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rollable growth of Co3O4 single
nanocrystals using a BiCoO3 target by pulsed laser
deposition

Deyang Chen, *ab Shang-Lin Hsu,b Ajay K. Yadav b and James D. Clarksonb

We report a novel route to synthesize Co3O4 single nanocrystals using pulsed laser deposition by

decomposition of BiCoO3. The decomposition of BiCoO3 to Bi2O3 and Co3O4 at relatively high

temperature enables the formation of pure Co3O4 phase. The absence of Bi element is confirmed by

both X-ray diffraction (XRD) and energy dispersive spectrometer (EDS) measurements. The effects of

various PLD growth conditions, including growth rate (2–20 Hz), growth temperature (630–650 �C), O2

partial pressure (50–200 mTorr) and laser energy density (0.6–1.8 J cm�2), on the synthesis of Co3O4

nanocrystals were systematically studied. Interestingly, the orientation of Co3O4 single nanocrystals can

be controlled by changing the growth parameters. It is revealed that the decrease of the laser energy

density leads to the preferred orientation of Co3O4 single nanocrystals altering from (111) plane to (220),

while the high temperature growth favors (400) orientation. The obtained orientation-controllable

Co3O4 single nanocrystals provide the possibility to study its orientation-dependent physical and

chemical properties as catalysts, anode materials and magnetic materials.
Introduction

Co3O4 is attracting much attention for its thermodynamic
stability, electrochemical properties and antiferromagnetic
properties, promising for catalyst, Li-ion battery, gas sensor
and spintronic device applications.1–6 Both the experimental
and theoretical studies have revealed that the crystallographic
orientation and morphology of the metallic oxides play a key
role in the related physical and chemical properties as
different orientations or morphologies not only have various
surface atomic densities but also electronic structures.7–11

Hu et al.12 found signicant effects of crystal orientation in
Co3O4 on catalytic properties. It was also demonstrated that
the exposed facets of Co3O4 nanocrystals play an important
role in Li-ion battery.13 Moreover, Yu et al.14 reported that the
electrochemical sensing performance in (111) facet of Co3O4

nanoplates is better than that of the (001) facet of Co3O4

nanocubes.
Thereby, much effort has been made to synthesize various

oriented single nanocrystals (such as nanoparticles, nanowires
and nanosheets) by chemical solution deposition method,
magnetron sputtering, pulsed laser deposition, post calcina-
tion, thermal evaporation, wet chemical synthetic approach,
and so on.15–21 However, a synthesis method to produce
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.com

eering, University of California, Berkeley,

93
orientation-controllable and morphology-tunable Co3O4 single
nanocrystals is extremely desirable as it could provide a plat-
form for the study of orientation-dependent and morphology-
related catalytic, magnetic and electrochemical properties
where enhanced physical or chemical properties may be ob-
tained for promising applications.

In this study, a novel route is proposed to synthesize Co3O4

single nanocrystals using a BiCoO3 target by pulsed laser
deposition (PLD). We would like to mention that the term of
“single nanocrystals” here presents the epitaxial grew Co3O4

nanoparticles. We show that the orientations of the Co3O4 can
be well-controlled by change the PLD growth parameters (such
as growth rate, growth temperature, O2 partial pressure and
laser energy density). The decomposition of BiCoO3 to Bi2O3

and Co3O4 at relatively high temperature (630 �C) enables the
formation of pure Co3O4 phase. The absence of Bi element is
conrmed by both X-ray diffraction (XRD) and energy dispersive
spectrometer (EDS) measurements. We systematically studied
the effects of various PLD growth conditions, including
growth rate (2–20 Hz), growth temperature (630–650 �C), O2

partial pressure (50–200 mTorr) and laser energy density
(0.6–1.8 J cm�2), on the synthesis of Co3O4 nanocrystals.

By changing different growth parameters, (111), (220) and
(400) orientation-controlled Co3O4 single nanocrystals have
been obtained. It turns out that (111) oriented Co3O4 single
nanocrystals can be synthesized at slower growth rate and
lower O2 partial pressure, while lower growth temperature
and higher O2 partial pressure result in the formation of the
(111) oriented Bi2O3 impurity. More interestingly, it is
This journal is © The Royal Society of Chemistry 2017
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revealed that the decrease of the laser energy density leads to
the preferred orientation of Co3O4 single nanocrystals
altering from (111) plane to (220). Furthermore, we found that
higher growth temperature would give rise to the synthesis of
(400) oriented Co3O4 single nanocrystals. These ndings
provide a novel approach to prepare the orientation-
controllable Co3O4 single nanocrystals, which offer a possi-
bility to study the orientation-related properties of Co3O4 for
potential applications in catalysts, anode materials and
magnetic materials.
Experimental
Sample preparation

A series of Co3O4 samples were grown using a BiCoO3 target on
(110) YAlO3 substrates by pulsed laser deposition (PLD) using
a KrF excimer laser (l ¼ 248 nm) in various growth conditions
with growth rate at 2–20 Hz, growth temperature from 630 to
650 �C, O2 partial pressure of 50–200 mTorr and laser energy
density at 0.6–1.8 J cm�2.
Characterizations

A combination of X-ray diffraction (XRD, PANalytical X'Pert) and
transmission electron microscopy (TEM, Titan X 200 kV) were
used for the structural characterization. The composition of the
obtained samples were measured by energy dispersive spec-
trometer (EDS). Atomic force microscopy (AFM, Veeco, Multi-
Mode 8) was applied to study the morphologies of Co3O4

nanocrystals.
Fig. 1 The effects of growth rate on the synthesis of Co3O4 single nano
(2 Hz, 10 Hz and 20 Hz). AFM topography images showing the morphol

This journal is © The Royal Society of Chemistry 2017
Results and discussion

A variety of parameters play important roles in the PLD growth
process. Among of these conditions, the growth rate, growth
temperature, O2 partial pressure and laser energy density are
critical to obtain high quality samples.22,23 In this work, we rst
study the effects of growth rates (2–20 Hz) on the synthesis of
Co3O4 single nanocrystals as shown in Fig. 1. The Co3O4 was
grown by pulsed laser deposition (PLD) at various pulsed laser
frequencies (2, 10 and 20 Hz) with the laser energy density of
1.1 J cm�2 at 630 �C in an oxygen pressure of 100 mTorr. At the
growth temperature �630 �C (much higher than the decom-
position temperature of BiCoO3), BiCoO3 would decompose to
Bi2O3 and Co3O4.24 This is veried by the XRD measurement
(Fig. 1a) and provides a possibility to obtain pure Co3O4 phase
by adjusting the growth parameters. The XRD data show that
(111) oriented single crystal Co3O4 with (111) Bi2O3 impurity
were synthesized at low growth rate (2 Hz), while (111), (311)
and (400) polycrystalline Co3O4 were obtained with the increase
of the growth rate to 10 Hz. The poly-crystallization of Co3O4

were even promoted with the (220) diffraction peak emerging at
20 Hz. It is also worth to note that the amount of Bi2O3

secondary phase increases at higher growth rate (10 Hz and
20 Hz) as shown in Fig. 1a. This is because the high growth rate
hinders the volatilization of Bi element, whereas the low growth
rate of 2 Hz helps its volatilization to obtain pure phase Co3O4.
The morphologies of the samples grown at 2 Hz, 10 Hz and
20 Hz were captured by atomic force microscopy (AFM) as
shown in Fig. 1b–d, respectively. The triangle-like morphology
presented in Fig. 1b points to the (111) oriented growth of Co3O4

nanocrystals, which is in agreement with the XRD data. This is
crystals. (a) XRD data of Co3O4 samples grown at various growth rate
ogies of the corresponding samples: (b) 2 Hz, (c) 10 Hz and (d) 20 Hz.

RSC Adv., 2017, 7, 42088–42093 | 42089
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also consistent with previous study.25 Nevertheless, the poly-
crystalline Co3O4 samples synthesized at 10 Hz and 20 Hz show
particles with various shapes embedded in continuous lms
(Fig. 1c and d). These results indicate that pure phase, (111)
oriented Co3O4 single nanocrystal favors low growth rate.

The inuences of growth temperature on the preparation of
Co3O4 were also studied as shown in Fig. 2. The Co3O4 samples
were grown at 10 Hz with the laser energy density of 1.1 J cm�2
Fig. 2 Effects of growth temperate (630–650 �C) on the synthesis of
Co3O4 single nanocrystals, revealing the preferred (400) oriented
growth of Co3O4 in higher temperature (650 �C).

Fig. 3 Effects of oxygen partial pressure on the synthesis of Co3O4 sing
pressure (50–200 mTorr). AFM topography images showing the morpho
(d) 50 mTorr.

42090 | RSC Adv., 2017, 7, 42088–42093
in an oxygen pressure of 100mTorr at 630–650 �C. The XRD data
demonstrate that high growth temperature contributes to the
growth of (400) oriented Co3O4. However, there is the impurity
Bi2O3 phase in all these samples grown at different growth rates
and temperatures.

As the secondary Bi2O3 phase is sensitive to the O2 partial
pressure as well,26,27 to obtain pure Co3O4, we next focus on the
effects of this growth parameter. The samples were grown at
2 Hz with 1.1 J cm�2 energy density at 630 �C in the O2 pressure
of 50–200 mTorr. XRD was performed for the structural char-
acterization. As expected, the O2 pressure has signicant effects
on the formation of the Bi2O3 impurity. With the decrease of the
O2 pressure from 200 mTorr to 100 mTorr, the content of Bi2O3

reduced signicantly and pure (111) oriented Co3O4 was
successfully obtained with the further decrease of O2 to 50
mTorr, as displayed in Fig. 3a. All the corresponding AFM
topography images (Fig. 3b–d) show similar triangle-like
morphologies in agreement with the XRD data (Fig. 3a) and
the growth rate dependent study (Fig. 1), further indicating the
(111) oriented growth of Co3O4 single nanocrystals. The size of
the obtained Co3O4 single nanocrystals are 100–350 nm. We
would like to mention that both the Co3O4 and Bi2O3 are (111)-
oriented single nanocrystals, thus it is difficult to tell the
difference in the topography images as they both show triangle-
like morphology.

The laser energy density is another important growth
parameter of PLD, which would affect the formation of the
desired phase and the impurities.28 Interestingly, we nd that
this growth parameter can be used to control the orientation of
Co3O4 nanocrystals. Three samples were grown with different
le nanocrystals. (a) XRD data of Co3O4 samples grown at different O2

logies of the corresponding samples: (b) 200 mTorr, (c) 100 mTorr and

This journal is © The Royal Society of Chemistry 2017
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laser energy density (0.6–1.8 J cm�2) while other growth
parameters were the same (50 mTorr, 2 Hz, 630 �C). As shown in
Fig. 4a, it is revealed that high energy density (1.8 J cm�2) leads
to the formation of (111) and (220) mixed orientation of Co3O4

nanocrystals. (111) Single nanocrystal Co3O4 were synthesized
with the reduction of energy density to 1.1 J cm�2, whereas the
preferred orientation alters to (220) plane with even lower
energy density of 0.6 J cm�2.

Meanwhile, the corresponding morphologies are very
different as shown in the AFM images (Fig. 4b–d). The (111) and
(220) mixed orientation samples obtained at 1.8 J cm�2 show
irregular shapes (Fig. 4b) whereas the (111) oriented Co3O4

single nanocrystals grown at 1.1–1.8 J cm�2 possess triangle-like
morphology (Fig. 4c), again in consistent with the grow rate and
oxygen pressure dependent studies (Fig. 1 and 3). Differently,
when the orientation of Co3O4 change to (220) plane with the
decrease of energy density to 0.6 J cm�2, it shows sandwich-like
morphology as shown in Fig. 4d. The typical sandwich-like
Co3O4 nanocrystals are marked with blue squares while
triangle-like nanocrystals marked with white circles are also
observed, indicating the existence of a small amount of (111)
oriented Co3O4 which was not detected by XRD. These ndings
are promising for the study of the morphology-dependent and
orientation-dependent catalytic, magnetic and electrochemical
properties.

To further study the structure and composition of the ob-
tained Co3O4 single nanocrystals, transmission electron
microscopy (TEM), Scanning TEM (STEM) and energy dispersive
spectrometer (EDS) were performed on a (111) oriented Co3O4

sample as shown in Fig. 4c at the National Center for Electron
Fig. 4 Effects of laser energy density on the synthesis of Co3O4 single n
density (0.6–1.8 J cm�2). AFM topography images showing themorpholo
0.6 J cm�2.

This journal is © The Royal Society of Chemistry 2017
Microscopy (NCEM), Lawrence Berkeley National Laboratory
(LBNL). Fig. 5a shows the high-angle annular dark eld
(HAADF) low-resolution STEM image of Co3O4 sample grown on
YAlO3 substrate. The EDS elemental line scan prole is shown
in Fig. 5b, which was conducted across a Co3O4 nanocrystal
along the red line as shown in Fig. 5a. The corresponding EDS
line scan across HAADF STEM image is presented in Fig. 5c. It
reveal the existence of Co and O in the layer of Co3O4 nano-
crystal and the presence of Y, Al and O in the layer of YAlO3

substrate, while the Bi element from the BiCoO3 target is absent
due to its decomposition during the growth process. This is in
agreement of our XRD data. The EDS elemental mappings of Bi,
Co and O elements corresponding to the HAADF STEM image in
Fig. 5a were measured as well as shown in Fig. 5d–f. It again
demonstrate the absence of Bi (as shown in Fig. 5d, the
discontinuous blue contrast is the background signal). Fig. 5e
shows that the Co element only exists in the Co3O4 single
nanocrystals layer while Fig. 5f reveals that oxygen exists across
the whole sample. Thus, these results demonstrate the pure
Co3O4 phase has been obtained in this study.

A low-resolution cross sectional TEM image of the (111)
oriented Co3O4 sample (as shown in Fig. 4c) is presented in
Fig. 6a. It shows that the discontinuous Co3O4 nanocrystals with
size around 100–250 nm are synthesized on YAlO3 substrate.
The high-resolution TEM image of the red circled region in
Fig. 6a is shown in Fig. 6b. The green dashed line reveals the
sharp interface between the Co3O4 layer and YAlO3 substrate.
Moreover, the lattice spacing of 4.67 Å veries the (111) oriented
growth of Co3O4 single nanocrystals, which is again in agree-
ment with the previous data (Fig. 4).
anocrystals. (a) XRD data of Co3O4 samples grown at different energy
gies of the corresponding samples: (b) 1.8 J cm�2, (c) 1.1 J cm�2, and (d)

RSC Adv., 2017, 7, 42088–42093 | 42091
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Fig. 5 (a) Low-resolution HAADF STEM image of Co3O4 sample grown on YAlO3 substrate. (b) EDS elemental line scan profile across the red line
in (a). (c) The HAADF STEM image of the region conducted with EDS line scan. The EDS elemental mappings of Bi, Co and O elements cor-
responding to the HAADF STEM image in (a): (d) Bi element, (e) Co element, and (f) O element.

Fig. 6 (a) A low-resolution cross sectional TEM image of the (111) oriented Co3O4 sample. (b) The high-resolution TEM image of the red circled
region in (a). The green dashed line reveals the sharp interface between the Co3O4 layer and YAlO3 substrate. The lattice spacing of 4.67 Å verifies
the (111) oriented growth of Co3O4 single nanocrystals.
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Conclusions

To summarize, we report a novel approach to synthesize single
nanocrystal Co3O4 using PLD by the decomposition of BiCoO3.
The absence of Bi element owing to the decomposition of
BiCoO3 during the growth process is veried by both X-ray
diffraction (XRD) and energy dispersive spectrometer (EDS)
measurements. We show that the orientation of Co3O4 can be
well-controlled by changing the PLD growth conditions. (111),
(220) and (400) oriented Co3O4 single nanocrystals have been
42092 | RSC Adv., 2017, 7, 42088–42093
successfully obtained. It is revealed that the decrease of the
laser energy density leads to the preferred orientation of Co3O4

single nanocrystals altering from (111) plane to (220), while the
high temperature growth favors (400) orientation. Moreover,
distinct morphologies of different orientation Co3O4 single
nanocrystals are observed by AFM. The (111) oriented growth
samples show triangle-like morphology while the (220) samples
display sandwich-like topography. These ndings offer a new
route to obtain orientation-controllable Co3O4 single nano-
crystals and provide the possibility to study the orientation-
This journal is © The Royal Society of Chemistry 2017
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dependent and morphology-dependent physical and chemical
properties of Co3O4 as catalysts, anode materials and magnetic
materials. Furthermore, the decomposition of BiCoO3 in high
temperature (630–650 �C) in this study also might give a clue to
grow BiCoO3 thin lms, which is a superior room temperature
ferroelectric material,29 in relatively low temperature.
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