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H
ollownanostructures, also known as
nanoshells, have attracted increas-
ing attention because of their un-

ique physical and chemical properties that
allow them to be widely used as nanoscale
chemical reactors,1,2 high-performance cat-
alysts,3,4 drug-delivery carriers,5,6 lithium-
ion battery materials,7,8 and subwavelength
optical components for biomedical appli-
cations.9,10 For photonic applications, ma-
terials with tunable optical responses over
broad spectral ranges are highly desirable in
many cases, and how to achieve such op-
tical tunability has long been a key challen-
ging issue. The nanoshell structures provide
a unique geometry that can exhibit much
more sensitive optical tunability than their
counterparts with solid interior structures
and are thus more desirable for a variety of
optical applications.11,12 This is essentially
because in addition to the overall particle
size and shape, nanoshells possess a unique
geometrical parameter, the aspect ratio be-
tween the inner and outer dimensions, that
one can adjust to further fine-tune the
optical properties of the particles. One strik-
ing example is the noble metal nanoshells
whose optical properties can be fine-tuned
over a broad spectral range all the way across
the visible and near-infrared regions by judi-
ciously tailoring the inner andouter radii of the
metallic shell.11-14 The optical tunability of the
metallic nanoshells can be theoretically inter-
preted in the context of the plasmon hybridi-
zation model in which the geometrically
tunable nanoshell plasmon resonances are
described as a result of the interactions be-
tween the plasmons supported by the inner
and outer surfaces of the metallic shell.15,16 In
this paper, we investigate the optical tunability
of Cu2O nanoshells as a nonplasmonic model
system to demonstrate that geometrically tun-
able optical properties in the visible region can
also be achieved in the nanoshell geometry of
a semiconductor material.

Cuprous oxide (Cu2O), an important
p-type semiconductor with interesting ex-
citonic features,17-23 has a high optical
absorption coefficient and a bulk band
gap of 2.2 eV, which make it an excellent
candidate for applications in solar energy
photovoltaics24-27 and photocatalysis.28-30

Upon photoexcitation, excitons in Cu2O are
long-lived with typical lifetimes of ∼10 mi-
croseconds, and there is already evidence to
prove that the exciton motion inside solid
Cu2O materials can be coherent,18,19 in a
manner analogous to photon coherence in
lasers. Rationally tuning the optical proper-
ties of Cu2O, which can in principle be
achieved through the fine-control over the
dimensions and morphologies of Cu2O na-
nostructures, is directly related to our abil-
ities to optimize Cu2O-based photonic
materials and/or devices for next-genera-
tion photovoltaics and photocatalysis. This
has, in turn, stimulated immense efforts in
the development of a series of “bottom-up”
approaches to the fabrication of Cu2O
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ABSTRACT We have systematically investigated the geometrically tunable optical properties of

cuprous oxide (Cu2O) in a nanoshell geometry. Spherically symmetric Cu2O nanoshells with fine-

controlled shell thicknesses and overall dimensions over a broad size range have been fabricated in a

highly controllable manner through an Ostwald ripening-based symmetric hollowing process at

room temperature. Symmetric hollowing of Cu2O particles can be achieved by using polyvinylpyrro-

lidone as a structural directing agent to mediate aggregation of the nuclei into solid spheres at the

initial stage of the process, whereas when using other structural directing agents, such as

polyethylene glycol, an asymmetric hollowing process takes place during Ostwald ripening, which

gives rise to the formation of asymmetric Cu2O nanoshell structures. We demonstrate, both

experimentally and theoretically, that the optical responses of Cu2O nanoshells can be fine-tuned in

the visible spectral region by tailoring the inner and outer radii of the spherically symmetric

nanoshells. Such optical tunability of Cu2O achieved in this nanoshell geometry is believed to be

important to the optimization of Cu2O-based photonic materials and devices for photovoltaic and

photocatalytic applications.

KEYWORDS: cuprous oxide . nanoshell . structure-property relationship . Ostwald
ripening . semiconductor . photovoltaics . photocatalysis
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nanostructures with well-defined morphologies, such
as spheres,31-33 wires,34 cubes,35,36 polyhedra,37,38 and
hollow structures.39-46 Among these nanostructures,
hollow nanostructures, or nanoshells, are of particular
interest because of their unique surface chemistries
and structure-dependent optical properties. Although
severalmethods involving templating or template-free
processes have been developed for the fabrication of
Cu2O hollow nanostructures,39-46 development of
detailed, quantitative understanding on the structure-
-property relationship of Cu2O in the nanoshell geo-
metry has still remained a significant challenge due to
lack of methods for the precise control over the inner
and outer dimensions of the nanoshells.
The approach we utilized to fine-control the inner

and outer dimensions and thereby to fine-tune the
optical properties of Cu2O nanoshells is based on a
controllable Ostwald ripening process at room tem-
perature. Ostwald ripening, which has been commonly
observed in crystal growth for more than a century,
involves the growth of larger crystals from those of
smaller sizes which have a higher solubility than the
larger ones.47,48 During a typical Ostwald ripening
process, smaller crystallites gradually dissolve into
solution and then recrystallize into larger ones through
a multistep solid-solution-solid process, shifting the
equilibrium toward the crystalline structures that are
thermodynamicallymore stable. Interestingly, this cen-
tury-old ripening phenomenon has been recently em-
ployed to fabricate novel nanoshell structures of
various metal oxides and chalcogenides, such as
TiO2,

49 SnO2,
8 Fe3O4,

50 Co3O4,
51 CdMoO4,

52 and ZnS,51

under hydrothermal or solvothermal conditions at
relatively high temperatures (140-220 �C) over time
periods ranging from a few hours to a few days. Under
our experimental conditions, the Ostwald ripening of
Cu2O occurs at room temperature under ambient air
through which solid Cu2O nanospheres are gradually
converted into thick nanoshells, thin nanoshells, and
eventually collapsed shell structures over a time period
of ∼2 h.

RESULTS AND DISCUSSION

Symmetric Hollowing of Cu2O Particles during Ostwald
Ripening. Figure 1 schematically illustrates the structur-
al evolution of Cu2O particles under our experimental
conditions during the Ostwald ripening process. The
first step involves the assembly of Cu2O nuclei, which
are formed through the reduction of Cu2þ ions by
hydrazine, into solid spherical aggregates. This is a
kinetically fast step resulting in the formation of me-
tastable spherical aggregates composed of a large
number of small crystallites and likely amorphous
domains as well. The crystallites or amorphous do-
mains located in the inner cores usually have higher
surface energies and are thus easier dissolved than

those in the outer shells essentially due to the higher
curvature that a smaller sphere possesses. As a con-
sequence, some interior cavities will be generated
within the solid spheres during Ostwald ripening as
larger crystallites are essentially immobile while the
smaller ones are undergoing mass transport through
the dissolving and recrystallization processes. We
found that symmetric hollowing of Cu2O particles
could be achieved by using polyvinylpyrrolidone
(PVP) as a structural directing agent to mediate aggre-
gation of the nuclei into solid spheres at the initial
stage of the Ostwald ripening. As schematically illu-
strated in Figure 1, during the symmetric hollowing
process, the shell thickness progressively decreases as
the Ostwald ripening continues until shell structure
begins to collapse eventually.

We have performed transmission electron micro-
scopy (TEM) measurements to track the structural
evolution of the Cu2O particles during the Ostwald
ripening process. Figure 2 shows a set of TEM images
that reveal the morphologies of spherical Cu2O parti-
cles (average outer radius of ∼210 nm) obtained at
different reaction times. It is apparent that the whole
process started from spherical aggregates with solid
interior structures. During Ostwald ripening, the Cu2O
particles became hollow inside as the crystallites or
amorphous domains in the inner cores gradually dis-
solved and recrystallized into larger, better crystallized
domains in the outer shells, which resulted in the mass
transport from inner core to outer shell space. The shell
thickness of Cu2O naoshells was observed to decrease
progressively as the Ostwald ripening proceeded until
the shell structures eventually collapsed when a thin-
shell limit was reached after ∼120 min. Cu2O nano-
shells with precisely controlled shell thicknesses could
be obtained at different reaction times while the
spherical overall morphology and outer dimension of
the Cu2O nanoshells remained the same. This clearly
verified that the particles underwent an inside-out
symmetric hollowing process during Ostwald ripening
under current experimental conditions. The evolution
of the outer radii and the aspect ratios between inner
and outer radii of Cu2O nanoshells as a function of
reaction time are plotted in Figure S1 in the Supporting
Information.

The Ostwald ripening of Cu2O particles under the
current experimental conditions was observed to be a
continuous process; however, once the particles were
separated from the reaction mixture through centrifu-
gation and redispersion in ethanol, the Ostwald ripen-
ing process could be effectively inhibited. This pro-
vided a way that we could stop the Ostwald ripening
process at any time spot during the whole process to
obtain Cu2Onanoshells with fine-controlled shell thick-
nesses. No measurable change in the structures or
compositions of Cu2O nanoshells was observed over
time periods of several months if the particles were
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dispersed in ethanol and stored at either room tem-
perature or at 4 �C in refrigerator.

To correlate the morphological changes with the
crystalline evolution of the nanoshells during Ostwald
ripening, we have taken TEM images with higher mag-
nifications on single particles and measured the
selected area electron diffraction (SAED) of the indivi-
dual particles. Figure 3 shows the TEM images and the
corresponding SAEDpatterns taken on individual Cu2O
particles obtained at different reaction times. In the

SAED pattern of a solid sphere obtained at the initial
stage of Ostwald ripening (Figure 3A), only highly
diffusive and weak diffraction rings were observed,
which indicated poor crystallinity of the material and
small sizes of the crystallites. It was highly likely that
each Cu2O solid sphere consisted of a large number of
poorly crystalline and amorphous domains. As the
Ostwald ripening proceeded, the shell thickness pro-
gressively decreased while the shells became increas-
ingly crystallized as the diffraction ring patterns

Figure 1. Schematics illustrating the symmetric hollowing of Cu2O spherical particles in the presence of polyvinylpyrrolidone
(PVP) during the Ostwald ripening process.

Figure 2. Symmetric hollowing of Cu2O spherical particles in the presence of polyvinylpyrrolidone during Ostwald ripening.
TEM images of Cu2O particles obtained at different times during Ostwald ripening: (A) 5; (B) 10; (C) 15; (D) 20; (E) 30; (F) 40; (G)
50; (H) 60; (I) 90; (J) 120; (K) 150; and (L) 180 min. All the TEM images shown here share the same scale-bar in panel A.
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became brighter and better resolved in the SAED
pictures (Figure 3B-E). From the high-magnification
TEM images, it was obvious that each Cu2O nanoshell
displayed rough inner and outer surfaces and did not
have continuous single-crystalline shell structures. The
nanoshells obtained at various stages during Ostwald
ripening were actually composed of a large number of
small crystalline domains, each of which was around
10-30 nm in size, randomly oriented andpacked into a
shell structure. The concentric ring structures in the
SAED patterns clearly verified the polycrystalline nat-
ure of the nanoshells and the random orientation of
crystallites in the shell structures. For the thin nanoshell
obtained at reaction time of 90 min, the degree of
crystallinity of the shell became comparable to that of
the collapsed shell structures obtained at the final
stage of Ostwald ripening, which turned out to be
the thermodynamically stable structure under the
current experimental conditions. The concentric dif-
fraction rings from inside to outside in Figure 3F were
indexed to be corresponding to the (111), (200), (220),
and (311) planes of pure cubic phase of Cu2O with
lattice constant a = 4.258 Å (JCPDS card no. 05-0667),
respectively. No SAED feature corresponding to metal-
lic Cu or cupric oxide (CuO) was observed throughout
the Ostwald ripening process.

The symmetric hollowing of Cu2O particles and
increased crystallinity of the nanoshell structures ob-
served here were direct consequences of an Ostwald
ripening process. To obtain spherically symmetric na-
noshells, the distribution of crystallite sizes and pack-
ing density inside a spherical aggregate must be
concentrically symmetric to ensure the symmetric
hollowing of the particles. PVP, as a surface capping
agent, is believed to play a crucial role inmediating the
aggregation and packing of the Cu2O nuclei into solid

spheres; the detailed distribution of packing density
inside each Cu2O solid sphere, however, is hard to be
mappedout experimentally and is beyond the scope of
this paper. It has been reported that the selective
adsorption of PVP on different crystalline facets of
Cu2O plays a key role in the shape-controlled growth
of Cu2O cubic and polyhedral nanoparticles.37 In the
present case, it is highly likely that PVP mediates the
nuclei aggregation process through its physical ad-
sorption on Cu2O surfaces rather than forming cova-
lent chemical interactions with Cu2O surfaces. Fourier
transform infrared (FTIR) absorption spectra in Figure
S2 in Supporting Information indicate that the ad-
sorbed PVP on Cu2O surfaces can be effectively re-
moved by washing the particles through multiple
cycles of centrifugation and redispersion.

Geometrically Tunable Optical Properties of Cu2O Nanoshells.
The as-fabricated Cu2O nanoshells exhibited highly
tunable optical responses in the visible region that
were sensitively dependent on their inner and outer
radii. Figure 4 shows the experimentally measured
extinction (absorption þ scattering) spectra of Cu2O
solid spheres, nanoshells with varying shell thick-
nesses, and collapsed shell structures obtained at
different stages during Ostwald ripening. The extinc-
tion maximum of each spectrum was normalized to
unity for clear comparison. The Cu2O solid spherical
aggregates with an average outer radius of ∼210 nm
showed multiple features in their extinction spectrum
largely due to light scattering at the Mie resonances of
the particles.53 Suchmultipeaked extinction features of
Cu2O have also been previously observed in submic-
rometer-sized Cu2O solid spheres, which by them-
selves displayed size-dependent optical responses.54

It has been reported that the extinction peaks of Cu2O
solid spheres progressively blue-shifted as the particle

Figure 3. TEM images and SAED patterns (insets) of individual Cu2O particles obtained at different reaction times during the
Ostwald ripening process in the presence of polyvinylpyrrolidone: (A) 5; (B) 15; (C) 30; (D) 60; (E) 90; and (F) 120 min. All the
TEM images shown here share the same scale-bar in panel A.
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size decreased until an absorption edge below 400 nm
became predominant in the spectra when the particles
became smaller than 30 nm.54 In this small particle size
regime, the extinction of Cu2O is dominated by ab-
sorption rather than scattering due to the small overall
particle size, and the absorption edge is attributed to
the electronic interband transitions of Cu2O nano-
particles.33,55,56 In the nanoshell geometry, the optical
responses of Cu2O turned out to be even more sensi-
tively dependent on the particle geometry than the
solid spherical particles and could be fine-tuned all the
way across the visible region by adjusting the aspect
ratio between their inner and outer radii (see Figure 4).
Since the outer radii of nanoshells obtained at different
reaction times remained the same, the spectral evolu-
tionwas directly related to the changes in the thickness
of the nanoshells. As the shell thickness decreased, the
spectral features in the extinction spectra progressively
blue-shifted until the absorption edge below 400 nm
corresponding to the Cu2O's interband transitions
began to dominate the spectrum when collapsed shell
structureswere formed. Since the collapsed shellswere
primarily composed of Cu2O nanocrystals which were
15-30 nm in size (see TEM images in Figures 2J-L and
Figure 3F), it was not surprising that the collapsed
shells had very similar extinction spectral features as
those of small Cu2O nanoparticles. The correlation
between the extinction maximum wavelengths and
the aspect ratio between inner and outer radii of Cu2O
nanoshells is shown in Figure S1 in Supporting
Information.

It is noteworthy that the spectral tunability of Cu2O
nanoshells observed in the present study is essentially
arising from combined contributions from the geome-
try-dependent light absorption and scattering by the
particles rather than the quantum confinement effects.
The threshold particle size for the quantum confine-
ment effects to occur has been proposed to be in the
range of sub-10 nm for Cu2O nanoparticles.33,55,56 The

quantum confinement effects, which give rise to in-
creased band gap energies in comparison to bulk
materials,33,55,56 may in principle also contribute to
the optical tunability of Cu2O nanoshells when the
shells are thinner than∼10 nm. However, the quantum
confinement effects probably have no obvious con-
tribution to the optical tunability of the Cu2O nano-
shells observed here, because even for the thinnest
Cu2O nanoshells one can obtain through this Ostwald
ripening process, the shell thickness is still apparently
thicker than 20 nm. The lack of quantum confinement
effects has been further verified by photolumines-
cence measurements. Figure S3 in the Supporting
Information shows the room-temperature photolumi-
nescence spectra of Cu2O nanoshells obtained at
different reaction times during Ostwald ripening. A
series of emission peaks in the spectral range from 400
to 600 nm, which could be assigned to various band
edge excitonic emissions or trapped states in defects,57

were well resolved in the photoluminescence spectra
under UV (190 nm) or visible (402 nm) excitation. The
emission at∼548 nm could be assigned to the lowest-
energy yellow excitonic emission of Cu2O correspond-
ing to a bandgap value of 2.26 eV,which is very close to
the reported band gap value of Cu2O bulk materials
(2.2 eV).33,55,56 The photoluminescence spectra of Cu2O
nanoshells with varying shell thicknesses were very
similar and no blue-shift of emission peaks was ob-
served as the shell thickness progressively decreased,
indicating lack of the quantum confinement effects in
these experimentally fabricated Cu2O nanoshells.

To gain further insights into the structure-property
relationship, we have used Mie scattering theory
(applied to concentric multilayer spherical particles)58

to calculate the optical properties of Cu2O nanoshells
with varying geometrical parameters. The Mie scatter-
ing theory calculation is based on an analytical solution
of Maxwell's equations for the scattering and absorp-
tion of electromagnetic radiation by dielectric,

Figure 4. Extinction spectra of Cu2O particles obtained at different reaction times.
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semiconductor, metallic, and composite multishell
particles that are spherically symmetric.53 In these
calculations, we used the experimentally measured
frequency-dependent, complex empirical dielectric
function for bulk Cu2O,

59 and the dielectric medium
both inside the core of nanoshells and surrounding the
particles was assumed to be water (refractive index of
1.33). The calculated extinction was expressed as an
efficiency, which was the ratio of the energy scattered
or absorbed by the particle to the energy incident on
its physical cross section.

Figure 5 shows the calculated extinction, absorp-
tion, and scattering spectra of Cu2O nanoshells with
outer radius (R2) of 210 nm and varying inner radii (R1).
Three major interesting trends could be clearly seen in
these calculated spectra. First, the relative contribution
of scattering to extinction increases in comparison to
that of absorption as shell thickness increases. For
Cu2O nanoshells in the thin shell regime, the extinction
is dominated by absorption rather than scattering,
whereas scattering dominates the extinction in the
thick shell regime. Second, as shell thickness increases,
higher-order multipolar resonances become increas-
ingly pronounced in comparison to the dipolar reso-
nances largely due to phase retardation effects,60,61

giving rise to multipeaked features in the scattering
and extinction spectra. Third, both the absorption
edges and scattering resonance frequencies red-shift
progressively as shell thickness increases. The evolu-
tion of these spectral features as shell thickness varies
shown in the calculated spectra is in qualitative agree-
ment with the experimental extinction spectra shown
in Figure 4. The Mie scattering theory calculations
provide a clear picture of the correlation between the
particle geometry and optical properties of Cu2O nano-
shells, though some discrepancies between the calcu-
lated and experimental spectra, especially for Cu2O in
the thick shell regime, have also been observed largely
due to the structural nonideality of the experimentally
fabricated nanoshells. The geometries of Cu2O em-
ployed in the Mie theory calculations are perfectly
smooth and homogeneous nanoshells; however, the
as-fabricated Cu2O nanoshells are inhomogeneous
and polycrystalline in nature. As shown in Figures 2
and 3, the as-fabricated nanoshells are composed of a
large number of nanocrystalline domains and the size,
crystallinity, orientation, and packing density of the
crystallites are all factors that may introduce modifica-
tions to the dielectric function of the Cu2O nanoshells
in comparison to that of the single-crystalline bulk
Cu2O

59 which we used for these calculations. In addi-
tion, inhomogeneous broadening due to polydisper-
sity of the Cu2O samplesmay furthermodify the overall
line shape of the spectral features.

As demonstrated above, the Ostwald ripening of
Cu2O under our experimental conditions provides a
unique way to fine-control the shell thickness and

thereby to systematically tune the light scattering
and absorption properties of Cu2O nanoshells. We
have further found that this symmetric hollowing
process was independent of the overall size of the
Cu2O solid spheres formed at the initial stage of
Ostwald ripening. We have also used the same strategy
to fine-control the shell thickness of Cu2O nanoshells
with varying outer radii and two examples of Cu2O
nanoshells with average outer radii of ∼60 and ∼120
nm are shown in Figures S4 and S5 in Supporting
Information, respectively. In both cases, the optical
responses of Cu2O in the visible region could be fine-
tuned by tailoring the shell thickness as well. Taken
together, the Ostwald ripening-based symmetric hol-
lowing process reported here provides a convenient
approach to control both the inner and outer radii of
Cu2O nanoshells over a broad size range, allowing the
fine-tuning of the light scattering and absorption
properties of Cu2O nanoshells over a broad spectral
range.

Asymmetric Hollowing of Cu2O Particles during Ostwald
Ripening. The Ostwald ripening processes discussed
above all proceed in a highly symmetric and isotropic
manner, which leads to the formation of spherically
symmetric Cu2O nanoshells. This is essentially because
variations in the crystallite size and packing densities
are concentrically distributed in the respective sphe-
rical aggregates. However, if the primary crystallites are
packed in an asymmetric manner in the starting ag-
gregates, the Ostwald ripening process might be in-
itiated somewhere other than the central point and as
a result, random, anisotropic cavities will be created
inside the spheres, giving rise to asymmetric hollowing
of the Cu2O particles. As a proof-of-concept, we have
also used polyethylene glycol (PEG) as the structural-
directing agent instead of PVP, and asymmetric hol-
lowing of Cu2O particles was indeed observed. Analo-
gous to PVP, it is likely that PEG mediates the nuclei
aggregation process also through its physical adsorp-
tion on Cu2O surfaces. FT-IR spectra in Figure S6 in
Supporting Information indicate that the adsorbed
PEG on Cu2O surfaces can be effectively removed by
washing the particles through multiple cycles of cen-
trifugation and redispersion. However, the distribution
of crystallite sizes and packing density inside the Cu2O
solid spheres at the initial stage of Ostwald ripening
could be very different from those formed in the
presence of PVP, giving rise to dramatically different
particle hollowing processes.

Figure 6A-H show a set of TEM images that reveal
the morphological evolution of Cu2O particles in the
presence of PEG duringOstwald ripening. It is apparent
that the structural evolution of Cu2O particles turned
out to be highly heterogeneous and anisotropic and
the asymmetric hollowing process gave rise to the
formation of asymmetric nanoshell structures. Since
Ostwald ripening was not initiated in the center of the
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solid spheres, some rattle-like, yolk-shell structures
were also formed at some intermediate stages during
the Ostwald ripening (see Figure 6B-D). Unlike the
symmetric hollowing process in which the nanoshell
structures collapsed all at once when the thin-shell
limit was reached, the asymmetric nanoshell structures
began to break at certain places on surface before
complete collapse (see Figure 6F-H), giving rise to the
formation of some anisotropic half-shell and partially
broken nanocup structures.

It is interesting that geometrically tunable optical
properties could also be achieved in these asymmetric
Cu2O nanoshell structures as shown in Figure 6I. The
Cu2O solid spheres, rattle-like core-shell structures,
and asymmetrically broken shells all exhibited compli-
cated, multipeaked features in their extinction spectra,
which progressively blue-shifted as the Ostwald ripen-
ing process proceeded. In principle, the optical proper-
ties of Cu2O can also be fine-tuned through this PEG-
mediated asymmetric hollowing process; however,

Figure 5. Calculated extinction, absorption, and scattering spectra of Cu2O nanoshells with outer radius (R2) of 210 nm and
varying inner radii (R1) as indicated in the each panel.
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quantification of detailed correlation between the par-
ticle geometry and their optical properties turned out

to be challenging primarily due to the asymmetry,
complexity, and heterogeneity of the particle structures.

Figure 6. Asymmetric hollowing of Cu2O spherical particles in the presence of polyethylene glycol during Ostwald ripening.
TEM images of Cu2O particles obtained at different reaction times during Ostwald ripening: (A) 5; (B) 10; (C) 15; (D) 20; (E) 30;
(F) 45; (G) 60; (H) 90min. All the TEM images shown here share the same scale-bar in panel A. (I) Extinction spectra of the Cu2O
particles obtained at different reaction times.

Figure 7. TEM images (top panels) and SAED patterns (bottom panels) of individual Cu2O particles obtained at different
reaction times during the polyethylene glycol-mediated asymmetric hollowing process: (A) 5; (B) 30; and (C) 60 min. All the
TEM images shown here share the same scale-bar in panel A.
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Figure 7 shows the high-magnification TEM images
and SAED patterns of individual Cu2O particles ob-
tained during the PEG-mediated asymmetric hollow-
ing process. The initial solid spherical aggregate of
Cu2O was apparently polycrystalline as well-defined,
continuous concentric rings were observed in the
SAED pattern (Figure 7A). For a rattle-like core-shell
particle obtained after 30 min, the diffraction rings in
the SAED pattern (Figure 7B) became discontinuous,
indicating a decreased number of single-crystalline
domains in the particles as the originally smaller
crystallites underwent the Ostwald ripening process
to recrystallize into larger crystalline domains. For an
asymmetrically broken nanoshell obtained after 60
min, only discrete diffraction spots were observed in
the SAED pattern (Figure 7C), suggesting a further
increased crystallinity of the shell structures as a result
of Ostwald ripening.

CONCLUSION

We have systematically investigated the optical
tunability of Cu2O in a nanoshell geometry. We have

demonstrated that the optical properties of Cu2O
nanoshells in the visible spectral region can be fine-
tuned by tailoring the inner and outer dimensions of
the nanoshells. Spherically symmetric Cu2O nano-
shells with fine-controlled shell thicknesses and
overall dimensions have been successfully fabri-
cated in a highly controllable manner through an
Ostwald ripening-based symmetric hollowing pro-
cess. We found that symmetric hollowing could be
achieved by using PVP as a structural directing agent
to mediate aggregation of the nuclei into solid
spheres at the initial stage of the process, whereas
when using other structural directing agents, such as
PEG, an asymmetric hollowing process could take
place during Ostwald ripening, which gave rise to
the formation of asymmetric nanoshell structures.
This paper demonstrates a highly controllable ap-
proach to fine-tuning the optical properties of Cu2O
nanoshells in the visible region, which is believed to
be important to the optimization of Cu2O-based
photonic materials and devices for photovoltaic
and photocatalytic applications.

METHODS
In a typical procedure for the fabrication of Cu2O nanoshells

(average outer radius of 210 nm), 1.0 g of PVP (Alfa Aesar,
averageMW= 58000) was added into 50mL of 0.02M Cu(NO3)2
(Alfa Aesar) aqueous solution under rapid magnetic stir
(250 rpm). The mixture was kept stirring for several minutes
until the powders were completely dissolved. Then 45.2 μL of
hydrazine solution (35 wt % N2H4, Aldrich) was added to the
mixture solution dropwise. A colloidal solution of Cu2O particles
which was orange in color formed immediately after the
introduction of N2H4 within ∼15 s. The resulting colloidal
solution was kept stirring under ambient air for Ostwald ripen-
ing, and the color of the Cu2O colloids was observed to change
fromorange to light yellowgradually over a time period of∼2 h,
indicating structural changes of the Cu2O particles. All experi-
ments were carried out at room temperature, and ultrapure
water (18.2MΩ resistivity, Barnstead EasyPure II 7138) was used.
During the Ostwald ripening process, we typically withdrew
aliquots of colloidal solutions at certain reaction times from the
reaction mixture, then immediately centrifuged the particles,
washed them three times with water and ethanol, and finally
dispersed them in ethanol. The samples were stored either at
room temperature or at 4 �C in refrigerator.
The outer radii of Cu2O nanoshells could be controlled by

adjusting the initial concentration of Cu2þ. We found that the
average outer radii of as-fabricated Cu2O nanoshells decreased
as the Cu2þ concentration increased when the starting con-
centration of Cu2þ was in the range of 0.02-0.2 M. To fabricate
Cu2O nanoshells with average outer radii of 60 nm, 0.1 M
Cu(NO3)2 and 226 μL of 35 wt % N2H4 solution were introduced
into the reaction mixture while all the other experimental
conditions were exactly the same. To fabricate Cu2O nanoshells
with average outer radii of 120 nm, 0.05 M Cu(NO3)2 and 113 μL
of 35 wt % N2H4 solution were introduced into the reaction
mixture while all the other experimental conditions were kept
the same.
The asymmetric Cu2O nanoshells were fabricated through

the PEG-mediated Ostwald ripening process in which PEG was
introduced instead of PVP while keeping the other experimen-
tal conditions unchanged. Briefly, 0.6 g of PEG (Aldrich, average

MW = 5000) was added into 50 mL of 0.02 M Cu(NO3)2 aqueous
solution under rapid magnetic stir (250 rpm). After the powders
were completely dissolved, 45.2 μL of 35 wt % N2H4 was
introduced into the mixture solution dropwise and the reaction
mixture was kept stirring under ambient air for Ostwald ripen-
ing to obtain the rattle-like, yolk-shell structures and asymme-
trically broken nanoshell structures of Cu2O.
TEM and SAED images were taken using a Hitachi H-8000

transmission electron microscope. The extinction spectra of
Cu2O nanoparticles (colloidal solutions dispersed inwater) were
measured using a Beckman coulter Du 640 spectrophotometer
at room temperature. Photoluminescence measurements were
performed on aqueous suspension of Cu2O particles at room
temperature using a Varian Cary Eclipse Scanning Fluorescence
Spectrophotometer. FT-IR spectra were obtained using a Shi-
madzu 8400 FT-IR spectrometer.
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