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ABSTRACT: Whereas size effects have been investigated extensively and are largely 
understood, it is significandy more challenging to elucidate how functional properties 
of semiconductors can be altered and ultimately be improved by a hierarchical 
nanoarchitecture. For semiconductor applications, such as in photovoltaics or 
photocatalysis, it is of great importance to learn how to avoid the recombination of 
photogenerated charge carriers and how to enhance their lifetime. A gas phase 
synthesis method is explored, which enables the generation of spherical zinc oxide 
nanostructures with compact, mesoporous, a special type of core-shell, so c;;alled 

yolk-shell, or hollow character. The particles with hollow character exhibit an :m 
extraordinarily long persistence of photogenerated charge carriers. It is demonstrated 
that the presence of the ZnO shell and its special orientation with respect to the polar 
character of the wu:rtzite lattice represent deciding factors. After photoexcitation, • OOOOOOOOOO 
electrons and holes migrate to opposite sides of the interfaces, where they are 
stabilized Moreover, photoluminescence thermometry was used to determine the 
thermal conductivity of the samples, which is lowered by a factor of,.., 100 compared with bulk ZnO. The thermal conductivity of 
this type of nanostructure is found to be only 10 times larger than that of air, and this points toward potential applications as 
thermoelectrics . 

• INTRODUGION 

Ceramic semiconductors continue to attract strong interest 
because they play a major role in many contemporary 
applications. For example, m;v compounds like GaN are 
currendy revolutionizing lighting technologies (LEDs)1 and ll/ 
VI com~ounds are applied for UV protection/ in photovoltaic 
devices, '4 or as photocatalysts, for example, for the catalytic 
splitting of water or waste treatment.5-

7 The performance of 
many of these devices depends critically on the ability of the 
semiconductors to generate excitonic charge carriers ( elec 
tron-hole pairs) when irradiated with light, as well as on the 
persistence of those photogenerated charge carriers (PGCCs). 
Thus, it is r:i prime importance to understand how the lifetime 
of these PGCCs is affected by the s~cific properties of the 
materials and how it can be controlled. The latter still remains 
a substantial challenge since the actual persistence of PGCCs 
depends strongly on numerous factors such as the coverage 
with stabilizers or other compounds, the density of intrinsic and 
extrinsic defects and, last but not least, the hierarchical 
construction of the material from the nanometer to the 
macroscopic scale. The structural motifs themselves evolve to a 
large extent from kinetic factors and are determined by the 
interplay of many parameters, which differ during the material 
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syntheses. Unfortunately, it is very cumbersome to elucidate 
systematic coherences, when every material requires a different 
synthesis strategy.9 -

12 Nevertheless, the idea is highly tempting 
that the persistence of PGCCs could be controlled via the 
synthesis of materials with precisely determined nanostructure. 
Whereas this goal is currently out of reach, the progress 
reported in this work represents one step into this direction. 
We show how the lifetime of PGCCs is affected in ZnO 
nanostructures that differ systematically in their architecture. 
Comprehensive analytical investigations are performed in order 
to clarify which structural motif is responsible for persistence of 
PGCCs. 

ZnO is an ideal material for the mentioned purpose, not only 
because it is a prominent, direct wide band gap semi 
conductor13 but also because of its crystal structure (wu:rtzite; 
P63mc), which promotes strong electric fields between its polar 
faces. A multitude of different ZnO nanostructures have been 
reported in literature.14 One morphology that has gained 
increasing attention in recent years is spherical particles in the 
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size regime >50 nm.15−23 Nevertheless, examples for spherical
ZnO particles with a more complex substructure are rare. Yan
and co workers prepared spherical ZnO nanostructures varying
from flower like to urchin like morphology,15 and recently
Zhang and co workers obtained multishell hollow ZnO
spheres.24 Another highly unusual structure is the so called
nanorattle or yolk/shell particle morphology.25,26 An impressive
paper was presented by Oh and co workers.27 The authors were
able to synthesize yolk/shell oxide spheres with adjustable
ratios of two different oxides starting from coordination
polymer spheres containing two different metals. The yolk/
shell morphology in particular has many potential applications,
for example, in battery and capacitor technologies and for drug
release, gas sensing, and confined nanocatalysis.25,28−34

However, the latter preparation routes are disadvantageous
for our aim since they all differ in key synthesis parameters,
which might affect the defect structure in an unpredictable way.
Furthermore, these materials might still contain residues (e.g.,
organic substances such as surfactants or solvents), and
crystallinity is often poor in sol−gel routes.35,36 An alternative
preparation approach needs to be developed for which all
desired nanostructures can be obtained using only one method
and preferably with changes of only few synthesis parameters.
Under these conditions, it can be expected that intrinsic defects
would be homogeneous for the entire set of materials and their
influence on electronic properties could much more easily be
identified and isolated.

■ EXPERIMENTAL SECTION
Materials Preparation. A series of quartz tubes was used for the

gas phase synthesis. Tube ovens from Nabertherm were used to
generate zones of different temperature and mass flow controllers from
Bronkhorst (model EL FLOW Select) were used to adjust the gas flow
(N2 and O2) through the tube reactor. Flow rates of f nitrogen = 0.6 L/
min and foxygen = 0.15 L/min were chosen for all syntheses. The liquid
precursor [MeZnOCH2CH2OMe]4 was injected into the 70 cm
evaporation zone (EZ; Supporting Information, Figure S 1, module I)
of the reactor with a syringe pump from KD Scientific model KS200.
An injection rate of 100 μL/h and an evaporation temperature of 110
°C was chosen for all syntheses. This allows the precursor to enter the
200 cm long particle formation zone (PFZ, module II + III in
Supporting Information, Figure S 1) in gaseous form. The precursor
concentration is determined by the injection rate and the volume of
the added gases. In addition the concentration could be determined
experimentally from the integration of the particle distribution
function measured with an SMPS setup from TSI (see Supporting
Information, Figure S 1, and Characterization Methods section). The
flow rate of the gases together with the length of the 2.7 cm diameter
quartz tubes determines the residence time of the aerosol in the
different zones of the reactor. A custom built thermophoresis unit was
used for the separation of the particles from the aerosol. Amorphous
spheres were synthesized with a reactor length of 130 cm in module II
and 70 cm in module III (see Supporting Information, Figure S 1) The
decomposition temperature was set to 120 °C in both module II and
III. To obtain crystalline spheres, the temperature in module III was
raised. For 400 °C, dense spheres are obtained. From 600 to 900 °C,
yolk/shell spheres can be formed, and hollow spheres form from 700
to 1200 °C. For the synthesis of the hollow spheres, the residence time
in module III was shortened to 2 s by introducing an additional stream
of f nitrogen = 1.32 L/min just before the module. Hollow ZnO spheres
with crystallite sizes ∼10 nm can additionally be obtained with
temperatures of 400−700 °C in module III if the oxygen stream is
enriched with 2 equiv of additional alcohol residue MeOCH2CH2OH
per zinc before entering module II. To obtain porous ZnO spheres, the
amorphous intermediate synthesized at 120 °C reactor temperature
was aged in air at 40, 60, and 80 °C for 3 days.

Sensor Preparation. Four milligrams of the ZnO spheres was
dispersed in 5 mL of deionized water by ultrasonication. One drop of
the suspension was added on a 3 × 3 mm2 sensor grid by
Umweltsensortechnik and allowed to dry. The sensors were sintered
at 200 °C under a 92% oxygen, 8% ozone atmosphere for 3 h. Ozone
was produced by a Pacific ozone gas generator LAB11 with a corona
voltage of 5 V. Photoconductivity measurements were carried out in a
custom measurement chamber.37 Conductivity was measured with a
Zahner IM 6. For UV illumination, a lab grade UV lamp with a power
density of 91.2 mW/cm2 and a peak intensity of 366 nm was used.

Characterization Methods. The aerosol was analyzed using
equipment from TSI (electrostatic classifier 3080; condensation
particle counter 3775; differential mobility analyzer 3081 and 3085).
FT IR spectra were measured on a PerkinElmer Spectrum 100
spectrometer. PXRD data were acquired on a Bruker D8 Advance.
SEM measurements were performed on a Zeiss CrossBeam 1540XB.
Conventional TEM measurements were performed on a Zeiss Libra
120; high resolution TEM measurements were performed on a Jeol
JEM2200FS. N2 physisorption measurements were acquired on a
Micromeritics Tristar. TGA measurements were acquired on equip
ment from Netzsch (STA 429). Continuous wave (cw) ESR
measurements were performed on an X band Miniscope spectrometer
(MS200, Magnettech GmbH) equipped with a variable temperature
unit (temperature controller TC H02, Magnettech GmbH). The time
domain terahertz spectroscopy was performed in a standard terahertz
transmission geometry based on the ASOPS system (Gigajet TWIN,
Gigaoptics/Laserquantum GmbH). The core element of the ASOPS
system are two mode locked Ti:sapphire oscillators with repetition
rate of about 1 GHz and a stabilized small repetition rate offset of 2
kHz. The center wavelength and duration of the two lasers are about
800 nm and 50 fs, respectively. The time domain spectra of the
reference and the sample were obtained by measuring the terahertz
transmission of the bare glass and the thin ZnO film on the glass,
respectively. The frequency domain spectra were obtained by
performing Fourier transform to the time domain spectra. Then, the
terahertz transmission through the thin ZnO film was calculated by
division of the sample spectrum by the reference spectrum. Raman
measurements were performed using a HORIBA T64000 Raman setup
with the 514.5 nm laser line of an Ar ion laser as excitation source. The
laser was focused by a 100× (NA = 0.9) microscope objective to a
laser spot of about 0.5 μm in diameter. The laser power was set to 0.5
mW in order to avoid heating of the samples. Raman spectra were
recorded by a charge coupled device (CCD) in backscattering
geometry. Low temperature luminescence spectra were measured
using an oxford He microcryostat with variable temperature between 4
and 500 K. The thermal conductivity of the samples was determined
using a variation of the effective medium approximation as described in
refs 38−40, which we are referring to as photoluminescence
thermometry. In these works, the thermal conductivity of a semi
infinite medium (keff) is obtained through the temperature rise (Trise)
resulting from focusing a monochromatic Gaussian light source (laser
source) with diameter d onto the surface of the sample and
considering an absorbed power P with keff = 2P/(πdTrise). The
diameter of the focused laser spot, d = 740 nm, was obtained from the
diameter of the first Airy disk for a 40× UV enhanced objective with a
numerical aperture NA = 0.5 and an excitation wavelength of 350.7 nm
(Kr ion gas laser). The absorbed power was determined by the
incident power times the absorption coefficient A = 0.8 for the
incident wavelength as extracted from ref 41. The temperature rise was
measured by the spectral position of the near band edge emission for
different absorbed powers (Supporting Information, Figure S 10).
With use of the temperature dependence of the PL emission based on
a Bose−Einstein model from ref 42, the spectral position of the PL
maximum is translated to a temperature rise due to the local heating of
the sample by the laser. Finally, with the above given equation, the
thermal conductivity of the medium is computed from the measured
quantities.
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■ RESULTS AND DISCUSSION
Materials Synthesis and Structure. We utilize the

advantages of gas phase processing concerning solvent and
surfactant free conditions37,43−45 and combine this approach
with a volatile organometallic precursor suitable for ZnO
formation: [MeZnOCH2CH2OMe]4.

46−50 An important, pre
liminary result is that the generation of ZnO from this
precursor proceeds via an amorphous, polymeric transition
state, [HOZnO(HOCH2CH2OMe)]n.

51−53 The amorphous
character of this phase can be stabilized at low temperatures
for a short time. Due to collision of viscous droplets in the gas
phase, followed by coagulation, a growth process of amorphous
particles in the size range 30−500 nm could be initiated in the
aerosol state (Figure 1a; see also Supporting Information,

Figure S 1). The amorphous character was proven by electron
diffraction (ED) and powder X ray diffraction (PXRD) (data
given in Supporting Information, Figure S 2). The occurrence
of the spherical particles with amorphous character is a deciding
bifurcation point, which enables the generation of an entire
collection of ZnO nanomaterials (summarized in Figure 1)
using one single preparation method.
For this purpose, the aerosol is led into a zone of different

temperature directly after generation of the amorphous
particles (see Supporting Information, Figure S 1). There, the
loss of the volatile organic compounds, solidification, and ZnO
crystallization takes place (see also Supporting Information,
Figure S 3). The kinetics of the latter processes is decisively

influenced by temperature. One can differentiate between two
regimes. Treatment of the amorphous spheres at low
temperatures (T = 40−100 °C) leads to particles with different
degrees of porosity. The pore size of these materials is in the
mesoporous range and is inversely proportional to temperature
(Figure 1b,c; Supporting Information, Figure S 4). Scanning
electron microscopy (SEM) and nitrogen physisorption data
are shown for the material prepared at T = 80 °C as an
exemplary case in Figure 2. The formation of the mesoporous

ZnO materials is remarkable, because porous solids with
similarly narrow pore size distribution can usually only be
obtained by using organic template structures.49 In contrast, no
template was used in the method described here.
The second regime is realized at higher temperatures (400−

1200 °C). At 400 °C, one is able to transform the amorphous
particles into dense ZnO spheres (Figure 1d). SEM and TEM
investigations as well as N2 physisorption (given in Supporting
Information, Figure S 5) indicate smooth surfaces without any
porosity.
Higher temperatures during the gas phase process induce a

temperature gradient, which leads to a rapid crystallization at
the outer shell with a subsequent mass transport from the inner
core to the newly formed hull (see Scheme 1). This effect

Figure 1. Structural evolution of different spherical ZnO nanomateri
als (TEM data and schematic cross section) depending on different
temperature conditions applied to the amorphous intermediate phase
(a). Porous ZnO particles prepared at T = 40 °C (b) and 80 °C (c).
(d) Solid spheres prepared at T = 400 °C; (e) yolk−shell structure
prepared at T = 600 °C; (f, g) hollow spheres with different crystallite
size prepared at T = 700 °C and T = 1200 °C. Additional EM data is
shown for each system in the Supporting Information.

Figure 2. (a) SEM micrograph of mesoporous ZnO spheres prepared
at T = 80 °C. Scale bar ≅ 1 μm. (b) Nitrogen physisorption data and
BJH pore size distribution function.
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resulting in the formation of 3 D defects (pores and cavities)
has rarely been observed also for other nanomaterial systems
and is known as the Kirkendall effect.24,26,54

At 600 °C, we could clearly identify a yolk−shell morphology
(Figure 1e; Supporting Information, Figure S 6). Due to the
rapid crystallization rates, the surface becomes rigid, whereas

the core of the particles is still amorphous and soft. With
increasing temperature, the core shrinks, which is caused by the
evaporation of volatile constituents of the precursors.
Eventually, the core tears off from the shell.
At even higher temperatures all internal matter migrates to

the surfaces resulting in hollow ZnO spheres. The structure of
the material obtained at 1200 °C is remarkable in many
respects. Such high temperatures induce an expected growth of
the ZnO crystallites via sintering as demonstrated by the peak
narrowing in PXRD (shown in Supporting Information, Figure
S 7; D600°C = 13.5 nm; D1200°C = 49.5 nm) and their evaluation
using full profile analysis. However, SEM (given in Supporting
Information, Figure S 8) and TEM (Figure 3a) images clearly
show that the spherical, hollow nanostructure is still present
with the shell of the hollow particles being composed of several
crystalline platelets.
The frequently observed hexagonal shapes and 120° and 60°

angles in the images are a first indication that the external
surface might correspond to the [002] lattice plane of the
wurtzite structure. Lattice fringes of the particle shell could be
visualized by high resolution TEM at the periphery of the
particles as shown in Figure 3a,b. The fast Fourier trans
formation (FFT) pattern taken from these positions with
atomic resolution are shown in Figure 3e. The results are in
agreement with the expected ED pattern for ZnO crystals with
an orientation along the [100] and [110] lattice planes of the
wurtzite structure (Figure 3f). The distances determined (2.83
Å, respectively 1.80 Å) fit well to the expected values for the
[100], respectively [110] planes. Consequently, the surface of
the particles is the plane perpendicular to [100] and [110],
which is the [002] plane (surface normal to the c axis).
Furthermore, micro Raman spectra were recorded and are
shown in Figure 4a. The spectrum of the hollow ZnO spheres is

Scheme 1. Schematic Illustration of the Temperature
Gradient Acting on the Amorphous Particles in the Gas
Phase (c ≅ Center of the Particle; s ≅ Surface of the
Particle) and Its Effect on the Morphology of the Resulting
ZnO Particles

Figure 3. (a) TEM image of a single hollow ZnO nanosphere. Scale bar ≅ 50 nm. (b, c) Crystal shapes occurring on the surface of the hollow
particles (red) and a schematic representation of one hollow particle containing a single open face (see also Figure S 8, Supporting Information). (d)
HRTEM image taken from the periphery of the hollow particle. Scale bar ≅ 10 nm. Larger images are shown in Figure S 8, Supporting Information.
(e) Fast Fourier transformation (FFT) taken from the two outer crystallite positions in image d (top region and bottom region). (f) Lattice
representation and correlating ED of two planes perpendicular to the c axis (the polar axis). (g) Resulting model for the arrangement of polar ZnO
crystallites in the hollow particles. The polarity of the particles creates an electric field (E),57 which acts differently on photogenerated (hν) charge
carriers (h+, e−).

4596



dominated by the characteristic vibrational modes E2
low at ∼98

cm−1 and E2
high at ∼438 cm−1 of the ZnO lattice.55 In addition,

the second order mode E2
high − E2

low at ∼332 cm−1 is visible. It is
noteworthy that both TO modes, the A1(TO) at ∼377 cm−1

and the E1(TO) at ∼411 cm−1, are absent in the spectra.
According to the Raman scattering tensors, these modes are
only visible in the x(...)x geometry but forbidden for the z(...)z
configuration.56

In contrast, polycrystalline ZnO or nanoparticles with
random orientation are known to exhibit a strong signal of
the TO modes. Consequently, the absence of the TO modes
indicates that the incident and the scattered light is mainly
oriented parallel to the c axis. Taking the spherical symmetry of
the nanospheres into account, the Raman spectra therefore
confirm the model of the [002] polar faces oriented tangential
to the sphere.
Photophysical Properties. The yolk−shell and the hollow

ZnO spheres were used to assemble photodetectors in analogy
to procedures reported in literature (see also Experimental
Section for details).58−60 The photocurrent was measured as a
function of time after illumination using an UV lamp (λmax =
366 nm) with an excitation density of 91.2 mW/cm2 for 15
min. In the case of bulk ZnO, the photocurrent decays rapidly
due to recombination of the PGCCs as shown in Figure 5a.
The time needed for the current to drop down to 10% of its

maximum value (T0.1) is only 20 s. In contrast to that, it
becomes evident that the different nanostructures have a
significant effect on the lifetime of the PGCCs. The T0.1 times
in these materials are orders of magnitude larger reaching
values of 521 s for the yolk−shell spheres and 1150 s in case of
the hollow ZnO spheres (Figure 5a, sample iii). Even 2 h (7200
s) after illumination, one can clearly detect an enhanced
conductivity of the samples. We suggest that the hollow nature
of the particles and not the preparation method is responsible
for this effect as supported by the fact that the porous ZnO
particles (Figure 1b,c) behave similarly to bulk ZnO with short
relaxation periods of T0.1 = 60 s. (see Supporting Information,
Figure S 9). Another powerful technique for the investigation
of charge carriers in semiconductors is electron paramagnetic
resonance (EPR) spectroscopy.48,61−63 In the case of bulk ZnO,
a weak EPR signal is observed with a g factor of 1.96 during UV
radiation, which vanishes quickly after the illumination has been
turned off (Figure 5b).

The same signal is found for the spherical nanoparticles
presented in the current study; however, the intensity is much
stronger and its persistence is much larger (Figure 5c). Again, it
is obvious that the morphology of the samples is a deciding
factor. The persistence of the PGCCs detected using EPR
increases significantly for an increasing amount of the ZnO
shell, starting from compact spheres over yolk−shell to hollow
spheres. Specifically for the hollow spheres, there is no
discernible intensity loss visible during 8000 s. Stable room
temperature photoconductivity has very seldom been reported
for ZnO,64−68 and the decay times reported here belong to the
longest ever found.
Whereas photoconductivity measurements and EPR spec

troscopy are suitable techniques for investigating the
persistence of PGCCs on long time scales, other methods
have to be applied for the investigation of shorter time scales.
The picosecond time domain can be probed using time
resolved photoluminescence spectroscopy (TRPL). Figure 6a
shows the decay of the low temperature band acceptor (e, A)
transition for the compact and hollow nanospheres (see also
the PL spectrum in Figure 4b). The observed biexponential
decay with time constants of 340 ps and 1.15 ns is in excellent
agreement with previously reported lifetimes in Li doped ZnO
nanocrystals69 with no significant difference between solid
spheres and hollow spheres. These findings are corroborated by
time domain terahertz transmission experiments. Time domain
terahertz spectroscopy (TDTS) allows the determination of the
dynamic conductivity of nanoparticles without the need for
electrical contacts.70−72 The time domain terahertz spectrosco
py system is based on asynchronous optical sampling (ASOPS).
ASOPS relies on two femtosecond lasers for impulsive
generation and time domain detection of broadband terahertz
pulses. Details of the experimental setup can be found
elsewhere.73 The yolk−shell particles deposited with ∼3 μm
thickness on a glass substrate show a few percent absorption in
the terahertz frequency range. Figure 6b shows the terahertz
transmission spectrum of the microspheres with and without
UV exposure, as well as after 2400 s after UV exposure. The
data are obtained from Fourier transforms of the time domain
data and division through a reference spectrum of the glass
substrate only. Values with transmission larger than 1.0 stem
from decreased reflectivity. The transmission spectra show in all
cases oscillatory components, which are not yet assigned.
However, compared with the nonirradiated sample, the

Figure 4. (a) Micro Raman spectrum of hollow ZnO nanospheres at room temperature. (b) Low temperature PL spectra of hollow ZnO spheres
(black graph) and compact ZnO spheres (gray graph).
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transmission decreases with UV exposure by approximately 4%.
This is a clear indication of free carrier absorption induced in
the UV irradiated samples. Forty minutes after the UV
exposure, the transmissions roughly recover to 50% of the
value in the nonilluminated case.
Our findings can be summarized as follows. Like for

conventional semiconductor materials, irradiation with light of
sufficient energy leads to the formation of PGCCs. However, it
seems that in the case of the studied nanospheres, the PGCCs
are rapidly transferred into a metastable state, in which
electrons and holes are separated effectively but electrons are

still partially mobile. We suggest that the electric field resulting
from the polar character of the nanocrystals in the ZnO shell
(see Figure 3g) might be responsible for the mentioned
process.74 Electrons and holes quickly diffuse to different
interfaces of the hollow particles where they are trapped; for
example, electrons move to the external interface and holes to
the internal interface. Once the electrons have reached the
outer surface, the probability to recombine with holes is
significantly reduced since the holes are located in a spatially
different domain. A persistent EPR signal, as observed in the
hollow spheres, can be expected. Moreover, this model also
explains the increased conductivity over a prolonged period of
time, as the spatially separated PGCCs would still maintain
their mobility. Additional support for this model comes from
low temperature photoluminescence (PL) measurements. PL
spectra normalized to the basal plane stacking fault (e, A)
transition at 3.314 eV are shown for the hollow ZnO spheres
and compact spheres in Figure 4b. The PL spectrum of the
compact spheres reveals a comparable intensity of the donor
bound excitons (D0X) and surface bound excitons (SX)
emission lines.75 However, in the case of the hollow ZnO
spheres, the signal associated with the surface bound exciton is
strongly increased. This indicates that charge carriers located
near the surfaces are of significant importance for this particular
morphology.
Additional information about strain and crystalline quality of

the nanospheres can be obtained by the Raman spectrum in
Figure 4a. Since the E2 modes are nonpolar modes of the Zn
and O sublattices and therefore unaffected by carrier
concentration, they are often used to measure strain provided
that the temperature is constant.76 The large hydrostatic
pressure coefficient of the E2

high mode (5.04 cm−1/GPa)
qualifies this particular mode as a sensitive sensor for strain
in the nanospheres.55 The negligible variation in the position of
the E2

high mode with respect to its position in unstrained bulk
ZnO20 demonstrates the absence of strain in the nanospheres.
The excellent crystalline quality of the nanospheres is
furthermore demonstrated by the very narrow line width of
the E2

low Raman mode. In contrast to the E2
high mode, which is

asymmetrically broadened due to the anharmonic decay into
zone edge phonons,77 the E2

low mode has a very small line width
of 1.8 cm−1, which is comparable with state of the art ZnO
substrates. The Raman data provides convincing arguments for
the conclusion that no other structural imperfections than the
special, polar hollow sphere morphology are responsible for the
observed effects.

Thermal Conductivity. In addition to the structural and
photophysical properties, we have investigated the thermal
conductivity (κ) of the hollow nanospheres using photo
luminescence thermometry (see Experimental Section). Figure
7 displays the temperature rise, that is, energy shift of the band
edge luminescence (Supporting Information, Figure S 10), in
the hollow nanospheres as a function of the incident laser
power.
Measurements of a bulk ZnO sample purchased from Tokyo

Denpa are shown in the same figure for relative comparison.
The thermal conductivity of the samples is obtained using the
semi infinite medium approximation as described in the
Experimental Section. For the bulk sample, we obtain κbulk =
38 ± 2 W/mK, in excellent agreement with the values reported
in ref 78. In case of the hollow nanospheres, a value of κeff =
0.13 ± 0.01 W/mK is determined. It should be noted that κeff is
only an effective value since it includes the contributions from

Figure 5. (a) Photodetector measurements: (i) bulk ZnO as a
reference; (ii) yolk−shell particles; (iii) hollow particles. The
illumination period is indicated by the white bar at the top of the
graph. (b) EPR spectra of bulk ZnO during (dotted, gray curve) and
after (dashed gray curve) UV radiation, in comparison to hollow ZnO
particle (1 h after radiation; black curve). (c) Decay curves of the
signal at g = 1.96 for the compact spheres (dark gray triangles), the
yolk−shell spheres (light gray dots), and the hollow spheres (black
squares).
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the residual air (κair = 0.024 W/mK) contained in the hollow
spheres and between neighboring spheres. Considering that the
filling fraction of ZnO with respect to air in the hollow spheres
is around 1/3 (based on a statistical evaluation of the scanning
electron images), we can decouple the contribution of the ZnO
spheres from that of the contained air and obtain a value of
κspheres = 0.35 ± 0.01 W/mK. Whereas the later value is
representative for the thermal conductivity of the ZnO material,
the former value of keff = 0.13 ± 0.01 W/mK is more realistic if
the thermal properties of large scale clusters of hollow spheres
are required. This large reduction in κ in the nanospheres
compared with the bulk value for ZnO arises mostly from the
high thermal resistance between the nanospheres and the
influence of surface phonon scattering within a single sphere.
Considering that the thermoelectric figure of merit (ZT) scales
inversely with κ, the low thermal conductivity together with the
pronounced photoconductivity is extremely promising for
applications in thermoelectric energy conversion.

■ CONCLUSION
Spherical zinc oxide nanomaterials were synthesized by gas
phase synthesis in the size regime >50 nm. By changing the
kinetics of crystallization, we were able to synthesize porous,

dense, hollow and yolk/shell spheres. The generation of the
hollow spheres and the shells in the yolk/shell structures could
be attributed to the Kirkendall effect. UV photodetectors were
built from the spheres, which showed exceptionally enhanced
lifetime for the photogenerated charge carriers. The source of
the enhanced lifetime was investigated using EPR, photo
luminescence, TEM, Raman, and terahertz spectroscopy. It was
found that the polar surfaces of ZnO align perpendicular to the
spheres’ core, which leads to a charge separation of the two
types of charge carriers between the inner surface and the outer
surface. It is suggested that this separation leads to a
stabilization of the charge carriers along the polar planes,
which constitutes an important advantage for applications in
photocatalysis and photovoltaics, as well as enhanced catalytic
performance of ZnO in water splitting and methanol synthesis.
Furthermore, it could be demonstrated that the thermal
conductivity of the samples comprising hollow ZnO spheres
is extraordinary low. Both factors together, sufficient electric
conductivity and high thermal resistance, are prerequisites for
the construction of efficient thermoelectric devices. A thermo
electric material based on a cheap, abundant, and environ
mentally stable material such as these ZnO nanostructures, is a
most promising goal, which constitutes a strong motivation for
continued and future research beyond the scope of the current
work.

■ ASSOCIATED CONTENT

* Supporting Information
Aerosol setup and formation mechanism of the large,
amorphous [HOZnO(HOCH2CH2OMe)]n particles, addi
tional characterization of the amorphous spheres, trans
formation of the amorphous particles into ZnO at different
temperatures, characterization of the mesoporous ZnO particles
obtained at different temperatures, additional analytical data for
the sample prepared at T = 400 °C, additional analytical data
for the sample prepared at T = 600 °C, PXRD patterns for
hollow ZnO particles prepared at different temperatures,
additional analytical data for the hollow sphere sample,
photodetector measurements for the porous ZnO particles,
representative photoluminescence emission from the ZnO
hollow spheres compared with a bulk ZnO sample, and
luminescence maximum shifts to larger wavelengths as the
absorbed power is increased. This material is available free of
charge via the Internet at http://pubs.acs.org.

Figure 6. (a) TRPL data (e, A transition) for the compact ZnO spheres (gray graph) compared with the hollow ZnO spheres (black graph). (b)
Transmission spectrum of yolk−shell spheres in the range from 0.2 to 2.0 THz without UV exposure (black squares), with UV irradiation (light gray
dots), and 40 min after UV exposure (dark gray triangles).

Figure 7. Temperature rise and energy shift of the band edge
luminescence as a function of incident laser power. Bottom scale, laser
power for a bulk ZnO substrate; top scale, incident power for hollow
nanospheres. Inset: schematic illustration of laser induced heating and
heat propagation in the hollow nanospheres.
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