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Abstract: Cu,0@Cu,0 core-shell nanoparticles (NPs) were prepared by using solution phase strategy. It was found that
Cu,0@Cu,0 NPs were easily converted to Cu,O@Cu NPs with the help of polyvinylpyrrolidine (PVP) and excessive ascorbic acid
(AA) in air at room temperature, which was an interesting phenomenon. The features of the two kinds of NPs were characterized by
XRD, TEM and extinction spectra. Cu,O@Cu NPs with different shell thicknesses showed wide tunable optical properties for the
localized surface plasmon (LSP) in metallic Cu. But Cu,O@Cu,O NPs did not indicate this feature. FTIR results reveal that Cu” ions
on the surface of Cu,O shell coordinate with N and O atoms in PVP and are further reduced to metallic Cu by excessive AA and then
form a nucleation site on the surface of Cu,O nanocrystalline. PVP binds onto different sites to proceed with the reduction utill all the
Cu sources in Cu,O shell are completely assumed.
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1 Introduction

Recently, much attention has been paid to structure
controlled nanoparticles (NPs) for morphologies of NPs
have important effects on both physical and chemical
characteristics, such as mechanical, optical, electrical and
magnetic properties [1]. Among various morphologies,
core—shell NPs are very significant because of their
unique architecture, various properties and enhanced
activity [2—8]. Core—shell hybrid NPs represent an
important class of multicomponent heterostructured
nano systems. Because of the nanoscale interactions
between the disparate core and shell components, a
combination property from individual components, even
enhanced tunability and new synergistic properties will
appear [9—12].

Cu and its oxides are low cost and multifunctional
materials [13,14], which have attracted great interest due
to excellent performance in the fields of electronics [15],
photovoltaic [16], catalysis [5], superconductivity [17],
magnetic storage [18], electrochemistry [19] and
sensing [20]. Cu,O is a p-type direct band gap

semiconductor with a band gap of 2.17 eV. In the past
decades, various morphological Cu,O nanocrystals, such
as cubes, octahedron [21], spheres [22], tubes and hollow
structures have been synthesized mainly by wet chemical
[23,24], electrodeposition [25], solvothermal [22],
ultrasound or microwave [26] and laser ablation [27]
methods. Cu,O has large permittivity (g~7) [5] across the
visible and near-infrared regions, when it was used as
shell of metal-semiconductor core—shell NPs, there is
large red shift of the dipole plasmon resonance. Several
research groups [2—5,8,9] fabricated such core-shell NPs
and reported related results. M@Cu,0O (M=Au,Ag)
core—shell metal-semiconductor NPs [1,3,4,9—12] and
M/Cu,0 (M=Ag, Au) heterogencous nanocrystals are
promising to be used as photocatalysis with high
efficiencies and sensors with faster response and
recovery times. CuyO NPs or nanoshells can also be used
as templates to synthesize Cu,S [28] or CuS [29] NPs.
For Cu is easily to be oxidized, Cu@Cu,O (Cu as core
and Cu,O as shell) NPs were easily synthesized [30]. But
metal Cu is difficult to obtain by the reduction of copper
oxides in solution. In fact, in many cases Cu is expected
to play an important role as shell for its high activity in
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diverse reactions [7] and oxidation free electrode [15]
formation in air. So far, few literatures [7,15] reported
the successful preparation of Cu,O@Cu core—shell NPs.

In this work, by using solution strategy,
Cu,0@Cu,0 core—shell NPs could be easily converted
to Cu,O@Cu core—shell NPs with the help of surfactant
PVP and reducing agent AA in air at room temperature.
By controlling the mole ratio of Cu(NOs), to AA, one
can obtain Cu,O@Cu,O NPs or Cu,0O@Cu NPs in the
same strategy. The features of the two kinds of NPs were
characterized by XRD, TEM and extinction spectra.
According to the FTIR results, the reason of the
conversion was explained.

2 Experimental

2.1 Materials and characterization

Copper chloride dihydrate (CuCl,-2H,0), copper
nitrate hydrate (Cu(NOs)-:3H,0), ascorbic acid (AA,
C¢H3Og), sodium hydroxide (NaOH), ammonium nitrate
(NH4NO3), PVP (MW=58000) and ethanol were bought
from Aladdin. All of the reactants are analytical grade
and were used without further purification. The solvent is
deionized water.

The crystalline structures of the NPs were identified
by a powder X-ray diffractometer (XRD) (Bruker D8
ADVANCE) with Cu K, radiation (1=1.5406 A). The
size and morphologies of the NPs were observed by
using a transmission electron microscope (TEM, H-7650,
Japan). And the UV-Vis absorption spectra and extinction
spectra were recorded by an UV-Vis spectrophotometer
(Lamda 25, PerkineElmer). FTIR spectroscopy was
performed using a Nicolet NI10 FTIR spectrometer.

2.2 Synthesis and characterization
2.2.1 Synthesis of Cu,O core NPs

The core of Cu,O NPs was synthesized by using AA
as reducer and PVP as stabilizer. Typically, 100 mg PVP
was added into 50 mL CuCl, aqueous solution (1x10°*
mol/L) and stirred homogeneously for about 15 min until
PVP powder was fully resolved into the solution. Then,
2 mL 0.2 mol/L NaOH solution was added and stirred for
5 min. After that, 2 mL 0.1 mol/L AA was added into the
above solution under vigorous stirring for 15 min. The
final products were Cu,O colloid, which will be added
into the reactive systems in later fabrication of
Cu,0@Cu,0 and Cu,O@Cu core—shell NPs.
2.2.2 Synthesis of Cu,0@Cu,0 and Cu,0@Cu NPs

Typically, under magnetic stir, 120 mg PVP was
resolved into 30 mL aqueous solution containing
0.1305 mol/L Cu(NOs),-3H,0 and 9.625x10™* mol/L
NH4NO;. Next, 20 mL Cu,O core colloid was added into
above solution. Then, 2.2 mL 0.2 mol/L NaOH was
dropwisely added at 1 drop/s of speed and magnetic

stirred for 5 min. 2.607 mL 0.1 mol/L AA solution was
dropwise added at 1 drop/3s to synthesize Cu,0O@Cu,O
NPs. In this case, the mole ratio of Cu(NO;),-3H,0 to
AA is 1:2. When the mole ratio of Cu(NO3),:3H,0 to AA
(3.905 mL) is 1:3, Cu,0@Cu NPs were synthesized.
After the complete reaction, the
continuously stirred for 5 min. The product was
centrifuged and washed with water and ethanol three
times to separate the NPs. The final product was
dispersed in ethanol and preserved in a refrigerator at
4 °C.

solution was

3 Results and discussion

Under alkaline condition, Cu,O core NPs can be
synthesized by AA reducing CuCl,. The reactive process

between CuCl,,2H,O and AA in the alkaline
environment is

CuCl,+2NaOH=Cu(OH), |} +2NaCl @))]
Cu(OH),+C¢HgOg=Cu,0 | + C¢HsOs+2H,0 2)

When the complete reaction happens, the color of
the solution changes from slight blue to slight yellow.
Finally, it becomes orange colloid. The crystalline
structure of Cu,O NPs was characterized by XRD.
Figure 1(a) shows the XRD pattern of Cu,O NPs (PDF
No. 071-3645). The peaks positioned at 29.50°, 36.34°,
42.29°, 61.31° and 73.48° match well with (110), (111),
(200), (220) and (311) planes of the standard data for the
face-centered cubic (FCC) structure of Cu,O. The
nanocrystallines grow superiorly along (111) direction.
The calculated lattice constant is 4.2741 A.

Figure 1(b) shows the TEM image of the Cu,O core
NPs. One can see that the shape of the Cu,O NPs is
truncated cubic and the size distribution is in the range of
60—80 nm. The average size of Cu,0O is about 70 nm. At
the same time, the Cu,0O NPs have good monodispersity.
The reason of the truncated cubic Cu,O is that PVP
molecules are adsorbed onto the {100} facets stronger
than that of other facets, leading to the formation of
nanocubes with truncated corners mainly bounded by six
{100} facets [21].

Figure 1(c) shows the UV-Vis absorption spectrum
of the core Cu,O NPs, indicating that the plasmon
absorption peak is at 424 nm.

The synthetic chemistry of Cu,O shell is also under
alkaline condition [10]. After addition of NaOH,
nanocrystallines of Cu(OH), first form (Eq. (3)). And
then these nanocrystallines aggregate on the surfaces of
core Cu,O NPs. For the presence of NH4NO; salt, the
rapid growth of the Cu(OH), phase is inhibited. And
Cu(OH), is able to be reversed to [Cu(H,0)s]*" (Eq. (4)).
And thus, initial clusters and/or crystallites of Cu(OH),
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Fig. 1 XRD pattern (a), TEM image (b) and UV-Vis absorption
spectrum (c) of Cu,O core NPs

are solely deposited on the surfaces of core Cu,0 NPs
instead of spontaneous crystal growth occurring [10].
Afterwards, with addition of AA, Cu(OH), is reduced to
Cu,0 (Eq. (5)).

[Cu(H,0)e]> +20H =——=Cu(H,0),(OH),+2H,0  (3)
Cu(H,0),(OH),+2NH, '—=[Cu(H,0) " +2NH; | (4)
4[Cu(H,0)4(OH),]+4CsHsOs+Or==

2C0,0 | +4CgHOg+24H,0 )

According to the synthesis steps of Section 2.2.2,
when 2.607 mL AA was added into the reactant system
(the mole ratio of Cu(NO;),’3H,O to AA is 1:2),
Cu,0@Cu,O core—shell homostructured NPs were
fabricated. Figure 2 shows the XRD pattern of
Cu,0@Cu,0 core—shell structure. The five peak
positions are as same as Fig. 1(a), which indicates that
the nanocrystallines in the shell of Cu,O also grow
superiorly along (111) direction. The core-shell structure
was proved by TEM images (Fig. 3)

PDF No. 71-3(645
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Fig. 2 XRD pattern of Cu,0@Cu,0 core-shell NPs

For changing the thicknesses of the shells with fixed
core size, 35, 30, 20 and 15 mL Cu,O core colloids were
added into the reactant systems containing fixed initial
concentrations of Cu®" (0.1184 mol/L) and PVP (0.4%,
mass fraction). The addition volumes of AA are the same
(2.607 mL). Figure 3 shows the TEM results of
Cu,0O@Cu,0 core-shell NPs. The average thicknesses of
the shells are respectively 20, 30, 35 and 50 nm in
Figs. 3(a)—(d). That is to say, with decreasing addition of
Cu,0O core colloids, the thickness of the shells increases
and the shells tend to become compact. It is obvious to
see that the shells are composed of many small Cu,O
crystallines. For the number of Cu®' is the same as
reducer AA in the four reactant systems, the number of
reduced Cu®’ is also the same, and the more the Cu,O
core NPs, the thinner the shells. It is clear to see the
core—shell structure from Fig. 3(a) and Fig. 3(b) for the
thinner shells. Comparing Figs. 3(a) and (b) with
Fig. 1(b), the cores of the Cu,0O@Cu,0 NPs do not have
change after coating. But with the shell thickness
increasing, it is difficult to distinguish the core—shell
structure (Figs. 3(c) and (d)) for the same composites of
core and shell. It is reasonable to infer that the cores of
the Cu,0@Cu,O NPs in Figs. 3(c) and (d) are also
similar to Figs. 3(a) and (b) and do not change after
coating.

Figure 4 indicates the normalized extinction spectra
of Cu,0@Cu,0 core—shell NPs when 35, 30, 20 and
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(b)

Fig. 3 TEM images of Cu,0@ Cu,0 core—shell NPs when added 35 mL (a), 30 mL (b), 20 mL (c) and 15 mL (d) Cu,O core colloids

into reactant systems containing fixed initial concentrations of Cu*" and PVP
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Fig. 4 Extinction spectra of Cu,0@Cu,0 core-shell NPs with

different thicknesses of shells and same size of core (35, 30, 20

and 15 mL Cu,O core colloids were respectively added into

reactant systems with same concentrations of Cu>* and PVP)

15 mL core Cu,O colloids were added into reactant
systems. All the four extinction peaks are near to
424 nm, which is similar to the absorption peak of core

Cu,0 NPs (424 nm, Fig. 1(c)). That is to say, the
Cu,0@Cu,0 core-shell NPs do not show optical
tenability. The reason is that Cu,O is semiconductor
material, which has weak SPR effect. So, the core—shell
structure is equal to increasing the size of the NPs.

In the synthesis process, when the mole ratio of
Cu(NO;),'3H,0 to AA is 1:3, that is to say, 3.905 mL
0.1 mol/L AA was added into the reactant system, it is
found that the final product is Cu,O@Cu
semiconductor—metal NPs, but not Cu,0O@Cu,O NPs.
The XRD experiment proved this result. Figure 5 shows
the XRD pattern of the Cu,O@Cu core-shell
semiconductor—metal NPs. There are six peaks at 36.32°,
42.19°, 43.18°, 50.23°, 61.24° and 73.91°, in which, the
peaks localized at 36.32°, 42.19° and 61.24° coincide
well with (111), (200) and (220) planes of Cu,O (PDF
No. 71-3645), respectively. And the peaks positioned at
43.18°, 50.23° and 73.91° match well with (111), (200)
and (220) planes of Cu (PDF No. 70—3038), respectively.
So, the product is Cu,0@Cu core—shell semiconductor—
metal NPs, but not Cu,0O@Cu,O core—shell NPs.
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Fig. 5 XRD pattern of core—shell Cu,O@Cu NPs
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Fig. 6 Schematic diagram of Cu,O@Cu,O core—shell NP
conversion to Cu,O@Cu core—shell NP

The reason for the formation of Cu shell could be
explained as follows. In the dropwise addition of AA into
the coating system (including Cu,O cores), when the
mole ratio of Cu(NO3), to AA reaches 1:2, the Cu®" ions
in the reactant system would be firstly reduced to Cu"
ions, and Cu,O@Cu,0 NPs would be formed. But at this
time, addition of AA was not stopped. That is to say, AA
is excessive in the reactant system when the mole ratio of
Cu(NO;), to AA is more than 1:2. The Cu’ ions in the
Cu,0 shell would be further reduced by AA and became
Cu atoms. When the mole ratio of Cu(NO;), to AA
reaches 1:3, all the Cu" ions in the shell of Cu,O would
be reduced to Cu atoms, and Cu,O shell would be
converted to Cu shell. Of cause, Cu,0@Cu,O NPs
would be converted to Cu,O@Cu NPs. The conversion
process is schematically illustrated in Fig. 6. The
core—shell structure was proved by TEM. Figure 7
indicates the TEM results as 30 mL (Fig. 7(a)), 20 mL
(Fig. 7(b)) and 10 mL (Fig. 7(c)) Cu,O core colloids
were added into the reactant systems containing fixed
initial concentrations of Cu®" (0.1305 mol/L) and PVP
(0.4%, mass fraction). When 30 mL Cu,O core colloids
were added into the reactant system, the shape of the Cu
shell is almost truncated cubes (Fig. 7(a)). And the cores
of Cu,O are nearly not changed in the process of Cu,O
shell converted to Cu shell. The thickness of the shell is
about 15 nm. When decreasing addition of the Cu,O core
colloid to 20 mL (Fig. 7(b)), the average thickness of the
Cu shells increases to 22 nm. When 10 mL Cu,O core

Fig. 7 TEM images of Cu,0@Cu core—shell NPs with different
thicknesses of shells: (a) 15 nm; (b) 22 nm; (c) 30 nm

colloid was added into the reactant system, the average
thickness of the shells increases to 30 nm (deduced from
the average sizes of core and core—shell NPs), the shape
of the shell is approximate to sphere. In this case, the
electron beam cannot transmit the NPs, and one cannot
distinguish the cores from the NPs (Fig. 7(c)). The Cu
shells are composed of many small Cu nanocrystallines
with various shapes. The interface between the core of
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Cu,O and the shell of Cu is not compact. Some
Cu,O@Cu NPs are yolk structure. According to Ref. [15],
during the conversion, the Cu,O volume is reduced by
70% to form Cu and make the Cu shell a porous
structure.

Figure 8 indicates the extinction spectra of
Cu,O@Cu core-shell NPs with addition of 30, 20, and
10 mL Cu,O core colloids into the reactant systems.
When 30 and 20 mL core Cu,O colloids were
respectively added into the reactive systems, the
thicknesses of the Cu shells are thin (15 and 22 nm), and
the SPR peaks are at 464 and 480 nm respectively. When
the shell thickness increases to 30 nm (10 mL Cu,O
colloid was added into reactant system), except for the
peak at 426 nm, there is another extinction peak at
624 nm. The former is attributed to the Cu,O NPs and
Mie scattering of Cu,O@Cu NPs. The latter is the SPR
absorption peak of Cu,O@Cu. Above results indicate
that with the increase of shell thickness, the SPR
absorption peaks of the Cu,O@Cu NPs have red shifts in
the range of 40—200 nm. That is to say, by coating Cu,O
NPs with Cu shells, one can obtain NPs with tunable
optical properties, which will be promising in optical
catalysis or optical devices.

1.2 =& |5nm
—— 22 nm
—de 30 NM
1.0 +

=
[+s]
T

0.6

Normalized extinction (a.u.)
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Wavelength/nm

Fig. 8 Extinction spectra of Cu,O@Cu NPs with different

thicknesses of shells and same size of core

According to the above results, one can see that
Cu,0 shell could be easily converted to Cu shell in the
experimental process when the reducer AA is excessive.
LEE et al [15] found crystal-to-crystal conversion of
Cu,0 NPs to Cu crystals with polyacrylamide (PAM) as
surfactant. Except for PAM, LEE et al [15] tried some
other surfactants to prove the role of PAM, but most of
them behaved in a different way. So, the shell of Cu,O
converted into Cu shell could not only be related to
excessive reductant, but also the surfactant. To probe the
interaction between PVP and Cu,O, FTIR spectra of PVP
powder and Cu,O@Cu,O NPs were conducted. The
FTIR spectra were collected from 32 scans with a

resolution of 4 cm'. The Cu,0@Cu,0O NPs were
desiccated in a vacuum drying oven overnight before
measurement. FTIR transmittance spectra of Cu,O@
Cu,0 NPs and PVP powder were measured by preparing
thin and transparent KBr pellets containing the materials
of interest.

Figure 9 shows the FTIR spectra of pure PVP and
Cu,0@Cu,0 NPs. The broad absorption band at about
3440 cm' is assigned to the —OH group of H,0O
absorbed on the surface of the samples. For the FTIR
spectrum of PVP, the absorption band appears at
2953 cm ' corresponding to the stretching vibration of
C—H bond. The two bands positioned at 2850 and
2921 cm ' are the symmetric and asymmetric stretching
vibration of —CH, group, respectively. The strongest
absorption band at 1669 cm ' is attributed to the
carbonyl group C=O0 stretching vibration in PVP [30].
The absorption bands positioned at 1289, 1373, 1423,
1463 and 1494 cm ' are assigned to the vibration of
heterocyclic [31] in PVP. The bands at 1018, 846, 735,
and 650 cm ' are explained by the C—N stretching
vibration, out of plane C—H bending, rocking and OH
wagging [31], respectively. For the FTIR spectrum of
Cu,0@Cu,0, the strongest absorption band localized at
626 cm ' is assigned to the Cu— O stretching
vibration [32]. Compared the FTIR spectra of Cu,O@
Cu,0 NPs with PVP, it can be seen that the absorption
bands positioned at 1018 cm™' and 846 cm ' which are
attributed to C—N are red shifted to 1086 cm ' and
856 cm . And the band at 1669 cm ' assigned C=0
stretching vibration is shifted to low frequency (blue
shift) at 1609 cm™'. These shifts indicate the coordination
of Cu" with N and O atoms in PVP. It was found that
gold ion has similar coordination with N and O atoms in
PVP [32]. For the N and O atoms in the heterocyclic ring
of the PVP structure, the PVP has weak reducing
ability [33], and Cu" coordinates with N and O atoms in
PVP. Under the reduction conditions, the reaction takes
place at sites where Cu" is adsorbed on the N and O

Cu,0@Cu,O NPs

Wavelength/cm™
Fig. 9 FTIR spectra of PVP powder and Cu,0O@Cu,O NPs
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atoms (Fig. 10). The main reason for PVP protecting
Cu,0 nanocrystallines is N and O in PVP coordinating
with Cu” and PVP forms the protection layer around the
Cu,0O nanocrystallines. In the experimental process,
when the reductant of AA is excessive, the Cu’ ions on
the surface of Cu,O nanocrystallines would be reduced
to metallic Cu by AA and then form a nucleation site on
the surface of Cu,O nanocrystalline, PVP binds onto a
different site to proceed with the reduction. The crystal
growth of Cu is initiated by this nucleation and repeats
until all Cu sources in Cu,O NP are completely assumed.
The shell of Cu,O is converted to Cu shell. And
Cu,O@Cu,0 NPs are converted to Cu,O@Cu NPs.

<_>§‘O.... 0
'N “
O—cy~ Lu:O
| HJ;’

0O
Fig. 10 Schematic diagram of Cu" interaction with PVP

4 Conclusions

1) With the help of surfactant PVP and reducing
agent AA in air at room temperature, Cu,O@Cu,O
core-shell NPs were prepared in solution phase strategy.
It was found that Cu,0@Cu,O NPs were easily
converted to Cu,O@Cu core—shell NPs.

2) The composites, structures, morphologies,
extinction properties of Cu,O@Cu,O and Cu,O@Cu
core—shell NPs were systematically measured by XRD,
TEM and extinction spectra. Cu,O@Cu,O core-shell
NPs with shell thickness in the range of 20—50 nm do not
show tunable optical properties. But the Cu,O@Cu
core—shell NPs show wide tunable optical properties
when the shell thicknesses change in the range of
15-30 nm.

3) FTIR results reveal that Cu” ions on the surface
of Cu,O shell coordinate with N and O atoms in PVP.
The Cu’ ions are reduced to metallic Cu by excessive
ascorbic acid then form a nucleation site on the surface
of Cu,O nanocrystalline. The shell of Cu,0 is converted
to Cu shell.

4) The synthesis approach is simple and also a
promising reference to synthesize other core-shell NPs
with shells of Cu,O or Cu. The Cu,0@Cu,O NPs could
be easily converted to Cu,O@Cu NPs in air at room
temperature, which is promising to be used in electronic
devices.
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B P E Cu,0@CuU0 2T KR & H

[a] Cu,0@Cu #Z 7= AKERLRYEE 1L

mEL, FRE', L34, IR B8 Bk’
L AR EEE R MIBER, T8 266100: 2. FRIERREEE AR

B O ERBP S Cu,0@Cu,0 %5 S5 MY AN AR o 75 28 T 11 77U 58 ZUS L ot i (PVP) ATt 348 J 43R I
FRAAEMT, KIL Cuy0@Cu,0 GKIRIAE 2 T 5 54k CuyO@Cu RN 1A IS » K XRD+ TEM,
THERERAEGRKIOR 415 . S50 FESR G YedrtE . RIHFEER Cu,0@Cu Gk ihr th T4 J8 2 125 F A%
L e R E, B Cu,0@Cu,0 UKk #eA A E. FTIR 850K, Cu,0 FRMM Cu™5 PVP FHIN K&
O &ity, WLt & AA JEJF R Cu A Cu,0 AR L. BEEEIE AT, PVP 5 Cu 454 HE Cu,0
FP T Cu YR AEIA R .

EHEIR: Cu,0@Cw,0 TG AKIHR; Cu,0@Cu M FE G5 Mgk, AN EIEF; W2t Ba
St e i

ST, 5 266101
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