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A new strategy for the surface-free-energy-distribution
induced selective growth and controlled formation of
Cu,0-Au hierarchical heterostructures with a series of
morphological evolutionst

Han Zhu,® MingLiang Du,*@P Dongliang Yu,® Yin Wang,© LiNa Wang,? Meiling Zou,®
Ming Zhang® and YaQin Fu®®

A strategy of surface-free-energy-distribution induced selective growth of Au nanograins (AuNGs) on
specific positions of Cu,O octahedron surfaces with a series of morphological evolutions has been
demonstrated. The surface energy distribution of Cu,O octahedra generally follows the order of {111}
facets < crystal edges < vertices and leads to the preferential growth and evolution of the
heterostructures. The morphological evolutions and crystal structures of Cu,O and Cu,O-Au hierarchical
heterostructures are investigated and discussed. Meanwhile, Cu,O octahedra coated by different
amounts of polyvinyl pyrrolidone (PVP) and HAuCl4 were taken as control and the results indicate that
the trend in the selective growth on PVP coated Cu,O octahedra decreased significantly because of the
reducing diversity of the surface-free-energy-distribution. The identity and crystal phase structures of
these Cu,0, Cu;O-Au and Cu,O-PVP-Au heterostructures are manifested through X-ray diffraction
(XRD) and energy-dispersive X-ray spectrometers (EDS). X-ray photoelectron spectroscopy (XPS) further
probes the surface chemical compositions and chemical oxidation state of the as-prepared Cu,O and
Cu,0-Au hierarchical heterostructures and test the galvanic reaction between Cu,O and AuCl;™. The
growth mechanism of the surface-free-energy-distribution induced selective growth of AuNGs on Cu,0
octahedra with morphological evolution is also discussed. The photocatalytic performances of the as-
prepared Cu,O and Cu,O-Au hierarchical heterostructures for the degradation of methyl orange (MO)
are investigated and the results suggest the substantially enhanced photocatalytic activity of these
heterostructures.

in-depth investigation of the structure-property relationships of
semiconductor-metal composites. There are a couple of

The design and controlled synthesis of heterogeneous nano-
structures with well-defined morphologies is a significant
frontier due to their multifunctional properties and new
features arising from the effective couplings of their different
domains.’® The resulting nanocrystals can offer opportunities
for the investigation of their facet-dependent catalytic, photo-
catalytic, molecular adsorption, and other surface-related
properties. Recently, major advances in the synthesis and
structural characterization of heterostructures have made
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important reasons why more than one phase, compound, or
other constituent might be gainfully fused to make a composite
material. For example, the surface chemical properties of a core
particle can be modified by a second compound to provide
colloidal stability or resistance to oxidation, or added func-
tionality.**® Here, however, we focus on the growth mechanism
and the design and synthesis of heterostructures with desired
morphology, selectivity, and activity. Up to now, several groups
have synthesized very interesting heterostructures successfully.
For example, Kuo et al. reported novel Au-Cu,O core-shell
heterostructures and showed the highly facet-dependent elec-
trical properties of Cu,O nanocubes and octahedra and signif-
icant enhancement by gold nanocrystal cores of the electrical
conductivity of the octahedra.® Jin-Phillipp et al. studied the
growth of one-dimensional fluorinated copper phthalocyanine
(CuPcF;6) on Au nanoparticles and implied that the CuPcFy6
molecules nucleate at the (110) edge of the Au nanoparticle and
grow parallel to a {111}facet of the particle along a direction
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close to {121}." Mahmoud et al. prepared Cu,O-Au nanoframes
with different nanolayer thicknesses of Cu,O and demonstrated
an increase in the hole concentration, leading to an observed
enhanced rate of dye degradation.' In these reports, due to the
system energy minimization trend, the growth mainly took
place only on facets and the surface-free-energy-distribution of
the substrates could not be carefully studied, which may lead to
unimaginable novel structures. However, the selective growth
on specific positions of the substrates, especially only on the
vertices, crystal edges and facets, via the direct assembly of
atoms or ions remains challenging. This kind of selective
growth of novel and complex structures with specific
morphologies from nanocrystals is significant for the nanoscale
adjustment and preparation of fascinating heterogeneous
nanostructures.'*°

In this work, we report a novel strategy for the surface-free-
energy-distribution induced selectively growth on specific
positions such as vertices, crystal edges and facets, and
construct a variety of Au nanostructures. In Torimoto’s and
Kitaev’s strategies, selective growth on crystal edges was ach-
ieved by controlling the deposition rate and selectively capping
the {100} facets, respectively.*** In addition, in Fan’s report, the
selective etching by I, preferentially created highly active sites
on the crystal edges or facets, which served as nucleation sites to
direct the selective deposition and growth of Pt.** Here,
however, we prepared a smooth substrate without any surfac-
tants for the selective growth and it is believed that the vertices
and crystal edges of the original structures possess actives sites
(exposed high-index facets, defects, atom steps, and kinks),
which can act as nucleation sites and induce the selective
deposition and growth of Au.»****” The goal of this research is
to understand the surface-free-energy-distribution of the
substrate caused by defects and provide a fine structural feature
that can be produced by selective deposition of other metals
onto substrates.

As a perspective material with wide applications in photo-
catalysis, gas sensors, solar energy conversion, etc., Cu,O octa-
hedra were introduced to use as the template for the selective
growth of Au, which can result in enhanced properties of the
composite materials.”®** In our previous work, AuNGs selec-
tively grown on specific positions (tips, edges and facets) of
Cu,O octahedra are successfully obtained and these hetero-
structures show fascinating degradation of methylene blue.**
For the present work, in order to ensure the structural integrity
of the pristine template, we firstly studied the influence of the
amounts of reducing agents and the reaction time in the
synthesis of Cu,O octahedra, and then obtained optimum
octahedra for the selective growth. The Cu,O octahedron
possesses six vertices, twelve crystal edges and eight {111} fac-
ets, and due to the high density of low-coordinated atoms at the
vertices and crystal edges, these structures can serve as active
sites.»*'®3437 In our present work, four different morphologies
of Cu,O-Au hierarchical heterostructures are obtained by
changing the amount of Au precursor. Meanwhile, to better
understand the surface-free-energy-distribution induced selec-
tive growth of AuNGs, Cu,O octahedra coated by PVP were taken
as control to probe the influence of the surface energy
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distribution on the morphology of the products. Their chem-
ical, morphological, and crystallographic properties were
studied in detail by transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
field emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray spectrometry (EDS), X-ray photoelectron spec-
troscopy (XPS), and X-ray diffraction (XRD). Further elaborative
studies are also provided to understand the growth mechanism
of the surface-free-energy-distribution induced selective growth
of AuNGs on Cu,O octahedra. Moreover, the photocatalytic
performances of the as-prepared Cu,O and Cu,O-Au hierar-
chical heterostructures for the degradation of methyl orange
(MO) were investigated. It should be noted that these Cu,0-Au
hierarchical heterostructures show enhanced photocatalytic
activity and the photo-induced charge separation in these het-
erostructures should be more efficient than in pure semi-
conductor nanocrystals, leading to an enhanced photocatalytic
activity.

Experimental method
Materials

Anhydrous copper(n) chloride (CuCl,) and hydrazine hydrate
(N,H,-2H,0) were purchased from Aladdin Chemistry Co., Ltd.
Chloroauric acid (HAuCl,-4H20, 99.9%) was acquired from
Shanghai Civi Chemical Technology Co., Ltd. Poly-(vinyl-
pyrrolidone) (PVP, K,o3,) was purchased from Shanghai
Chemical Reagent Co., Ltd. Methyl orange (MO) was purchased
from Tianjin Yongda Chemical Reagent Co., Ltd. Absolute ethyl
alcohol was bought from Hangzhou Gaojing Fine Chemical Co.,
Ltd. All the chemicals were used as received without further
purification. Deionized water was used for all solution
preparations.

Synthesis of various morphologies of Cu,O nanocrystals

The Cu,O nanocrystals with systematic shape evolution from
cubic octahedral to corrosive-octahedral structures were
synthesized through reduction of CuCl, by hydrazine hydrate.
The sample beakers were placed on a magnetic stirrer at room
temperature. 1 mL of 0.1 M CuCl, solution without any
surfactant was added to each beaker with vigorous stirring.
Then, 1 mL of 1.0 M NaOH solution was introduced. The
resulting solution turned light blue immediately, indicating the
formation of a Cu(OH), precipitate. After the complete forma-
tion of the Cu(OH), precipitate, 10, 40, 80, 120, 200 and 300 uL
of N,H,-2H,0 were quickly injected in 3 s into the beakers by
pipette. The total solution volume of each beaker is 30 mL. The
solutions of each beaker were kept at room temperature for 10
min and then centrifuged at 5000 rpm for 5 min. The prepared
Cu,0 nanocrystals with 10 pL N,H,-2H,0 added were kept on a
magnetic stirrer for 5, 30 and 60 min for nanocrystal growth. All
the as-prepared Cu,O nanocrystals were centrifuged at 5000
rpm for 5 min and washed 3 times with 10 mL deionized water
to remove the unreacted chemicals. The final washing step used
10 mL of ethanol, and the precipitate was dispersed in 4 mL
ethanol for storage and the following characterizations.
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Synthesis of Cu,0-Au hierarchical heterostructures with
various Au nanostructures

In the case of synthesis of Cu,O-Au hierarchical hetero-
structures, the Cu,O octahedral nanocrystals were firstly dis-
solved in 30 mL deionized water, and then, 0.00, 0.25, 0.50, 0.75
and 1.00 mL of 5 mM HAuCl, aqueous solution were respec-
tively added to the samples and labeled a, b, ¢, d, and e. The
typical yellow color of the HAuCl, aqueous solution and the
brick-red of Cu,O disappeared immediately. Instead, a certain
amount of black product was formed. The product solutions
were placed on a magnetic stirrer at room temperature with
vigorous stirring for 3 h. For the synthesis of the Cu,O-PVP-Au
heterostructures, at the same conditions, PVP was introduced to
study the selective growth of Au nanograins (AuNGs) on Cu,O
octahedral nanocrystals. 3 mL PVP solution (the mass fraction
is 1%) was dropped into the Cu,O octahedra solution (dissolved
in 30 mL deionized water), and then 0.25, 0.5, 0.75 and 1 mL of
5 mM HAuCl, aqueous solution were respectively added to the
samples. In addition, at the same conditions, 2.5 mL, 5 mL,
7.5 mL and 10 mL PVP solution (the mass fraction is 1%) were
respectively added to the Cu,O octahedra solution (dissolved in
30 mL deionized water). After 30 min for complete adsorption,
0.25 mL HAuCl, aqueous solution was added to each samples
and the reaction time was 3 h for each sample. For 5 mL PVP
coated Cu,O octahedra, 0.10, 0.15, 0.20 and 0.25 mL HAucCl,
were added into the solution, respectively. All the as-prepared
Cu,O-Au and Cu,O-PVP-Au heterostructures with various
structures were centrifuged at 5000 rpm for 5 min and washed 3
times with 20 mL deionized water to remove the unreacted
chemicals. The final washing step used 10 mL of ethanol, and
the precipitate was dispersed in 4 mL ethanol for storage and
the following analysis.

Photocatalytic activity measurements

The evaluation of the samples for photocatalytic degradation of
MO aqueous solution was performed at room temperature
(25 °C). 4 mg of the prepared Cu,O and Cu,0-Au hierarchical
heterostructure samples labeled a, b, ¢, d, and e were completely
dispersed into 20 mL of MO aqueous solution (10~* M),
respectively. The suspension was magnetically stirred in the
dark for 3 h to ensure absorption equilibrium of MO on the
surface of the photocatalyst. A 500 W xenon lamp equipped with
a UV cutoff filter (A > 400 nm) and a congealed system, was used
as the light source, which was about 15 cm away from the
solution. After given time intervals, 5 mL solution was taken out
and centrifuged to remove the photocatalyst for UV-Vis
absorption measurements.

Instrumentation

Field emission scanning electron microscopy (FE-SEM) images
of the synthesized Cu,0O and Cu,O-Au hierarchical hetero-
structures were obtained using a JSM-6700F field-emission
scanning electron microscope (JEOL, Japan). Transmission
electron microscopy (TEM) characterization was performed on a
JEOL JEM-2100 electron microscope operating at 200 kV.
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Powder X-ray diffraction (XRD) patterns were collected using a
SIEMENS Diffraktometer D5000 X-ray diffractometer using a Cu
Ko radiation source at 35 kV, with a scan rate of 0.02° 26 s * in
the 26 range of 10-80°. X-ray photoelectron spectra of the Cu,O
octahedra and Cu,O-Au heterostructures (0.25 mL HAuCl,)
were recorded by using an X-ray photoelectron spectrometer
(XPS) (Kratos Axis Ultra DLD) with an aluminum (mono) Ka
source (1486.6 eV). The aluminum Ko source was operated at
15 kv and 10 mA. UV-Vis absorption spectra were acquired with
the use of a Lambda 900 UV-Vis spectrophotometer (Perkin
Elmer, USA). All the spectra were collected over a wavelength
range of 300-600 nm.

Results and discussion

In this part, we firstly studied the influence of the reductant for
synthesizing the Cu,O template and got an optimal Cu,O
morphology for the design of selective growth of AuNGs. The
procedures used to synthesize Cu,O nanocrystals and Cu,O-Au
heterostructures are illustrated in Scheme S1t and the amounts
of all chemicals are shown in Table Si(see ESIT). As demon-
strated in Fig. 1, clearly morphological evolutions are obtained
through changing the amount of N,H,-2H,0. A small amount
of N,H,-2H,O of about 10 pL results in Cu,O cuboctahedra,
while octahedra are obtained with 40 and 80 pL N,H,-2H,O
added. As shown in Fig. 1a—c, there are some wire-like products,
which are also Cu,O nanocrystals.***" When the amount of
N,H,-2H,0 increases to 120 pL, Cu,O octahedra with smooth
facets and crystal edges are obtained, indicating that the wire-
like Cu,O nanocrystals completely evolve into Cu,O octahedra.
With the further increase of reductants, some holes emerge on
the facets of the Cu,O octahedra and the facets of Cu,O become
relatively rough and irregular. When the amount increases to
300 pL, the holes on the facets become much bigger and the
structure of some octahedra are damaged. These phenomena
are mainly due to portions of Cu,O converting to Cu particles
caused by the excess amount of strong reductants, which is in
accordance with the literature.*>**** In addition, an interesting
result should be noted that the evolution of Cu,O from

Fig. 1 FE-SEM images of the Cu,0 nanocrystals synthesized with morphological
evolutions by using different amounts of NoHz - 2H50. (a) 10 ul, (b) 40 uL, (c) 80 pL,
(d) 120 pL, (e) 200 L, (f) 300 pL. The reaction time for each sample is 10 min.
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cuboctahedron to octahedron is closely related to the reaction
time with the same amount of N,H,-2H,0. As depicted in
Fig. S1 (see ESIf), 10 uL N,H,-2H,0 was used to test the
evolution, and with the reaction time increasing from 10 min to
60 min, the evolution from cuboctahedra to octahedra is
observed, indicating that octahedra can also be obtained by
changing the concentration of reductants or the reaction time.
More discussion can be found in the ESL.T

As demonstrated in Fig. 2, cuboctahedra bounded by eight
{111} facets and six {100} facets, octahedra and corroded octa-
hedra bounded by eight {111} facets are provided. Comparing
Fig. 2f with Fig. 2j, corroded octahedra lose their smooth
surfaces and crystal edges, which are in agreement with the FE-
SEM results. The SAED patterns match the respective orienta-
tions of the cuboctahedra, octahedra and corroded octahedra.
The HRTEM images taken near the nanocrystal edges reveal
distinct lattice fringes with d spacings of 2.9 and 2.4 A, which
correspond to the (110) and (111) lattice planes of Cu,O. The
lattice plane directions are also consistent with the respective
crystal orientations. Based on the above characterizations, the
Cu,0 octahedra with smooth crystal edges and facets prepared
by 120 pL N,H,-2H,0 are used for the selective growth of
AuNGs.

TEM and FE-SEM characterization were introduced to test
the feasibility of the design of the surface-free-energy-distribu-
tion induced selective growth of AuNGs on Cu,O octahedra.
Fig. 3 shows different Cu,O-Au hierarchical heterostructures
with the morphological evolutions by increasing the amounts of
HAuCl,. As shown in Fig. 3a and e, crystal edges with quasi-1D
shapes show higher levels of AuNG coverage due to the high
surface free energy, while a few AuNGs exist on the {111} facets,
indicating the preferential growth of AuNGs. The phenomenon
of a few AuNGs on the facets is attributed to the overgrowth of
AuNGs on crystal edges and the decreasing surface energy of the
crystal edges, and then more and more AuNGs would start to

b .
-
-
(202)
®
°
; S

100 nm EFRIAL
—

Zone Axis [002] 200

Fig. 2 Models, TEM images, selected area electron diffraction (SAED) patterns
and HRTEM images of the square regions of (a—d) Cu,O cuboctahedra, (e-h)
octahedra, and (i-l) corroded octahedra viewed along the [100], [111], and [111]
directions. The amounts of NaH4-2H>0 are 10 pl, 120 pL, and 200 pL, respectively.
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Fig. 3 FE-SEM images, TEM images of the surface energy induced selective
growth of AuNGs on Cu,O octahedra with increasing amounts of HAuCl,: (a and
e) 0.25 mL, (b and f) 0.50 mL, (c and g) 0.75 mL and (d and h) 1.00 mL. HRTEM
images of the AuNGs (i, j and k) and AuNWs (I). The insets are the corresponding
FFT images of AUNGs and AuNWs.

form on the {111} facets. The AuNGs are comprised of a couple
of small Au nanoparticles (AuNPs) with an average diameter of 5
nm, which is shown in Fig. S2 (see ESIT). The average diameter
of the AuNGs is 28.1 £+ 3.9 nm (Fig. S3, see ESIf). The crystal
edges of the Cu,O octahedra possess a relatively high aspect
ratio and the increased surface area allows for greater feasibility
of growth on defect lattice sites with higher surface free ener-
gies. Fig. 3b and f show that after the original preferential
growth along the crystal edges, more and more AuNGs start to
form on the {111} facets and these AuNGs begin to join together
to form a solid facet. With the continuous increasing amount of
HAuCl,, the Cu,0O octahedra are completely encapsulated by a
shell of irregularly arranged AuNGs, which are shown in Fig. 3c
and g. Moreover, there are some pores and splits on the AuNGs
shells, demonstrating that the AuNGs shells are fabricated by
etching out Cu,O portions, which can confirm the galvanic
reaction between Cu,O and AuCl, . A higher magnification
TEM image shows the etching Cu,O octahedra, which is shown
in Fig. S4. (see ESIT) When the amount of HAuCl, increases to
1.00 mL, with the porous structure of the AuNGs shells, AuCl,~
ions can diffuse into the shells and continuously reacted with
the inner Cu,O. From Fig. 3d and h, an interesting phenom-
enon is observed that a large amount of AuUNWs ranging from 30
to 80 nm (Fig. S5T) are densely grown on the AuNG shells. The
HRTEM and FFT images taken for four different Cu,0O-Au
hierarchical heterostructures reveal distinct lattice fringes with
d spacings of 2.3 A, which corresponds to the (111) lattice planes
of Au, indicating that the growth direction of AuNWs is along
the (111) axes.***®

To better understand the surface-free-energy-distribution
induced selective growth of AuNGs, Cu,O octahedra coated by a

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/C2TA00591C

Published on 24 October 2012. Downloaded by Zhejiang Sci Tech University on 03/03/2016 11:41:10.

certain amount of PVP were taken as control to probe the
influence of surface energy distribution on the morphology of
the products. It is commonly accepted that PVP adsorbs pref-
erentially on specific positions on the surface with higher
energy, and the surface free energy distribution can be
changed.”** Therefore, the adsorption of PVP molecules on the
surface of Cu,O octahedra would generally obey the energy
order, that is PVP molecules firstly adsorb on crystal edges and
then the {111} facets. In this case, the PVP in the solution is
gradually adsorbed on vertices, crystal edges and {111} facets of
Cu,O octahedra until equilibrium is established. As a result, the
vertices and crystal edges with higher energies were preferen-
tially covered by PVP, which can decrease the surface energy
diversity of Cu,O among vertices, crystal edges and facets.>**”**
As shown in the samples (0.25 mL HAuCl,) without and with
PVP (Fig. 3a and 4a), clearly difference between the two figures
could be found. In Fig. 3a, most of the AuNGs were grown on the
vertices and crystal edges. Even a few AuNGs were found on the
facets, which is attributed to the overgrowth of the crystal edges.
However, in Fig. 4a, most of the AuNGs were dispersed on the
surface of the octahedra relative evenly, not only on the crystal

Au (111)
2.3A

g

Au (111)
23A

Fig. 4 FE-SEM images, TEM images of the Cu,O-PVP-Au heterostructures with
increasing amounts of HAuCl, in the presence of 0.20 M PVP: (a and e) 0.25 mL, (b
and f) 0.50 mL, (c) 0.75 mL and (d and h) 1.00 mL. HRTEM images of the AuNGs
(i, j, k and I). The insets are the corresponding FFT images of the AuNGs.
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edges shown in Fig. 3a, indicating the effectiveness of PVP to
decrease the difference of surface energy between facets and
crystal edges. More FE-SEM images can be seen in Fig. S6 (see
ESIT). When the amounts of HAuCl, are further increased to
0.5 mL, 0.75 mL and 1.00 mL, respectively, more and more
AuNGs form on the surfaces of octahedra until the octahedra
are completely encapsulated by AuNG shells. Compared with
Fig. 3d and h, no AuNWs exist on the AuNG shells and because
of the dense arrangement and aggregation of AuNGs, the
outline of the Cu,O octahedra become more blurred (Fig. 4d
and h). The HRTEM and FFT images of AuNGs taken at different
Cu,O-Au heterostructures illustrate that the AuNGs are formed
by conjugated small AuNPs. The lattice fringes in the AuNGs
with values of about 2.3 A are well matched with the (111) lattice
planes of Au.

Based on the above results, the PVP molecules indeed affect
the surface-free-energy-distribution of Cu,O octahedra and then
the selective growth of AuNGs. However, on the other hand,
different amounts of HAuCl, may lead to different growth
processes and a series of experiments were used to investigate
the influence of PVP on the surface energy distribution of Cu,O
octahedra and the selective growth. To further test the effec-
tiveness of the strategy for the surface-free-energy-distribution
induced selective growth, a series of amounts of PVP were used
to demonstrate the evolution of the surface energy distribution
of the Cu,O octahedra for the selective growth of AuNGs. As
seen in Fig. 5a and 3a, the AuNGs preferentially grow on the
vertices and crystal edges of Cu,O octahedra without PVP, and
only a few AuNGs were found on the facets. After decoration by
PVP, as shown in Fig. 5b, the surface energies of vertices and
crystal edges gradually decreased and most of the AuNGs grow
on the facets instead of the crystal edges, indicating that the
PVP can effective change the surface energy distribution of the
Cu,O octahedra. However, several Cu,O octahedra’s crystal
edges are still covered by AuNGs, indicating that the amount of
PVP is not sufficient to reduce the crystal edges’ energy to the
facets’ level. From Fig. 5¢, when the amount of PVP is increased

Fig. 5 FE-SEM images of Cu,O-PVP-Au heterostructures with increasing
amounts of PVP (0.20 M) in the presence of 0.25 mL HAuCl4: (@) 0 mL, (b) 2.5 mL,
(¢) 5 mLand (d) 7.5 mL.
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to 0.50 mL, most of the AuNGs are randomly dispersed on the
surface of Cu,O octahedra, indicating that the diversity of the
surface energy distribution decreased. With the further increase
to 7.5 mL, the Cu,O octahedra were coated by a layer of PVP and
a similar phenomenon was found for the sample with 5 mL
added. Therefore, with the increasing absorption of PVP on
Cu,O octahedra, the diversity of the surface energy distribution
decreased and the trend of selective growth of AuNGs also
decreased.

Meanwhile, an appropriate amount of HAuCl, should be
considerable for the selective growth of AuNGs, which is due to
the higher surface energy of crystal edges than the {111} facets;
the AuCl,” at an appropriate concentration can be preferen-
tially absorbed on crystal edges and reduced by Cu() sites,
forming AuNPs. However, when a larger amount of AuCl,” was
promptly introduced into the colloid solution, the preferential
adsorption and reduction of AuCl, ™ on the crystal edges became
undistinguished because active sites on both the (111) and (100)
planes are completely occupied by AuCl, . To further clarify the
surface-free-energy-distribution induced selective growth of
AuNGs, a much lower concentration of HAuCl, was used to
demonstrate the growth of the AuNGs on the Cu,O octahedra
surfaces with PVP. In the present experiment, the Cu,O
templates were firstly decorated by 5 mL PVP, and then, 0.10,
0.15, 0.20 and 0.25 mL HAuCl, were added into the PVP-coated
Cu,O octahedra solution, respectively. Fig. 6a shows that the
AuNGs grow both on the crystal edges and {111} facets, and the
number of AuNGs on the crystal edges is a little more than on
the facets, indicating that the surface energy of the crystal edges
is still higher than that of the {111} facets. However, comparing
Fig. 3a with 5a, the amount of AuNGs growing along the crystal
edges is significantly decreased, indicating the decrease of the
diversity of the surface energy distribution between crystal
edges and {111} faces. With the increasing amount of HAuCly,
from Fig. 6b-6d, the number of AuNGs growing both on facets
and crystal edges increased and the trend of the disordered
dispersion of AuNGs is not changed. Consequently, it can be

Fig. 6 FE-SEM images of Cu,O-PVP-Au heterostructures with increasing
amounts of HAuCl, in the presence of 5 mL of PVP (0.20 M): (a) 0.10 mL, (b)
0.15 mL, (c) 0.20 mL and (d) 0.25 mL.
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seen that PVP can effective reduce the diversity of the surface-
free-energy-distribution of the Cu,O surface between vertices
and crystal edges, resulting in the amount of selective growth of
AuNGs decreasing. In conclusion, through all the above results,
the surface-free-energy-distribution can induce the selective
growth of AuNGs and form Cu,O-Au hierarchical hetero-
structures with a series of morphological evolutions.

The identity and crystal phase structures of these Cu,O,
Cu,0-Au and Cu,O-PVP-Au nanocrystals are manifested
through XRD characterization. As shown in Fig. 7A, all the
diffraction peaks located at 29.55°, 36.42°, 42.30°, 61.34° and
73.53° can be indexed as Cu,O nanocrystals (JCPDS:05-0677),
and no other impurity peaks could be detected, indicating the
pure phase of the Cu,O nanocrystals.**-** Although their XRD
patterns look similar, close examination shows that the inten-
sity of the (110) peak, (200) peak, (220) peak and (311) peak
decrease with increasing volumes of N,H,-2H,0 (from curve a
to curve d). It is conjectured that with the increasing volumes of
reducing agent, the corrosions in some facets of the Cu,O
nanocrystals become more severe, resulting in the low intensity
of diffraction peaks, which are in agreement with the FE-SEM
and TEM images (Fig. 1 and 2). Fig. 7B and C show XRD patterns
of the Cu,O-Au hierarchical heterostructures and Cu,O-PVP-
Au heterostructures, suggesting that the products consist of
both Cu,O and Au crystals. The new emerging diffraction peaks
located at 38.19°, 44.39°, 64.58° and 81.72° can be indexed to
the Au crystal (JCPDS: 65-2870), which correspond to the (111),
(200), (220) and (311) planes of face-center cubic (fcc) gold,
indicating that AuNGs were successfully formed, that is, AuCl,~
can be spontaneously reduced onto the surfaces of Cu,O
without additional reductive agents at room temperature.”>
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e
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Fig. 7 (A) XRD patterns of the as-synthesized Cu,O nanocrystals with different
amounts of NyH,4-2H50, (a) 10 pL, (b) 120 uL, (c) 200 pL and (d) 300 uL. (B) XRD
patterns of the as-prepared Cu,O-Au hierarchical heterostructures with various
volumes of HAuCl, (5 mM), (a) 0.25 mL, (b) 0.5 mL, (c) 0.75 mL and (d) 1 mL. (C)
XRD patterns of the obtained Cu,O-PVP-Au heterostructures with various
volumes of HAuCl, (5 mM), (a) 0.25 mL, (b) 0.5 mL, (c) 0.75 mL and (d) 1 mL. (D)
EDS spectrum of Cu,O-Au hierarchical heterostructures (0.5 mL HAuCl,). The
peaks of the Cu,O nanocrystals are labeled with *.
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Comparing Fig. 6b and c, close examination shows that the ratio
of the intensity of the (111) peak of Au to that of the (*111) peak
of Cu,O increases with increasing amounts of HAuCl,. This
trend is attributed to the continuous growth of AuNGs on Cu,O
nanocrystals and, in addition, it is speculated that the decrease
of the intensity of Cu,O nanocrystal peaks are mainly caused by
the etching of Cu,O during the transformation process
(Fig. S41).

XPS was further used to probe the surface chemical
compositions and chemical oxidation state of the as-prepared
Cu,O octahedra and AuNWs grown on the Cu,O octahedra
(Fig. 8). The XPS spectra from 958 to 928 eV shown in Fig. 8A
and B demonstrate the photoelectron spectrum of the Cu 2p
core level for the Cu,O octahedra and Cu,O-Au heterostructures
(1.00 mL HAuCl,). The binding energies obtained in XPS anal-
ysis were corrected for specimen charging by referencing the C
1s to 283.20 eV. As shown in Fig. 8A, there are two main Cu 2p
XPS peaks at 933.2 and 953.1 eV, which could be attributed to
the Cu" double peaks for Cu 2p;/, and Cu 2p,, respectively.>s
This confirms that the main composition of the structure is
Cu,0. The satellite peak at 941.6 eV located at higher binding
energy than that of the main Cu 2p;,, peak is typically associ-
ated with copper in the bivalent binding energy state, which can
be assigned to Cu”** in CuO or probably Cu(OH), species.***
The relatively low peak implies a small amount of Cu(OH), or
CuO on the surface of the Cu,0. The Cu LMM Auger peaks’
kinetic energy of the Cu,O octahedra before and after the
growth of AuNWs are located at 569.0 and 567.8 eV, respectively,
demonstrating that their surfaces remain Cu,O (Fig. S7, see
ESIT).>** After galvanic reaction with AuCl,”, the binding
energies of the Cu" double peaks for Cu 2p;/, and Cu 2p,, move
to 932.4 and 952.4 eV, respectively, indicating the binding of
surface Cu atoms in the Cu,O-Au heterostructures with the
surrounding AuNGs and AuNWs, which leads to substantial
electron donation from Cu,O to the surroundings.****%*
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Fig. 8 Cu 2p XPS spectra of (A) Cu,O octahedra and (B) Cu,O-Au hetero-
structures (1.00 mL HAuCl,). (C) O 1s XPS spectra of (a) Cu,0O octahedra and (b)
Cu,0-Au heterostructures (1.00 mL HAuCly). (D) Au 4f XPS spectrum of Cu,0-Au
heterostructures (1.00 mL HAuCl,).
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From Fig. 8B, the new emerging peaks located at 940.3 eV
can be attributed to the Cu®* binding energy, which is caused by
the galvanic reaction between Cu,O and AuCl, . In addition,
the intensity of Cu®>" become relatively strong after the growth of
AuNGs and AuNWs, implying the conversion from Cu* to Cu**
during the galvanic reaction. The O 1s XPS spectra shown in
Fig. 6¢ also provide more information about the galvanic reac-
tion. The peaks located at 530.7 and 529.4 eV are both ascribed
to O®~ ions in Cu,O octahedra.’**¢>$3 The binding energy shift
of O 1s from 530.7 eV to 529.4 eV in Cu,O before and after
galvanic reaction was a result of the strong coordination
between AuNGs and oxygen, which can be seen in Fig. 3d and h.
Fig. 8D show the XPS spectrum in the Au 4f region of the Cu,0-
Au heterostructures. It can be seen from the spectrum that the
two XPS peaks at 81.9 eV and 85.6 eV are in agreement with the
binding energies of Au 4f;, and Au 4f;),, respectively.** The
above information provides more details about the galvanic
reaction and confirms that the Cu,O-Au hierarchical hetero-
structures have been prepared successfully.

Further elaborative studies are contemplated to understand
the mechanism of the surface-energy-distribution induced
selective growth of AuNGs on Cu,O octahedra with morpho-
logical evolutions. TEM images of the process of growth of the
AuNGs selectively grown on different positions of Cu,O octa-
hedra are shown in Fig. 9 and the present selective growth
process is schematically illustrated in Scheme 1. In Fan’s
reports,® KI solution was introduced to selectively etch the
crystal edges of Au polyhedrons to create active sites (exposed
high-index facets, defects, atom steps, and kinks) for the
selective growth of Pt structures. They believed that the posi-
tions with high surface free energy act as nucleation sites to
induce selective growth along specific orientations, which leads
to the formation of regularly shaped NPs. Meanwhile, another
group had reported that platinum grows on the planar faces of

9

ozum X
Fig.9 TEM images of the growth process of the surface-free-energy-distribution
induced AuNGs selectively grown on different positions of Cu,O octahedra by
adopting a series of amounts of HAuCl,. (a) 0.10 mL, (b) 0.15 mL, (c) 0.20 mL, (d)

0.25 mL, (e) 0.50 mL, (f) 0.75 mL, and (g) 1.00 mL. (h-i) Higher-magnification TEM
images of the AUNWs.
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Scheme 1 Schematic illustration of the surface-free-energy-distribution induced selective growth of AuUNGs on Cu,0O octahedra with morphological evolutions.

gold cubes, while the overgrowth occurred at the vertices of gold
octahedra, indicating that platinum was selectively reduced on
the Au (100) surface for each gold nanocrystal shape.* They also
pointed out the key for the selective growth was the surface
structures and energy distributions. However, the templates
used for the selective growth were generally coated with some
surfactants, which may affect the surface energy distribution of
the original surface structures. Therefore, in the present work,
Cu,0 templates synthesized without any surfactants were used
for the selective growth to test whether AuNGs can grow on
specific positions, because of the diversity of the surface energy
distribution of the original surface structures. As demonstrated
in Fig. 9a, the AuNGs are preferential formed on the vertices of
the octahedra due to the relatively high surface energy. From a
crystallographic point of view, different exposed facets have
characteristic surface properties because of differences in
atomic arrangement, lattice symmetry, and spacing. This fact
has been applied to upgrade the shape-dependent reaction
selectivity in catalysis.”® It is well known that high-index facets
hold much more surface defects and steps and kink atoms with
low coordination numbers, and therefore, surface atoms
located on the vertices and crystal edges are usually active sites
for many reactions.”**** In addition, surface energies play a
critical role in determining the shape of nanocrystals and for
metals, such as copper oxide, which crystallizes in a face cubic
centered (fcc) structure, theoretical studies reported that the
{111} facets are the most densely packed surface and have the
smallest surface free energy.”™ In fact, this quasi-spherical
morphology minimizes the total energy by combining a small
surface area with facets exhibiting low surface energies.®> As we
know, the Cu,O octahedron possesses six vertices, twelve crystal
edges and eight {111} facets, and due to the high density of low-
coordinated atoms at the vertices and crystal edges, these
structures can serve as active sites. On the contrary, the {111}
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facets are atomic-scale flat with a closely packed surface,
exhibiting the lowest surface energy, and the surface energy of
octahedra generally follows the order of {111} facets < crystal
edges < vertices.”**>% Therefore, the diversity of the surface
energy distribution of Cu,O octahedra would lead to the selec-
tive growth of AuNGs at specific positions of the Cu,O octahedra
such as vertices, crystal edges and {111} facets.

Through galvanic displacement reaction, the AuCl,” ions
can be reduced on the Cu,O octahedra due to the standard
reduction potential different between AuCl, /Au (0.99 V vs.
SHE) and Cu®"/Cu,O (0.203 V vs. SHE) pairs; that is, AuCl,~
added into the Cu,O colloid solution can be immediately
reduced by Cu,O at room temperature.'***® Therefore, because
of the high activity of the vertices of the Cu,O octahedra, the
AuCl,” ions at an appropriate concentration can be preferen-
tially adsorbed on vertices, and converted into Au nuclei
through galvanic reaction.'*** More and more Au nuclei grew
into small AuNPs and these small AuNPs coalesced into AuNGs
with an average diameter of 28.1 + 3.9 nm (Fig. S3, see ESIT). In
the selective growth process, these vertices and crystal edges
with twin crystals of the Cu,O octahedra are preferentially
covered to minimize total surface energies. Therefore, with the
continuous formation of AuNGs on vertices, the surface free
energy of the vertices would drop down to the same level as the
crystal edges. After that, the newly formed AuNGs began to grow
along the crystal edges, resulting in the continuous decreasing
of surface free energy, which can be seen in Fig. 9b and c and
Scheme 1. When the crystal edges were overgrown by AuNGs
(Fig. 9d), the surface energy of the crystal edges decreased to the
same level as the {111} facets, resulting in the continuous
growth of AuNGs on the {111} facets. From Fig. 9e and f and
Scheme 1, the AuNGs were random grown on the {111} facets
until the octahedra were completely covered by AuNG shells. As
the amount of HAuCl, increases further, from Fig. 9g, an
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interesting phenomenon is observed that a large amount of
AuNWs were grown on the AuNG shells. In this case, the
previously formed AuNGs are coalesced by small AuNPs and
these small AuNPs can serve as primary active sites for the
nucleation of AuNWs and crystal growth. As previously repor-
ted, if, during crystal growth, the added metal atoms continue
with the same crystal structure as the seed, then it is an epitaxial
process.>**>3¢ It is generally accepted that the coordination
reagent Kkinetically controls the growth of the wire-like
morphologies of metal nanostructures by selective adsorption
and desorption on specific crystal surfaces.*® The HRTEM
images of AuNPs and AuNWs shown in Fig. 3k and | indicate the
(111) lattice planes of the AuNPs and AuNWs, demonstrating
that the seed AuNPs have the same chemical identity as the
growth atoms. In addition, in the catalysis of the small AuNPs,
the newly formed Au nuclei of the AuNWs continuously grew
aligned along the growth direction of the (111) axes to form
AuNWs.

In the PVP coated Cu,O case, because of a need to minimize
the total surface free energy, the PVP molecules were adsorbed
on the surface of the Cu,O octahedra, resulting in the homog-
enization of surface energies among the vertices, crystal edges
and {111} facets. Therefore, the trend of the surface free energy
induced selective growth of AuNGs decreased and the AuNGs
were randomly grown on the surfaces of Cu,O octahedra, which
can be seen in Fig. 4, 5 and 6. Through all the above evidence
and discussion, it is believed that the evolution of Cu,0-Au
hierarchical heterostructures involves four main steps: (1) the
selective adsorptions of AuCl,  on vertices; (2) the in situ
formation of Au nuclei through galvanic reaction and the
selective growth of AuNGs on the vertices; (3) the change of
selective growth route from along the crystal edges to along the
{111} facets; (4) the formation of AuNWs.

The successful preparation of Cu,O-Au hierarchical hetero-
structures offers the opportunity to extend the photocatalytic
activity investigation of semiconductor-metal materials. As
previously reported,”~”> a major challenge of semiconductor’s
photocatalytic performance is the undesirable process of elec-
tron-hole recombination. Through controllably depositing
metal nanoparticles onto semiconductors, a Schottky barrier
can be created at the semiconductor-metal junction, leading to
the continuous transfer of electrons from semiconductor to
metal nanoparticles until the equilibrium of the Fermi energy
levels is achieved.”®”* In a controlled photocatalytic experiment,
we investigated the photocatalytic performance of Cu,O and
Cu,0-Au hierarchical heterostructures toward the degradation
methyl orange (MO).

For comparison, the photocatalytic activity of the Cu,O
octahedra and Cu,O-Au hierarchical heterostructures, labeled
with a, b, ¢, d and e, respectively, were analyzed. Fig. 10A shows
the degradation plots of MO with different photocatalysts after
visible light irradiation for 2 h. The corresponding UV-Vis
absorption spectra are available in Fig. S8 (see ESIf). As shown
in Fig. 10B, about 29%, 69%, 76%, 71%, and 91% of MO is
photodegraded by the octahedra, AuNGs selectively grown
along the crystal edges, AuNGs grown along the crystal edges
and {111} facets, octahedra encapsulated by AuNGs shells and

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 (A) Degradation plots of MO with different photocatalysts: (control)
without any photocatalyst; (a) Cu,O octahedra; Cu,O reacted with (b) 0.25 mL, (c)
0.50 mL, (d) 0.75 mL and (e) 1.00 mL HAuCl,, respectively. (B) Percentage pho-
todegradation of MO expressed as a reduction in the intensity of absorbance at
464 nm. (C) Photographs of the MO solution after irradiation for 2 h. (D) FE-SEM
images of the corresponding photocatalysts.

AuNWs grown on AuNGs shells, respectively. Almost no pho-
todegradation of MO was found for the blank sample without
Cu,O photocatalyst. These indicate that the photodegradation
is caused by the Cu,O and the photocatalytic activity of the
Cu,O and Cu,O-Au hierarchical heterostructures follow the
resultant order: AuNWs grown on AuNG shells (label e) > AuNGs
grown along the crystal edges and {111} facets (label c) > octa-
hedra encapsulated by AuNG shells (label d) > AuNGs selectively
grown along the crystal edges (label ¢) > octahedra (label b). The
color changes of the photodegraded solutions are shown in
Fig. 10C. Notably, introducing Au into the composite material to
form Cu,0-Au cocatalysts resulted in a dramatic improvement
in the photocatalytic performance due to the electron-hole
recombination being suppressed. However, the photocatalytic
activities of the Cu,0O-Au hierarchical heterostructures were not
improved with the increasing loading amount of Au. The
reduced photoactivity may be partially attributable to relatively
higher Au loading in this system, which might decrease the total
effective Cu,O surface area during the photocatalytic degrada-
tion of MO. However, the AuNWs resulted in about 91% pho-
todegradation of MO with the highest Au loading. The AuNWs
ranging from 30 to 80 nm in length can provide more active
surface area and it can offset the negative effects of photo-
catalytic activity caused by higher Au loading.

Conclusions

In summary, we have reported a novel strategy of surface-free-
energy-distribution induced selective growth of AuNGs on
specific positions of Cu,0O octahedra templates with a series of
morphological evolutions from AuNG preferential growth on
vertices, crystal edges and {111} facets, Cu,O-Au core-shell
nanostructures, and Au nanowhisker growth on AuNG shells.
We firstly investigated the influence of reductant on the
morphology and surface structures of the Cu,O template to get
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the optimum template with smooth surface and structural
integrity. The surface energy distribution of the octahedra
generally follows the order of {111} facets < crystal edges <
vertices, leading to the selective growth of AuNGs on specific
positions. TEM, HRTEM and FE-SEM investigate the morpho-
logical evolutions and crystal structures of Cu,O and Cu,O-Au
hierarchical heterostructures. Meanwhile, Cu,O octahedra
coated by different amounts of PVP were taken as control and
the results suggest that the trend of the selective growth on PVP
coated Cu,O octahedra decreased significantly because of the
reducing diversity of the surface-free-energy-distribution. The
identity and crystal phase structures of these Cu,0, Cu,O-Au
and Cu,O-PVP-Au nanocrystals are manifested through XRD
and EDS. XPS further probes the surface chemical compositions
and chemical oxidation state of the as-prepared Cu,O and
Cu,0-Au hierarchical heterostructures to test the galvanic
reaction between Cu,O and AuCl, . The growth mechanism of
the surface-free-energy-distribution induced selective growth is
also discussed. Moreover, the photocatalytic performances of
the as-prepared Cu,O and Cu,O-Au hierarchical hetero-
structures for the degradation of methyl orange (MO) were
investigated. These Cu,O-Au hierarchical heterostructures
show enhanced photocatalytic activity and the photo-induced
charge separation in these heterostructures should be more
efficient than in pure semiconductor nanocrystals, leading to
enhanced photocatalytic activity.
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