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ABSTRACT: We report a strategy that employs metal—organic framework (MOF) crystals in two roles for the fabrication of
hollow nanomaterials. In the first role the MOF crystals provide a template on which a shell of material can be deposited. Etching
of the MOF produces a hollow structure with a predetermined size and morphology. In combination with this strategy, the MOF
crystals, including guest molecules in their pores, can provide the components of a secondary material that is deposited inside the
initially formed shell. We used this approach to develop a straightforward and reproducible method for constructing well-defined,
nonspherical hollow and exceptionally porous titania and titania-based composite nanomaterials. Uniform hollow nanostructures
of amorphous titania, which assume the cubic or polyhedral shape of the original template, are delivered using nano- and
microsized ZIF-8 and ZIF-67 crystal templates. These materials exhibit outstanding textural properties including hierarchical pore
structures and BET surface areas of up to 800 m*/g. As a proof of principle, we further demonstrate that metal nanoparticles such
as Pt nanoparticles, can be encapsulated into the TiO, shell during the digestion process and used for subsequent heterogeneous
catalysis. In addition, we show that the core components of the ZIF nanocrystals, along with their adsorbed guests, can be used as
precursors for the formation of secondary materials, following their thermal decomposition, to produce hollow and porous metal
sulfide/titania or metal oxide/titania composite nanostructures.

B INTRODUCTION

Methods for the synthesis of hollow inorganic nanostructures
of metals, metal oxides, and metal sulfides have attracted much
attention because of their intriguing properties and widespread
applications in energy storage, drug delivery, sensing, and
heterogeneous catalysis.'~'> The size and morphology of such
hollow nanostructures is typically controlled by a sacrificial
template. One drawback to traditional templating methods is
that template removal involves harsh treatments such as
strongly acidic or basic solutions or high temperatures. This
can be problematic since undesired changes to the chemical
composition of the material and its structure can occur. To
address these issues, fruitful and versatile methodologies
involving the use of materials such as organic polymers,
vesicles, and liquid droplets as soft templates have
emerged.””™'° In this context we hypothesized that small
metal—organic framework (MOF) crystals could serve as useful
templates for the synthesis of hollow materials. Zeolitic
imidazolate frameworks (ZIFs),"” a class of MOF constructed
from tetrahedrally coordinated metal ions linked by anionic
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imidazolate ligands, are particularly well-suited as sacrificial
templates'® since (i) the size and shape of ZIF nanocrystals can
be tuned, making a range of morphologies accessible, which
would lead to hollow materials that reflect these size/shape
metrics;'” (i) they are resistant to basic conditions but are
easily decomposed in weakly acidic solution, and (iii) they
exhibit excellent chemical and thermal stability.*

Our strategy for using ZIF crystals as soft templates is
illustrated in Scheme 1. ZIF nanocrystals are first synthesized to
define the shape and dimensions desired for the hollow
structure. A uniform layer of a secondary material is then
deposited around the ZIF crystals from soluble precursors (step
(a)). This produces a ZIF@shell composite material. At this
point two pathways can be followed. First, etching of the ZIF
core (step (b)) using mild conditions will generate a hollow
particle. Second, an additional benefit of employing ZIFs as
templates may be drawn upon to produce hollow composite
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Scheme 1. Schematic Illustration of Our Strategy for Using ZIF Nanocrystals as Sacrificial Templates for the Synthesis of
Hollow Structures of Other Materials with Controlled Dimensions and Morphologies
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nanostructures. Here, the ZIF components are used as nanoparticles in the void space of the hollow material (step
precursors for a secondary material (step (c)). For example, (2)).

the metal component of the ZIF template could be converted We selected titania and titania-based composite materials as
into a metal oxide by oxidative pyrolysis,”' or the ZIF can be initial targets of the synthetic strategy outlined in Scheme 1.
decomposed into a carbonaceous material by anaerobic Titania (TiO,) is a widely studied semiconductor material with
thermolysis.zz_25 A broad array of secondary materials can be a variety of important applications, low toxicity, high chemical
deposited given the diversity of ZIFs and other MOFs. To stability, and wide band gap energy.’*”*> To enhance these
diversify this approach to composite materials, molecular cargo inherent attractive properties, methods for the synthesis of
can be introduced to the ZIF pores (step (d)) prior to hollow and/or high surface area forms of TiO, are highly
decomposition (step (e)). We propose that an additional desirable.**™*" For instance, uniform hollow TiO, structures
method for producing hollow composite materials would be to have been prepared using silica, carbon, polystyrene, and
use composite ZIF nanocrystals that incorporate a secondary transition metal oxide particles as templates.””*>*" However,
material such as metal nanoparticles (step (f)). Selective most of these hollow titania structures are spherical in shape.
etching of the ZIF portion of the core will deposit the Nonspherical morphologies are much more rare due to the
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limited availability of suitable nonspherical sacrificial templates
and problems associated with structural stability following
template removal.*> Nonspherical architectures contain higher
surface-to-volume ratios than their spherical counterparts, and
it is anticipated that such morphologies might be expected to
have novel physicochemical properties.”’ Although appropri-
ately shaped a-Fe,O; and Cu,O templates that lead to hollow
TiO, ellipsoids and octahedra are known, the significant
challenge of routinely creating nonspherical hollow TiO,
structures still remains.'” While this work was in progress
aspects of this strategy were implemented by Wu et al. to
produce a fascinating array of ZIF@material composites and
hollow nanostructures.*’ Recently, ZIF nanocrystals have also
been usefully implemented in the preparation of titania
microcapsules.”'

B RESULTS AND DISCUSSION

To prepare hollow nanostructured titania using a ZIF template,
cubic [Zn(2-methylimidazolate),], (ZIF-8) nanocrystals were
first prepared via a facile synthetic route in aqueous solution at
room temperature.”*>*’ The morphologies of the ZIF
nanocubes were examined by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), and
found to be cubic with edge lengths of SO to 300 nm (Figure
$26). Following the addition of titanium(IV) butoxide
(Ti(OBu),) cubic core—shell ZIF-8@amorphous-TiO, compo-
sites (abbreviated as ZIF-8@am-TiO,) were obtained after brief
heating. Microscopy images clearly reveal cubic structures with
an increased surface roughness (Figure S29), consistent with
the successful formation of the TiO, shell around the ZIF-8
cubes. The thickness of the shell can be controlled by varying
the concentration of the Ti(OBu), precursor (Table 1). This is
clearly observable in the microscopy images following etching
of the template (vide infra). Powder X-ray diffraction (PXRD)
patterns of the ZIF-8 cubes and ZIF-8@am-TiO, composite
indicate that the ZIF core is unaltered by the deposition of the
titania shell (Figure 1b,c). No additional diffraction peaks were

Table 1. Summary of the TiO, Materials Reported Herein

Ti(OBu), surface
template template added” area
sample ID material shape (mmol) (m*g™)

am-TiO,_1 cubic 0.73 660
am-TiO,_ 2 ZIF-8 cubic 1.47 624
am-TiO,_3 cubic 2.94 702
am-TiO,_4 polyhedral 0.73 677
am-TiO,_S ZIF-8 polyhedral 1.47 731
am-TiO,_6 polyhedral 2.94 660
am-TiO,_7 polyhedral 0.73 725
am-TiO,_8 ZIF-67 polyhedral 1.47 795
am-TiO,_9 polyhedral 2.94 804
am-TiO,_10 0.73 325
am-TiO,_ 11 none 1.47 279
am-TiO,_12 2.94 319
Pt@am-TiO, Pt/ZIF-8 cubic 0.28 632
TiO,/Zn$ TA@ZIF-  cubic 0.73 283

8@TiO,*
Ti0,/CoS, TA@ZIF-  polyhedral 073 224

67@

TiO,*

“The amount of Ti(OBu), added during synthesis of the ZIF@am-
TiO, core—shell materials. “As calculated using the BET method from
a N, adsorption isotherm at 77 K. “TA = thioactetamide.
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detected for the ZIF-8@am-TiO, composites, which indicate
that the titania shells are amorphous.
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Figure 1. PXRD patterns (Cua radiation) of (a) simulated ZIF-8; (b)
as-synthesized cubic ZIF-8 nanocrystals; (c) as-synthesized ZIF-8@
am-TiO, 1 core—shell composite; (d) as-synthesized hollow am-
TiO,_1 cubes; (e) simulated anatase TiO,; (f) as-synthesized hollow
an-TiO, 1 cubes.

Following the deposition of the TiO, shell around the ZIF
nanocrystals, etching of the ZIF core was investigated. The
experiments presented in Figure S1 show that cloudy solutions
of ZIF-8 nanocrystals clarify over several seconds following the
addition of dilute aqueous HCI solution. This indicates that the
ZIFs decompose rapidly under these conditions, as expected.
Treatment of ZIF-8@am-TiO, composites in a similar fashion
produced hollow amorphous TiO, (abbreviated as am-TiO,)
cubes. There is little visible change to a suspension of ZIF-8@
am-TiO, upon etching of the ZIF core (Figure 2a,b); however,

Figure 2. Photographs of aqueous solutions of (a) ZIF-8@am-TiO,;
(b) ZIF-8@am-TiO, after dilute HCI etching to produce am-TiO,; (c)
ZIF-67@am-TiO,; (d) ZIF-67@am-TiO, after dilute HCl etching to
produce am-TiO,.

TEM (Figure 3a,b) portrays a well-defined internal void that
replicates the shape of the original ZIF template. The shell
thickness and roughness of hollow am-TiO,_2 and am-TiO,_3
cubes (Figure 3c—f) exceeds that of am-TiO,_ 1 due to the
additional Ti(OBu), used in the ZIF coating step.

The hollow amorphous am-TiO, structures could be made
crystalline without loss of their uniform shape by simply
annealing in air. PXRD (Figures 1f and S9) shows that the
anatase phase is produced (abbreviated as an-TiO,). Hydro-
thermal heating is an alternative annealing method (Figure
S18), although the PXRD peak at 26 =~ 18° may indicate a
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Figure 3. TEM images of (a, b) hollow am-TiO,_1 cubes; (¢, d) hollow am-TiO,_2 cubes; (e, f) hollow am-TiO,_3 cubes. Scale bars represent 200

nm (a, ¢, e) and 50 nm (b, d, f).

A8:

Figure 4. TEM images of (a) hollow am-TiO,_4 polyhedra; (b) hollow am-TiO,_7 polyhedra; (c) dense am-TiO,_10. The scale bars represent 200

nm.

residual amorphous component. No significant variation in
overall appearance or collapse of the products was observed
after calcination or hydrothermal annealing, as indicated by
SEM and TEM (Figures S33 and S46). However, in contrast to
the am-TiO, structures, a significant number of small particles
were observed on the surface of the cubes.

To further demonstrate the versatility of our method, hollow
TiO, structures with polyhedral shapes were also fabricated.
When polyhedral ZIF-8 nanocrystals were used for the
synthesis in place of cubic nanocrystals, hollow amorphous
and anatase TiO, structures could be produced (Table 1).
Notably, the purple color of ZIF-67 disappears after HCI
treatment of the ZIF-67@am-TiO, composite, which is
consistent with etching of the ZIF core (Figure 2d). TEM
(Figure 4a,b) and PXRD (Figures S11 and S14) demonstrate
that the polyhedral shape of the ZIF template is replicated by
the amorphous hollow TiO, nanoshells.

To assess the role played by the ZIF template in the
fabrication of the hollow am-TiO, structures, we prepared TiO,
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materials in its absence (Table 1). As anticipated, hollow
structures were not obtained. Instead, dense TiO, nanospheres
were observed (Figures 4c, $42, and $43). These results point
to an active role being played by the ZIF nanocrystals in
promoting the deposition of the TiO, shells. The interior of
ZIF-8 and ZIF-67 crystals are known to be strongly
hydrophobic; however, their exterior surfaces are hydrophilic
due to the existence of terminal hydrophilic N—H functional
groups.”* We hypothesize that in aqueous ethanolic suspen-
sions these characteristics will favor the absorption of ethanol
molecules into the ZIF pores, while H,O molecules will
preferentially coat the outer hydrophilic surface of the ZIF
nanocrystals (Figure 5).** This would provide a high local
concentration of H,O, which may initiate hydrolysis of
Ti(OBu), on the surface of the ZIF crystals and generate
partially hydrolyzed oligomers. Subsequent production of TiO,
via a pathway involving further hydrolysis, oligomerization, and
condensation into TiO, would deliver a uniform titania shell
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Figure S. Schematic illustration of a plausible pathway to the ZIF-8@
TiO, composites. Terminal N—H functional groups on the crystal
surface attract water. The high local concentration of water initiates
Ti(OBu), hydrolysis titanium oligomers near the ZIF crystal surface. A
uniform layer of titania is subsequently deposited to give the ZIF@
TiO, core—shell composites.

that adheres to the crystal surface by Ti—O---H—N hydrogen
bonds.

The textural properties of the ZIF@TiO, composites and
hollow TiO, structures were assessed by N, adsorption
experiments at 77 K. Prior to analysis, freshly prepared samples
of the ZIF@TiO, composites and TiO,-only materials were
activated by heating under a dynamic vacuum at 80 °C for S h.
Isotherms of the hollow TiO, structures were typically found to
be type-II, which indicates a wide distribution of pore sizes.*>*
For those grown using a cubic ZIF-8 template, the gravimetric
adsorption capacity of the TiO, shells appears to correlate with
the thickness of the TiO, shell (Figures 6 and S61). Surface
areas of the TiO, materials calculated using the Brunauer—
Emmett—Teller (BET) model range from 660 to 702 m”> g~'
(Table 1). The BET surface areas of hollow TiO, structures
produced using polyhedral ZIF-8 nanocrystals are comparable
to their cubic counterparts (Table 1). In switching to ZIF-67
templates, the surface area of the TiO, structures increased to
~800 m” g~'. The TiO, spheres obtained in the absence of a
ZIF template were found to be considerably less porous that
the templated materials (Table 1).

The total pore volume of the amorphous TiO, hollow
structures, calculated from their N, adsorption isotherms, is
typically ~0.5 cm® g™ (Table S1). The pore size distributions
calculated using a density functional theory (DFT) method
(Figures 6 and S75) reveal a hierarchical pore structure with
void spaces in the micro-, meso-, and macropore ranges.
Annealing of the hollow TiO, materials has a marked effect on
their pore characteristics. Whereas hydrothermally annealed
anatase nanoshells have relatively high BET surface areas of
~200 m* g~' (Table S2, Figure S69), dry annealing leads
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Figure 6. (a) N, adsorption (filled symbols) and desorption (open
symbols) isotherms measured at 77 K. (b) Pore size distributions of
hollow titania structures calculated from the respective N, adsorption
isotherms using a DFT method.

reduction of the surface area to less than 100 m* g~ (Table
S2). A reduction in surface area upon annealing has previously
been observed for related materials.””** On the basis of the
calculated pore size distributions (Figures $77—S81), the loss
of accessible surface area can be mostly ascribed to the collapse
of the micropores.

The surface areas and pore volumes of the amorphous TiO,
materials prepared using ZIF templates reported herein are
among the highest for reported titania materials (Table
§3)871%27730.357394875% The surface areas of the anatase
phases an-TiO,_1 and an-TiO,_7 are comparable with the best
reported mesoporous anatase materials. However, we do note
that the surface areas of the crystalline materials presented here
may be inflated by residual amorphous titania that is hinted at
by PXRD (Figure S18). These titania nanoshells are thus
exciting candidates for applications as photocatalysts, catalyst
supports, adsorbents, and semiconductors.

Titania is commonly used as a catalyst support due to its
excellent chemical and thermal stability and its ability to
disperse catalytic nanoparticles and prevent their sintering.>®
Hollow titania structures have been employed in this role. For
example, nanoparticle-infused silica spheres, carbon spheres,
and polystyrene spheres have been employed as templates to
prepare Au@TiO, and Pt@TiO, c;lteil}rsts.56_58 We sought to
implement ZIF nanocrystals as soft templates to produce
related composites of hollow titania nanostructures and Pt
nanoparticles (PtNPs; Scheme 1). First, small ZIF-8 nano-
crystals infused with PtNPs were synthesized using a
straightforward method that simply involves adding a
dispersion of PtNPs to a typical ZIF-8 reaction mixture.
TEM images (Figure S48) indicate that the PtNPs tend to
localize near the surface of the ZIFs. Titania was deposited on
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Figure 7. (a) TEM image of the Pt@am-TiO, composite (the scale bar represents SO nm). The PtNPs are evident as small dark dots, and the titania
appear as hollow cubes. (b) UV—visible absorption spectra for the reduction of 4-nitrophenol using Pt@am-TiO, as a catalyst.

the surface of the Pt/ZIF-8 nanocrystals using the methodology
we had developed for the parent ZIF crystals (Figure S49) to
produce Pt/ZIF-8@TiO, core—shell structures. The ZIF could
be etched from the core of Pt/ZIF-8@TiO, to produce yolk—
shell Pt@TiO, composites. Importantly, this took place without
any aggregation of the PtNPs (Figure 7a). Inductively coupled
plasma mass spectrometry indicated that the composite is 2.4%
Pt by weight. The nitrogen adsorption isotherm of Pt@am-
TiO, demonstrates that the high porosity of the amorphous
titania support is also maintained (Figure S70) and leads to a
calculated BET surface area of 632 m* g™".

Pt@am-TiO, is an ideal catalyst since it features small
segregated PtNPs on a robust and porous titania support. The
reduction of 4-nitrophenol by sodium borohydride, which can
be conveniently monitored by UV—vis spectroscopy, was
performed to assess its catalytic performance’” The absorption
peak of 4-nitrophenol at 400 nm diminishes as the reaction
proceeds, and a new peak, corresponding to 4-aminophenol,
appears at 300 nm (Figure 7b). We found that the reduction
reaction does not proceed in absence of the Pt@TiO, catalyst
(Figure $86). TEM images of the Pt@am-TiO, catalyst isolated
after the catalysis reaction shows neither significant changes in
the morphology of the titania nanostructures nor the
aggregation state of the PtNPs (Figure S51).

Transition metal chalcogenides such as zinc sulfide and
cobalt sulfide are an important class of materials that have
applications as supercapacitors, lithium-ion batteries, solar cells,
sensing, and catalysis.”*"®> One approach to achieving
enhanced performance in these materials is to include them
as components of composite materials. For example, nano-
structured ZnS coupled with TiO,, synthesized by a dipping
method, exhibits excellent energy storage properties in dye-
sensitized solar cells;” and an electrochemically fabricated
TiO,/CoS, composite has been used in high-performance
supercapacitors.”” This inspired us to attempt the preparation
of TiO,—ZnS and TiO,—CoS, composite materials starting
from ZIF-8@TiO, and ZIF-67@TiO,. The requisite sulfur was
introduced by infiltrating the ZIF pores with thioacetamide
(step (d), Scheme 1). Subsequently, simple heating in ethanol/
water produced solid materials with a pale yellow (ZnS/TiO,)
or black (CoS,/TiO,) color (Figure S2). Crucially, these
composites maintained the hollow structure defined by the ZIF
template (Figures 8ab, S52, and S54). The metal sulfide
component appears to deposit on the titania support as small
particles. No large aggregates or clusters could be detected.
Consistent with earlier observations on titania-only materials,
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b

a

Figure 8. TEM images of (a) hollow amorphous ZnS/TiO,; (b)
hollow amorphous CoS,/TiO,; (c) hollow crystalline ZnS/TiO,; (d)
hollow crystalline CoS,/TiO,. Scale bars represent S0 nm (a, c) and
200 nm (b, d).

both the titania and metal sulfide components were amorphous
at this point (Figure S21) and highly porous. The calculated
BET surface areas of 283 and 224 m* g~' (Figure S71) are
lower than the titania-only materials, which may indicate that
many of the titania pores become filled by the metal sulfide
component. Annealing of ZnS/TiO, and CoS,/TiO, into ZnS/
an-TiO, and CoS,/ an-TiO, by hydrothermal treatment at 180
°C produces materials that maintain their original color (Figure
S3) and nanostructural features (Figures 8c,d, S53, and SS5).
PXRD demonstrates that, as expected, the titania component is
transformed into anatase (Figures S22 and $23). The
amorphous ZnS$ crystallizes into zinc blende (Figure $22) in
ZnS/an-Ti0,, while the CoS, evolves into cattierite (CoS,),
which has a pyrite structure, in CoS,/an-TiO, (Figure S23).
The BET surface areas of ZnS/an-TiO, and CoS,/an-TiO, are
estimated from N, adsorption isotherms at 77 K to be 139 and
156 m* g~', respectively (Figure S72). Pore size distribution
plots derives from N, adsorption isotherms are presented in
Figures S82—S584.

DOI: 10.1021/acs.inorgchem.5b01352
Inorg. Chem. 2015, 54, 9483—-9490


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01352/suppl_file/ic5b01352_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.5b01352

Inorganic Chemistry

To prepare hollow nanostructured composites of titania and
zinc oxide or cobalt oxide we heated ZIF-8@TiO, cubes and
ZIF-67@TiO, polyhedra at 550 °C under air. We observed the
outer titania shell was maintained in both cases to produce
hollow nanostructures (Figures S4 and S56—S59). The heating
process transforms the ZIF into the corresponding metal oxide.
We observed a ZnO/anatase/rutile composite in the case of
ZIF-8@TiO, and a Co;0,/TiO, composite in the case of ZIF-
67@Ti0,, as evidenced by the PXRD patterns in Figures S24
and S25.

B CONCLUSION

In summary, we report a powerful method for the synthesis of
well-defined, hollow materials using ZIF crystals as sacrificial
templates. We have established a proof of principle by focusing
on TiO, structures, and demonstrated that the surface of ZIF
nanocrystals promotes the growth of a conformal titania
coating. The ZIF core can be completely and rapidly removed
without perturbing the integrity of the TiO, shells. The shape
and dimensions of the resultant hollow TiO, structures are
controlled by those of the sacrificial ZIF template to give rare
examples of cubic and polyhedral morphologies. These titania
materials exhibit exceptional textural properties. When ZIF-8
nanocrystals infused with platinum nanoparticles were
employed as a template, the Pt nanoparticles were successfully
encapsulated into the hollow titania cubes. The Pt@am-TiO,
composite obtained in this way are competent catalysts for
hydrogenation reactions. If the core of ZIF-titania core—shell
structures is thermolyzed rather than etched, new types of
hollow metal sulfide/titania and mixed metal oxide composite
nanostructures can be synthesized. The present strategy is
straightforward and scalable, and we expect that it will be
broadly applicable to the shape- and size-controlled fabrication
of hollow and porous morphologies of a wide array of other
materials.
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