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The Ethylhexanoate Route to Metal Oxide Nanocrystals:
Synthesis of CoO Nanooctahedra from Co'" 2-Ethylhexanoate

Mauro Epifani*®! Peng-Yi Tang,’*<! Aziz Genc,'*9! Joan R. Morante,“! Jordi Arbiol,>¢!

Rail Diaz, ™ and Susanne Wicker¥!

Abstract: CoO nanocrystals were prepared by solvothermal
processing of Co 2-ethylhexanoate in oleylamine at 250 °C. The
obtained products, identified as CoO by X-ray diffraction, had
an octahedral shape, as seen by transmission electron micros-
copy, reflecting the cubic symmetry of the CoO crystallographic
phase. The materials were converted into the Co;0,4 phase after
heat treatment at 400 °C. The nanocrystal evolution was investi-
gated by FTIR spectroscopy. It was concluded that weak oleyl-
\amine bonding to the nanocrystal surface during the synthesis

step favored the exchange with 2-ethylhexanoato ligands, and
that the interplay between the two ligands favored the kinetic
control of the growth, resulting in the finally observed octa-
hedral morphology. The Cos0, phase obtained from the heat
treatment at 400 °C was used to process chemoresistive sensors,
which were able to detect ethanol under dry and humid condi-
tions (0 and 50% rh. H,O at 25 °C) at low temperatures
(100 °C).

/

Introduction

Carboxylate compounds like metal oleates are well-established
precursors for the synthesis of metal oxide nanocrystals.!"! On
the other hand, metal 2-ethylhexanoates are metal-organic
compounds widely used as catalysts in many polymerization
reactions,?! but their use for the synthesis of metal oxide nano-
crystals is much less exploited. Starting from the consideration
that the metal-oxygen bond is already present in the 2-ethyl-
hexanoate structure, as in metal oleates (and in other com-
pounds like, for instance, metal nitrates®) we succeeded in syn-
thesizing ZnO and SnO, nanocrystals by the decomposition of
the related 2-ethylhexanoates in high-boiling amines."! More-
over, the same precursor was effective for the deposition of
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Sn0, thin films.®) Photo-decomposition of 2-ethylhexanoates
has also been demonstrated to be applicable for preparing thin
films!®! or nanoparticles.”” This class of precursors hence
seemed very versatile, and their presence for a large number of
elements, coupled with low cost, air stability and low toxicity
suggested to further explore their generality as metal oxide
precursors. In fact, as stated above, there are still few works
where they are exploited in such a way: these include inter-
metallic PtPb nanoparticles prepared by using lead(ll) 2-ethyl-
hexanoate,’® CeO, and SnO, self-capped nanocrystals,'® MoO,
nanoparticles,"® colloidal In-doped ZnO nanocrystals,'" ker-
sterite nanocrystals.'? Extending this class of precursors is of
interest for the many underlined practical advantages, but also
from a fundamental point of view, for enlarging the body of
knowledge related to nanochemistry precursors. In this work,
we show the successful synthesis of CoO nanooctahedra by de-
composition of Co 2-ethylhexanoate in oleylamine. The phase
stability of the nanostructures was also investigated, showing
that at 400 °C phase transformation to Co;0, took place. More-
over, both CoO and Co;0, are of remarkable interest for their
fundamental physical properties and for many applications re-
lated, for instance, to energy storage.l'3! Then the development
of a simple and low-temperature nanocrystal synthesis is of re-
markable interest. This achievement would complement exist-
ing procedures like molten salt!" and combustion synthesis.
The resulting materials were used for processing gas-sensing
devices.

Results and Discussion

The as-prepared synthesis product was first analyzed by XRD.
The related pattern is shown in Figure 1, where only the reflec-
tions of CoO in the cubic crystallographic phase were found

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(JCPDS card 43-1004). In particular, the intensity ratio between
the (111) and (200) peaks was inverted with respect to the ex-
pected trend, indicating preferential growth of CoO, as con-
firmed by the TEM results below. Of course, similar intensity
enhancement was observed for the (222) reflection at ca. 77.5°.
No other phases were detected, demonstrating the purity of
the as-prepared samples. After heat treatment at 400 °C, the
CoO phase was completely converted into the Cos;0, spinel
phase (JCPDS card 98-002-6720), in agreement with the known
stability trends of cobalt oxide phases in air.

(1), '200) '

(220)  (222)

as prepargd

Intensity (a.u.)

I
26 (

degrees)

Figure 1. XRD patterns of the nanocrystals obtained under the indicated con-
ditions. TA indicates the material collected after cooling from 900 °C during
the thermal analyses. The theoretical intensities from CoO (red lines) and
Co30, (blue lines) JCPDS cards are also reported.

Similar heat treatment under argon preserved the CoO phase
(see the Supporting Information). The a lattice parameter of
the rocksalt cubic structure of the as-prepared CoO sample was
4.2598(1) A. The a lattice parameter of the spinel cubic structure
of Co;0, after heat treatment at 400 °C was 8.095(2) A. These
results are in very good agreement with those reported by
other groups.['”!

The structure and morphology of the as-prepared CoO nano-
crystals were investigated by high-resolution transmission elec-
tron microscopy (HRTEM) and annular dark field (ADF) scanning
transmission electron microscopy (STEM) combined with elec-
tron energy loss spectroscopy (EELS) spectrum imaging (Sl). Fig-
ure 2 shows the elemental composition measured by EELS on
the nanocrystals evidenced in the right part of the image. The
found atomic concentration values were 47 % for Co and 53 %
for O, indeed confirming the CoO stoichiometry. Apparent oxy-
gen excess is in agreement with the p-type semiconductor na-
ture of CoO. Moreover, homogeneous distribution of both ele-
ments was clearly observed. Further HRTEM analyses, of which
an example is reported in Figure 3, confirmed the Fm3m space
group of the CoO nanoparticles.

Combined HAADF STEM and HRTEM studies helped us to
model the 3D atomic morphology of the nanoparticles. In fact,
every observed nanoparticle had an octahedral morphology
defined by 8 (111) facets, as shown in the 3D atomic models
on the bottom of Figure 3D. Atomic models of the nanoparti-
cles were constructed using the Rhodius software,!'® which has
been demonstrated to be very successful in the modeling of
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Figure 2. (right) ADF STEM micrograph showing typical octahedral as-pre-
pared CoO nanoparticles in different projections. (left) EELS elemental maps
for Co, O, combined RGB map and corresponding ADF STEM detail, obtained
on the selected nanoparticles in the yellow squared region shown in the
general view ADF STEM image on the right.

Front view 3D view
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Figure 3. (top left) ADF STEM general view showing typical as-prepared CoO
octahedral nanoparticles in different projections. The selected nanoparticle
delimited with red pointed lines has been modeled in the inset. (top
middle) HRTEM micrograph showing the projected facets of the octahedral
CoO nanoparticle along the [110] zone axis. (top right) Power spectrum ob-
tained on the previous HRTEM micrograph showing the cubic structure of
the CoO nanoparticle along the [110] projection. The HRTEM below the
power spectra shows an atomic resolution detail of the lateral facets of the
octahedra corresponding to 111 planes. (bottom) Front ([110] projection), top
([001] projection) and 3D views of the octahedral nanoparticle model in the
left, middle and right insets, respectively.

complex nanostructures.!'” These results are in agreement with
the peak intensity ratios observed in the XRD pattern of Fig-
ure 1.

The effect of the heat treatment at 400 °C on the starting
CoO nanocrystals is remarkable. As discussed below, this tem-
perature was sufficient for n-oleylamine (OAm) removal; there-
fore, aggregation of the nanoparticles was expected. Moreover,
the stoichiometry change and the remarkable lattice parameter
increase (almost doubled) due to the phase transformation to
Co30,4 (shown in Figure 1) imposed extensive reconstruction of
the nanocrystals. In Figure 4 a representative image is shown,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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demonstrating the phase transformation to Co30,. In the Sup-
porting Information another image is shown where the Cos0,
nanoparticles seem to be related to cubic regions during the
transformation process. The smaller size with respect to the pre-
vious nanooctahedra is also to be noted. In fact, Rietveld refine-
ment provided a mean size of ca. 35 nm, about half than that
resulting from refinement of the as-prepared CoO sample.

[01-1] Co50;

Figure 4. Left panel: general HRTEM micrograph of the CoO sample heat-
treated at 400 °C. Right panel: detail structure of the red squared area is
presented in the magnified TEM (left); the corresponding FFT spectrum (bot-
tom) reveals these nanoparticles can be indexed to cubic (spinel) Cos0,, as
visualized along the [017] direction.

This reconstruction process was probably responsible for the
appreciable specific surface area of the sample, which — despite
the 400 °C treatment — was 49 m?/g by BET. This value com-
pares well with the 29 m?/g obtained by the urea combustion
method,!"! the 65 m?/g by complex decomposition,!'® and the
82 m?/g by spray pyrolysis,"'®! just to name a few. Only Co30,
nanorods, but prepared at lower temperature (300 °C), dis-
played a much larger area (232 m?/g).2% The focus on the
phase stability of the nanoparticles was necessary since sensing
devices, which were the initial application aim, need high-tem-
perature pretreatment for chemical, thermal and electrical sta-
bilization before being operated. In particular, any organic re-
sidual should be removed from the sample. For this reason,
DSC/TG measurements were carried out for selecting the
proper heat-treatment temperature, which — as shown above -
resulted to be 400 °C.

The results are shown in Figure 5. The data are dominated
by two main phenomena: an intense exothermic peak associ-
ated with a sharp mass loss, centered at ca. 250 °C and that
comprises a shoulder on the lower temperature flank, and a
subsequent mass increase not associated with DSC peaks. The
250 °C peak was interpreted in terms of dissociation/oxidation
of the oleylamine ligands bonded to the CoO nanocrystals, as
shown by the FTIR data presented below. The subsequent mass
increase suggested oxygen uptake from the atmosphere to
form Co30,, which is coherent with the sample mass surpassing
the initial value. The involved temperature range is in agree-
ment with the results of Figure 1. Slight mass decrease in the
higher temperature range could be due to sample structural
rearrangement. Bulk Co30,4 will convert into CoO only above
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950 °C. In fact, the sample collected after thermal analysis dis-
played the Co3;04 XRD pattern (Figure 1), with remarkable peak
narrowing due to the high temperature sintering. It is interest-
ing to observe that the sample heated at 900 °C, as observed
by SEM (see the Supporting Information), displayed some struc-
tures again resembling the cubic structure of CoO, despite at a
much larger size imposed by the high temperature.
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Figure 5. DSC/TG curves measured on the as-prepared CoO sample.

The sample evolution could be confirmed by FTIR investiga-
tion, which also provided further insight into the material for-
mation pathways. The spectra recorded in various steps of the
synthesis process are reported in Figure 6, together with those
of Co 2-ethylhexanoate [Co(EtEs),] and OAm.

IS (=C_H\) T IlS NH -I T T
v NHZ\ 3 s(c=C) ~a°CH: soN
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e
& | oleylamine
D
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g 1412
S 1542——— > 4y o
3 dried
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4000 3000 2000 1000

Wavenumbers (cm™)

Figure 6. FTIR spectra measured on the indicated samples.

In the dried CoO nanocrystals, it is possible first of all to
observe an intense and broad band below 3500 cm™', with a
structure typical of the overlap of several OH moieties. Since
the synthesis is nonaqueous, it could be speculated that the
nanocrystal formation proceeds through the condensation of
Co-OH bonds, but the reaction between OAm and Co(EtEs),
will require a specific investigation for being identified. It is
worth mentioning that the reaction with oleic acid only pro-
vided a small amount of a waxy material. More interestingly,
the investigation of the sample composition offers hints about
a synergistic effect of OAm and 2-ethylhexanoato ligands in the
synthesis of the final CoO nanocrystals. OAm has been used in
the reaction with Co(acac);" in two different works, yielding

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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CoO but without the clear shape obtained in the present work.
Different shapes were obtained by the decomposition of cobalt
oleate in the presence of oleic acid.??! Cobalt acetate decompo-
sition in OAm only provided elemental Co nanocrystals, while
large CoO octahedral particles were obtained in a mixture of
OAm and oleic acid. In this case, the role of OAm was recog-
nized as that of a reducing agent. Decomposition of Co(acac),
required a mixture of oleic acid, OAm and cetyltrimethylammo-
nium bromide for obtaining octahedral nanocrystals. In earlier
studies, decomposition of Co(acac); in oleylamine had been
used, with different shapes of the final CoO nanocrystals.[?3]
Coming to the present study, in the as-prepared sample the
v(NH,) band at ca. 3300 cm™ is hidden by the OH band, but
the presence of OAm is nevertheless ensured by a very weak
0(C-H) band at 3004 cm™', the 6(-C=C) band at ca. 1645 cm™'
(the Co precursor does not have any band in that region) and
further 6(NH,) and 6(C-N) persistence. The 6(CHs) band at ca.
1465 cm™' is not indicative since it receives a contribution even
from any 2-ethylhexanoate residual. On the other hand, the
OAm signal is quite weak, and suggests that its bonding to the
CoO surface is not strong enough to survive the washing steps.
In fact, the mass loss in the thermal analysis associated with
oleylamine desorption (ca. 2 %, see Figure 5) was very limited.
An important feature is a couple of new bands at ca. 1542 and
1412 cm™'. These bands, due to asymmetric and symmetric
carboxylate stretching modes, respectively, are typical of the
coordination of a carboxylic acid to a metal ion.?¥ They are
accompanied by the disappearance of the carbonyl band of the
free acid at ca. 1740 cm™. In fact, the spectrum of the Co pre-
cursor contained a band at 1740 cm™’, which was not observed
anymore in the dried sample. From the 130 cm™' value of A,
the separation between the carboxylate stretching modes, we
can deduce that the bonding is of a chelating type.l*#?% Sum-
marizing: The CoO surface is coordinated with OAm and 2-eth-
ylhexanoato moieties, the latter in chelating configuration; but
the OAm bonding to the nanocrystal surface is weak and can
be easily substituted during the growth by the 2-ethylhexano-
ato ligands generated by Co(EtEs),. The dynamic interplay be-
tween the two ligands originates the peculiar shape of the na-
nocrystals. By “peculiar” we do not mean that it is an unex-
pected shape, being closely related to the crystal symmetry of
CoO, but that the combination of the two ligands is tuned in
such a way to provide the proper kinetic control over the
growth, allowing such stable crystallographic habit to emerge.
The spectra for 105 °C and 305 °C, soon before and after the
intense exothermic peak discussed in Figure 5, confirm the in-
terpretation of the thermal analysis data. After heating at
105 °C, the IR signal is identical to that of the as-prepared sam-
ple, since the exothermic phenomena have not begun yet. In-
stead, at 305 °C, after the peak completion, the IR signal drasti-
cally changed in the region characterized by OAm and 2-ethyl-
hexanoate modes. This result confirms that the exothermic
peak was due to organics desorption/decomposition. It should
be noted that the intense bands at ca. 1500 cm™" were substi-
tuted by broad and weak bands, showing that some species
are still present. They could be partly responsible for the slightly
mass decrease at high temperatures observed in Figure 5. After
400 °C, no signals were observed apart from OH, water and
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typical oxide modes at low wavenumbers, indicating complete
thermal and chemical stabilization of the material.

The gas-sensing properties of the prepared sensor was eval-
uated towards three different gases (CH4 CO, and EtOH). The
raw resistance data of the measurement are plotted in Figure 7,
showing typical p-type behavior through resistance increase
during exposure to reducing gases. The corresponding re-
sponse data are reported in Table 1. It can be seen, that the
Co30, sensor responses to all three gases under dry conditions,
but is rather selective to ethanol in humidity (50 % r.h. H,O at
25 °Q). In general, the highest response was obtained to this
gas. If we focus on the ethanol sensing, the response data are
not comparable with those recently reported.’?®! They are more
comparable, but still smaller than those obtained with various
Co304 morphologies.?227] The comparison is more useful if
the related operating temperatures are considered. While in the
literature they are easily higher than 200 °C?® and up to
300 °C,”?! in our case the highest response was observed at
100 °C and not at higher temperatures, indicating that the
Co30,4 prepared by this procedure is suitable for low-tempera-
ture gas detection. This result compensates the relatively low
responses obtained. The lowered response to CH, and CO in
humid air indicates that these gases are competing with H,O
for the same adsorption sites more than EtOH.

I
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ﬁ100k7 5 Q i
g | 2 °TE 8
=
SKp—
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0 20 40 60 80 100 120 140 160
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Figure 7. Resistance measurement of a Cos0, sensor at 100 °C under CH,
(500, 1000, and 2000 ppm), CO (20, 50, and 100 ppm), and EtOH (45, 90, and
170 ppm) exposure in dry and humid synthetic air background (0 and 50 %
r.h. H,0 at 25 °Q).

Table 1. Response data at the operating temperature of 100 °C calculated
from the curves in Figure 7.

Test gas Response Response Response

ppm 500 1000 2000

CH, rh. 0% 1.7 15 1.4
r.h. 50 % 1.0 1.0 1.0

ppm 20 50 100

co rh. 0 % 1.5 1.4 1.4
r.h. 50 % 1.0 1.0 1.0

ppm 45 90 170

EtOH rh. 0 % 24 23 24
r.h. 50 % 1.5 1.2 1.3

Conclusions

It is possible to extend the applicability of metal 2-ethylhexano-
ates as precursors for the synthesis of metal oxide nanostruc-

3966
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tures. Cobalt 2-ethylhexanoate is in fact a convenient precursor
for the synthesis of CoO nanostructures, likely through the reac-
tion of oleylamine with 2-ethylhexanoate ligands. The resulting
nanocrystals have the shape of nanooctahedra, related to the
crystal phase of CoO, and are converted into Co30,4 upon high-
temperature treatment, in agreement with the analogous phase
transformations of bulk CoO. The resulting materials are suit-
able for processing low-temperature chemical gas sensors.

Experimental Section

In a typical synthesis, 1 g of Co 2-ethylhexanoate (65 % in mineral
spirits, Strem Chemicals; in the following denoted as CoEtEs,) was
dissolved in 10 mL of n-oleylamine (OAm, 70 %, Sigma-Aldrich) in
a 16 mL glass vial. Then the vial was placed into a 45 mL steel
autoclave (Parr), the autoclave was heated up to 250 °C in a muffle
furnace at a rate of 5 °C/min and kept at that temperature for 2 h.
After cooling, the product was extracted with methanol, washed
with acetone, and dried at 90 °C. A dark-brownish powder was ob-
tained (this sample will be referred to as “dried” or “as-prepared”).
The powders were heat-treated at 400 °C in air for 1 h for thermal
and phase stabilization before the sensing device processing. Sam-
ples were also heat-treated at 105 °C and 305 °C for 15 min for
investigating the sample evolution during the thermal treatment.

X-ray diffraction (XRD) was carried out with a Panalytical X'Pert PRO-
MPD diffractometer working with Cu-K,, radiation (1 = 1.5406 A)
using a Bragg-Brentano geometry. Rietveld refinement of the XRD
patterns was carried out with the Maud software.l3%!

Fourier transform infrared (FTIR) measurements were carried out
with a Nicolet 6700 spectrometer in diffuse reflectance setup after
dispersing the sample powders in KBr.

Thermal analyses were carried out with a thermal balance model
SDT Q-600 from TA instruments under an air flow of 100 mL/min
and a thermal ramp of 10 °C/min.

High-resolution transmission electron microscopy (HRTEM) analyses
of the powders were carried out with a field emission gun micro-
scope FEI Tecnai F20, working at 200 keV with a point-to-point reso-
lution of 0.19 nm. Scanning transmission electron microscopy
(STEM) in annular dark field (ADF) mode combined with electron
energy loss spectroscopy (EELS) spectrum imaging (SI) were also
obtained in the same FEI Tecnai F20 instrument.

Brunauer-Emmett-Teller (BET) single point specific surface area
measurement on the sample heated in air at 400 °C was performed
with an Autochem Il 2920 Micrometrics, equipped with a TCD de-
tector. Before the measurement the sample was outgassed at 300 °C
under an He flow for 2 h.

The gas-sensing device was prepared out of the 400 °C pre-heated
powder. A suspension of this powder and 2-propanol was drop-
coated onto an alumina substrate (25.4 mm X 4.2 mm x 0.6 mm),
which was provided with interdigitated Pt-electrodes for resistance
read-out on the front side and a Pt-heater for temperature control
on the back side. During the drop-coating process the substrate
was placed on a hot plate and heated to ca. 60 °C. Then it was
annealed in a four-zone moving belt oven at 400 °C. The gas sens-
ing tests were done by measuring the resistance changes of the
obtained gas sensor with a Keithley 199 multimeter in operando at
different temperatures 100-200 °C. For supplying different concen-
trations of CH, (500, 1000, and 2000 ppm), CO (20, 50, and
100 ppm), and EtOH (45, 90, and 170 ppm) under both dry and
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humid background conditions (0 and 50 % r.h. H,0O at 25 °C) a com-
puter-controlled gas mixing system, equipped with mass flow con-
trollers and data acquisition cards was used. The sensor response
was defined as (Rgas — Ro)/Ro, Where Ry is the sensor baseline electri-
cal resistance in synthetic air and Ry, indicates the sensor electrical
resistance after equilibration in the target gas.
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