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The control over structure and function in hierarchically multidimensional materials based on hollow
spheres, nanowires, nanorods, nanotubes, fibres, membranes or inverse opals with adjustable dimensions
has gained considerable attention due to their tremendous potential for a wide variety of applications.
Herein we describe convenient and efficient synthetic concepts for synthesis and processing of well-
defined polymer-templated inorganic materials with 0D, 1D, 2D and 3D nano- and microstructures. In
the first step, we describe universal methodologies for the controlled build-up of polymer-templated
non-functional inorganic structures by taking advantage of lower dimensional structures such as core—
shell particles or fibres. With this approach it is possible to obtain more sophisticated architectures such
as 3D ordered macroporous (3DOM) materials after applying different procedures for organization, e.g.
the powerful melt shear technique as well as novel double-templating strategies towards
multidimensional carbon architectures. To prove the feasibility of our protocols established herein we
have exemplarily applied these methods to the formation of functional inorganic high-temperature
materials, such as silicon carbide (B-SiC) and yttria-stabilized zirconia (YSZ). The general pathways for the

controlled build-up of nano- and micro-scaled structures based on polymer templates may thus provide
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Accepted 27th July 2014 a facile and versatile route to an even wider variety of organic/inorganic composite materials offering a

) wider range of future applications in the fields of catalysis, separation, sensors, optics, and biomedicine.
DOI: 10.1039/c4tc00633j Herein we show first examples of selected new material morphologies towards energy related issues,

www.rsc.org/MaterialsC namely Li-ion battery applications and heterogeneous catalysis (selective ethanol oxidation).

meaning that they can be triggered by an external stimulus.>”
From a materials point of view such multifunctional structures
can either be hybrid structures e.g. a doped solid inorganic
material or an organic/inorganic polymer containing different

1. Introduction

The concept of multifunctionality based on hierarchically
ordered materials is a general concept in nature which has

spurred intensive research among scientists over the last few
decades." Current effort in the fields of nanoscience and
nanotechnology for the development of multi-dimensional
materials featuring nano-scaled functionalities to mimic these
basic concepts from the artificial side is of growing interest.
Such structures are capable of providing different responses, i.e.
optical, electrical, magnetic, and chemical, on demand,
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structurally diverse components which are intimately con-
nected to each other. On the other hand and in contrast to
those, in a composite structure organic, biological and/or
different inorganic materials are composed together without
intimate covalent binding between these individual
components.

The fabrication of hierarchically structured mesoporous
materials by synthesis and combination of e.g. hollow spheres,
nanowires, nanorods, nanotubes, fibres, membranes or 3D
ordered macroporous (3DOM) materials such as inverse opals
with adjustable dimensions has gained considerable attention
due to their tremendous potential for various applications. Such
materials and combinations thereof are highly promising
candidates in the fields of catalysis, separation, sensors, optics,
and biomedicine.”® As a feasible preparation route, different
templating strategies have been applied for controlling the
shape and size of the final materials after removal of the
template structure.’"” Especially hard templating is a versatile
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technique for the formation of hollow micro- and nano-
structures.'® Furthermore, coating strategies have been exten-
sively studied to further modify the template surfaces for
introducing additional functionalities or for enhancing
mechanical properties, chemical robustness or biocompati-
bility.**** Besides these different possibilities of creating
defined material compositions using a templating approach,
the utilization of templates with different morphologies (0D,
1D, 2D or 3D) allows us to tailor the nano-, micro- and macro-
shape of the final material.

In this contribution different concepts for the synthesis of
well-defined polymer-templated inorganic structures with a
hierarchical nano/microstructure in different dimensions are
presented. Firstly, two templates of submicroscopic dimensions
are investigated for that purpose: polymer spheres (0D) and
polymer fibres (1D). We took advantage of 0D spheres which
were used to obtain internal architectures of 3D structures after
applying different techniques of particle organization. The
melt-shear technique will be in the focus to organize spherical
templates. Furthermore, a general method for fibre coating and
casting is applied forming porous layers or films (2D) after
thermal treatment. The described general approaches for the
preparation of well-defined non-functional silica and polymer
templates are extended towards 0D, 1D, 2D and 3D carbon
structures using novel double-templating approaches, and they
are furthermore utilized in order to obtain functional inorganic
materials, e.g. silicon carbide (B-SiC) and yttria-stabilized
zirconia (YSZ). Both materials are accessible in a straightfor-
ward manner as ceramic membranes in macroscopic size. We
have thus proven a general concept for the formation of struc-
tured organic/inorganic hybrid, pure carbon and highly func-
tional inorganic materials with defined morphological
hierarchy spanning a wider range of compositions. While the
main purpose of this work is to illustrate the diversity of poly-
mer-templated inorganic structures as a universal structure-
building platform, we furthermore report on the potential of the
materials described herein for energy related issues like
heterogeneous catalysis (selective ethanol oxidation) and Li-ion
batteries. For our approach presented herein, we envisage the
future potential of these synthetic and technological method-
ologies to be adaptable to a variety of other functional materials
which extends the diversity of synthetic pathways towards
hierarchically structured materials in which their physical
dimensions can be precisely controlled and well-defined
samples can be tailored for respective advanced applications.

2. Experimental section
2.1 Materials and methods

Styrene, polystyrene (PS) 143 E and Disponil FES 27A were
purchased from BASF SE, polymethyl methacrylate (PMMA) 7 N
and methyl methacrylate (MMA) were obtained from Evonik
Rohm GmbH and Dowfax 2A1 was obtained from Dow Chem-
icals. All other chemicals were purchased from Fluka, ABCR,
Acros, VWR and Sigma Aldrich and used as received unless
further mentioned. Prior to use in emulsion polymerisation
protocols, stabilizers hydroquinone monomethylether and
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4-tert-butylcatechol were removed from the monomers as
follows. MMA was extracted with 1 mol L™ sodium hydroxide
solution in water, washed with water until it became neutral
followed by drying with sodium sulfate. Styrene and acryloni-
trile were distilled under reduced pressure. Allyl methacrylate
(ALMA) was destabilized using the ion exchanger De-Hibit 200
(PolySciences Europe GmbH, Eppelheim).

For electrospinning experiments a custom-built electro-
spinning setup consisting of three main components was used:
a high voltage power supply, a system of a polymer syringe
(5 mL) equipped with a stainless steel needle (0.8 x 40 mm) and
an inserted copper electrode, representing the first electrode,
and a vertically arranged stainless steel counter electrode (d = 5
cm), which serves as a substrate for the collection of the
fibres.?>??

Scanning electron microscopy (SEM) was performed on a
Philips XL30 FEG at an operating voltage of 5-25 kV. For
studying the elemental composition, energy dispersive X-ray
spectroscopy (EDX) with an EDX detector Apollo 40 SDD from
EDAX was performed. Transmission electron microscopy (TEM)
was performed on a Zeiss EM10 with an operating voltage of
60 kV. For high resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) a FEI
Technai F20 with an operating voltage of 200 kv was used.

2.2 Synthesis of microscopic PS spheres

Monodisperse PS spheres are synthesized by emulsifier-free
emulsion polymerisation according to the literature.”* Under
argon, a 1 L flask equipped with a stirrer and a reflux condenser
is filled with 670 g deionized water at 75 °C and stirred at
300 rpm. After 60 min, the polymerisation is started by adding
75 g styrene and 0.5 g sodium peroxodisulfate (SPS). After 12 h,
the polymerisation is completed. The synthesis yields mono-
disperse PS spheres with an average diameter of 790 (+£12) nm
as determined by TEM measurements.

The resulting PS spheres are enlarged in a subsequent
swelling polymerisation step similar to a process described in
the literature.” Under argon, a 1 L flask equipped with a stirrer
and a reflux condenser is filled with 483.1 g of seed latex and
stirred at 200 rpm. After 30 min a monomer emulsion consist-
ing of 216.6 g water, 0.65 g Disponil FES 27A and 72.5 g styrene
is added and stirred for the swelling procedure at 200 rpm
under argon for 24 h. The mixture is then heated to 75 °C. After
45 min the polymerisation is initiated by continuous addition of
a solution of 0.36 g SPS in 35.9 g water over 5 h. After an addi-
tional 60 min, the product is cooled to room temperature. The
synthesis yields monodisperse PS spheres with an average
diameter of 975 (£10) nm as determined by TEM
measurements.

2.3 Synthesis of PMMA and PMMA/PSAN core-shell (CS)
spheres

Under argon, a 1 L flask equipped with a stirrer and a reflux
condenser is filled with a cold monomer emulsion consisting of
280 g deionized water, 0.40 g ALMA, 3.6 g MMA and 0.02 g
sodium dodecylsulfate (SDS) at 75 °C and stirred at 200 rpm.
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The polymerisation is initiated by adding 0.050 g sodium
bisulfite, 0.175 g SPS and 0.050 g sodium bisulfite in this
sequence. After 10 min, a monomer emulsion consisting of 7.0 g
ALMA, 70.0 g MMA, 0.23 g SDS, 0.22 g Dowfax 2A1, 0.4 g KOH
and 90 g water is added continuously over 2 h. After 30 min the
polymerisation is completed. The synthesis yields mono-
disperse PMMA spheres with an average diameter of 210 (£10)
nm as determined by TEM measurements.

The resulting PMMA spheres can subsequently be coated
with a PSAN shell. For initiating the shell growth polymerisa-
tion, 0.03 g SPS are added to the PMMA core latex under argon
at 75 °C and stirred at 200 rpm. After 15 min, a monomer
emulsion consisting of 36 g styrene, 84 g acrylonitrile, 0.4 g SDS,
0.44 g Triton X-405 and 120 g water is added continuously over 4
h. After an additional 60 min of stirring, the dispersion is cooled
to room temperature. The synthesis yields monodisperse
PMMA/PSAN CS spheres with an average diameter of 300 (+15)
nm as determined by TEM measurements.

2.4 Electrospinning of PS and PMMA fibres

Fibre fleeces of PMMA and PS are prepared by electrospinning
according to the literature using a custom-built system.>® The
fibres are electrospun from polymer solution, which is filled in
the syringe of the setup and afterwards a voltage in the range of
5-30 kV is applied. Simultaneously, the solvent evaporates and
the polymer fibres are deposited onto the counter electrode as
dense fibre fleeces consisting of randomly stacked polymer
fibres.

PMMA fibres are electrospun from a 15 wt% PMMA solution
in a mixture of acetone and dimethyl formamide (DMF) (60/40
w/w) at an electrode distance of 20 cm and a voltage of 30 kv.
After 20 min of spinning time dense fleeces of PMMA fibres with
an average fibre diameter of 790 (£240) nm as determined by
SEM measurements are obtained.

PS fibres are electrospun from 16 wt% PS solution in a
mixture of tetrahydrofuran (THF) and DMF (60/40 w/w) at an
electrode distance of 25 cm and a voltage of 30 kV. After 20 min
of spinning time, dense fleeces of PS fibres with an average
diameter of 2.4 (£1.0) um as determined by SEM measurements
are obtained.

2.5 Synthesis of PS/silica CS spheres, silica hollow spheres
and carbon hollow spheres

Monodisperse PS/silica CS spheres are prepared by a modified
Stober method from tetraethyl orthosilicate (TEOS) in ethanol.?”
In order to make the PS spheres capable for growth of a silica
shell, a plasma treatment process is used for functionalising the
sphere surface.”® After separation of the PS spheres from their
dispersion in water by centrifugation and subsequent drying at
50 °C, the spheres are transferred into a chamber of the plasma
generator (Model Pico, Diener Electronic). After evacuation of
the chamber to a residual pressure of 0.3 mbar, the samples are
repeatedly treated with oxygen plasma generated at 20 W for 6 s.
After plasma treatment, the PS spheres (0.29 g) are dispersed in
a solution of 1.37 mL water, 1.5 mL ammonia (28-30 wt%
solution in water) and 1 mL TEOS in 32.1 mL ethanol for
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intended coating with a silica shell at room temperature over-
night. The synthesis yields PS/silica CS spheres with an average
diameter of 1095 (+15) nm and a shell thickness of 60 nm as
determined by TEM measurements.

For the preparation of silica hollow spheres, the ethanolic
dispersion of PS/silica CS spheres is dried at 60 °C in a vacuum
followed by thermal treatment in a furnace at 550 °C under air
for 2 h. By this procedure, a white powder of silica hollow
spheres with an average diameter of 1090 (+15) as determined
by TEM measurements is obtained.

For the preparation of carbon hollow spheres, the ethanolic
dispersion of PS/silica CS spheres is dried at 60 °C in a vacuum
followed by pyrolysis in a furnace at 750 °C under air for 2 h. The
resulting silica/carbon hybrid spheres are etched in HF (40 wt%
in water) for 3 days to remove the silica. By this method, a black
powder of carbon hollow spheres with an average diameter of
975 (£10 nm) and a shell thickness of 50 nm as determined by
TEM measurements is obtained.

2.6 Synthesis of PS/silica CS fibres and silica hollow fibres

Monodisperse PS/silica CS fibres are prepared by a modified
Stober method from TEOS in ethanol.*” In order to functionalize
the PS fibres for growth of a silica shell, analogous to the
previously described procedure for the particles, a plasma
treatment process is used for functionalising the fibre surface.
After drying the electrospun PS fibre fleece at 50 °C overnight,
the fleece is transferred into a chamber of the plasma generator
(Model Pico, Diener Electronic). After evacuating the chamber
to a residual pressure of 0.3 mbar, the samples are treated
several times with oxygen plasma generated at 20 W for 6 s. After
functionalization, the PS fibre fleece (0.05 g) is transferred to a
solution of 1.37 mL water, 1.5 mL ammonia (28-30 wt% solu-
tion in water) and 1 mL TEOS in 32.1 mL ethanol and the fibres
are coated with a shell of silica at room temperature overnight.
The synthesis yields a white fleece of PS/silica CS fibres with an
average diameter of 2.9 (£0.5) um and a shell thickness of 200
nm.

For the preparation of silica hollow fibres the PS/silica CS
fibre fleece is repeatedly washed with ethanol and dried at 50 °C
in an oven. The fibres were thermally treated in a furnace at
750 °C under air for 4 h. A white fleece of silica hollow fibres
with an average diameter of 1.9 (+0.5) um as determined by
SEM measurements is obtained.

2.7 Synthesis of silica and YSZ membrane with channel
pores

Membranes with channel pores are prepared by an endotem-
plating technique from electrospun PMMA fibre fleeces by
infiltration with sol-gel precursor solution. Therefore, a silica
sol is prepared consisting of 6 mL TEOS, 4 mL ethanol, 3 mL
water and 1 mL concentrated hydrochloric acid. After controlled
aging at room temperature for 10 min, the sol-gel precursor
solution is diluted with 14 mL ethanol and the sol is allowed to
infiltrate into the electrospun polymer-template fibre fleece
upon application by a spray-coating technique. The sol was
sprayed to the horizontally stored slides as a fine aerosol using

This journal is © The Royal Society of Chemistry 2014
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an airbrush gun (Agora-Tec GmbH, Schmalkalden). The
obtained PMMA/silica composite sample is dried for 1 h under
ambient conditions followed by heating in a furnace at 450 °C
over 1 h to remove the majority of the polymer template, fol-
lowed by final calcination at 450 °C under air for 4 h. A white
film of silica membrane featuring defined channel pores is
obtained.

By applying exactly the same protocols as previously
described, membranes with channel pores consisting of yttria-
stabilized zirconia (Y,03/ZrO,, YSZ) are produced by infiltration
with Y,03/ZrO, sol which is prepared according to the litera-
ture.” Therefore, an Y,03/ZrO, sol is prepared from 2.76 g
ZrOCl, x 8H,0, 0.58 g Y(NO;); x 5H,0 (Zr/Y 0.84/0.16 mol
mol ™), 0.75 g glycine, 10 mL water and 20 mL ethylene glycol.
After controlled aging at 80 °C for 1 h, the sol-gel precursor
solution is heated to 100 °C followed by cooling to room
temperature. The sol is then allowed to infiltrate into the elec-
trospun polymer-template fibre fleece upon application of a
spray-coating technique. The obtained PMMA/YSZ composite
sample is dried for 48 h at 50 °C under ambient conditions,
heated in a furnace to 600 °C over 1 h in order to remove the
majority of the polymer template, followed by final calcination
at 600 °C for 4 h under air. A white film of YSZ membrane
featuring channel pores is obtained.

2.8 Synthesis of carbon and SiC membrane with tubular
structured pores

Membranes of carbon and SiC with tubular structured pores are
prepared by a chemical vapour deposition (CVD) process from
the silica membrane with channel pores. The as-synthesized
silica membrane is placed in a CVD system and heated to 700 °C
in a vacuum by induction heating using an electrical coil.
Afterwards, propene is introduced for 15 min and carbon is
deposited at the surface of the membrane and the pores by
thermal decomposition of the carbon precursor at 700 °C.

For the preparation of the carbon membrane featuring
tubular structured pores, the resulting silica/carbon composite
is etched in HF (40 wt% in water) for 3 days in order to
completely remove the silica template. For final graphitization,
the membrane is washed several times with ethanol, dried at
50 °C, and thermally treated at 1600 °C in a vacuum for 45 min.
A black monolith of carbon membrane with hollow carbon
fibres with an average diameter of 510 (+190) nm as determined
by SEM measurements is obtained.

For the preparation of the SiC membrane featuring tubular
structured pores, the silica/carbon composite is heated to
1600 °C in a vacuum, and allowed to react for 45 min yielding
SiC. A greyish monolith of SiC membrane consisting of SiC
tubes with an average diameter of 455 (+107) nm as determined
by SEM measurements is obtained.

2.9 Preparation of PMMA colloidal crystal and silica 3DOM
structure

A PMMA-based colloidal crystal is prepared from monodisperse
PMMA spheres with an average diameter of 210 nm by vertical

This journal is © The Royal Society of Chemistry 2014
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deposition on a glass slide similar to a process described in the
literature.*

Therefore, the glass substrates are deposited vertically in a
beaker containing PMMA-particle dispersion (0.2 wt% in water).
The solvent is allowed to evaporate slowly at a temperature of
50 °C over a period of 3-5 days while the samples are placed in a
slight air stream. A porous colloidal crystal of PMMA spheres
with a thickness of 10 um showing a strong yellow reflection
color is obtained.

For the preparation of a 3D ordered macroporous (3DOM)
silica structure, the interstices are filled by an endotemplating
technique by infiltration with a silica sol-gel precursor solution.
The silica sol is prepared by mixing 6 mL TEOS, 4 mL ethanol, 3
mL water and 1 mL concentrated hydrochloric acid. After
controlled aging at room temperature for 10 min, the sol-gel
precursor solution is diluted with 14 mL ethanol and the sol is
allowed to infiltrate into the polymer-template colloidal crystal
upon application by a spray-coating technique. The obtained
PMMA/silica composite sample is dried for 1 h under ambient
conditions, heated in a furnace over 1 h to 450 °C in order to
remove the majority of the polymer template, followed by final
calcination at 450 °C for 4 h under air. A silica 3DOM structure
revealing a strong blue reflection color is obtained.

2.10 Preparation of PMMA/PSAN colloidal crystal and
carbon 3DOM structure

A PMMA/PSAN-based colloidal crystal is prepared from PMMA/
PSAN CS spheres featuring an average diameter of 300 nm by
using a melt-shear technique.**~* In order to prepare a compact
colloidal crystal, the sphere dispersion is dried at 40 °C under
ambient air for several days. After drying, 5 g of the polymer
powder is heated to 180 °C between the plates of a Collin 300E
laboratory press, which are covered with PET foil. Then, melt
flow is induced with a pressure of 250 bar. The melt is not
confined in a cavity but it is allowed to flow freely sideways. After
3 min, the film is allowed to cool to room temperature. A
compact colloidal crystal film of PMMA spheres embedded in a
PSAN matrix revealing a yellow reflection color is obtained.
Film disks typically have 150-250 pum thickness and a diameter
of 12 cm.

For the preparation of a 3DOM carbon structure, the PMMA/
PSAN colloidal crystal is slowly heated to 400 °C over 1 h in order
to remove the majority of the PMMA cores and to further cross-
link the PSAN matrix, followed by final carbonization at 400 °C
for 4 h under air. A black monolith of 3DOM carbon is obtained.

2.11 Synthesis of electrochemically active LiCoO,

100 mg of bis(n-1,5-cyclooctadiene)cobalt lithium is decom-
posed in a ceramic boat at 500 °C under argon (Ar flow: 200
scem) for 1 h and finally oxidized by passing air for 1 h at the
same temperature. This results in the formation of a black
colored LiCoO,. The obtained material is characterized by XRD
and is identical to that previously described.***

J. Mater. Chem. C, 2014, 2, 7960-7975 | 7963


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4tc00633j

Open Access Article. Published on 30 July 2014. Downloaded on 6/14/2026 5:46:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

2.12 Electrochemical measurements

Electrochemical studies were carried out with a multichannel
potentiostat VMP3 (Bio-Logic, France). Swagelok-type cells were
assembled in an argon-filled dry box. The cathodes were
prepared by mixing LiCoO, with hollow carbon spheres with an
average diameter of 975 nm and PVDF binder (ratio 80 wt%,
10 wt%, 10 wt%) respectively and were intimately mixed and
ground in a mortar with N-methyl pyrrolidone (NMP, Sigma-
Aldrich) as a solvent. The resulting mixture was deposited onto
an Al-foil (13 mm in diameter) and dried at 120 °C under
vacuum for ~12 h. The electrodes contained about 3 mg of
active compound. Lithium metal was used as an anode and the
electrolyte was 1 M LiPFs in ethylene carbonate-dimethyl
carbonate (EC-DMC = 1/1 v/v). Glass microfibre separator
(Whatman GF/A) was used between the anode and the cathode.
The cathode is galvanostatically cycled between 2.5 and 4.2 V.

2.13 Cu@SiO, catalyst preparation

A silica-supported copper catalyst (Cu@SiO,) with a loading of 5
wt% Cu is prepared by impregnating 200 mg of dry silica
membrane containing channel pores with 0.24 mL of an
aqueous solution of Cu(NO3), (0.66 mol L™ ') using a rotating
pelletizing plate. After drying at 70 °C in a vacuum for 6 h, the
catalyst is subsequently calcined in a quartz tube under O,
(21 vol%, argon carrier gas) at 400 °C for 6 h followed by final
reduction under H, (10 vol%, argon carrier gas) at 360 °C for 5 h.

2.14 Catalytic measurements

The catalytic apparatus used consisted of three main parts: the
gas dosing unit, the plug flow reactor and the connected online
analytical unit. The gas dosing was performed using mass-flow
controllers (Bronkhorst) and two stage gas saturators which
enabled the enrichment of ethanol in the carrier gas flow.
Partial oxidation of ethanol was performed in a plug flow
reactor containing 10 mg of Cu@SiO, catalyst in the tempera-
ture range between 130 °C and 500 °C. Calibration measure-
ments were done before the catalytic reaction took place and are
described elsewhere.*® Online analysis of the gaseous compo-
nents at the reactor outlet was done with a quadrupole mass
spectrometer (Inprocess Instruments, GAM 400). In order to
obtain the startup phase of the catalyst prior to the temperature
programmed (TP) reaction a reduction with H, (6 vol%, argon
carrier gas) at 400 °C was carried out. After the isothermal
reduction the temperature was cooled to 140 °C and the TP
experiments were carried out (6 vol% of ethanol and 3 vol% of
0,, argon carrier gas, catalyst heating up to 500 °C at a heating
rate of 10 K min~"). This procedure was performed overall three
times (see Fig. S1t) to achieve steady state conditions and to
stabilize the catalytic system, viz. activity and selectivity of
ethanol to acetaldehyde.

3. Results and discussion

The following chapter is divided into different sections intro-
ducing the universal methodologies for the generation of hier-
archical microstructures. First, the basic synthesis technologies
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for uniform particles and fibres as well as state of the art
template strategies are briefly discussed followed by intro-
ducing novel convenient polymer template-directed strategies
and double-template approaches towards multidimensional
micro-structured materials. After a more general section for the
preparation of all the structures described herein, methods are
applied to non-functional silica materials, which are further-
more used as templates for the preparation of carbon materials,
such as hollow spheres and hollow fibres. In order to demon-
strate the general applicability of the described template
synthesis protocols, they are exemplarily transferred to other
application oriented high-performance ceramics. Beyond these
general synthesis protocols towards multidimensional archi-
tectures, the functional properties of the newly prepared
carbon/silica materials with respect to energy related issues are
presented (catalysis, Li-ion batteries).

3.1 Microstructures derived from polymer spheres and
fibres

Monodisperse polymer-based colloidal spheres are prepared by
emulsion polymerisation of organic monomers in water. By this
common method monodisperse submicroscopic spheres of
adjustable sizes are formed. The key issue for monodispersity of
corresponding spheres can be summarized by a fast nucleation
stage, followed by a long stage of particle growth. This period
can be prolonged by continuous addition of an organic mono-
mer. In general, this convenient technique is capable of forming
particles with adjustable average diameters of 50-800 nm. By
applying sequenced emulsion polymerisation protocols, multi-
phase structures can be prepared as well. If different monomers
are sequentially polymerised in the same polymerisation
system, the prevailing intolerance of the polymers leads to self-
assembly: micro-phase-separated structures with fascinating
internal architectures are formed. Within this contribution,
particularly the core-shell (CS) architecture is of special
interest. Here, a core of the first polymer is covered with a shell
of the second polymer. By combination of emulsion polymeri-
sation protocols and well-established sol-gel processes,
organic/inorganic hybrid CS-spheres can be obtained. There-
fore, polymer core particles are prepared by emulsion poly-
merisation and transferred to the sol-gel precursor solution, in
which monodisperse particles are functionalized with an inor-
ganic shell. In order to obtain 0D architectures, polymeric core
spheres serve as templates for the inorganic precursor deposi-
tion. The resulting hybrid CS spheres can be converted into
inorganic hollow sphere architectures simply by full thermal
degradation of the polymer or by dissolution of the organic
polymer core. This templating process is well-established and
has already been applied for a variety of inorganic hollow
spheres, e.g. SiO,, TiO, and ZnO.>"*°

Due to the pristine polymer sphere structure, also more
complex inorganic architectures are accessible. Monodisperse
spheres feature the intrinsic capability to self-assemble into
colloidal crystalline structures. Such colloidal crystals are 3D
close-packed structures with a long-range order. Different
routes for colloidal crystallization can be applied. Within this
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study, two of them were used: for porous colloidal crystals a
rather simple drying process from dispersions of hard spheres
is widely used. By this method of controlled drying, colloidal
crystals of particle dispersions on flat substrates can be created.
The hydrodynamic pressure during drying and the capillary
forces of volatilizing dispersion medium provides controlled
colloidal crystallization. Colvin et al. developed the method of
vertical deposition,*® wherein the solvent of a colloidal disper-
sion is slowly evaporated inside a narrow vessel. Inside the
vessel, a glass substrate is vertically deposited allowing the
spheres to crystallize successively onto the substrate. With this
technique, colloidal crystal areas of 1 cm” size consisting of
about 50 particle layers can be easily produced. However,
problems occur by this method as prepared colloidal crystals
are inherently porous and full of cracks. Such structures can be
considered as multi-crystalline as they are neither compact nor
mono-crystalline. A significantly improved method yielding
porous 3D structures, which can be converted into compact 3D
structures, is known as colloidal crystal templating. The basic
concept of colloidal crystal templating is rather simple: the
interstitial spaces of the air-filled colloidal crystals of spheres
are infiltrated with a fluid precursor for the target material. This
approach can be applied to, e.g., sol-gel solution, salt solution,
CVD and electrochemical precursors. After template removal by
calcination in the presence of oxygen, a porous inverse replica is
obtained. The final inverse colloidal crystalline structure is
referred to as a 3D ordered macroporous (3DOM) material.
Recently, Aizenberg et al. developed an elegant method of
vertical deposition enabling the generation of compact
composite colloidal crystals via co-assembly of polymeric
colloidal spheres and a silica sol-gel precursor solution.*“**
This route avoids the subsequent infiltration step and the
accompanied cracking of the crystal structure. Subsequent
removal of the colloidal crystal template by thermal decompo-
sition generates mechanically stable 3DOM silica with minor
defects and large crystal domains on the centimetre length
scale.

The organization of suspended colloidal organic spheres
under shear fields has attracted significant attention. Mono-
disperse particles arrange themselves in laminar flow fields: at
low volume fractions strings were obtained while with high
volume fractions stacked close-packed planes are accessible.
Furthermore, such almost perfect structures can be produced in
the flow fields of confined melts. The promising melt-shear
organization technology, for which CS particles consisting of a
rigid core and a surface-anchored meltable shell are essential,
was developed over the last decade.?****~** In contrast to other
methods of colloidal organization, self-supporting and crack-
free films on the multi-metre scale can be produced. The melt-
shear technique combines extrusion, rolling with subsequent
edge-induced rotational shearing.***” CS spheres are heated
between the plates of a press until a paste with high viscosity is
achieved. Then, the molten mass is compressed with a constant
force. During the uniaxial compression at elevated temperature,
the molten mass flows radially and the cores arrange them-
selves in the flowing melt into stacked hexagonal layers result-
ing in a precise fcc arrangement of hard cores embedded in a
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matrix. The advantages of the melt-shear process can be high-
lighted as follows: first, the shear force generates a long-range
order on a large scale and hence self-supporting crack-free
colloidal crystal films, second, macroscopically oriented crystal
monodomains emerge. With this fast and convenient method,
large-scalable colloidal crystal films can be produced in series
with thicknesses ranging from 0.1 to 1 mm. Films obtained are
freestanding or attached to various substrates. We here expand
this technique to hybrid particle architectures as feasible
precursors for functional inorganic materials.

In Fig. 1 possible architectures obtained from spherical
polymer templates are depicted. The pristine spheres (0D),
which are monodisperse with regard to their diameters, can be
converted (I) into CS particles. This process is known as exo-
templating. Afterwards they can be converted (II) into hollow
spheres. All spheres can self-assemble into colloidal crystals
(3D) with a face-centered cubic (fcc) lattice. These well-ordered
colloidal crystals come in two kinds: porous air-filled structures
and compact crystals. Porous 3D structures are formed by
controlled drying (III) of hard spheres. After crystallization the
particles lay very close with a small contact area surrounded by
air. Hence, colloidal crystals are highly porous and fragile,
almost like powders. On the other side, compact colloidal
crystals result from two other strategies: the porous structure
can be converted into a compact colloidal crystal by an infil-
tration step (IV), which includes sol-gel precursor treatment
and its solidification. This process is known as endotemplating.
In more detail, the compact colloidal crystal can be prepared by
melt-shearing from CS spheres consisting of a hard core and a
meltable shell (V). At the end of the process, the shell provides
the matrix between the embedded hard core particles. From

exotemplating

coatmq

— O

colloidal spheres core-sh hollow
m crystallization J template removal
@ N
\nﬁ]trat\om
1< J
porous colloidal crystal compact colloidal crystal 3DOM

endotemplating

Fig. 1 Scheme of the templating processes starting from mono-
disperse polymer spheres showing the individual topological trans-
formation steps: the initial polymer sphere template can either be
coated with a secondary material by step | creating a core—shell (CS)
structure and hollow spheres are formed upon step Il of template
removal (exotemplating) or the spheres can be crystallized into a
porous colloidal crystal by step Il which is infiltrated with a secondary
material by step IV to form a compact colloidal crystal followed by step
VI of template removal providing a final 3DOM structure (endotem-
plating). More directly compact colloidal crystals are formed from CS
spheres by step V of melt-crystallization where the shells provide a
matrix between the cores followed by the transformation into 3DOM
structure by step VI of template removal.
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these compact colloidal crystals 3DOM materials can be
prepared as well after template removal (VI).

Instead of spheres (0D), however, also fibres (1D) of submi-
croscopic diameters can be used as templates for the formation
of microstructures. Microfibres of this kind are usually
prepared by electrospinning, where polymer solutions or melts
are spun under high voltage.”* Precisely controllable spin
parameters provoke the targeted control to adjust the diameter,
morphology and thickness of the spun fibres. Meanwhile solid
fibres as well as tubes of various polymers are accessible by
electrospinning.*® By this method, fleeces of randomly depos-
ited stacked fibres can usually be produced that are feasible as a
template material. There exist various methods to convey
structures to these fibres and, however, the strategies are
similar to those used for the spheres. Especially the processes of
exo- and endotemplating can easily be transferred to fibres:
first, the fibres can be coated after transferring to a sol-gel
precursor solution (I in Fig. 2). When the native polymeric fibre
underneath the coating is removed, the coating is first solidified
and transferred into a green body and finally calcined which
removes the polymer template completely resulting in all inor-
ganic hollow fibres (II in Fig. 2). The described methodology
including fibre coating and template removal is known as the
tubes by fibre templates (TUFT) process and has been used for
the production of hollow fibres of different oxides, e.g. SiO,,
TiO, and CeO0,.**' In an alternative endo-templating process
the interstices of the fibres can be infiltrated e.g. by spray
coating with a precursor solution (III in Fig. 2). After solidifi-
cation and template removal, this procedure leads to products
with adjustable pore channels (IV in Fig. 2). The products
obtained after controlled heating and final calcination are
porous ceramic membranes. Similar approaches have already
been applied to cellulose fibre templates to fabricate porous
metal oxides after pyrolysis of the fibre template on heating,**
but to the best of our knowledge this method has not yet been
applied to electrospun fibre fleeces. This method comprises

exotemplating

coating

core-shell fibres  template

removal

polymer fibres n

L—
infiltration

endotemplating

composite

porous layer

Fig. 2 Scheme of the templating processes starting from polymer
fibres showing the individual topological transformation steps: the
initial polymer fibre template can either be coated with a secondary
material by step | creating core—shell (CS) fibres and hollow fibres are
formed upon step Il of template removal (exotemplating) or the
interstices of the fibres can be filled with a secondary material by step
Il of infiltration to form a composite structure followed by step VI of
template removal finally providing a porous ceramic material
(endotemplating).
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major advantages for electrospun polymer fibres: pore size and
thus the porosity of the resulting materials can be precisely
controlled by a suitable choice of the template material and the
deposition conditions already during the electrospinning
process.

The combination of the aforementioned methods is first
shown for silica structures which are subsequently transferred
to carbon materials using novel double-templating approaches.
As a proof of principle, we describe herein how chemically and
morphologically well-defined micro-structured polymer/inor-
ganic hybrid materials and therefrom multidimensional inor-
ganic materials with high potential as functional hybrid
materials and ceramics are accessible.

3.2 Spheres and hollow spheres (0D)

Utmost established studies deal with the synthesis of CS
spheres featuring a polymer-based core and a silica shell. In
particular, heterophase polymerisation techniques in combi-
nation with sol-gel processes have been found to be a feasible
method.*”*®* PS as an organic core material in PS/SiO, CS
particles can easily be removed by thermal treatment up to 550
°C or by dissolving the core material using an organic solvent to
yield hollow silica spheres.

For the preparation of hollow silica spheres described herein
according to strategies I and II (Fig. 1) a combination of emul-
sion polymerisation and a sol-gel process was used. For the
well-established Stober process, silicic esters were hydrolysed in
alcohols under base catalysis to form amorphous silica after
condensation reaction. Starting from monomers, the conden-
sation leads via branched oligomers and nanoseeds to nano-
spheres. Importantly, under suitable conditions for the Stober
process, nanospheres grow to monodisperse silica particles. In
order to functionalise further the polymer particles with silica, a
transfer of the polymer spheres from their aqueous dispersion
to the sol-gel precursor in water-alcohol solution is required.
Again, the presence of silica oligomers is crucial as these species
is first absorbed on the surface before a condensed silica
network is formed. Hence, a dense closed shell can be obtained
by growth of such seeds by adding a monomer and oligomer. A
major obstacle to this transfer is the rather high polarity of the
silica oligomers. As the oligomers are very polar due to the
silanol and deprotonated silanol groups they will not get
adsorbed onto the unpolar surface of the polymer spheres. To
overcome the problem of separated silica growth during the
Stober process, also referred to as the 2™¢ nucleation process,
the surface of the polymer template has to be tuned to match
the polarity of silica.

In order to produce a smooth silica shell and hollow silica
spheres, microscopic polystyrene (PS) particles were synthe-
sized as polymer templates. After subsequent functionalization,
the PS particles were further functionalised with silica shells
and converted into silica hollow spheres after removal of the
polymeric template by thermal treatment. Submicroscopic PS
spheres were accessible by emulsifier-free emulsion polymeri-
sation.** The synthesis yielded monodisperse 780 nm particles
that were subsequently enlarged in a second step of swelling by
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Fig.3 TEM images of (a) bare PS spheres, (b) ultrathin section of silica-
coated PS CS spheres, (c) silica hollow spheres after calcination at
550 °C (inset: photograph showing white powder of silica hollow
spheres), (d) silica/carbon hybrid spheres after calcination at 750 °C, (e)
carbon hollow spheres after etching with HF (inset: photograph
showing black powder of carbon hollow spheres) and (f) higher
magnification showing the shell thickness of carbon hollow spheres.

adding a monomer emulsion of styrene in water.”® After
complete monomer absorption, the swollen spheres were
polymerised at elevated temperature by the continuous addi-
tion of a radical initiator. As can be seen from Fig. 3a, the
synthesis yielded monodisperse spheres with an average
diameter of 975 nm. In order to compatibilize the polymer
particle surface for silica attachment and growth of silica shells,
PS particles were isolated by centrifugation and subsequently
hydrophilised by oxygen plasma treatment several times
according to the method of Kim et al.?® For introducing the
silica shell to the PS particles, particles were redispersed in
ethanol containing tetraethyl orthosilicate (TEOS), ammonia
and water for hydrolysis and condensation of the precursor.
After complete condensation of TEOS, the resulting CS structure
was characterized by using TEM of ultrathin sample sections.
The corresponding TEM images (Fig. 3b) prove the preparation
of the CS structure. Due to the cutting of the sample with a
diamond knife the structure is slightly distorted and the cor-
responding spheres appear deformed in TEM images.
Remarkably, the smooth silica shells of 60 nm thickness are
clearly visible out of these images after careful sample prepa-
ration (Fig. 3b). Hollow silica spheres could be obtained by
removing the PS template simply by heating. The hybrid PS/
silica particles were heated to 550 °C in the presence of oxygen.
As a result, the hollow silica spheres (Fig. 3c) retained their
integral structure after calcination due to the dense and smooth
silica shell. The EDX spectrum in Fig. S21 shows the peaks of
silica without further impurities. Obviously, heating to 550 °C is
sufficient to remove the PS cores and to prepare perfect silica
hollow spheres.

However, while heating the PS particles to 750 °C, a
carbonized residue remained and silica hollow spheres con-
taining pyrolysed carbon were formed (Fig. 3d). The pyrolysis of
PS has been studied in detail under a variety of reaction
conditions wherein particularly the influence of the
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temperature on the composition of the reaction products has
been observed.”® Based on these studies PS decomposes
according to the depolymerisation mechanism, whose main
product at temperatures below 550 °C is the styrene monomer,
dimer and trimer. At temperatures above 750 °C carbon is
formed by the incomplete combustion of the aromatic
compounds.® The temperature-dependent difference between
the complete pyrolysis of PS at lower temperatures and the
starting carbonization at higher temperatures was investigated
for the silica/carbon hollow spheres presented herein by using
TGA (Fig. S3 and S4t) and C/O elemental analysis (Table S57). A
comparison of TGA measurements in Fig. S3 and S47 as well as
results from C/O elemental analysis of the products in Table S5
demonstrates that below 750 °C PS was completely removed and
silica hollow spheres were formed, while heating above 750 °C,
a carbonized residue remained and silica/carbon hybrid
spheres were formed. The carbonization of PS inside the silica
thus led to novel products which were highly feasible: the silica
spheres could simply be etched with hydrofluoric acid in a
subsequent step yielding monodisperse hollow carbon micro-
spheres with a shell thickness of 50 nm (Fig. 3e and f). The EDX
spectrum of the corresponding calcined and etched particles
(Fig. S61) revealed that hollow spheres composed of pure
carbon were formed. The carbon produced by incomplete
pyrolysis of PS was deposited inside the silica shells forming a
uniform carbon layer. In this particular case, the silica shell now
serves as a template for carbon. Especially noticeable is the fact
that the spheres were still intact even after template removal.
Our novel double-templating approach presented herein
represents a unique and powerful method opening access to
even and uniform carbon hollow spheres starting from mono-
disperse PS spherical templates. The well-structured hybrid
materials were proven for feasible conversion through a
combination of carbonization and template removal into
carbon structure while maintaining its overall morphology. It
has already been shown that hollow carbons show promising
potential as electrode materials in lithium containing
batteries.>** Therefore we investigated the performance of the
hollow carbon spheres (Fig. 3e and f) as conductive fillers for Li-

cathode electrodes. For this we synthesized

purpose,

Fig. 4 (a) SEM image showing the electroactive LiCoO,/carbon
hollow sphere material used as a Li intercalation cathode material and
(b) TEM image of the nanocrystalline LiCoO, particles tethered onto
the spherical carbon sphere surface; the inset shows a HRTEM image
revealing the nanocrystalline nature of the LiCoO, particles.
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nanoscaled LiCoO, as an electroactive cathode material from
the single source precursor bis(n-1,5-cyclooctadiene)cobalt-
lithium by thermal decomposition and controlled calcination
as reported previously by us.** The obtained nanoscaled LiCoO,
was then intimately ground and mixed together with the hollow
carbon spheres (Fig. 3e and f) acting as a conducting material.
Fig. 4a shows a SEM image revealing the morphology of the
LiCoO,/hollow carbon sphere material. The composite material
consists of homogeneously intermixed components.

The TEM image in Fig. 4b shows the intimate attachment of
the LiCoO, nanoparticles on the carbon shell surface of the
hollow carbon particles providing an inherent and good elec-
trical contact between both components. The high-resolution
transmission electron microscopy (HRTEM) inset in Fig. 4b
proves the nanocrystalline nature of the deposited electroactive
LiCoO, material. As can be seen from Fig. 4b, the carbon
capsules provide a thick and dense continuous carbon wall
(about 50 nm) which allows for a high electrical conductivity.
Finally, an additional binder was added to ensure good long
term adhesion of the active materials in the assembled cell
setup (ratio: 80/10/10 w/w/w LiCoO,/carbon/binder). The elec-
trochemical cycling behavior (charging/discharging) is shown
in Fig. 5. The observed charge/discharge cycles of assembled
cells differed significantly if all composite cathode materials
were intimately ground before cell assembly or when assembled
without intense mixing and grinding before. This fact can be
attributed to a better contact of the active materials within the
final battery cathode. Devices with ground and without ground
material compositions however showed a comparable and quite
typical steep capacity loss during the first two cycles due to the
well-known formation of the solid electrode interface (SEI)
layer.

After the first two cycles the initial capacity of 70 mA h g™ *
decreases to about 55 mA h g~ after 20 cycles for the cathode
composed of the ground material and from 55 to 36 mA h g*
for the not ground LiCoO,/carbon shell cathode material.
Interestingly, the spherical carbon shell material showed the
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grounded C___ /LiCoO, cathode material
85 <phere 2
—— Qcharge,
—_— 80 T \ grounded Csphe'e/LiCoO2 cathode material
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Fig. 5 Charge and discharge capacity as a function of the cycle
number of LiCoO,/spherical carbon cathode material. The notation
“ground” denotes samples in which all cathode components were
intimately ground and mixed mechanically prior to electrochemical
cathode cell preparation. The notation "not ground” denotes samples
which are just mixed together without further grinding.
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same ability acting as a good conductive component as the
commercial Super P@Li from TIMCAL used in a previous study
with the same precursor under the same conditions.>*** The
overall capacity loss observed was 1.05 mA g~ ' per cycle (for
ground and not ground material) and thus it corresponds nicely
to values observed previously for the LiCoO, active material on
commercial TIMCAL.?**3*

It should be mentioned that previous studies focussed on
independent methods for the fabrication of spherical hollow
carbon precursors. From a synthetic point of view silica/polymer
particle endotemplating approaches are valuable methods for
this purpose.®®*® These techniques have proven that it is
possible to adjust the inner diameter, the shell thickness and
the morphology of such spherical hollow carbon spheres which
has allowed their application in gas-adsorption,” and
catalysis.®®

3.3 Fibres and hollow fibres (1D)

In the next step hollow silica fibres were prepared according to
strategies 1 and II (Fig. 2) analogous to the coating process
described above for PS particles. Therefore, microscopic PS
fibres were prepared by electrospinning.”* A SEM image of a
fleece of randomly stacked PS fibres, spun from PS solution in
THF/DMF, is shown in Fig. 6a. Thick fleeces of uniform PS
fibres with an average diameter of 2.4 um could be obtained.
The PS fibres were dried and subsequently hydrophilised in a rf-
oxygen plasma, in order to match the polarity of the Stober
silica, before the fibres were coated with a silica shell in the
Stober process (in the same way as for the polymer particles).

Fig. 6 SEM images of (a) bare PS fibres (inset: photograph of the
electrospun PS fibre fleece), (b) silica hollow fibres after calcination at
750 °C (inset: photograph of the silica hollow fibre fleece) and (c)
higher magnification showing the morphology of silica hollow fibres.
(d) HRTEM image showing the amorphous structure of silica walls.
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For this purpose the polymer fibres were incorporated into
ethanol in which the silica shell was condensed in situ to the
fibre surface from the TEOS precursor. In contrast to coating of
PS spheres a significant amount of free silica particles was
formed, so the fleeces had to be purified after silica deposition
by washing with ethanol. After drying, the PS/silica CS
composite fibres were slowly heated in the presence of oxygen in
order to complete the silica formation and to stabilize the
structure further. Simultaneously, the inorganic coating of the
composite material is transferred into a green body followed by
final calcination at 750 °C which removes the PS template
completely and results in the formation of hollow fibres
(Fig. 6b). A comparison of Fig. 6a and b demonstrates that the
fleece-like superstructure remained fully intact over all prepa-
ration steps, whereas a hollow fibre structure was generated on
the microscopic level. As can be seen from the SEM image
(Fig. 6c), the wall of the silica tubes with a thickness of
approximately 200 nm is composed of intimately nucleated
individual silica particles. The EDX spectrum in Fig. S71 proves
that silica was formed. The HRTEM image in Fig. 6d reveals that
the silica tubes are composed of amorphous silica.

It should be mentioned that our synthesis strategy described
herein is similar to the techniques previously reported but
together with the new results presented herein allows a most
current overview of techniques and methods of polymer tem-
plating strategies.*** Therefore, in the following section we will
introduce a novel double templating approach starting from
such electrospun fiber templates which will significantly widen
the scope of so far established protocols in order to obtain new
well-defined tubular-structured carbon-based membranes.

3.4 Porous layers with channel and tubular structured pores
(2D)

For the preparation of porous membranes featuring channel
and tubular structured pores according to strategies III and IV
(Fig. 2), fibre fleeces were infiltrated with a sol-gel precursor
solution for silica. As a template, fleeces of PMMA fibres were
used as PMMA completely depolymerises in air at temperatures
higher than 215 °C. Hence, PMMA is another suitable template
which can be removed completely under mild conditions. A
SEM image of a fleece of PMMA fibres, spun from PMMA
solution in acetone-DMF (Fig. 7a), revealed uniform fibres with
an average diameter of about 800 nm. Porous layers from these
fibre fleeces were prepared by infiltration via spray coating with
an ethanolic sol-gel precursor solution of TEOS containing a
small amount of hydrochloric acid. The precursor solution was
allowed to stand for 10 minutes in order to start the conden-
sation process prior to spraying this silica sol as an aerosol.
Obviously, the increasing degree of infiltration was evident in
the increase of transparency, which indicated that more and
more interstices between individual polymer fibres were filled
with the precursor solution. After drying, the infiltrated fibre
fleeces were slowly heated to 450 °C in air whereby the silica
precursor condensed completely forming a green body ceramic
and the PMMA template was burnt out resulting in the forma-
tion of a membrane like structure in which the formed dense

This journal is © The Royal Society of Chemistry 2014

View Article Online

Journal of Materials Chemistry C

Fig. 7 SEM images of (a) bare PMMA fibres (inset: photograph of the
electrospun PMMA fibre fleece), (b) cross-section of a negative silica
replica with channel pores after calcination at 450 °C (inset: photo-
graph of a porous silica replica layer) and (c) lower magnification
showing the thickness of the porous silica membrane. (d) HRTEM
image showing the amorphous structure of the silica matrix.

ceramic is randomly pervaded with pores. This material thus
represents a negative replica of the initial polymeric fibrous
morphology. Fig. 7b presents a SEM image of a silica membrane
with tubular structured pores with an average pore diameter of
600 nm. The SEM image in Fig. 7c proves the overall
morphology of a macroscopically sized porous membrane of
silica with a uniform thickness of 70 um. The obtained micro-
structure of the silica material is completely amorphous as
revealed by HRTEM (Fig. 7d) while the corresponding EDX
spectrum shown in Fig. S8t shows only signals for silicon and
oxygen. The overall templating process employed herein should

400+
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Fig. 8 Calcination and reduction profile for the generation of Cu
nanoparticles from the Cu(NOs), precursor on a microporous silica
membrane (Cu@sSiO,).
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certainly allow for a broader applicability while allowing us to
employ different inorganic sols in this process.

To prove the functionality of the porous silica membrane
obtained by the replicating process we first generated nano-
scaled Cu particles on the silica membrane by an impregnation/
calcination/reduction process using Cu(NOs), as a precursor
and subsequently employed this material (termed Cu@SiO,
hybrid material) in a catalytic reaction. Fig. 8 shows the
temperature vs. time profile for the silica-supported Cu catalyst
(Cu@siO,) generation from the precursor onto the silica
membrane.

Characterization of the obtained Cu@SiO, hybrid material
by XRD revealed the formation of nanoscaled Cu (see Fig. S97).
Besides metallic Cu no other copper containing phases are
present in the initial catalyst. Characterization by TEM (Fig. 9a
and b) reveals a homogeneous deposition of the Cu particles on
the porous silica. However, the metallic Cu particles show a
broad size distribution with particle diameters in the range
between 50 and 100 nm.

The Cu@SiO, system was then tested for its catalytic
performance in the partial oxidation of ethanol to acetaldehyde

(eqn (1)):

Fig. 9 TEM images of Cu nanoparticles on a microporous silica
membrane at (a) low and (b) higher magnification deposited by a three
step impregnation/calcination/reduction process using Cu(NOs), as a
precursor.

3rd cycle
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acetaldehyde

volume fraction [vol%]

300 400
temperature [°C]

200

Fig. 10 Volume fraction as a function of reaction temperature for the
third cycle of the TP partial oxidation reaction of ethanol on 10 mg of
pre-reduced Cu@SiO, catalyst (EtOH-O, = 2/1 mol/mol).
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Fig. 11 Selectivity of acetaldehyde (Sacn), conversion percentage of
ethanol (Xgwon) and yield of acetaldehyde (Yacn) as a function of
temperature for the TP-reaction of ethanol on 10 mg of pre-reduced
Cu@SiO; catalyst.

1 .
C:H;0H + 50, % CH,0+H0 (1)

Studies on the oxidation of methanol and ethanol on Cu(110)
showed that Cu(0) was especially active when it was partially
oxidized to a substoichiometric composition.*>*® Nanoscaled
Cu(1) and Cu(n) oxides were also active, when dispersed on ZnO
or MWCNTSs.*® The catalyst activity and selectivity of our
Cu@microporous silica membrane material towards different
products is given in Fig. 10. Fig. 11 shows the conversion rate,
selectivity and yield of the catalyst system with respect to acet-
aldehyde. Remarkably, in the temperature-programmed (TP)-
reaction experiment an abrupt increase in the catalyst activity is
observed at about 375 °C.

Indeed, for partial methanol oxidation it is well known that
such an enhanced catalyst activity coincidences with trans-
formation of the oxidic phase to the suboxidic/metallic phase as
observed by the O K- and Cu L3-NEXAFS spectra.®* Thus, it is
very reasonable to assume a similar phase change for the orig-
inated zerovalent Cu particles deposited on the porous silica
membranes (Cu@SiO, material). Indeed we have already shown
that pure Cu(0) species is not active towards oxidation of
ethanol.** However, in the presence of oxygen, Cu,O besides
Cu(0), which remains still present, is formed and presenting the
active catalyst.®®

We also studied the deposition of carbon within the pores of
the silica membranes via a chemical vapour deposition (CVD)
process to obtain porous carbon based membranes. Here the
porous silica serves as a template for carbon deposition. As a
precursor for carbon, propene was used which is decomposed at
elevated temperature. At 700 °C, the carbon was deposited from
the gas-phase covering the surface of the channels (Fig. 12b).
After carbon deposition, the silica matrix is etched with HF
completely leaving a dense fleece of hollow carbon fibres
(Fig. 12c). A comparison of Fig. 12a and c confirms that the
macroscopic structure of the porous silica layer as well as the
microscopic pore structure remained intact. It is well known
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Fig. 12 SEM images of the (a) silica membrane with channel pores
(inset: photograph of the silica membrane), (b) silica/carbon
composite after carbon deposition via CVD at 700 °C, (c) fleece of
carbon hollow fibres after etching with HF and subsequent graphiti-
zation at 1600 °C (inset: photograph of the carbon hollow fibre fleece)
and (d) lower magnification showing the thickness of the carbon
membrane with tubular structured pores. (e) TEM image of carbon
hollow fibres showing the wall thickness and (f) HRTEM image showing
the turbostratic multi-layered graphitic structure along the tube axis.

that carbon deposition from propene at 700 °C leads to low
graphitization. Therefore after removal of the silica template,
the as obtained porous carbon structure was subsequently
graphitized at 1600 °C to increase the degree of graphitization.
The corresponding EDX spectrum is shown in Fig. S107 which
only shows the signal for carbon. Fig. 12d shows a porous
carbon membrane with a uniform thickness of 70 um that is
composed of hollow carbon fibres. The TEM image of these
hollow carbon fibres revealed an average wall thickness of about
100 nm (Fig. 12e). The HRTEM image shows the turbostratic
multi-layered graphitic structure with its orientation along the
tube axis (Fig. 12f).

By the synthesis protocol described herein we were able to
produce well-defined carbon membranes containing tubular-
structured pores. This was achieved by starting from PMMA
fibre templates by applying a double-templating approach as a
structure-guiding platform. As a result, porous carbon was
formed featuring a fibrous superstructure. Based on their
unique microstructure we assume the great potential of the
carbon membranes prepared herein for future applications
such as e.g. gas sensors or water purification materials.

3.5 Colloidal crystals and 3DOM materials (3D)

Monodisperse spheres were assembled to form colloidal crys-
tals according to strategies III and V (Fig. 1), either by controlled
drying of their dispersion, which leads to porous colloidal
crystals, or by shearing their melt, which leads to compact
colloidal crystals. After infiltration of the porous structure with
fluidic sol-gel precursor solution according to strategy IV
(Fig. 1) and subsequent template removal of the corresponding
compact colloidal crystals, the structures were converted into
3DOM solids (VI in Fig. 1). All of these crystalline structures
feature Bragg reflection colours evidencing the homogeneous

This journal is © The Royal Society of Chemistry 2014

Fig. 13 (a) TEM image of bare PMMA spheres, (b) SEM image of PMMA
porous colloidal crystals showing the surface-parallel hexagonally
arranged (111) plane (inset: photograph of a PMMA colloidal crystal
showing strong yellow reflection color) and SEM image of the silica
inverted 3DOM structure after calcination at 450 °C (inset: photograph
of 3DOM silica showing strong blue reflection color). (d) TEM image of
PMMA/PSAN CS spheres, (e) SEM image of the compact colloidal
crystalline structure of PMMA/PSAN CS spheres showing the surface
parallel (111) plane of PMMA spheres embedded in the PSAN matrix
(inset: photograph of a PMMA/PSAN colloidal crystal revealing strong
yellow reflection color) and (f) SEM image of the cross-section of
carbon 3DOM structure after carbonization at 400 °C (inset photo-
graph of monolithic 3DOM carbon).

domain sizes. For this purpose, submicroscopic PMMA spheres
were synthesized by seeded and stepwise emulsion polymeri-
sation. Firstly, the core size was adjusted by using emulsion
polymerisation protocols to obtain PMMA particles of 210 nm
size which could be proven by TEM investigations (Fig. 13a).
Moreover, it was necessary to cross-link the PMMA particles
sufficiently by the addition of bifunctional allyl methacrylate
(ALMA) to keep their shape integer over all preparation steps.
These monodisperse PMMA particles were used to prepare
colloidal crystals by the method of vertical deposition (IV in
Fig. 1). A glass slide was therefore vertically immersed into the
diluted aqueous dispersion of the polymer particles. The
dispersion was then left to dry at 50 °C for several days and the
spheres deposited onto the slide accompanied by crystalliza-
tion. As can be seen from the SEM image (Fig. 13b), the spheres
crystallized very nicely and the fcc lattice was oriented such that
its hexagonal (111) plane covers the slide. By this method, layers
of about 50 planes were obtained, so the overall film thickness
was approximately 10 pm. Problems occur with these colloidal
crystals that they are inherently porous and full of cracks as
already mentioned above. However, optical properties were only
slightly affected by the cracks of the crystals, but the mechanical
stability was low due to the highly porous texture. Already slight
abrasion can destroy the structure. If taken with care, the PMMA
colloidal crystal structure can be infiltrated with a freshly
prepared silica sol-gel solution of ethanol, TEOS, HCl and water
which can be spray-cast into the structure. Similar to the
procedure described for the infiltration of PMMA fibres, the
increasing transparency of the structure was evident, which
again indicated that these were well wetted by the silica
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precursors. After drying, the structure was slowly heated to 450 °C
in air, whereby the silica precursor was condensed to provide a
stable matrix while simultaneously removing the PMMA spheres
yielding a so-called inverse colloidal crystal replica. This proce-
dure turned the porous colloidal crystal into a 3DOM silica
structure. As can be seen from the SEM image in Fig. 13c, the
local crystal structure of ordered air pores embedded in the silica
matrix is almost perfectly aligned and the inverted 3DOM struc-
ture reproduces the fcc lattice of the polymer template almost
completely. The corresponding EDX spectrum is presented in
Fig. S117 showing signals for silicon and oxygen. In each pore of
the structure, three connecting channels to the deeper pores can
be seen which are formed from the contact points of PMMA
spheres in the colloidal crystal template.

The vast majority of 3DOM structures were accessible by
multi-step processes, which involve (self)assembly of colloidal
spheres into colloidal crystals, followed by infiltration of the
structure with precursor solution and removing the colloidal
crystal template by dissolution or thermal decomposition. By
using this technique, various 3DOM structures have already
been fabricated, whose structural and compositional diversity
has recently been highlighted by Stein et al.*> Similar conformal
structures consisting of porous carbon can be obtained as a
result of colloidal crystal infiltration with different carbon
precursors and subsequent template removal.®*** 3DOM
carbons are promising candidates for various applications and
their potential in applications such as lithium-ion batteries,
catalysis and hydrogen storage has already been proven.*
However, the multi-step approach towards 3DOM carbons has
several drawbacks: small-sized, fragile and cracked carbon
structures often featuring an ill-defined composition were often
obtained, which greatly affects the materials properties and
hence limits their technological potential.

In our approach, compact, stable and monocrystalline
colloidal crystals were obtained by the method of melt-shear (V
in Fig. 1). This technique relies on the fact that monodisperse
particles always tend to crystallize under shear. This ordering
effect of shear is particularly strong in melts of core-shell (CS)
particles that are usually composed of a cross-linked, rigid PS
core and a surface-anchored meltable polyacrylate shell. For this
process, the cross-linked PMMA spheres depicted in Fig. 13a
were functionalized with a meltable shell, with the intrinsic
capability for subsequent carbonization. Concurrently, PMMA
can easily be removed to form a 3DOM carbon structure. The
main obstacle of the thermal degradation of the cores is that the
softening and flowing of the matrix must be prevented during
pyrolysis of the matrix to form a highly ordered 3DOM structure
of pyrolytic carbon. For the preparation of compact colloidal
crystals in the melt flow process, however, this is a basic
prerequisite. To overcome that problem, stabilization of the
structure was achieved by cross-linking the matrix during the
pyrolysis by using CS spheres with cores made of cross-linked
PMMA and shells made of styrene-acrylonitrile resin (PSAN)
with high acrylonitrile content. From polyacrylonitrile (PAN) it is
known that conjugated unsaturated carbon-rich polymers are
formed by intramolecular cross-linking during oxidative thermal
treatment at temperatures of 200-300 °C.°*%” Due to the stability
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of the pre-carbonized polymers, PAN can be completely
carbonized in the absence of oxygen by further heat treatment at
400-1200 °C, without the loss of the superstructure. This
advantage is used in industrial grade processes for the produc-
tion of high-quality carbon fibres and films. In addition, Tamai
et al. could already produce disordered carbon structures by
pyrolysis of PSAN spheres composed of a styrene-rich core and
acrylonitrile-rich shell.®® At temperatures between 400 and 1000
°C, the decomposition of PS, the cross-linking of PAN and
formation of carbon structures of the spheres took place.

CS spheres with cross-linked rigid cores and surface-
anchored PSAN shells were synthesized using semi-continuous
and stepwise emulsion polymerisation. As cores, the cross-
linked PMMA particles shown in Fig. 13a were used and acry-
lonitrile and styrene in a ratio of 70/30 (w/w) were continuously
added to obtain the matrix-forming meltable PSAN shell. The
outer shell was partially grafted to the cores due to the cross-
linking agent containing cores. Here, we took advantage of the
PSAN shell to generate compact colloidal crystals of PMMA
spheres embedded in a PSAN matrix with the intrinsic capa-
bility for subsequent carbonization reaction. This feature
enabled one to process the spheres at temperatures lower than
the ceiling temperature of the cores. The controlled build-up of
the CS spheres was verified by TEM investigations. Comparison
of TEM images of PMMA cores in Fig. 13a and PMMA/PSAN CS
spheres in Fig. 13d clearly shows that the particles were
enlarged from 210 to 300 nm. The growth of the spheres was in
excellent agreement with expectations proving that mono-
disperse CS spheres consisting of a PMMA core and a 45 nm
thick PSAN shell were formed. The shell consisted of PS;,AN-,
revealing a glass transition temperature of 120 °C. Hence, the
CS particles had the consistency of a hard solid at room
temperature enabling the material to flow in the press after
melting at 180 °C. For the melt-shear process the coagulated
and dried particles were melted and then forced in a press to
flow outwards between the plates, whereby they were strongly
sheared and crystallized nicely. This led to compact colloidal
crystal disks with a diameter of 12 cm revealing an excellent
monocrystal quality in which the fcc lattice is uniformly
oriented in the radial direction. The disks could be prepared
with 0.1-1 mm thickness, small or large, free or on substrates.
But nevertheless the PMMA cores were able to maintain their
shape during the melt-shear process. In this process, spheres
were continuously deposited forming arranged layers of the
(111) planes, parallelly aligned to the sample surface. The
precise arrangement of the surface parallel (111) planes could
be seen in SEM investigations of the corresponding film
samples (Fig. 13e). PMMA cores, precisely arranged in hexag-
onal layers of the (111) plane, embedded in the PSAN matrix are
evidenced. Although this film was prepared by melt-shear pro-
cessing at T = 180 °C, ie. above the glass transition of the
PMMA cores, particles have not been deformed. Thus obtained
highly ordered colloidal-crystalline structures could be stabi-
lized in a subsequent cross-linking and carbonization step,
leading to 3DOM carbon structures. The corresponding EDX
spectrum is shown in Fig. S121 which only shows the signal for
carbon. Fig. 13f shows the SEM image of the film after
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carbonization at 400 °C. In the areas in which PMMA particles
were placed, ordered air pores were visible after carbonization.
The colloidal crystalline superstructure of the PMMA-PSAN CS
particles could therefore be completely converted into porous
3DOM carbon in one simple step.

3.6 Micro-structured high temperature ceramics

The described template synthesis protocols, which have been
designed for silica and carbon structures, can even be trans-
ferred to other application oriented high-performance ceramics
which have potential e.g. as ion conducting or high-temperature
membranes. Yttria-stabilized zirconia (YSZ) is an interesting
candidate for a variety of applications in solid state ionics such
as oxygen sensors® or fuel cell membranes™ because it has the
ability to allow oxygen ions to move through the host structure
at high temperatures. This high ionic conductivity makes it one
of the most useful electro-ceramics. There is also growing
interest on high-performance silicon carbide ceramics which
are widely used in high-temperature/-voltage semiconductor
electronics because its high thermal conductivity, high elec-
trical breakdown strength and reasonably high -electron
mobility make it more promising than silicon for high-powered
devices requiring high-temperature operation.”

As a precursor for YSZ (ZrO,/Y,0;) with an exact composition
of (ZrOy)0.84/(YO1.5)0.16, ZrOCl, and Y(NO3); were used in an
appropriate stoichiometric ratio of 0.84/0.16 (mol/mol). The
thus prepared sol-gel precursor solution in ethylene glycol was

Fig. 14 SEM images of (a) the YSZ membrane after calcination at 600
°C showing the thickness of the porous layer (inset: photograph of the
YSZ membrane) and (b) higher magnification of the surface and cross-
section of the YSZ membrane with irregular channel pores repre-
senting a negative replica of the polymeric fibrous structure. (c)
HRTEM image showing the polycrystalline structure of the YSZ matrix
(inset: superimposed Moire pattern of overlaid crystallites) and (d)
SAED pattern of YSZ corresponding to the cubic ZrO, structure.
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sprayed as an aerosol onto a PMMA fibre mat. For removing
ethylene glycol the composite was dried for several days in an
oven at 50 °C before the obtained film was slowly heated to 600
°C in air to allow for formation of the green body ceramic which
is then converted to the final ceramic material. Fig. 14a presents
an SEM image of a porous YSZ membrane with a uniform
thickness of 70 um. As described before, the PMMA fleece
structure (Fig. 7a) was decomposed after final calcination
leaving a porous membrane with irregular pore channels rep-
resenting the negative replica of the polymeric fibrous structure
(Fig. 14b). The HRTEM image in Fig. 14c proves a polycrystalline
layer of YSZ and the EDX spectrum in Fig. S131 shows only a
very small remainder of carbon. The selected area electron
diffraction (SAED) pattern demonstrates the high crystallinity of
the obtained material (Fig. 14d). The YSZ phase corresponds to
the cubic ZrO, structure (Fm3m). The YSZ membrane is of
polycrystalline nature consisting of small crystallites with a
diameter of 5-10 nm.

In another example how those porous silica membranes
obtained by the template technique can be employed in a
unique manner we have studied a modified Acheson type
process for the synthesis of silicon carbide (eqn (2)):

8i0, + 3¢ —°C  sic + 2CO (2)

We employed the previously described silica/carbon
composite membrane (see Fig. 12b) and heated it under

Fig. 15 SEM images of (a) B-SiC membrane after thermal conversion
of the silica/carbon hybrid structure at 1600 °C showing the thickness
of the porous layer (inset: photograph of the SiC membrane) and (b)
higher magnification of the cross-section of the -SiC membrane with
tubular structured pores representing a negative replica of the channel
like pore system of the silica membrane. (c) TEM image of a SiC hollow
fibre showing the morphology and thickness of the B-SiC hollow fibre
walls and (d) HRTEM image revealing a crystalline B-SiC composition
of the tube walls.
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vacuum to 1600 °C. This results in formation of B-SiC, which is
the stable phase of SiC formed below 2000 °C,”” while keeping
the morphology of the material intact. Again a porous ceramic
with a thickness of 70 pm is formed (Fig. 15a) which is in
accordance with the thickness of the electrospun polymer fleece
used as a template. Fig. 15b shows a SEM image of the obtained
hollow SiC fibres after conversion in the Acheson type process. A
comparison of Fig. 12b and 15b demonstrates that the silica
matrix is completely degraded after the thermal conversion at
1600 °C. The fleece type structure containing a channel like pore
system composed of hollow fibres is retained. The TEM and
HRTEM images (Fig. 15¢ and d) prove the highly crystalline
nature of the SiC with a fibre diameter of around 500 nm and a
tube wall thickness of around 200 nm. The HRTEM image as
well as the EDX spectrum revealed a crystalline p-SiC compo-
sition of the tube walls (Fig. 15 and S14%). To summarize our
approach represents a unique method for obtaining porous,
macroscopically sized SiC membranes starting from a poly-
meric/inorganic hybrid material and converting that by a solid
state reaction into f-SiC while maintaining its overall
morphology.

4. Conclusions

In this contribution, we have presented efficient synthetic
concepts for the synthesis of well-defined polymer-templated
inorganic structures with a hierarchical 0D, 1D, 2D and 3D
nano/microstructure. Structures of lower dimensions such as
polymeric core-shell particles and fibres were incorporated and
arranged into hierarchical composite materials with 2D or 3D
architectures such as membranes, inorganic fibrous mats or
3DOM structures. This approach allows excellent control over
their chemical composition as well as structural integrity during
all processing steps. It has been proven that the explored
methodologies leading to the polymer-based template struc-
tures are of wider applicability and thus are highly feasible for
the formation of functional and multidimensional inorganic
structures. The synthetic strategies and protocols developed
herein have been exemplarily applied to the formation of
functional inorganic materials, such as silicon carbide (B-SiC)
and yttria-stabilized zirconia (YSZ), emphasizing indeed the
generality of the presented concepts. The general pathways for
the controlled build-up of nano- and micro-scaled structures
based on polymer templates may thus provide a facile and
versatile route to an even larger variety of organic/inorganic
materials offering a wide range of possible applications in the
fields of catalysis, separation, sensors, optics, and biomedicine.
Exemplarily we have shown the applicability of the newly
obtained materials in heterogeneous catalysis (partial ethanol
oxidation) and energy applications (Li-ion batteries).
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