM micrograph of non-stabilized NPs
(Cb13-2). The complete TEM micrograph is displayed in Fig. S15.F
Cyclic voltammograms of synthetic NPs (black curve) in comparison to
a commercial CozO4 nanopowder (red curve). Both samples were
cycled 10 times at a scan rate of 50 mV s~ 1. The blue trace shows the
electrochemical response of a bare glassy carbon RDE. The vertical
dashed line indicates the position of EH20/02° and the horizontal
dashed line marks the current density of J = 10 mA cm™2 at which the
overpotentials 7; — 10 ma cm-2 Were determined.
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As the overpotential of an electrocatalyst depends on mass
transport limitations and the binding affinity of reaction
intermediates to the surface, structural parameters such as the
availability and accessibility of active sites for chemisorption
play a crucial role in the performance of the material, thus
highlighting the importance of size- and shape-control in
catalyst design.®**® Accordingly, Esswein et al. have demon-
strated that the catalytic efficiency of Coz;0O, particles on Ni-
foam increased slightly at smaller sizes (5.9 nm-534 mV, 21.1
nm-569 mv).*’

As Cb13-2 exhibits a significantly lower overpotential than
the reference under consistent conditions, we conclude that our
well-defined NPs with tunable size demonstrate considerable
potential for industrial application as a water oxidation catalyst.
Therefore, the optimization of thorough post-synthetic removal
of OA from the particle surface under preservation of the
nanocrystal morphology and the systematic study of size-
dependent electrochemical properties in the low nanometer
regime are subject to further research.

Discussion of the influence of the reaction temperature on NP
size and morphology

As elaborated in previous sections of the manuscript, our
synthetic protocol enables us to systematically vary the size and
associated structural or functional properties of Co;0, NPs
within one reaction system.

Considering nanoparticle size as a function of reaction
temperature, two key dependencies have to be monitored:
firstly, salt solubility increases with temperature, thus providing
a constant and stable source of solubilized reagents promoting
nucleation and growth. Secondly, the solubility C, of the
nanoparticles themselves decreases with increasing tempera-
ture T as described by the Gibbs-Thomson equation (eqn (4)),
which expresses the solubility of NPs (C,) as a function of the
bulk concentration of the solution (Cy), the surface energy (),
the molar volume of the bulk crystal (v), the particle radius (7)
and the Boltzmann constant (kg).*

2vyv
Co = Gyrexp (rkm (@)

It is readily apparent from eqn (4) that the exponential term
and thus the particle solubility decreases with increasing
temperature and particle radius. For this reason, a relative
decrease in the particle size is expected at increasing temperatures
when the bulk concentration is kept constant due to inhibition of
the growth reaction. However, the experimental observation of
such a relationship may be restricted to a limited range of
conditions, as the interplay between temperature and particle
diameter is in general more complex than stated in eqn (4).

In our precipitation system, a trend of systematically
decreasing NP diameters, which can be described by the Gibbs-
Thomson equation, is observed in the temperature range
between 70-90 °C (Fig. 2). Specifically, in this regime, the size
decreases by 4% on average for every increase in temperature by
10 °C, while a rough estimation based on the Gibbs-Thomson
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equation yields that the particle solubility should decrease by
approximately 3% in the same temperature interval. Even
though solubility does not directly translate into size, the values
are sufficiently close to concluding that the behaviour of the
system can be at least partially explained by the Gibbs-Thom-
son effect.

This observation regarding the interplay between precursor
solubility and particle size has inspired a modification to the
reaction conditions of sample Cb13 (with the largest cuboidal
nanocrystals), such that the stirring/dissolution time before the
injection of NaOH was reduced from 30 min to 10 min. Indeed,
the particle size in the resulting sample Cb11 reproducibly
(based on 5 repeat experiments) decreases moderately from ca.
13 nm to ca. 11 nm presumably due to slower nucleation and
growth kinetics at the lower effective precursor concentration.
This observation again highlights the precursor solubility as an
important parameter influencing the particle size. We speculate
that the thorough dissolution and coordination of the
Co(NO3),-6 H,0 in OLA requires a certain amount of time.
From the decrease in size, we can infer that this process takes
between 15-30 min at 80 °C, while a longer equilibration time
does not influence the result.

Considering nanocrystal shape, two competing contribu-
tions are observed, kinetic and thermodynamic. The phase
stability of NPs may be described in terms of the Gibbs free
energy G, where the total Gibbs free energy G Of a NP
comprises contributions of bulk, surface, edges, and corners of
the crystal (eqn (5)).*®

G?otal = Ggulk + G(s)urface + ngge + Ggorner (5)

The surface energy is largely independent of particle size, but
for extremely small particles of around 5 nm it is noticeably
lowered compared to the bulk situation.®® Concomitantly, the
contributions of edges and corners to the total free energy
rapidly decrease as the particles increase in size,” thus multi-
faceted structures with shallower angles between the facets
may be favoured in case of exceedingly small particles to reduce
internal strain. Consequently, particles tend to form truncated
shapes at very small sizes of ca. 5 nm which may converge
towards an overall spherical appearance. For increasing particle
sizes (>5 nm), internal strain accumulates and makes particles
with fewer surface facets more favourable. As a result, the
particle morphology develops towards the equilibrium shape
dictated by the crystallographic unit cell,”*”* i.e. a cube in the
case of spinel type Co;0,. These considerations may explain the
size-dependent transition from spherical to cuboidal/cubic
appearance observed in this work (Fig. 3 and S107).

Conclusions

In summary, we have introduced a facile, robust, and inexpensive
liquid-phase synthetic protocol yielding spherical and cuboidal
spinel-type CozO, NPs with narrow size distributions. In this
approach, very small metal oxide particles in the size range
between ca. 3-13 nm are formed by the in situ thermal decompo-
sition of a hydroxide-based precursor precipitated under
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comparably mild reaction conditions, thus omitting the need for
solvothermal procedures or environments with precisely controlled
oxygen pressures. Remarkably, the decomposition temperature of
180 °C lies significantly lower than reported for many standard
liquid phase nanoparticle syntheses (T > 300 °C).”*”

The well-stabilized Co;0, particles have demonstrated pro-
longed shelf-life in suspension such that agglomeration was
prevented for more than 10 months, thus facilitating storage
and transport under ambient conditions. Particle size and
morphology can almost effortlessly be adjusted by thermal
control between 50-100 °C in air. The NPs can be further
customized by changing the employed base, the mode of base
addition, the equilibration time, and the gas atmosphere (N, in
this work). All of the mentioned parameters affect the size and
shape of the deposited NPs without a need to modify the
concentration or solvent ratios. Specifically, very small homo-
geneous Coz0, particles with spherical shapes and diameters
between ca. 3-5 nm can be obtained at a reaction temperature
of 50-60 °C. Higher temperatures (T = 70-100 °C), in contrast,
promote the formation of cuboidal particles in the size range
between ca. 7-13 nm.

In view of industrial applications, the obtained nanoparticles
exhibit a variety of promising characteristics and properties. A
comparably strong absorption signal spanning the near UV and
the entire visible range is detectable even at low concentrations
(ca. 0.1 mg mL "), which renders the Co;04 NPs an auspicious
candidate for applications as a light-absorber material, e.g. in
photocatalysis.”*”” Specifically, in the low nanometer regime, the
absorbance appears to be centred around two strong charge-
transfer bands, which are attributed to the 07 (2p) — Co’"(e,)
LMCT and the 0*"(2p) — Co*'(t,,) LMCT. With decreasing
particle diameters, the intensities of these two signals are
reduced. This effect is accompanied by a small, but systematic
blue shift in the low nanometer regime (3-11 nm), which may
enable the custom-designed adjustment of the absorption
properties. Initial cyclic voltammetry experiments addressing the
electrocatalytic performance of immobilized nanoparticles of
11 nm diameter revealed a reduction of the overpotential towards
the OER reaction by 75 mV (432 mV) in comparison to
a commercial Coz;0O, nanopowder with irregularly shaped and
partially agglomerated grains (507 mV). Electrochemical charac-
terization thus highlights the potential of the herein-developed
particles as an active catalyst for water electrolysis.

Considering their particularly small diameters and narrow
size distribution, the here-described Co;0, NPs build an
excellent platform for dedicated future studies on size-
dependent properties in the regime of dimensions <10 nm
(e.g. with respect to electrocatalytic performance). The prepa-
ration of uniform metal oxide NPs further opens exciting
perspectives for the controlled self-assembly of colloidal
superstructures, potentially exhibiting emerging functional
properties originating from cooperative effects between the
individual units.
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