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Synthesis of Cu/ZnO core/shell nanocomposites
and their use as efficient photocatalysts
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The synthesis of a metal/semiconductor (Cu/ZnO) core/shell nanostructure consisting of Cu nanoparticles
with an average diameter of 44.4 + 4.3 nm and coated with a 4.8 + 0.5 nm-thick layer of ZnO is reported.
The Cu/ZnO core/shell nanomaterials were formed by rapidly injecting a mixture of copper() chloride, zinc
acetate and oleylamine (OLA) solution into a hot OLA solution at 320 °C for 5 min. Both the Cu (core) and
ZnO (shell) parts were crystalline according to X-ray diffraction, selected area electron diffraction (SAED), and
high-resolution transmission electron microscopy (HRTEM) analyses. The Cu/ZnO core/shell nanomaterials
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acted as an efficient photocalyst and degraded the pollutant methylene blue, whereas pure Cu nano-
particles did not. The average degradation rate constant of methylene blue by the Cu/ZnO hetero-
structures was determined to be 1.708 h™, much higher than those of commercial ZnO (1.628 h™Y) and
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TiO, (0.307 h™), showing that the Cu/ZnO core/shell heterostructure is a promising photocatalyst for pol-
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Introduction

Surface-modified nanosized cores with inorganic shells, so-
called core/shell nanomaterials, constitute a type of hetero-
structure normally containing two or more nanometer-sized
components in an onion-like hybrid structure that are pre-
pared in a controlled way. These heterostructures can usually
display improved properties and provide multiple functions
that may not be provided by the corresponding single-
component nanomaterials." These hybrid structures have
shown special physical and chemical properties and have be-
come the most promising candidates for new fields in
optical,>™ electrical®” and biomedical®'° applications. As the
demand for various core/shell nanomaterials and nanostruc-
tures has increased, it is becoming critical to develop new ap-
proaches for fabricating a wide variety of core/shell nano-
materials in order to modify or improve the properties of
single-component nanomaterials. Coating a thin shell, such
as silica coating, on the various nanomaterials not only as-
sists in providing multiple functions but also provides surface
passivation.""'*> For example, recent developments in chemi-
cal synthesis have allowed the controllable preparation of dif-
ferent species of core/shell metal-semiconductor hetero-
structures, such as Ag/ZnO,"*'* Ag/TiO, (ref. 15) and Au/
TiO,.'® In comparison to pure semiconductors, some core/
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shell structures, such as CdS/TiO,,"”*® ZnO/ZnSe (ref. 19, 20)
and Sn0,/Cds,?" have shown higher photocatalytic efficiency.
Zinc oxide (ZnO) is a well-studied environmentally friendly
nanomaterial potentially suitable for energy industry applica-
tions due to its transparency and good semiconductor char-
acteristics, in particular its wide band gap (3.37 eV at room
temperature) with an exciton binding energy of 60 meV.>* Its
features yield a strong near-band-edge excitonic emission at a
wide range of temperatures.>>>* ZnO has been widely used as
a transparent oxide semiconductor that possesses piezoelec-
tric properties.>> The unique optical and catalytic properties
of ZnO nanostructures have attracted much attention for
photovoltaics,>**® photosensors***” and light-emitting di-
odes (LED).>*?° ZnO has been especially considered as a
good photocatalytic material due to its UV and visible optical
absorption and photoluminescence. On the other hand, cop-
per is a well-known material in our daily life, and is highly
conductive, making it suitable for applications in printed cir-
cuit boards (PCBs)*° at a comparatively low cost. Further-
more, Cu nanomaterials exhibit localized surface plasmon
resonance (LSPR)** when electromagnetic radiation excites
the free electrons of the metallic nanostructure, which results
in oscillations that enhance the local electromagnetic fields
surrounding the nanostructure.*® The frequency and the line
width of the LSPR are highly affected by the morphology,
interparticle spacing, dielectric environment, and dielectric
properties of the nanomaterial.>'* Therefore, an appropriate
strategy for preparing Cu/ZnO nanocomposites can effect effi-
cient charge separation via direct electron transfer of hot

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ce01944c&domain=pdf&date_stamp=2016-01-12
http://dx.doi.org/10.1039/C5CE01944C
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE018004

Published on 18 December 2015. Downloaded by National Tsing Hua University on 15/06/2016 11:34:25.

CrystEngComm

electrons induced by surface plasmon resonance from Cu,
and thus achieve good photocatalytic efficiency.

Herein, a facile method to prepare a multifunctional Cu/
ZnO core/shell structure is reported. Cu nanoparticles with
an average diameter of 44.4 + 4.3 nm and covered with a 4.8
+ 0.5 nm-thick ZnO layer were prepared by rapidly injecting a
mixture of copper(i) chloride, zinc acetate and oleylamine
(OLA) solution into a hot OLA solution at 280-320 °C. With
precise control of the experimental conditions, a ZnO shell
directly grew onto the copper nanoparticles. The products
were characterized by transmission electron microscopy
(TEM), X-ray diffraction (XRD) and UV-vis absorbance spectro-
photometry. The use of these Cu/ZnO core/shell colloids as a
photocatalyst to degrade methylene blue was also
demonstrated.

Experimental
Chemicals

All reagents were used as received. Copper(i) chloride (CuCl,
299.99%), zinc acetate (Zn(CH3COO),, 299.99%), mercapto-
propionic acid (MPA, 299%), ammonia solution (NH,OH,
33%), hexane, toluene, chloroform, oleylamine (70%), etha-
nol, methylene blue (299% ), titanium(v) oxide (P25-nano
grade), and ZnO powders were obtained from Aldrich Chemi-
cal. Methanol was obtained from Mallinckrodt Chemicals,
and isopropyl alcohol from J. T. Baker.

Cu/ZnO core/shell nanomaterial synthesis

Reactions were carried out using a Schlenk line system under
a purified argon atmosphere. In the typical synthesis, 8 ml
oleylamine and a stir bar were loaded into a 50 mL three-
neck flask. The flask was purged by argon for 1 h at room
temperature and the temperature was then raised to 320 °C.
Copper(1) chloride (1 mmol) and zinc acetate (1 mmol) were
mixed with 1 mL oleylamine and heated to 100 °C. Copper
and zinc precursor solutions were injected into the flask and
kept at a temperature of 300 °C for 5 min. The flask was
cooled to room temperature by using a cold water bath. The
nanocrystals were purified by precipitation with addition of
20 mL of toluene followed by centrifugation at 8000 rpm for
5 min. The isolated nanomaterials were dispersed in toluene
for further characterization.

Surface modification of Cu/ZnO core/shell nanomaterial

Two millilitres of chloroform, 5 mL of methanol, 180 uL. MPA
and 280 pL ammonia solution were mixed with the Cu/ZnO
powder and stirred vigorously for 30 min. After the reaction,
5 mL of isopropyl alcohol and 20 mL of hexane were added
followed by centrifugation at 8000 rpm for 10 min. After puri-
fication, the product was redispersed in DI water for further
characterization.
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Photocatalytic activity measurements

Photocatalytic activities of the different samples were evalu-
ated by the degradation of methylene blue under UV irradia-
tion. A UV lamp (256 nm) was used to generate light for the
photocatalytic reaction, which was carried out under the reac-
tion cell. All of the experiments were conducted at room tem-
perature and were open to the atmosphere. In each experi-
ment, 20 mg of Cu/ZnO core/shell nanomaterials were added
into 20 mL of methylene blue solution in a reaction cell. At
irradiation time intervals of 0, 5, 10, 30, 60, 90, and 120 min,
the suspension was collected by applying centrifugation
(8000 rpm, 5 min) to remove the photocatalyst nano-
materials, which were characterized using UV-vis absorbance
spectroscopy.

Characterization

Nanomaterials were characterized by using various tech-
niques, including transmission electron microscopy (TEM),
X-ray diffraction (XRD) and UV-vis absorbance spectroscopy.
The sample for TEM was prepared by dropping the nano-
crystals dispersed in hexane or DI water on carbon-coated
200 mesh titanium or nickel TEM grids. TEM images were
obtained using a JEOL JEM-1200 or Hitachi H-7100 TEM at
an accelerating voltage of 120 kV for low-resolution imaging
and using a Tecnai G2 F20 X-Twin microscope at an acceler-
ating voltage of 200 kV for high-resolution imaging. Powder
X-ray diffraction (XRD) analysis was conducted on a Rigaku
Ultima IV X-ray diffractometer using a Cu Ko radiation
source (1 = 1.54 A). UV-vis-NIR absorbance spectra of nano-
crystal dispersions in DI were obtained by using a Hitachi
U-4100 UV-vis-NIR spectrophotometer at room temperature.

Results and discussion

The core/shell structure of Cu/ZnO was produced using a hot-
injection approach in the presence of oleylamine. Copper
chloride and zinc acetate served as precursors and oleylamine
was chosen as the surfactant for the high-temperature reac-
tion. The degassed oleylamine was heated to 320 °C followed
by the injection of copper chloride and zinc acetate dissolved
in the oleylamine. When many copper nuclei were generated,
the concentration of the precursor decreased and the nuclei
began to grow followed by formation of zinc oxide. ZnO nu-
cleated on the surface of the Cu nanoparticles and grew to
become a thin ZnO layer during the synthesis. The XRD pat-
tern of the product was compared with and interpreted based
upon a standard database. The characteristic copper peaks
appeared at 43.3° and 50.4°, which correspond to the (111)
and (200) crystal facets of copper. The three main characteris-
tic peaks for ZnO appeared in the sample at 31.8°, 34.4° and
36.3°, which correspond to the (100), (002) and (101) crystal
facets of ZnO. These results confirmed that two different
groups of peaks corresponding to copper and zinc oxide
could be clearly distinguished in the XRD pattern (Fig. 1).
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Fig. 1 XRD pattern of Cu/ZnO core/shell nanomaterials.

The morphology and composition of the products were ex-
amined by TEM and EDS (Fig. 2). TEM images confirmed
that a thin layer of material existed on the core of nano-
particles. The core had a mean diameter of 44.4 + 4.3 nm
and was covered with a 4.8 + 0.5 nm-thick shell. We analyzed
the selected area electron diffraction (SAED) pattern and the
fringe distance corresponding to copper and zinc oxide, re-
spectively. The formation of ZnO along with the copper nano-
particles in the hot-injection process can be attributed to the
sudden nucleation of zinc oxide on the core. Core/shell nano-
particles were randomly chosen for TEM energy-dispersive
X-ray spectroscopy (EDS) analysis, and the atomic composi-
tions determined from EDS were Cu:Zn:O = 46.7:27.7 :25.6.
The result showed that the sample contained Cu, Zn and O
with the Zn/O ratio close to 1. Core/shell heterostructures,
which are formed by the growth of crystalline overlayers onto
the nanocrystal surface, enable the passivation of interfaces
and have been used to generate several devices with diverse
functions. Normally, the compatibility of the lattice constants
of the two materials affects their ability to form a hetero-
interface. It is easier to form heterostructures when the

(b)

Atomic

Fig. 2 (a, b) TEM image, (c) SAED pattern and (d) EDS spectrum of
Cu/ZnO core/shell nanomaterials.

618 | CrysttngComm, 2016, 18, 616-621

View Article Online

CrysttngComm

component crystal structures are compatible and the lattice
spacings of the two materials are well matched. However, in
some special cases, dehydrolysis may help form a hetero-
structure despite a large lattice mismatch, such as for Ag/
ZnO. In the incompatible Cu/ZnO system, the absence of a
surfactant may induce the formation of the core/shell.

Fig. 3 shows the high-resolution transmission electron
microscopy (HRTEM) image of a representative Cu/ZnO core/
shell nanoparticle. The 0.18 nm and 0.24 nm lattice fringes
correspond to the Cu (200) and ZnO (101) lattice fringes, re-
spectively. The Cu/ZnO heterostructures accommodated the
large mismatch with a value of 33.3%. The large lattice
mismatch between the Cu core and the ZnO shell creates a
barrier for nucleation of the shell material. The defects and
dislocations inside the shell cause a highly strained interface
inside the nanocrystal and poor control over the kinetics of
shell growth.

Fig. 4 shows typical UV-vis optical absorption spectra of
the Cu/ZnO core/shell heterostructure. Two obvious peaks in
this spectrum, at 374 nm and 586 nm, were generated by zinc
oxide and copper-containing materials, respectively. From the
spectrum, the band gap of ZnO was estimated to be 3.3 eV.
As the size of the ZnO shell is larger than its Bohr radius of
2.3 nm, the blue shift of the UV spectrum was not clearly
observed.

The reaction temperatures were maintained at the desired
temperature range from 280 °C to 320 °C. The same reaction
was carried out at different temperatures by the hot-injection
method in OLA. At 280 °C, some purely ZnO nanoparticles
formed, and did not nucleate and grow on the surfaces of the
copper nanocrystals. The Cu nanoparticles displayed a wide
distribution of sizes. Relatively small Cu nanoparticles of
24.7 + 9.6 nm in diameter were obtained at 280 °C (Fig. 5a)
and larger nanoparticles of 56.4 + 7.0 nm in diameter were
prepared at 320 °C (Fig. 5¢).

Methylene blue, a chemically stable and persistent dye
pollutant, is widely adopted as a representative organic pol-
lutant.** Here we evaluated the photocatalytic performance of
the Cu/ZnO heterostructure nanocatalyst by monitoring its
decomposition of methylene blue in an aqueous solution. In
order to explore the photocatalytic efficiency of the nano-
catalysts in the aqueous phase, it was essential to carry out a
hydrophilic to hydrophobic ligand exchange reaction. The ef-
fective ligand exchange of a long-alkane-chain surfactant

Fig. 3 (a) TEM, (b) HRTEM, and (c, d) corresponding FFT patterns of
Cu/ZnO core/shell heterostructures.
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Fig. 4 UV-vis absorbance spectrum of a Cu/ZnO core/shell
nanomaterial.
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Fig. 5 TEM images of Cu/ZnO prepared at reaction temperatures of
(a) 280 °C, (b) 300 °C and (c) 320 °C.

(oleylamine) by a short-chain surfactant (MPA) drastically
changed the surface properties of Cu/ZnO heterostructure
nanomaterials, which allowed these nanomaterials to un-
dergo the photocatalytic reaction in aqueous solution. The
XRD and UV-vis patterns of the product of the ligand ex-
change process were compared to the reactant. They shared
the same crystal phase according to the XRD data. The UV-vis
absorbance spectra also showed the two characteristic peaks
to be at the same position (Fig. 6). In the experiments, the
commercial TiO, (P-25) and ZnO powder (1 um) were used as
a reference to understand the photocatalytic activity of the
Cu/ZnO catalysts. The band gap of ZnO derived from the UV-
vis spectrum confers on the nanomaterials the ability to ab-
sorb UV light for photocatalytic decomposition of methylene
blue. Fig. 7 shows the photocatalytic activities of pure Cu,
Cu/ZnO heterostructures and TiO, (P25), and commercial
ZnO on the degradation of methylene blue. Under the same
experimental conditions, the visible-light (1 > 420 nm) photo-
lysis of methylene blue was negligible for each of the photo-
catalysts. After 2 h of UV-light irradiation, degradation of the
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Fig. 6 (a) XRD pattern and (b) UV-vis absorbance spectra of Cu/ZnO
heterostructure nanomaterials after the ligand exchange process.
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Fig. 7 Photocatalytic activity of (a) Cu, (b) Cu/ZnO, (c) TiO,, and (d)
ZnO as photocatalysts for degradation of methylene blue in the
aqueous phase. (e) Comparison of the photocatalytic efficiency values
of the four different materials.

dye was not detected when using pure Cu. In contrast, the
Cu/ZnO heterostructures showed an excellent level of methy-
lene blue photodegradation, even better than did the com-
mercial TiO, and ZnO. The percentage of degradation of
methylene blue is reported as C/C,. C is the concentration de-
rived from the absorption spectra of methylene blue for each
irradiated time interval at a wavelength of 256 nm. C, is the
absorption of the starting concentration when adsorption/de-
sorption equilibrium was achieved. To quantitatively analyse
the reaction kinetics of the methylene blue degradation in
our experiments, we used the pseudo-first-order model as
expressed by eqn (1), which is suitable if the initial concen-
tration of the pollutant is low (36).

In(Co/C) = kt (1)

In eqn (1), Cy and C are the concentrations of dye in solu-
tion at time 0 and ¢, respectively, and k is the pseudo-first-
order rate constant.

The methylene blue average degradation rate constant
when using Cu/ZnO heterostructures reached 1.708 h™',
higher than those when using ZnO (1.628 h™), TiO, (0.307
h™) and Cu (0.048 h™'). These results suggest that the
Cu/ZnO heterostructure is a much more effective photocatalyst
and suggest that the Cu/ZnO heterojunction thus enhances
photocatalytic activity significantly.

A possible reason for these results is that Cu nanoparticles
may act as the sink to receive the electrons from ZnO
under excitation, which would increase the interfacial

CrysttngComm, 2016, 18, 616-621 | 619
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Fig. 8 Scheme of a light-induced charge separation mechanism in the
Cu/ZnO heterostructure in a photocatalytic reaction.

charge-transfer kinetics between the metal core and the semi-
conductor shell. At the interface of two materials, the Fermi
energy levels would be aligned by electrons flowing from one
component to the other. In our case, the electrons would
have flowed from ZnO into the Cu metal and formed a
Schottky barrier resulting in the Cu having excess negative
charges (electrons) and the semiconductor having excess pos-
itive charges (holes). Furthermore, the Schottky barrier would
be able to prevent electron-hole recombination in the photo-
catalytic reaction. The unique structure would improve the
separation of photogenerated electron-hole pairs, and en-
hance the photocatalytic activity as shown in Fig. 8.

Conclusions

A crystalline Cu/ZnO core/shell nanostructure was made by
applying a hot-injection method to decompose copper(i) chlo-
ride and zinc acetate at 280-320 °C. The heterostructures
exhibited outstanding performance for methylene blue degra-
dation, better than that displayed by commercial TiO,. The
novel heterostructure represents a new hybrid material that
can trigger a light-induced charge separation and that could
be used for many other applications to achieve a better
photon-induced catalytic efficiency.
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