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Abstract: The present work reports a simple and easy wet chemistry synthesis of cuprous oxide (Cu,O)
nanospheres at room temperature without surfactants and using different precursors. Structural characterization
was carried out by X-ray diffraction, transmission electron microscopy, and scanning electron microscopy
coupled with focused ion beam and energy-dispersive X-ray spectroscopy. The optical band gaps were determined
from diffuse reflectance spectroscopy. The photoluminescence behavior of the as-synthesized nanospheres
showed significant differences depending on the precursors used. The Cu,O nanospheres were constituted by
aggregates of nanocrystals, in which an on/off emission behavior of each individual nanocrystal was identified
during transmission electron microscopy observations. The thermal behavior of the Cu,O nanospheres was
investigated with in situ X-ray diffraction and differential scanning calorimetry experiments. Remarkable
structural differences were observed for the nanospheres annealed in air, which turned into hollow spherical
structures surrounded by outsized nanocrystals.
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INTRODUCTION

Optical and electrical properties of cuprous oxide (Cu,O) are
mainly controlled by intrinsic defects, such as copper and/or
oxygen vacancies. Copper vacancies are believed to be the
cause of the p-type semiconductor character of Cu,O (Mittiga
et al,, 2006; Figueiredo et al., 2008), whereas an n-type char-
acter is observed when the density of oxygen vacancies is
higher than that of copper vacancies (Heng et al., 2012).
Cu,O typically exhibits a p-type semiconductor character,
displaying a high optical absorption coefficient (Al-Ghamdi
et al, 2012), bulk band gap of 2.0-2.17 eV (Deki et al., 1998;
Hara et al, 1998; Heng et al, 2012), and suitable electrical
properties (Balamurugan & Mehta, 2001). Owing to these
unique intrinsic properties, Cu,O is widely employed in optoe-
lectronics, such as in solar cells (Garuthara & Siripala, 2006; Wei
et al,, 2012) with a theoretical conversion efficiency over 13%
(Al-Ghamdi et al., 2012). However, the thermal stability of
Cu,0 is a concern and, as a result, the temperature range for
Cu,O application in optoelectronic devices is limited and
must be strictly scrutinized (Balamurugan & Mehta, 2001).
In addition, Cu,O has been proposed as a material for thin-
film transistors (Figueiredo et al., 2009, 2013), electrodes in
lithium jon batteries (Bijani et al., 2007), photocatalyst for
the photochemical decomposition of water under visible
light (Hara et al., 1998; He et al., 2005), glucose sensors
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(Zhou et al., 2014), biosensors (Zhu et al., 2008; Geng et al.,
2011), and gas sensors (Zhang et al., 2006; Chen et al., 2012).

The optical properties of Cu,O are largely dependent on
the nanoparticle size and shape (Zhang & Wang, 2011), and
several approaches have been reported to control the final
Cu,O micro/nanocrystal morphology, namely nanowires
(Filipi¢ & Cvelbar, 2012; Nunes et al., 2014), nanorods (Wei
& Huo, 2010), nanocubes (Chang et al., 2013), octahedral
crystals (Cao et al., 2009), nanospheres (Chen et al., 2012;
Sun et al., 2012; Jiang et al., 2013), and hollow structures (Sui
et al, 2009; Wang et al, 2011). The latter are interesting
because of the low density, high specific surface area,
and good permeation (Sui et al., 2009). Furthermore, Cu,O
micro/nanospheres are expected to exhibit high light-
collection efficiency and fast motion of charge carriers, as
well as large surface area (Hsu et al., 2012). The most common
approaches to synthesize Cu,O micro/nanospheres are
template-directed and hydrothermal synthesis (Sui et al., 2009;
Zhang & Wang, 2011; Hsu et al., 2012). However, lower cost
production at room temperature of controlled oxide nanos-
tructures is still sought.

The present work reports the production of Cu,O
nanospheres at room temperature through a simple and easy
chemistry route without surfactants and using different
precursors. Structural characterization of the nanospheres
was carried out by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and scanning electron micro-
scopy (SEM) coupled with focused ion beam (FIB) and
energy-dispersive X-ray spectroscopy (EDS). The thermal
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stability of the nanospheres was evaluated through differ-
ential scanning calorimetry (DSC) experiments and in
situ XRD. Optical properties were assessed through diffuse
reflectance spectroscopy and photoluminescence (PL) studies.

MATERIALS AND METHODS

Cu,0 nanospheres were synthesized via a wet chemical route
at room temperature. Sigma-Aldrich (Sigma-Aldrich Cor-
poration, St. Louis, MO, USA) reagents were used as-
received without further purification. The copper precursors
tested were: copper (II) acetate (Cu(CH;CO,),), copper
(II) sulfate pentahydrate (CuSO,.5H,0), copper (II) chloride
(CuCly), and copper (II) nitrate (Cu(NO3),). In ordinary
reactions, 0.4 g of each precursor were dissolved in 50 mL of
de-ionized water under constant stirring. Afterwards, 0.4 g
of sodium hydroxide (NaOH) was added forming a blue
precipitate of Cu(OH),, followed by 50 uL of ethylenedia-
mine (EDA-C,HgN,-99%) that turned into a translucent
royal blue solution, probably owing to the formation of [Cu
(OH),J*". In fact, EDA plays an important role on the
definition of the nanoparticle shape and size (Rathmell et al.,
2010; Meng & Jin, 2011). Finally, 310 uL of a 2 M solution of
hydrazine monohydrate (N,H,.H,0-65%) was added, and
the reaction mixture evolved from blue into green, then
yellow, and finally orange, the color associated with forma-
tion of Cu,O. The reactions took place without the presence
of surfactants. A 15-min reaction time (after adding hydra-
zine) was set for all precursors tested.

The reactions involved in the Cu,O nanosphere synth-
esis are proposed as follows (Sharma & Sharma, 2013):

Cu(CH;CO,),— Cu** +2CH;CO, , (1)
CuSO, — Cu** +80,, ®)
CuCl, — Cu®" +2Cl°, (3)
Cu(NO3),— Cu*" +2NO,", (4)

then

Cu?* +2NaOH + 2H,0 — [Cu(OH),]*” +2Na* +2H",
(5)

2[Cu(OH),]*” +N,Hy — Cu,0+N, |
+3H,0+40H  +H, 7. (6)

The intermediate formation of Cu(OH), is not repre-
sented in equation (5) owing to the immediate conversion
into [Cu(OH),)*" after adding EDA.

The as-synthesized materials were subsequently centri-
fuged at 4,000 rpm, washed thoroughly with de-ionized
water and isopropyl alcohol, and dried in vacuum for 1 h to
prevent further oxidation before characterization.

SEM observations were carried out using a Carl Zeiss
AURIGA CrossBeam (FIB-SEM) workstation (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany), equipped for
EDS measurements. The diameter of 50 individual nano-
spheres were determined from SEM micrographs using
Image] software (Schneider et al, 2012). For the FIB
experiments, performed to observe the inner cross-section of
individual nanospheres, Ga* ions were accelerated to 30 kV
at 2 pA and the etching depth was kept around 300 nm. A
thin layer (~30 nm) of carbon was deposited on the material
surface to minimize Ga contamination.

TEM observations were carried out with a Hitachi
H8100 microscope (Hitachi High Technologies America,
Inc., Dallas, TX, USA) operated at 200 kV and equipped with
EDS. A drop of the sonicated dispersion was deposited onto
200-mesh copper grids covered with formvar and allowed to
dry before observation. Cathodoluminescence (CL) images
were obtained during TEM observation, and CL films were
acquired with the recording times of 4.17 or 5.83 s (12 and 13
frames/s, respectively) (see Supplementary Material). The
images were obtained at 0° tilt angle to avoid any specific
diffraction condition. The size of individual nanocrystals was
determined through dark-field images using CL, and the size
of 20 nanocrystals exhibiting CL behavior was measured
using Image] software (Schneider et al., 2012).

Supplementary Material

Supplementary Material can be found online. Please visit
journals.cambridge.org/jid_MAM.

DSC measurements were carried out with a Simulta-
neous Thermal Analyser TGA-DSC-STA 449 F3 Jupiter
(Netzsch-Geritebau GmbH, Selb, Germany). Approximately
2 mg of the dried powder was loaded into an open Al crucible
and heated from room temperature to 500°C with a heating
rate of 10°C/min in air. The annealing treatments were
carried out by heating ~100 mg of the dried powder in a
Nabertherm furnace under atmospheric conditions for 1 h at
temperatures in the 200-500°C range.

XRD experiments were performed using a PANalytical
X’Pert PRO MPD diffractometer (PANalytical B.V., Almelo,
The Netherlands) equipped with an X’Celerator detector and
CuKa radiation. The XRD data were acquired in the 20-90°
20 range with a step size of 0.05°. In situ XRD experiments
have been carried out in an MRI chamber at atmospheric
conditions using a Pt-Rh foil as the heating element. The
in situ diffractograms were collected in the same 26 range
and at temperatures of 30, 100, 200, 250, 300, 350, 400, and
500°C. The material was kept at each temperature step for at
least half an hour to allow stabilization and five consecutive
scans were collected for inspection of structural modifications
during this time. The temperature was increased at a rate of 5°
C/min. For comparison, Cu, CuO, and Cu,O diffractograms
were simulated with PowderCell (Kraus & Nolze, 1996) using
previously published crystallographic data (Pearson et al,
1985). The average crystallite size was determined through
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Figure 1. (a) X-ray diffractograms of Cu,O nanospheres produced with the different precursors. (b) Energy-dispersive
X-ray spectroscopy spectrum of Cu,O particles synthesized with chloride as the precursor.

Scherrer’s equation applied to the highest intensity low-angle
Bragg reflection, Cu,Oq1;.

The room temperature PL experiments were performed
using a PerkinElmer LS-55 spectrophotometer (PerkinElmer,
Inc., Waltham, MA, USA). The source of excitation was a
Xenon lamp, and the excitation wavelengths tested were 488
and 555 nm. All measurements were carried out under equal
excitation/detection conditions. The fluorescence images were
obtained using an Axio Imager Z2m microscope (Carl Zeiss
Microscopy GmbH, Gottingen, Germany) equipped with an
HBO lamp, an EC Epiplan 50 x /0.7-NA HD-M27 objective
lens, and an excitation filter in the green spectral region,
09 FITC filter cube (EX BP 450-490, BS FT 510, EM LP 515).
The images were acquired using the Zen Black software, an
AxioCam MRc camera (Carl Zeiss Microscopy GmbH,
Gottingen, Germany) (RGB 1,388 x 1,040 pixels; 0.20 ym) and
with an exposure time of 1.

Diffuse reflectance spectroscopy measurements of the
dried powders were performed using a PerkinElmer lambda
950 UV/VIS/NIR spectrophotometer (PerkinElmer, Inc.,
Waltham, MA, USA) with a diffuse reflectance module
(150 mm diameter integrating sphere, internally coated with
Spectralon). Calibration of the system was achieved by using
a “perfect” reflector disk (reflectance, R = 1.00) from Spec-
tralon. The reflectance (R) was obtained from 250 to
1,200 nm.

REsuLTs AND DiscussioN

Precursor Effects

Structural Characterization

In order to structurally characterize the as-synthesized
materials, XRD and SEM experiments were carried out.
XRD diffractograms of the Cu,O nanospheres synthesized
with the different precursors are presented in Figure 1. The
peaks are fully assigned to Cu,O and their broad width
suggests the presence of small-sized particles. EDS analysis
revealed that the Cu,O material synthesized from CuCl,
remained contaminated with Cl impurities after the cleaning

procedure (Fig. 1b). Thus, the minimal Cu,O;;; peak shift
observed is expected to be related to the ~1 at% Cl con-
tamination as measured by EDS (Fultz & Howe, 2008; Lupan
et al, 2010). The crystallite size calculated from Scherrer’s
equation is presented in Table 1. No significant differences can
be observed for the different precursors.

SEM analysis (Fig. 2) shows that the synthesized structures
present a nearly spherical shape and relatively smooth surface.
The average nanosphere diameters for each precursor, as
measured from SEM images, is presented in Figure 2 and
Table 1. For the acetate and chloride precursors, the size dis-
tribution of the nanospheres is more symmetric and closer to a
Gaussian curve, whereas nitrate and sulfate resulted in larger
particles and higher size dispersion. The maximum Cu,O
nanosphere size detected was 850 nm for nitrate, while the
minimum was around 100 nm for acetate.

FIB milling experiments were also carried out, which
demonstrated that the nanospheres are aggregates of nano-
crystals, justifying the values obtained by Scherrer’s equation
(Table 1). The internal structure is essentially compact
although internal pores/voids were also detected (Figs. 3d,
4a). EDS maps were collected after the FIB milling experi-
ments (Fig. 4) to attest for the homogeneous distribution of
Cu and O in the Cu,0 nanospheres.

A bright/dark-field set of images and a diffraction pattern
of an individual nanosphere are presented in Figure 3. The
outer shell of the nanosphere displayed thinner/transparent
areas (Fig. 3b) (Sharma & Bhatti, 2009) that confirmed the
presence of individual nanocrystals as observed after FIB

Table 1. Cu,O Crystallite Size Obtained with Scherrer’s Equation
and Average Nanosphere Diameters as Measured from Scanning
Electron Microscopy Images for Different Precursors.

Precursors  Crystallite Size (nm)  Nanosphere Diameter (nm)
Acetate 14.2 479.1 £153.9
Nitrate 14.8 604.3 + 146.0
Sulfate 15.9 487.4+101.1
Chloride 15.3 533.3+124.3
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Figure 2. Scanning electron microscopy images of the Cu,O nanospheres synthesized using (a) acetate, (b) nitrate,
(c) sulfate, and (d) chloride as precursors. The insets show the size distribution of the Cu,O nanospheres for each

precursor tested.

milling. The diffraction pattern attested for the Cu,O com-
position of the nanocrystals (as can be seen by the weak rings
in Fig. 3c) and the diffuse halos confirmed the presence of
amorphous domains, in agreement with a previous report
(Zhang & Wang, 2011).

The aggregate structure was previously reported and
justified through an Ostwald ripening process during for-
mation of the nanospheres (Zhang & Wang, 2011). Initial
Cu,O nuclei are assembled through the reduction of Cu®*
ions by hydrazine [equation (6)], resulting in solid meta-
stable spherical aggregates composed of nanocrystals and
amorphous domains. Interior holes/voids appear within the
solid nanospheres, as larger crystallites are essentially static
whereas the smaller ones gradually dissolve into solution and
recrystallize into larger ones. Therefore, the system equili-
brium will shift toward structures that are thermo-
dynamically more stable (Zhang & Wang, 2011).

Optical Characterization

Diffuse reflectance spectroscopy studies were carried out for
the materials produced with different precursors. The remission
function, F(R), was calculated considering the Kubelka—Munk
equation for optically thick materials, where the increase in
thickness can no longer change the reflectance (R) experimen-
tally determined (Kubelka & Munk, 1931; Yang & Kruse, 2004).
The remission function is obtained by:

(1-R? K
2R S’

F(R) = (7)

where S and K are the scattering and absorption coefficients,
respectively.

The optical band gap (E,) of the semiconductor is rela-
ted to the optical absorption coefficient (a) and the incident
photon energy. The relation can be given as (Aydin et al,,
2013):

ahv = A(hv—E,)", )

where « is the linear absorption coefficient of the material,
hv the photon energy, A the proportionality constant, and
n the constant exponent that determines the type of optical
transition (in this case, for direct allowed transition, n=12).

When the material scatters in a perfectly diffuse manner,
the absorption coefficient K becomes equal to 2a. In this
case, considering the scattering coefficient S as constant with
respect to wavelength, and using the remission function in
equation (8), the following expression is obtained:

[F(R) hv]*=A,; (hv—Ey). (9)

Therefore, the band gap can be determined by plotting
the [F(R) hv]? against hv, and extracting the intersection of
the extrapolation of the linear portion with 0 (Gu et al,
2010). The band gaps were estimated to be 2.05, 2.12, 2.07,
and 2.13eV for acetate, sulfate, chloride, and nitrate,
respectively (Fig. 5). No significant band gap differences
were observed between the precursors tested, moreover, the
evaluated band gaps are close to the direct band gap of bulk
Cu,O (2.0-2.17 eV) (Heng et al.,, 2012).
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Figure 3. Transmission electron microscopy images of Cu,O nanospheres synthesized with acetate, (a) bright-field,
and (b) dark-field images. (c) Diffraction pattern of a single nanosphere, where the reflections used for dark-field ima-
ges are circled, and (d) scanning electron microscopy image of a nanosphere after focused ion beam milling.

Figure 4. (a) Scanning electron microscopy image of a Cu,O nanosphere synthesized with acetate and after focused
ion beam milling. The corresponding X-ray maps for Cu (b) and O (c) are presented.

A multi-peaked feature can be observed in the remission ~  attributed to light scattering at the Mie resonances of the
function spectra for all the Cu,O materials produced (see  particles (Zhang & Wang, 2011). The direct comparison
inset in Fig. 5). This behavior has been previously observed  between the absorption and diffuse reflectance spectra is
for similar Cu,O solid aggregated nanospheres, and  consistent, moreover, it has been reported that estimation of
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band gaps through the latter method results in very accurate
values (Morales et al., 2007).

Photoabsorption on a semiconductor requires higher
energy to the photons (above its band gap), which results in
an excited state. The excitation of an electron induces
selective transitions from the valence band to higher energy
states leaving holes, consequently the excited electrons will
fulfill singular exciton energy levels close to the conduction
band, generating an electron-hole pair (Karabudak et al,
2012). On the other hand, in PL, the electron-hole pair cre-
ated by the photon absorption undergoes the recombination
and emission of a luminescent photon (Gfroerer, 2000).
Hence, considering the same kind of band gap states gov-
erning the recombination mechanism in all the materials, it
is expected that the one having the lowest band gap presents
the highest emission efficiency.

10 | 3.0
25
~ 20
8 Fs s
§ 10}
o 6 o5
=
EC:\ *%0 w0 s 0 700
I 4| Wavelength (nm)
- Acetate
===~ Chloride
20 Nitrate
—-=- Sulfate
0 f i
1.5 1.6 1.7 1.8 19 20 21 2.2

hv(eV)

Figure 5. [F(R) hv)* variation versus photon energy hv. The inset
shows remission function spectra regarding the precursors tested.

Cu,O materials generally present significant lumines-
cence, in which the PL spectra of Cu,O crystals is originated
by photoinduced electron-hole recombination or intrinsic
defects (Heng et al,, 2012). A decrease in the PL intensity
usually suggests a recombination rate decrease, which is
associated with an enhanced charge separation efficiency of
photoinduced electrons and holes (Zhang, 2013). Figure 6
exhibits the room temperature PL spectra of the Cu,O
nanospheres synthesized with different precursors.

In all the studied materials, the emission intensity
decreased with the increase in excitation wavelength, as
previously reported (Djurisi¢ et al., 2006). However, equal
intensity trends were observed for both 488 and 555 nm
excitation wavelengths. No PL band shift was observed
comparing the precursors tested in agreement to the ten-
dency followed by the remission spectra (see inset in Fig. 5)
(Lupan et al., 2010).

The small PL band at 587 nm, corresponding to a band
gap value of 2.11eV, is attributed to the exciton emission
of Cu,O (Jana & Biswas, 1997; Ito et al., 1998; Vila et al., 2010)
and the intense PL band at 732 nm (1.69 eV) may be assigned
to the emission of multiple defect centers (Wu et al., 2006).
Previously, the luminescence band detected at ~720 nm has
been attributed to the presence of oxygen vacancies (Vo band)
(Ito et al., 1998; Wang et al., 2014b), however, the origin of this
defect peak is questionable and requires further clarification.

The behavior of both the PL bands observed in Figure 6
has been previously reported, in which materials with high
density of defects, and exhibiting an intense defect-related
emission PL band, presented almost an invisible exciton
emission near the Cu,O band gap region (Gu & Wang,
2010). Thus, Cu,O nanospheres synthesized with acetate
revealed a higher PL intensity when compared with the ones
synthesized with other precursors, suggesting an enhanced
density of defects that is assigned to recombination centers.
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Figure 6. Photoluminescence spectra of the Cu,O nanospheres synthesized with different precursors using the excita-
tion wavelengths of 488 and 555 nm, without any peak normalization. The break feature at the 555 nm spectra is due to
the appearance of the first order of the excitation band, and the arrow points to the exciton emission of Cu,O. The
fluorescence optical images are also presented, where no image treatment, e.g., contrast enhancement, has been

performed.
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t=1.48 s

t=3.47s

Figure 7. Transmission electron microscopy images of Cu,O nanospheres synthesized with acetate. (a) Bright-field and
(b) dark-field images. (b;-by) Set of dark-field images showing a cathodoluminescence effect on individual grains during
the transmission electron microscopy observations. The images are captured frames of a recorded video (see Supplemen-
tary Material). The arrows indicate the cathodoluminescent crystals. The dashed circles assign the diffraction contrast.
The reflections used for the dark-field images were kept as indicated in Figure 3c.

This, together with the fact that the acetate-based materials
show the lowest band gap (see also Fig. 5), makes them prone
to exhibit the highest PL intensity, as depicted in Figure 6,
which is in agreement with previous reports (Gangopadhyay
et al., 2005; Cavalcante et al., 2012).

Fluorescence images show obvious disparities between
the materials synthesized with the different precursors.
In accordance to the PL analysis, synthesis with acetate
resulted in more intense images.

CL signal emission in a semiconductor is a process
induced by the incident electron beam, generating electron-
hole pairs. These charge carriers diffuse and then recombine.
The recombination of electrons and holes is then associated
with the emission of photons (Abou-Ras et al., 2010). Live
imaging was used to record the CL detected during TEM
observations performed under on-axis dark-field conditions
(Fig. 7 and Supplementary Material). Nanocrystals showing
constant bright contrast strongly diffract the electron beam
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Figure 8. (a) In situ X-ray diffractograms of the Cu,O nanospheres heat exposed up to 500°C. (b) Differential scan-
ning calorimetry heating curve and (c) contour plot of XRD as a function of temperature, where the colors represent
the XRD peak intensities. Bottom and top sections of (¢) show XRD diffractograms for the temperature ranges corre-
sponding to metallic Cu and CuO formation, A and B, respectively.

whereas the on/off emission process (blink) corresponds to
the CL effect. It should be noted that sample tilting was not
performed during the observations. Nanocrystals exhibiting
diffraction contrast are indicated with dashed circles in
Figures 7b;-7bs, whereas the on/off emission behavior is
indicated by arrows in the same images. The size of the
nanocrystals exhibiting CL was estimated to be 14 +2.1 nm.
The results are in good agreement with the crystallite size
from Scherrer’s equation (Table 1). The on emission state of
single nanocrystals varied from ~0.7 to 1.5s.

Thermal Analysis

The thermal behavior of the Cu,O nanospheres was investi-
gated using acetate as the precursor. As materials synthesized
with acetate revealed a more intense PL emission, they were
selected for a more detailed study in particular for its thermal
behavior. Figure 8 shows the in situ XRD and DSC measure-
ments, in which both techniques evidenced a stable chemistry
up to about 150°C. However, the increase in temperature
resulted in the appearance of metallic copper (see Figs. 8a, 8¢;
marked with A), thus the strong exothermic peak observed in
DSC from 170 to 270°C was attributed to the Cu formation
(Fig. 8b). From 300 to 500°C, the phase transformation of
Cu,0 into CuO occurs (see Figs. 8a, 8¢c; marked with B). The
strong exothermic peak in the 300-450°C range was attributed
to the CuO conversion (Fig. 8b) (Hu et al., 2013).

The appearance of metallic Cu on Cu,O materials
annealed in air was unexpected. However, it has been reported
during synthesis of Cu,O nanoparticles, particularly after
longer reaction times (Chen et al., 2003; Chang et al., 2004;
Nakamura et al., 2008). Thus, the unique behavior observed at
200°C is thought to be related to the high surface energy of
Cu,O nanoparticles allowing the extraction of Cu” ions from
the nanoparticles. However, with the increase in temperature,
and probably owing to the high oxygen affinity that metallic
copper possesses (Kevin et al., 2011), the predicted oxidation
reaction Cu,O — CuO (Firmansyah et al., 2009) takes place in
detriment to metallic Cu formation. CuO starts to appear
around 300°C in agreement with previous reports (Nakamura
et al., 2008). Moreover, the appearance of the CuO phase is
observed in the contour plot (Fig. 8c) where the CuOygy/_ 111
and CuO,/11; peaks start to appear around 300°C.

At room temperature, relatively smooth Cu,O nano-
spheres were clearly observed by SEM (Fig. 9a), as previously
mentioned (Fig. 2). However, after annealing for 1h at
200°C, the appearance of small voids on the surface was
detected (Fig. 9b). At temperatures up to 300°C a rough
surface with larger grains (30-90 nm) was observed (Fig. 9¢c),
and at this point XRD and DSC experiments evidenced a
mixture of Cu,O and CuO. The increase in temperature
resulted in the formation of hollow nanospheres, mostly of
CuO, and the increase of grain size from 50 to 120 nm
(Fig. 9d). At 500°C, the complete evolution into hollow CuO
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Figure 9. Scanning electron microscopy images of the Cu,O nanospheres (a) at room temperature, (b) after annealing
in air for 1 h at 200°C, (c) 300°C, (d) 400°C, and (e) 500°C. The insets in (d and e) show the evolution of the voids
forming hollow nanospheres with the increase in annealing temperature.

nanospheres was observed (see the insets in Figs. 9d, 9e),
together with collapsed structures. The breakage of struc-
tures is related to the strain induced on the whole structure
during oxidation (Kevin et al., 2011).

Cu" is a highly active ion that is easily oxidized (Yang
et al,, 2006). The progression of the Cu,O oxidation reaction is
preceded by the appearance of CuO on the periphery of the
former layer (Gongalves et al., 2009; Korshunov & II'in, 2009).
The hollow structure of CuO nanospheres is speculated to be
originated through the Kirkendall effect (Cho & Huh, 2009).
The Kirkendall effect has been frequently used to explain the
formation of hollow nanostructures (Fan et al., 2007), being
based on a nonequilibrium mutual diffusion process with
different diffusion rates (Hu et al., 2010). When the metallic
ion of the oxide layer (fast-diffusing element) reacts with a

slower diffusing one (oxygen), a large number of vacancies are
created. Inside the small volume of the growing nanostructure,
the vacancies coalesce into large voids that form the hollow
nanostructures (Raidongia & Rao, 2008; Wang et al., 20144).
Moreover, the presence of initial voids on the nanospheres
(see Figs. 3d, 4a) may also assist the faster formation of hollow
structures during the oxidation.

The remission function spectra in Figure 10 exhibit
differences between the as-synthesized and annealed mate-
rials, suggesting structural and compositional modifications
(Zhang & Wang, 2011) in agreement with XRD, DSC, and
SEM results (see Figs. 8, 9). Moreover, the evolution of the
optical band gaps with annealing treatments revealed values
0f2.05, 1.07, and 1.44 eV for the as-synthesized material and
for the ones annealed at 200 and 500°C, respectively.
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Figure 10. [F(R) hv]* variation versus photon energy hv. The inset
shows remission function spectra comparing the as-synthesized Cu,O
nanospheres and after annealing in air for 1 h at 200 and 500°C.
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Figure 11. Photoluminescence spectra of the Cu,O nanospheres
after  annealing treatments. The measurements were
carried out with excitation wavelengths of 488 and 555 nm and the
PL spectra were not normalized. The break feature at the 555 nm
spectra is due to the appearance of the first order of the excitation
band, and the arrow points to the exciton emission of Cu,O.

The band gap of the initial Cu,O nanospheres shifted to
lower energies owing to the phase transitions observed on
the materials annealed in air (Fig. 8). The presence of Cu was
detected at 200°C, and the abrupt decrease in the band
gap is related to the existence of pure metal on the material
(Choudhury et al., 2013). With the increase in annealing tem-
perature, CuO becomes the predominant phase. CuO displays
the bulk band gap in the 1.30-1.7 eV range (Koffyberg &
Benko, 1982; Serin et al., 2005; Kumar et al., 2013), thus the
band gap (1.44 eV) of the hollow CuO nanospheres obtained at
500°C is in agreement with reported values.

Figure 11 shows the PL spectra of the annealed nano-
spheres up to 500°C. No PL band shift was observed after
annealing in air for 1h. However, the PL intensity was
greatly degraded with the increase in annealing temperature,
in agreement with previous reports (Shinagawa et al., 2013).
The PL band at 587 nm (2.11 eV) associated to the exciton

emission of Cu,O disappears above 300°C, which coincides
with the initial formation of CuO (see Fig. 8a). The presence
of the 732 nm (1.69 eV) band that is associated with defects
on Cu,O decreases with the increase in annealing tempera-
ture. This behavior is attributed to two combined effects: the
decrease in the defect concentration (Lupan et al., 2010) and
the increase in the CuO phase. However, the PL results
suggest that at temperatures up to 500°C, Cu,O is present in
a residual amount on the hollow CuO nanospheres.

CONCLUSIONS

The room temperature synthesis of Cu,O nanospheres with-
out surfactants and in the presence of different precursors was
reported. No morphology discrepancy was detected regarding
the precursors tested, however, a significant effect on particle
size was observed. TEM showed that the Cu,O nanospheres
consisted of aggregates of nanocrystals, which was confirmed
by FIB milling. The nanospheres synthesized with acetate
displayed higher PL intensities, which suggests an enhanced
density of defects. A CL effect occurred in individual nano-
crystals during the TEM observations, with an evident on/off
emission behavior. Thermal analysis of the nanospheres
revealed that metallic copper formed up to 250°C, however, at
300°C, CuO starts to appear, and from 400°C or higher, CuO
prevails. However, PL measurements suggested that up to
500°C, Cu,0 is still present in a residual amount on the hollow
CuO nanospheres. The Cu,O optical properties and the
observed thermal stability up to ~150°C confirm the potential
of this material for low cost optoelectronic device applications.
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