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Colloidally stable Co30,4 nanoparticles with diameters of 5-16 nm
and a concentration-dependent transition from cuboidal to cubic
morphologies are synthesised in ambient atmosphere. Through
systematic variation of reagent concentration, temperature, and
growth time, controllable adjustments of the particle size along
with narrow size distributions as low as 12% are achieved. The
scalability of the synthesis and the remarkable stability during the
growth regime ensure sufficient yield for technical applications.

Materials with nanoscale dimensions play an important role in
various technological fields as they allow the manipulation of
physical properties through down-scaling the size of their
structural motifs."> These size effects, render the study of
nanomaterials a compelling field of research.”® Co;0,
nanoparticles (NPs), in particular, exhibit diverse applications,
including catalysis, energy storage, and sensors.®”® When used
as a catalyst, CozO, NPs are applied for industrial processes
such as the Fischer-Tropsch synthesis and water-splitting for
clean energy generation.”™"! Due to the relatively high earth
abundance, Co is more cost-effective than other efficient
transition metal catalysts (i.e. Pd, Ir, Pt) while still providing
desirable catalytic efficiency.’*** As NPs possess a high surface
area, they are greatly suitable for surface-dependent reactions.
The development of facile, high-yield synthesis strategies
providing control over particle size and shape at narrow size
distributions is crucial for any prospect in application.

We recently reported a facile and inexpensive synthetic
route towards colloidally stable Co;O, NPs with tuneable
size.”> In this co-precipitation approach, cobalt hydroxide
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precursor particles are initially formed and subsequently
thermally converted in situ into Coz;O, In order to further
control NP size and shape and to achieve tailored size- and
morphology-dependent properties, however, an in-depth
understanding of nucleation and growth during the
crystallization process is required.'®'” Therefore, we here
expand on the previous promising results by systematically
investigating the effects of concentration and temperature on
the crystallization of Co3;0, NPs. Most importantly, the
influence of the growth time is examined for several
concentrations and particle development is monitored by
aliquot extraction followed by transmission electron
microscopy (TEM) image analysis. We further demonstrate
the scalability of the synthesis.

Size control through systematic
variation of reaction temperature and
reagent concentration

The general synthetic strategy used for the herein presented
growth studies has been introduced in detail in our previous
work.'® Briefly, Co(NO,),-6H,0 is dissolved in oleylamine
(OLA), which acts as solvent and stabilizing ligand, mixed
with a small amount of EtOH as a phase mediator. Cobalt
hydroxide precursor particles are precipitated from these
Co(u) solutions with a stoichiometric amount of NaOH (aq)
and subsequently converted to Coz;0, by raising the
temperature to at 180 °C. To systematically examine the
effects of variable reaction parameters, Co;0, NPs were here
synthesized at different temperatures (7 = 60-100 °C) and
reagent concentrations ([Co(NO;),-6H,0] = 0.1-0.4 M). The
used amounts of substance are 2, 4, 6, and 8 mmol of
Co(NO;),-6H,0 in 20 mL OLA to implement nominal
concentrations of 0.1, 0.2, 0.3, and 0.4 mol L. For brevity,
samples are coded according to the following scheme:
Temperaturefhoe of mupstance-

An exemplary series of particles synthesized at 7'= 90 °C
with variable reagent concentrations is displayed in Fig. 1
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Fig. 1 TEM micrographs of CosO,4 nanoparticles synthesized at T = 90 °C with a growth time of 1 h and increasing amounts of the reagent
Co(NO3)»-6H,0 in 20 mL OLA: a) n(Co(NO3)»-6H,0) = 2 mmol, b) n(Co(NO3),-6H,0) = 4 mmol, c) n(Co(NO3),-6H,O) = 6 mmol, and d)
n(Co(NO3),-6H,0) = 8 mmol. Insets: corresponding selected area electron diffraction patterns.

showing increasing size and regularity. X-ray diffraction
analysis and selected area electron diffraction (SAED) confirm
that phase-pure Coz0, is formed as the product phase after
thermal conversion at 180 °C (¢f Fig. 1 and S1-S3t for
detailed graphs and analyses). The temperature- and
concentration-dependent particle sizes and particle size
distributions (PSD) are summarized in Table 1 and the full
set of corresponding TEM micrographs is presented in the
ESIt (SI; ¢f. Fig. S4). The PSD may be regarded as a quality
criterion for the chosen synthetic conditions, as narrower NP
size distributions are usually associated with more uniform
physicochemical properties.*®

At T = 100 °C, using an elevated reagent amount of
10 mmol Co(NO;),-:6H,O results in a conspicuously broad
PSD (ie. >25%). This observation suggests insufficient
solubility of the Co(NO;),-6H,O salt in OLA to support
higher concentrations than the here considered range of
2-8 mmol in 20 mL OLA (¢f Fig. S57). Similarly broad
PSDs pertain to experiments of type 60ihmol, 60emmor, and
708k 1. The literature-reported decomposition temperature
of solid Co(NO;),-6H,0 is 100 °C, thus coinciding with
the onset of water boiling."® However, it is possible to
synthesize Co0;0, NPs at elevated temperatures above

Table 1 Average particle diameters [nm] and particle size distribution
(PSD, absolute and percentage) of Co,O, NPs obtained at different
synthetic parameters under systematic variation of temperature and
Co(NOs),-6H,0 concentration [mmol]. The volumes of the solvent (OLA)
and co-solvents (EtOH, H,0) are kept constant

T[°C] 2 mmol[nm] 4 mmol[nm] 6 mmol[nm] 8 mmol[nm]

60 5.38 £1.10 8.60 + 2.88 8.10 + 2.18 —
20.4% 33% 27%

70 13.67 + 2.52 13.65 + 3.01 15.40 + 2.88 13.75 + 4.10
18.4% 22.0% 18.7% 29.8%

80 12.52 + 3.10 13.04 +2.10 14.61 + 2.87 15.22 + 3.66
24.7% 16.1% 19.7% 24.0%

90 10.81 + 2.03 10.77 + 1.55 14.85 +2.93 15.66 + 2.27
18.5% 14.4% 19.7% 14.5%

100 8.65 + 2.04 10.20 +1.82 10.61 + 1.62 13.49 + 1.63
23.6% 17.8% 15.2% 12.04%
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100 °C (¢f Fig. S6f), as the decomposition of
Co(NO;),-6H,0 dissolved in OLA proceeds only at T
>125 °C. Notably, at T = 100 °C, CozO, NPs may even be
synthesized in the absence of NaOH as a precipitation
agent, yet with a broad bi-modal PSD (¢f. Fig. S77).

Individual  experiments (Table 1) systematically
investigate the impact of the Co(u) salt concentration at
temperatures between 60-100 °C, varying the parameters
independently. Overall, the size decreases with increasing
temperature.’” In the temperature range between 70-90 °C,
enhancing the amount of Co(NOj;),-6H,O from 2 mmol to
4 mmol does not significantly alter the particle size. In
general, the size increases with the monomer concentration
with an outlier for sample 7040 o1, where the concentration
possibly exceeds the system's solubility limit. In terms of
the PSD noticeable differences in solubility become
apparent. At T = 100 °C, the PSD systematically decreases
with the concentration. Similar trends are observed at lower
temperatures, even though the differences in PSD are less
pronounced in these cases. This leads to occasional data
outliers where higher concentrations lead to a slightly
broader PSD. Among those, sample 801 ol may be close to
the solubility limit of the system at 7' = 80 °C, contributing
to an increase in PSD. In comparison, the PSD is almost
10% narrower for sample 904" 0. While experiments at
T = 60 °C are included for completeness, their applicability
appears limited. Solely sample 60" o1 achieves an
acceptable PSD which, however, increases considerably at
higher salt concentrations.

Morphologically, the particles tend to appear quasi-
spherical or cuboidal at lower concentrations (2-4 mmol).
The same phenomenon also applies to higher
concentrations (6-8 mmol) at moderate temperatures of
T = 70-80 °C. When the reaction temperature is increased
to T = 90-100 °C, however, the particle morphology shifts to
cubic for n(Co(NO;),-6H,0) = 6-8 mmol. The changes in
size and morphology are readily apparent at 7 = 90 °C
where the largest particles (90};?an1) of this work were
achieved (Fig. 1).

This journal is © The Royal Society of Chemistry 2025
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Up-scaling of the Coz04 nanoparticle
synthesis

To enhance the particle yield, up-scaling of the educt and
solvent amounts used in an experiment is an intuitive and
appealing option (see ESIT). In general, the yield increases with
the reagent concentration in the presented precipitation
system. On a laboratory scale, a fivefold up-scaling of the
1003 mo1 experiment yielded >1 g of purified nanoparticles,
thus highlighting the scalability of the synthetic approach
towards quantities relevant in technical settings, where Coz;0,
NPs find a plethora of applications, e.g. in electrocatalysis.

Co304 nanoparticle growth-series
experiments

Scientifically, up-scaling of the presented synthesis to larger
volumes is additionally beneficial for monitoring the growth
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of NPs by TEM analysis through aliquot extraction. This
approach allows for the construction of growth curves,
providing insights into the development of the precipitation
system at different stages of particle formation. For time-
dependent studies of the NP size evolution, a total of 19
aliquots (4 200 pL) of NP dispersion were withdrawn from
the reaction with a sterile syringe at dedicated reaction times
between 1-240 min (¢f Fig. S8-S11t).

The measured NP sizes are summarized in Tables S4-S7.}
The total volume of 19 aliquots amounts to 3.8 mL. For a
reaction with 20 mL of OLA, this represents ca. 19% of the
full volume. Even in this case, no obvious negative effects of
the extraction process on the particle growth were observed
(based on a comparison of the final products with particles
obtained in analogous reactions performed at constant
volume). However, for recording the presented growth curves
(Fig. 2), an up-scaled reaction mixture with 60 mL OLA was
used, with aliquots amounting to ca. 6.3% of the full volume,

T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240
Growth time [min]
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Fig. 2 Growth series of Cos04 nanoparticles in an up-scaling approach with tripled reagent masses and reaction volume. Particle growth was
monitored over a 4h period after the injection of NaOH. Growth curves are depicted for NPs prepared with a) n(Co(NOs),-6H,0) = 6 mmol
(10080, o, b) N(Co(NO3),-6H,0) = 12 mmol (10075,mo), ©) N(Co(NO3)-6H,0) = 18 mmol (10035mme), and d) n(Co(NO3),-6H,0) = 24 mmol
(1002 moy) in 60 ML OLA. The insets show TEM micrographs of aliquots extracted at the indicated growth stages (green circles).

This journal is © The Royal Society of Chemistry 2025
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ensuring minimal influence on the results due to the loss in
reaction volume. Particle growth was allowed to proceed for
4 h after NaOH injection with n(Co(NOj3),-6H,0) set to 6, 12,
18, and 24 mmol, respectively. Accordingly, the sample types
considered in the growth time-dependent evaluation are
termed 10088 o1, 10030 mon, 100581 and 10030 mmo. A
reaction temperature of 7= 100 °C was chosen for the growth
experiments in line with the narrowest received PSDs of the
initially performed 1 h reactions displayed in Table 1. Since
each aliquot represents a growth stage frozen in time and the
specimens are prepared on a small copper grid for TEM
analysis, minor data outliers are to be expected due to the
mechanism of Ostwald ripening. Thus, there might be a
slightly higher or lower fraction of larger particles (than the
actual average) randomly found in individual samples.*’

In the early minutes of the reaction progress, the particle
count generally remains low, while the particle size increases
relatively fast until ¢ = 20 min. Slow growth during an onset
period is not observable. Subsequently, the particle count
steadily increases until ca. ¢ = 60 min in all growth series.
Conspicuously, however, the size increases more rapidly for
higher concentrations (compare Fig. 2a vs. d). For sample
10080 prepared with the lowest reagent concentration, the
size stabilizes around 8 nm past 60 min, indicating monomer
pool depletion. The PSD begins to broaden at T = 80 min (cf
Table S4t). For this reason, we suggest terminating the
synthesis after 60-80 min in this case. In the other three
experiments operating at higher Co(u) concentrations,
particle growth continues past 60 min with the smallest
increase in size shown by sample 10040 ot Although slow,
but steady growth is observed even past 120 min, the PSD
increases substantially (¢f. Table S5f) and the experiment
should therefore be terminated between 120-180 min for
optimal results. Sample 10028 o1 exhibits steady growth and
may safely be terminated past 180 min to maximize particle
yield (cf Table S6%1). Similar to sample 100¢mme (¢f Fig. 2),
the morphology of the 10028 ot particles evolves from a
cuboidal to a cubic shapes The highest
concentrated sample type 10030 ol provides the largest
particles among the four considered growth experiments,
displaying a well-developed cubic particle shape, while the
PSD remains relatively narrow until ¢ = 240 min, thus
suggesting the experiment may be terminated between
180-240 min (¢f Table S71). Notably, sample type 10090 o
produces the narrowest PSDs during 4 h of particle growth
(¢f Table $8t). Although the observed PSD of 10035mmor is
slightly broader, this reaction yields a larger size and a more
pronounced, faceted cubic shape (¢f Fig. S12f). Hence,
control over blunting of edges and corners can also be
achieved by adjusting concentration and growth time, thereby
potentially influencing the tendency for NP self-assembly and
the geometry of the attainable superstructures." It should be
kept in mind, though, that mature, purified particles
(extracted from a batch synthesis without aliquot extraction)
may be slightly larger than comparable NPs in the aliquots
(deviation ca. 1 nm) since in the final stages of conversion

over time.
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and purification the particles can grow further during the
removal of co-solvents and heating to 180 °C. For 1000 o
this effect is less pronounced considering that the monomer
pool is depleted.

Overall the obtained growth curves (Fig. 2) align well with
expected growth behaviour as compared to existing
literature.>>”>*> Based on classical nucleation theory, a slow
and continuous increase in particle size leading into a
plateau is caused by adsorption-controlled growth limited by
the surface growth reaction.”® However, the same observation
may also be described by a (non-classical) two-step nucleation
model,®” which appears more applicable to our data.>® A clear
indicator in favour of this assumption is the rising particle
count we observe throughout the experiment. As proposed by
Finke and Watzky, NPs do not nucleate instantaneously but
continuously as long as the required conditions for
nucleation are fulfilled, in particular with respect to the
supersaturation.>' Fig. 3 schematically illustrates the
proposed stages of the particle growth process based on the
example of the 100{},me growth curve (¢f Fig. 2c). The
particles nucleate in a small, quasi-spherical shape and
proceed to grow via a cuboidal morphology into their final
clearly facetted cube-shaped appearance as evidenced by
TEM micrographs (¢f insets in Fig. 2). This conspicuous
morphological transition poses another indication for a non-
classical crystallization mechanism where nucleation is
described as the condensation of a dense (disordered) phase,
which crystallizes during further growth.*>>** Such an initially
isotropic phase would adopt a spherical or quasi-spherical
appearance to minimize its surface energy.**® Therefore, we
interpret the initial quasi-spherical shape of the particles in
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Fig. 3 Schematic illustration of particle growth stages on the
background of the growth curve obtained for sample 10076mmor (black
circles). Inset: HRTEM of crystalline CozO4 nanocubes with lattice
fringes exhibiting characteristic spacings of d = 2.01 A and d = 2.84 A
corresponding to the {004} and {022} planes of CosO,, respectively.

This journal is © The Royal Society of Chemistry 2025
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this work as a remnant of the nucleation process. With
increasing size and crystallinity, the NPs then grow more and

more into a cubic morphology, which represents the
equilibrium shape of crystals with the Co;0, spinel
structure.>**® The crystalline character of the nanocubes

throughout their entire volume is exemplarily shown in the
HRTEM micrograph presented in Fig. 3 (inset) where
characteristic lattice fringes attributable to CozO, may be
observed. The extracted lattice distances of d = 2.01 A and
d = 2.84 A can be assigned to the {004} and {022} Iattice
planes of the spinel structure (¢f Fig. S2 and S37). Following
a non-classical growth model, the particles undergo fast
autocatalytic growth between 1-40 min of reaction time,
followed by a reduction of the growth rate. Newly nucleated,
smaller particles grow faster than larger ones due to a steeper
concentration gradient between the bulk solution and the
particle surroundings.'®***! With a rising particle count,
more monomer units are siphoned towards smaller particles
which leads to an equilibration of the size in the NP
ensemble. As a result, we are observing slow particle growth,
approaching a plateau after ¢ = 60 min, but no significant
broadening of the PSD (depending on concentration and
growth time). According to a model developed by Alexandrov
and Makoveeva, two-step nucleation may involve a short
diffusion-controlled growth regime prior to the adsorption-
controlled growth.”” We indeed observe a slightly steeper rise
in particle size between ¢ = 0-20 min (¢f Fig. 2), where the
particles are growing fast to approximately half of the later
total size. Based on the limited time resolution of the
presented data, however, conclusive evidence on the
mechanism at very early stages of growth cannot be deduced.

In view of systematically tailoring NP size and PSD
depending on the chosen reaction conditions, the established
growth curves can give important insights into particle sizes
and PSDs to be expected during the preparation of NPs with
the applied synthetic strategy for specific growth times.

Conclusions

In summary, colloidally stable Co;0, NPs with sizes ranging
from 5-16 nm have been successfully synthesized in ambient
atmosphere (cf Fig. 1 and 2). The presented synthetic
approach allows for predictable adjustments of nanoparticle
sizes and PSDs by systematic variations of the Co(u) salt
concentration (0.1-0.4 M) and the reaction temperature
(T = 60-100 °C; c¢f Table 1). The particle morphology
undergoes a prominent transition from cuboidal to cubic
shapes for Co(u) salt concentrations of >0.3 M at T = 90 °C
and T'= 100 °C.

Narrow PSDs (as low as 12% for sample type 10080 ol
are achieved without the necessity for size-selective
precipitation at reaction temperatures of 7 = 90 °C and
T =100 °C, where PSDs of +15% or less have been previously
described as narrow in the sense of near-monodispersed.*®
Based on the solubility limit, the maximum loading of the
reaction with Co(NO3),-6H,0 is estimated to be in the range

This journal is © The Royal Society of Chemistry 2025
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between 8 mmol and 10 mmol (in 20 mL with 2 mL EtOH as
phase mediator).

Most importantly, in view of practical applications, e.g. in
heterogenous catalysis, the presented synthetic strategy is
scalable, such that longer growth times along with up-scaling
the reagent concentrations reliably increase the NP yield per
experiment.

Based on the established growth curves obtained under
systematic variation of reaction time and reagent
concentrations, we can deduce optimal termination times for
the individual experiments (1002‘;“01 (¢t = 60-80 min),
1001 1 mol (£ = 120-180 min), 100{5mmor (¢ = 180-240 min), and
10038 1mol (¢ = 180-240 min)) to achieve the most favourable
results. For samples 10015,me and 1003501 narrow PSDs
may still be achieved for growth times >180 min.

As the NP morphology and the degree of edge blunting
can also be controlled via the reaction parameters, the
presented synthetic strategy opens interesting perspectives
for NP self-assembly into colloidal crystals with tuneable
packing structures and potential emerging properties based
on cooperative effects between the particles.
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