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ABSTRACT: We have successfully developed an effective
supercritical CO2 (sc-CO2) emulsion-assisted electrochemical
approach for cathodic deposition of ZnO mesocrystals. The sc-
CO2 was introduced along with a nonionic surfactant in the
process to form emulsified electrolyte, which significantly
increased the supersaturation degree and promoted the
molecular diffusion to affect the crystal growth of ZnO. The
deposition involved the generation of primary nanocrystals
with substantially high surface energy, followed by the
preferred attachment of the primary nanocrystals along an
energetically favorable orientation to form ZnO mesocrystals. The as-deposited ZnO mesocrystals exhibited remarkable optical
properties at room temperature in terms of prominent near band-edge emission and substantially long exciton lifetime,
attributable to the highly oriented crystallinity of mesocrystals that effectively suppressed the nonradiative charge recombination
to extend the exciton decay dynamics. As compared to the structures prepared without the addition of surfactant or sc-CO2, ZnO
mesocrystals from sc-CO2 emulsion displayed greatly improved photoactivity toward photoelectrochemical water oxidation,
revealing their promising potential as photoanodes in relevant photoelectrochemical processes. The current study delivers the
first demonstration of directly depositing ZnO mesocrystals on conductive substrates, which paves the way for utilization of
mesocrystals as practical electrodes in technologically important energy conversion fields, such as electrochemical cells,
photovoltaic devices, as well as photoelectrochemical water splitting, where the advantageous structural characteristics of
mesocrystals, i.e., high crystallinity and abundant porosity, can be fully exploited.

■ INTRODUCTION

As a new class of alternative crystals, mesocrystals have received
considerable attention owing to their unique mesoscopic
structures that may enable new materials applications.1−3

These nonclassical crystals are highly ordered superstructures
composed of nanocrystal building blocks assembled in a
crystallographically oriented manner, which gives rise to
mesoporous, single-crystal-like structural characteristics. The
highly oriented crystallinity and abundant interior porosity
make mesocrystals especially promising in applications
requiring facile charge transport and high surface area, for
example, catalysis, sensing, electrochemical energy conversion,
and storage, as well as solar energy conversion.4 Until now, a
wide variety of mesocrystals including inorganic salts,5,6 organic
molecules,7,8 metals,9,10 and metal oxides11−14 have been
successfully prepared and explored to foster their practical
utilizations.
In the past few decades, ZnO has stimulated great research

interest due to its extensive applications ranging from
photoelectronic physics to material chemistry.15,16 Recent
efforts have focused on the fabrication of ZnO with complex
structural diversities of size, shape, and orientation to acquire
the tailored properties.17−29 With the wurtzite crystal structure

constructed by alternating polar planes of (0001) and (000-1),
ZnO possesses an intrinsic dipole moment along the c-axis
direction, which can drive the assembly of the primary
nanocrystals to form hierarchical mesocrystals.17 On the other
hand, by employing organic additives to manipulate the relative
surface energy, organization of building units of ZnO can also
be directed to produce ordered superstructures with minimized
total surface energy.18 There have been diverse synthetic
methods developed to obtain hierarchical superstructures of
ZnO, which include high-temperature vapor deposition,19,20

polymer-mediated chemical reaction,21−23 a two-step hydro-
thermal-annealing process,24,25 and other facile one-pot
solution-based methods.26−29 These developments have
witnessed a rising demand for sophisticated assembly of
nanocrystal building blocks to achieve superior functionalities.
Among the different synthetic approaches, electrochemical

cathodic deposition affords a simple yet effective process for
production of ZnO with controllable morphology. Moreover,
cathodic deposition enables direct deposition of ZnO structures
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on conductive substrates, which may facilitate their utilization
as practical electrodes in relevant electrochemical and photo-
electrochemical processes. However, the adsorption of H2
bubbles on the cathode surface30 and the high surface tension
of aqueous electrolyte31 may cause structural defects in the
deposited crystals. By introducing supercritical carbon dioxide
(denoted as sc-CO2) which shows high solubility toward H2
and nearly zero surface tension in the cathodic deposition
process, significantly improved crystallinity can be acquired for
the product.32,33 Besides, the use of sc-CO2 is a clean and
favorable approach for electrodeposition because of its
intriguing attributes like nontoxicity, inexpensiveness, low
viscosity, and high diffusivity. In this work, we developed an
effective sc-CO2 emulsion-assisted electrochemical process for
cathodic deposition of ZnO mesocrystals on conductive
substrates. The sc-CO2 was introduced along with a nonionic
surfactant in the process to form emulsified electrolyte. The
deposition involved the generation of primary nanocrystals with
substantially high surface energy, followed by the preferred
attachment of the primary nanocrystals along an energetically
favorable orientation to form ZnO mesocrystals. The as-
deposited ZnO mesocrystals showed a prominent band-edge
emission peak at 380 nm with a substantially long exciton
lifetime of 10.2 ns, attributable to the highly oriented
crystallinity of mesocrystals that effectively suppressed the
nonradiative charge recombination to extend the exciton decay
dynamics. As compared to the structures prepared by
convectional depositions, ZnO mesocrystals from sc-CO2
emulsion achieved significantly enhanced photocurrents of
water oxidation, revealing their promising potential as photo-
anodes in relevant photoelectrochemical processes.

■ EXPERIMENTAL SECTION
Chemicals. All chemicals including CO2 (Nippon Tansan

G a s , 9 9 . 9 % ) , p o l y o x y e t h y l e n e l a u r y l e t h e r
(C12H25(OCH2CH2)15OH, Toshin Yuka Kogyo, 25%), ZnCl2
(Sigma-Aldrich, 98.0%), NaNO3 (Sigma-Aldrich, 99.0%), H2O2
(Sigma-Aldrich, 30%), and NaCl (Sigma-Aldrich, 99.0%) were
used as received without further purification.
Electrochemical Cathodic Deposition. The cathodic

deposition of ZnO was conducted in a high-pressure, two-
compartment cell,32 which consisted of Al substrate (1.0 cm ×
2.0 cm) as the working electrode and Pt foil (1.0 cm × 2.0 cm)
as the counter electrode. The electrolyte comprised a mixed
aqueous solution of 4 mM ZnCl2, 80 mM NaCl, 56 mM H2O2,
and 42 mM NaNO3. For the deposition of ZnO mesocrystals,
0.16 vol. % surfactant and 20 vol. % CO2 of 15 MPa were
introduced in the electrolyte. Here the nonionic surfactant of
polyoxyethylene lauryl ether was used to form the sc-CO2-in-
water emulsion in the electrolyte. The deposition was run with
a constant current density of 0.15 A/dm2 at 70 °C for 60 min.
To unravel the role of sc-CO2 emulsion in the formation of
ZnO mesocrystals, conventional deposition without the
addition of surfactant or sc-CO2 and deposition with 0.16 vol
% surfactant added were also performed. The as-deposited
samples were washed with deionized water and then annealed
at 400 °C for 30 min to remove the remaining surfactant.
Characterizations. The morphology and dimensions of the

products were examined with a field emission scanning electron
microscope (FESEM, Hitachi, S-4300SE). The crystallographic
structure of the samples was investigated with X-ray diffraction
(XRD, Rigaku, Ultima IV), transmission electron microscopy
(TEM, JEOL, JEM-2100), and selected-area electron diffraction

(SAED, an accessory of JEM-2100). For steady-state photo-
luminescence (PL) spectroscopy, a Kimmon IK3001R-G
equipped with a He−Cd laser (720 W) was used. Time-
resolved PL spectra were measured at room temperature using
a single photon counting system (Horiba Jobin Yvon) which
delivers an instrument response function down to 25 ps fwhm.
The GaN diode laser (λ = 375 nm) was used as the excitation
source. The signals collected at the PL emission peak of ZnO
were dispersed with a grating spectrometer, detected by a high-
speed photomultiplier tube, and then correlated using a single-
photon counting card. The recorded emission decay data were
analyzed and fitted with a biexponential kinetics model which
generates two lifetime values, τ1 and τ2, and the corresponding
amplitudes, A1 and A2. The intensity-average lifetime, ⟨τ⟩, was
then determined using the following expression ⟨τ⟩ = (A1τ1

2 +
A2τ2

2)/(A1τ1 + A2τ2). All the fitting results were summarized in
Table 1. The near-unity value of goodness (χ2) of the fitting

implied a good fit to the experimental data. The photo-
electrochemical measurement was conducted in a three-
electrode cell which consisted of a Pt counter electrode, Ag/
AgCl reference electrode, and 0.5 M Na2SO4 electrolyte. The
as-deposited ZnO structures on Al substrate were used as a
working electrode within the photoelectrochemical cell, and the
chronoamperometric I−t curves were recorded at 0 V vs Ag/
AgCl under white light illumination (500 W xenon lamp, with a
light intensity of 100 mW/cm2).

■ RESULTS AND DISCUSSION
For cathodic deposition of ZnO which uses ZnCl2, H2O2, and
NaNO3 as the electrolyte composition (the current pH value
was 5.7), the reaction mechanism can be described by the
following pathways34−38

+ + → +− − − −NO H O 2e NO 2OH3 2 2 (1)

+ →− −H O 2e 2OH2 2 (2)

+ → ++ −Zn 2OH ZnO H O2
2 (3)

Briefly, reduction of NO3
− and H2O2 takes place to generate

OH− ions at the surface of the cathode (1, 2). The Zn2+ ions in
the vicinity of the cathode then react with OH− ions to form
ZnO through proper dehydration (3). In addition to the
primary pathways, reactions associated with gas evolution can
also occur, which include H2 production from H+ reduction and
generation of N2 and NH3 from additional NO3

− reduction.35 It
has been reported that by suitably modulating the experimental
conditions such as the precursor concentration, the deposition
temperature, and the applied current density, the morphology
of the grown ZnO in cathodic deposition process can be readily
controlled.36−38 Unlike most studies concerning electro-
chemical deposition of ZnO which explored the above-
mentioned effects, the current study focuses on studying the
influence of sc-CO2 emulsion introduction on the crystal

Table 1. Kinetic Analysis of Emission Decay for ZnO
Structures Prepared with Different Depsoition Conditions

A1
(%)

τ1
(ns)

A2
(%)

τ2
(ns)

⟨τ⟩
(ns) χ2

conventional deposition 50.3 12.8 49.7 4.2 8.6 1.049
deposition with
surfactant

49.5 11.7 50.5 3.7 7.3 1.160

deposition with sc-CO2 64.2 13.3 35.8 4.7 10.2 1.075
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growth of the deposited ZnO. Figure 1 shows the SEM images
and XRD diffractograms of the three ZnO samples prepared in
this work. First, conventional cathodic deposition produced
platelet-like structures on the substrate surface. As Figure 1(a)
shows, these platelets had a typical thickness of 50−100 nm and
an edge length up to several micrometers. With the addition of
0.16 vol. % surfactant in the electrolyte, platelet structures
accompanied by appreciable amounts of nanoparticles were
observed in the product, as evident from Figure 1(b). This
phenomenon indicates that the added surfactant may have
affected the growth of ZnO in the cathodic deposition process.
When sc-CO2 emulsified electrolyte was used, the grown ZnO
was however characterized by particulate structures with
relatively large dimensions. As Figure 1(c) shows, these
particles had an apparent size of 200−400 nm, and if examined
closely they were aggregates of tiny nanocrystals with sizes of
10−20 nm. The corresponding XRD diffractograms of Figure
1(d) confirm the composition of the three samples as pure
wurtzite ZnO. It was noticed that the sample from sc-CO2

emulsion exhibited broadened diffraction peaks of ZnO relative
to the samples from the other two processes, which is in
conformity with the considerably tiny size of the composing
nanocrystals. Most importantly, the distinctive structural feature
of particle aggregates for the sample obtained with sc-CO2

emulsified electrolyte discloses the significant influence of sc-
CO2 emulsion introduction on the cathodic deposition of ZnO,
as will be discussed later.
Further structural investigations on the as-deposited ZnO,

especially the platelet structures from conventional deposition
and the particle aggregates from sc-CO2 emulsion, were carried
out using TEM and SAED. As shown in Figure 2(a), the
platelet structures from conventional deposition appeared to
possess abundant voids on the surface. These defective voids
might arise from the gas evolution issue in the typical cathodic
deposition process.32,33 The inset SAED shows a ring pattern of
wurtzite ZnO crystal, suggesting that the platelet structures
were polycrystalline. In Figure 2(b), the lattice-resolved TEM
image clearly displays the (10-10) lattice plane of wurtzite ZnO

with a d-spacing of 0.28 nm. Besides, structural defects such as
grain boundaries and disordered grain orientation were
ubiquitously observed, which may account for the polycrystal-
line nature of the sample. For the particle aggregates obtained
with sc-CO2 emulsified electrolyte, they were constructed by
mesoscale substructure instead of the atomic-level continuous
structure, as revealed in Figure 3(a). The corresponding SAED
shows a single-crystal-like dot pattern, implying that the
composing nanocrystals were highly oriented and aligned. To
verify such a crystallographic orientation feature, the detailed
microstructures of the particle aggregates were investigated
with high-resolution TEM (HRTEM). As illustrated in Figures
3(b)−(f), lattice fringes of (10-10) were found parallel
throughout the whole particle aggregate. This outcome
manifests that the primary nanocrystals of particle aggregates
were well aligned in a common crystallographic fashion, which
is a typical situation in mesocrystal assembly.1−3 Furthermore,
apparent interstices that have usually been regarded as
mesopores in mesocrystal construction17,39 were noticed at
the boundaries between the primary nanocrystals. The
HRTEM investigation together with the finding from SAED
confirms that the particle aggregates prepared with sc-CO2
emulsified electrolyte were ZnO mesocrystals.
Evidently, the introduction of sc-CO2 emulsion resulted in

the assembly of the primary nanocrystals in a crystallographic

Figure 1. SEM images of ZnO structures prepared by (a) conventional deposition, (b) deposition with 0.16 vol. % surfactant, and (c) deposition
with sc-CO2 emulsified electrolyte. The corresponding XRD diffractograms were shown in (d), with the three characteristic peaks of wurtzite ZnO
marked by arrows.

Figure 2. (a) Typical TEM and (b) HRTEM images of ZnO platelet
structures prepared by conventional depostion. Inset in (a) shows the
corresponding SAED pattern.
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oriented manner to form the final mesocrystals. This delicate
organization process is termed “oriented attachment” and has
been widely documented in the literature regarding the
formation of mesocrystals.1−3 The so-called oriented attach-
ment describes a spontaneous self-assembly process for
adjacent crystals sharing a common crystallographic orientation,
which leads to the formation of mesocrystals exhibiting
mesoporous, single-crystal-like structural characteristics. In the
present system, sc-CO2 emulsion played a crucial role in
facilitating the self-assembly of the primary nanocryatals to
form ZnO mesocrystals. A plausible growth mechanism is
proposed as follows. For conventional deposition, platelet
structures were grown as a result of the selective adsorption of
Cl− ions on the (0001) facets of ZnO.40 Such Cl− adsorption
could effectively retard the growth of ZnO along its [0001]
direction, promoting crystal growth along the lateral directions
of {10-10} to form two-dimensional platelet structures. The
predominant lattice orientation of [10-10] observed in Figure
2(b) was consistent with this argument. The two-dimensional

anisotropic growth of ZnO was to some extent disturbed when
the nonionic surfactant of polyoxyethylene lauryl ether was
added. Note that the pH value of the electrolyte containing
0.16 vol. % surfactant was 5.8, essentially lower than the
isoelectric point of 9.5 of ZnO.41 Under this circumstance, ZnO
possessed positive surface charges which rendered the electro-
static interaction with surfactant molecules through binding to
their negative charged ether groups.42 The surfactant binding
may compete with Cl− adsorption on the ZnO surface to
hinder the two-dimensional anisotropic crystal growth, thereby
generating appreciable amounts of nanoparticles as observed.
As sc-CO2 emulsion was introduced, the pH value of the
electrolyte decreased largely due to the partial dissolution of
CO2. Since the solubility of ZnO in water decreased with the
fall of pH value,43,44 a significant increase in supersaturation
degree was considered for sc-CO2 emulsified electrolyte. It has
been reported that the supersaturation degree of the growing
species plays a key role in determining the morphology of the
grown crystals.45 In general, a relatively low supersaturation is

Figure 3. (a) Typical TEM image of ZnO mesocrystals prepared by deposition with sc-CO2 emulsified electrolyte. The white circles represent the
mesopores, and the inset shows the corresponding SAED pattern. (b)−(f) HRTEM images taken at the marked regions of (a).

Scheme 1. Schematic Illustration of the Growth Mechanism for ZnO Structures Prepared with Different Deposition Conditions
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required for anisotropic crystal growth to take place, above
which isotropic growth happens. We surmised that the virtually
high supersaturation degree of ZnO in sc-CO2 emulsified
electrolyte would trigger the isotropic growth regime for ZnO
to generate isotropically shaped nanocrystals. The thus-
generated ZnO nanocrystals should have possessed substan-
tially high surface energy owing to the high supersaturation
degree initially created.46 On the other hand, the introduced sc-
CO2 emulsion can improve the diffusion efficiency for NO3−

and H2O2,
31 which enabled abundant OH− generation to

accelerate the nucleation and growth of ZnO. This may further
expedite the isotropic crystal growth for ZnO to grow
nanocrystals with considerably high surface energy. To reduce
the total surface energy, the grown ZnO nanocrystals
underwent preferred attachment along an energetically
favorable orientation, eventually leading to the formation of
ZnO mesocrystals. The parallel orientation of [10-10]
throughout the whole particle aggregate as well as the nearly
single crystalline SAED pattern supported the above con-
tention. It should be noted that the electric field applied at the
cathode might assist in directing the organization of the
primary nanocrystals by interacting with the intrinsic fields of
ZnO.17 This interaction would spatially confine the oriented
attachment to the cathode surface and result in the deposition
of ZnO mesocrystals directly on the substrate. To summarize
the proposed mechanism, a scheme is shown in Scheme 1 to
illustrate the role of sc-CO2 emulsion in the formation of ZnO
mesocrystals from the present cathodic deposition process.
The present ZnO mesocrystals provided a versatile platform

for the investigation of a mesoscopic structural effect on the
intrinsic material properties of mesocrystals. We first used
steady-state PL spectroscopy to examine the optical properties
of the as-deposited samples. As displayed in Figure 4(a), all
three ZnO structures exhibited pronounced PL emission in the
wavelength range of 350−700 nm. For the platelet structures
from conventional deposition, an emission band centered at
392 nm was observed, which is ascribed to the superposition of
near band-edge UV emission and defect-related blue emission
of ZnO.47 For the platelet/particle composite structures from
deposition with surfactant, a wide emission band spanning from
the UV to visible region was recorded. This band, centered
around 426 nm, was significantly broadened and red-shifted in
comparison to the emission band of the platelet structures. This
phenomenon suggests that the platelet/particle structures were
characteristic of abundant structural defects and had multiple
trap-state emissions48 that were spectrally overlapped. As for
the mesocrystals from sc-CO2 emulsion, a prominent emission
peak attributable to the excitonic band-edge emission of ZnO
was measured at 380 nm. In addition, the trap-state emission
band which can be identified beyond 450 nm was considerably
weak, suggesting the inherently high crystallinity for ZnO
mesocrystals as is consistent with the results from HRTEM and
SAED analyses. To further elucidate the exceptional optical
properties for the present ZnO mesocrystals, time-resolved PL
measurements were conducted at room temperature. Note that
time-resolved PL spectroscopy may provide quantitative
information about the exciton lifetime, which represents an
important indicator of the fate of charge carriers following light
irradiation. Figure 4(b) compares the time-resolved PL spectra
of the three ZnO structures. Evidently, ZnO mesocrystals
exhibited a significantly slower PL decay than platelet and
platelet/particle structures did, reflecting the essentially long-
lived feature for the localized excitons in ZnO mesocrystals.

The spectra in Figure 4(b) were further fitted with a
biexponential function which generates a slow (τ1) and a fast
(τ2) decay component, respectively, assigned to radiative and
nonradiative deactivation processes.49 The intensity-average
lifetime (⟨τ⟩) was then calculated to make an overall
comparison of the exciton fate. As noted in Table 1, the
average exciton lifetime of platelet structures, platelet/particle
structures, and mesocrystals was, respectively, determined to be
7.3, 8.6, and 10.2 ns. These time constants were comparable to
those recorded on high-quality ZnO tetrapods at room
temperature,50,51 in which radiative recombination was
suggested to dominate the exciton decay process. It has been
pointed out that the exciton dynamics of ZnO correlate tightly
with several structural factors including size,52−54 shape,55 as
well as crystallinity.54,55 For instance, a lengthened exciton
lifetime could be acquired for ZnO nanoparticles as the
characteristic size increased.54 This lifetime growth is due to the
fewer surface defects existent in larger particles, which
discourages the nonradiative recombination to increase the
exciton decay time. On the other hand, ZnO nanostructures
with different morphologies were found to exhibit different
exciton dynamics, with nanorods showing the fastest exciton
decay.55 The lifetime variation originates from the nonradiative
recombination centers that are correlated with the crystalline
quality of the samples, in which inferior crystal quality was
considered the cause for the short exciton lifetime of nanorods.
As Figure 3 reveals, since the superior crystallinity of the
present ZnO mesocrystals was evident, we ascribed the
observed slower exciton decay to the unique mesoscopic
structures of mesocrystals, i.e., the nearly single crystallinity,

Figure 4. (a) Steady-state PL spectra and (b) time-resolved PL decays
for ZnO structures prepared with different deposition conditions. In
(b), the instrumental response function (IRF) and the fitting results
(solid curves) were also included for comparison.
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which suppressed the possible nonradiative recombination
processes to extend the exciton decay dynamics. The fact that
ZnO mesocrystals displayed significantly depressed trap-state
emission as well as reduced amplitude contribution from a fast
decay component (A2 = 35.8%) may support the above
proposition.
With the highly oriented crystallinity and substantially long

exciton lifetime, the present ZnO mesocrystals may find
promising potentials in photoconversion applications. Partic-
ularly, the direct deposition of ZnO mesocrystals on conductive
substrates facilitates their utilization as electrodes in relevant
photoelectrochemical processes. To assess the applicability, we
employed the as-deposited samples as the photoanode for
photoelectrochemical water oxidation. Figure 5 depicts the

chronoamperometic I−t curves of the three ZnO structures
recorded in 0.5 M Na2SO4 electrolyte under chopped light
illumination. Notably, all the electrodes were prompt in
generating photocurrents, suggesting the effective carrier
transfer and successful electron collection for the samples
during the water oxidation process. Among the three types of
ZnO structures, mesocrystals achieved the largest photocurrent
density of 34.4 μA/cm2 at 0 V vs Ag/AgCl, which is about 5-
fold and 8-fold higher than the value recorded on platelet (5.2
μA/cm2) and platelet/particle structures (3.8 μA/cm2),
respectively. The superior photoelectrochemical performance
of ZnO mesocrystals can be accounted for by the facile carrier
transport resulting from the highly oriented crystallinity as well
as the lasting exciton survival enabling the further carrier
utilization. This demonstration addresses the advantage of
mesocrystals and their direct deposition on conductive
substrates for practical photoelectrochemical applications. It
has been reported that the high crystallinity of ZnO structures
may assist in suppressing the possible photocorrosion effect.56

Since the present ZnO mesocrystals were of high crystallinity,
we expected an improved photostability during their use in
photoelectrochemical applications.

■ CONCLUSIONS
In conclusion, an effective sc-CO2 emulsion-assisted electro-
chemical cathodic deposition process has been developed to
prepare ZnO mesocrystals with structural features of being
mesoporous and nearly single crystalline. The success of the
synthetic approach relied on the introduction of sc-CO2
emulsion in the electrolyte, which significantly increased the
supersaturation degree of ZnO and improved the diffusion
efficiency for NO3

− and H2O2 to grow primary nanocrystals

with substantially high surface energy. As a consequence of
minimization of the total surface energy, preferred attachment
of the primary nanocrystals along an energetically favorable
orientation proceeded, eventually leading to the formation of
ZnO mesocrystals. The as-deposited ZnO mesocrystals
exhibited prominent excitonic band-edge emission at 380 nm
with a substantially long exciton lifetime of 10.2 ns, attributable
to the highly oriented crystallinity of mesocrystals that
effectively suppressed the nonradiative charge recombination
to extend the exciton decay dynamics. As compared to the
structures prepared without the addition of surfactant or sc-
CO2, ZnO mesocrystals from sc-CO2 emulsion showed
significantly enhanced photocurrents of water oxidation,
revealing their promising potential as photoanodes in relevant
photoelectrochemical processes. The feasibility of the present
electrochemical approach toward direct deposition of ZnO
mesocrystals on conductive substrates shall foster their
advanced applications in a wide array of fields, which include
electrochemical cells, photovoltaic devices, as well as photo-
electrochemical water splitting. The present sc-CO2 emulsion-
assisted electrochemical route can be readily extended to
production of mesocrystals of other functional metal oxides, for
example, TiO2, CuO, and NiO.
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