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Herein, we aim to suggest an approach for the fabrication of nanoporous gyroid metal oxides with well-controlled tubular

thickness and composition as well as film thickness by templated atomic layer deposition (ALD). Dip-coating method is

used to prepare gyroid polystyrene-block-poly(L-lactide) (PS-PLLA) thin films with uniform film-thickness at micrometer

scale. Polymer with gyroid nanochannels can be obtained by hydrolysis of PLLA blocks in the PS-PLLA film, which served as

a template for ALD. Templated ALD is carried out to fabricate PS/ZnO gyroid nanohybrids. After removal of the PS matrix,

nanoporous gyroid ZnO can be obtained. Controlled diffusion length (i.e., film thickness) for the growth of the nanoporous

Zn0 can be attained by tuning the exposure time of precursor gas whereas controlled tubular thickness can be achieved

through the control of ALD cycles. Moreover, alternating reaction processes to introduce various precursor gases for

templated ALD were carried out for the formation of core-shell metal oxide alloys, e.g. Al,O3;@ZnO, demonstrating the

feasibility to create nanoporous gyroid networks with controlled composition. As a result, micrometer-thick nanoporous

gyroid alloys with large specific surface area and high porosity as well as superior mechanical properties can be

successfully fabricated.

Introduction

Nanoporous metal oxides, in particular with network textures,
have a wide variety of desiring and useful characteristics. Usually,
nanoporous metal oxides can be prepared by sintering of packed
nanoparticles at which between inter-particle gaps identify the pore
structure that resulting in a wide pore size distribution and ill-
defined pore morphology. To achieve well-defined pore texture,
nanoporous metal oxides can be fabricated by a surfactant-aided
sol-gel process (a soft-template approach), followed by removal of
the surfactant (i.e., the template materials); however, it is often
difficult to fabricate large-scale ordered structures, in particular in
the thin-film state, since the removal of the surfactant may result in
the imperfection of templated texture.! By contrast, a hard-
template approach is exploited by using a pre-made templates for
the syntheses of well-ordered nanoporous materials with extended
lateral ordering even after removal of the templates.z'5 For the use
of polymer templates, it is definitely advantageous to give well-
defined texture, particularly in the thin-film state, resulting from
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the simple processing of polymeric materials.®

In recent decades, self-assembly of block copolymers (BCPs)
has been broadly examined as a consequence of their capability to
self-assemble into a selection of ordered nanostructures through
microphase separation.7'10 By taking advantage of the molecular
engineering of synthetic BCPs, the self-assembled materials provide
promising characteristics for applications in nanomaterials. One
eminent approach is the fabrication of nanoporous templates using
the self-assembled block copolymers through removal of
constituted components in BCPs. With the degradable character of
BCPs, well-ordered nanoporous polymers can be prepared through
ozonolysis,n’12 uv degradation,13 or reactive ion etch. Polylactide-
containing BCPs (such as polystyrene-b-poly(D,L-lactide) (PS-PLA)™
and polystyrene-b-poly(L-lactide) (PS—PLLA)lG) are also highly suited
to serve the purpose through the simple hydrolytic treatment.
Around all of the nanostructures due to the BCP self-assembly, one
of the most attractive morphologies is double gyroid because of its
unique geometry with well-ordered network texture which can be
exploited for practical applications. The basic shape of the gyroid is
a three-fold junction of three arms, in which each arm is connected
to another set of three arms that are each themselves rotated to
form a 3D network.””*® For a double gyroid phase, it is composed of
a bicontinuous but independent, interpenetrating triply networks in
a three-dimensional space.lg'21 For a degradable block copolymers
with gyroid nanostructure, it is a perfect candidate to serve as a
template after the selective degeneration of minor phase to create
fully interconnected nanochannels for templated reactions, such as
sol-gel reaction,zz'24 electrochemical deposition,zs'30 electroless
plating,g’l'35 and atomic layer deposition (ALD),‘%’37 giving well-
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defined nanohybrids with accurately controlled structure. After

removal of the template, well-ordered nanoporous materials with
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Fig. 1 Schematic illustration for the fabrication of nanoporous
gyroid metal oxides and alloys from BCP template: (a) gyroid-
forming PS-PLLA film from dip coating; (b) nanoporous PS with
gyroid nanochannels; (c) tube thickness control through ALD
cycle control; (d) composition control through alternative ALD
processes.

network textures can be fabricated,5 giving a broad variety of
applications such as photonic crystals,ag‘39 catalysts,24 ceramic
membranes,25 and hybrid solar cells.”®

Note that templated electroless plating is practicable to
fabricate metal-based nanomaterials without applying the electric
field on reducing metal ions for electrochemical deposition. The
templated sol-gel reaction is a simple process to produce a variety
of because of the sophisticated
development in sol-gel sciences. However, it is challenging to
fabricate tubular and core-shell structures through templated
syntheses, in particular with controlled nanoscale dimension. In this
study, we aim to use hard templates derived from hydrolyzed
polylactide-containing BCPs with double gyroid texture to
demonstrate the feasibility in the fabrication of tubular and core-
shell structures through the control of ALD cycles and alternating
ALD processes, respectively. Consequently, nanoporous tubular ZnO
and core-shell metal oxide alloys, e.g. Al,O;@ZnO, are fabricated,
giving free-standing, nanoporous gyroid metal oxides with specific

ceramic  nanomaterials

functions for a broad range of appealing applications. Accordingly,
with the easy formation of polymer thin film, micrometer-thick
nanoporous gyroid alloys with high porosity and large specific
surface area as well as superior mechanical properties can be
successfully fabricated using self-assembled BCP as a template for
ALD reaction. Tubular hollow structures have a wide variety of
attractive and useful characteristics, in particular having a great
advantage of providing the high transparent property in the
photonic applications, and to enhance the air-material interfacial
area for providing the superior electrochemical performances as
%41 The core-shell nanostructure have received
increasing attention because of their tunable physical and chemical

electrode materials.
properties through controlling composition and relative sizes of

core and shell, giving promising applications in many research
42
areas.
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Fig. 1 illustrates the processes for the fabrication of well-
ordered nanoporous gyroid metal oxides from BCP templates.
A double gyroid structure, consisting of PLLA networks in a PS
matrix, can be formed after solvent-annealing thin film from
dip coating process (Fig. 1a). Subsequently, nanoporous gyroid
thin films with micrometer thickness can be obtained from the
self-assembly of PS-PLLA followed by the hydrolysis of PLLA
blocks (Fig. 1b). The nanoporous gyroid PS is used as a
template for ALD to fabricate gyroid nanohybrids with well-
defined PS/ZnO nanotubes and PS/Al,O;@ZnO (i.e., core-shell
metal oxide alloys in PS matrix). Controlled diffusion length
(i.e., film thickness) for the growth of the nanoporous ZnO can
be obtained by tuning the exposure time to precursor gas
whereas tube thickness control can be achieved through the
control of ALD cycle (Fig. 1c). Moreover, alternating reaction
processes to introduce various precursor gases for templated
ALD can be carried out for the formation of core-shell metal
oxide alloys, e.g. Al,O;@ZnO, demonstrating the feasibility to
fabricate nanoporous gyroid alloys with controlled
composition (Fig. 1d). After calcination to remove the PS
template, nanoporous gyroid metal oxide nanotubes and core-
shell metal oxide alloys with high porosity and large specific
surface area can be successfully fabricated. Because of the
intrinsic texture of gyroid with free-standing and self-
supporting characters, ZnO nanotubes with 3D network
texture, and the new-type structures with Al,O;@ZnO core-
shell metal oxide alloys are fabricated. The Al,O;@ZnO core-
shell metal oxide alloys are particularly interesting in the
designs of optical devices with high mechanical properties.

Experimental methods

Synthesis of PS-PLLA BCPs.

The PS-PLLA BCPs were prepared by sequential living
polymerization method using a double-headed initiator. Detailed
synthetic routes of the PS-PLLA preparation were described in our
previous reports.43 The number-average molecular weight and the
molecular weight distribution of the samples were determined by
GPC. The polydispersity index (D)) of PS-PLLA was determined by
GPC and the numbers of L-LA repeating units vs. styrene repeating
units were determined by 'H NMR analysis. The number-average
molecular weights of the PS, the PLLA, and the by, of the PS-PLLA
are 32000 g mol™, 22000 g mol™, and 1.21, respectively. The
volume fraction of PLLA, foa', is thus calculated as 0.36 by
assuming that the densities of PS and PLLA are 1.02 and 1.248 g
cm?, respectively.

Preparation of Thin Film.

Thin-film samples of the PS-PLLA were prepared by dip coating
from dichloromethane (CH,Cl,) at room temperature. PS-PLLA was
first dissolved in CH,Cl, at a concentration of 15 wt%. PS-PLLA thin
film was fabricated by a dip coating technique onto Si wafer
substrates. Thin film samples was then transferred in a vial (150 ml)
which is encased the 20 ml dichloromethane and sealed well having
punch holes for the evaporation of the solvent. In order to minimize
the formation of the defects and grain boundaries, the slow

This journal is © The Royal Society of Chemistry 20xx
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evaporation of the solvent was carried out. After two weeks for
drying, the PS-PLLA thin films can be obtained. The samples were

f D"

remove the residual solvent. For thin film formation, the well-
oriented microphase-separated nanostructures can be obtained. As
a result, the well oriented BCP nanostructures were achieved. It is
known that aliphatic polyesters can be hydrolytically degraded
because of the unstable character of the ester group. PS-PLLA
samples were placed in NaOH/MeOH solution for 5 days to degrade
PLLA blocks. After complete degradation of the PLLA, nanoporous
PS templates with gyroid-forming channels were rinsed by the
mixture of distilled water and methanol. Subsequently, samples
were dried under vacuum at room temperature for 24 h.

Fabrication Processes of Atomic Layer Deposition.

The ALD is a chemical vapor deposition (CVD) technique which
relies on surface self-limiting and alternative, and irreversible gas
phase to solid phase reaction of typically at least two compounds,
which are repeated in a cyclic procedure. One conventional ALD
cycle consists typically of four steps. The substrate usually
contaminates with hydroxyls group on the surface which can react
with the precursor. The first gas precursor inflows and reacts with
substrate surface, i.e. chemisorption reaction, for first reactant (e.g.
for ZnO compound usually is diethylzinc), followed by purge or
evacuation to remove the unreacted precursor and by-products;
second precursor is introduced into reactor and reacted with new

This journal is © The Royal Society of Chemistry 20xx
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further dried in vacuum oven for three days at 50 °C so as to
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Fig. 2 (a) TEM micrograph of the gyroid-forming PS-PLLA thin film with RuO, staining along the [111] projection. (b) TEM micrograph of
PS/Zn0O gyroid nanohybrids fabricated by 100 ALD cycles. (c) One-dimensional SAXS profiles of (c-1) gyroid-forming PS-PLLA thin film; (c-
2) nanoporous PS template after removal of minor PLLA blocks from the gyroid phase PS-PLLA; (c-3) PS/ZnO nanohybrids; (c-4)
nanoporous gyroid ZnO.

species, for second reactant (here is D. I. water), followed by purge
or evacuation to remove the excess precursor and gases.

In this study, to improve the 3D padding ratio of Al,O; and ZnO
compounds into nanoporous gyroid, a novel ALD process (US patent
8105922B2) was used instead of conventional method as described
as above. There is an additional process between each precursor
pulse and purge to interrupt the pumping and to extend the
immersion time of precursor. This immersion process, called “Stock”
time, was achieved by a very fast actuator installed between
pumping system and reaction chamber. This flow-rate interruption
type ALD not only raises the filling ratio of complex 3D structure but
also increases the crystallinity of compounds at very low reaction
temperature, which is highly suitable for polymer templates.44 The
reaction temperature was kept at 50 °C and used the same
temperature pure nitrogen gas (99.9999%) to purge the chamber
between two-chemisorption reactions and to pump down the base
pressure to 5x10° torr. The estimated growth rates from X-ray
reflectivity for Al,05 and ZnO layers are around 0.1 nm and 0.25 nm
per ALD cycle, respectively.

Characterization.

Small-angle X-ray scattering (SAXS) experiments were
conducted at the synchrotron X-ray beamline X27C at the National
Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan.

J. Name., 2013, 00, 1-3 | 3
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The wavelength of the X-ray beam was 0.155 nm. A MAR CCD X-ray
detector (MAR USA) was used to collect the two-dimensional (2D)

Journal of Materials Chemistry C

SAXS patterns. One-dimensional (1D) linear profile was obtained by
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profiles of the nanoporous ZnO with different conditions for thermal treatment: (b-1) without calcination (UV exposure); (b-2) ramped
from 25 to 450 °C at 10 °C min_l; held at 450 °C for 2 h, and then cooled from 450 to 25 °C at 10 °C min_l; (b-3) ramped from 25 to 450
°Cat1°C min_l; held at 450 °C for 2 h, and then cooled from 450 to 25 °C at 1 °C min™.

integration of the 2D pattern. The scattering angle of the SAXS
pattern was calibrated using silver behenate, with the first order
scattering vector g* (q* = 47\ sin ©, where 28 is the scattering
angle) being 1.076 nm™. Bright-field transmission electron
microscopy (TEM) images were obtained using the mass-thickness
contrast with a JEOL JEM-2100 LaBg transmission electron
microscope (at an accelerating voltage of 200 kV). Field-emission
scanning electron microscopy (FESEM) observations were
performed on a JEOL JSM- 6700F using accelerating voltages of 1.5-
3 keV. Before observations, the samples were sputter-coated with
2-3 nm of platinum to avoid the charge effect (the platinum coating
thickness was estimated from a calculated deposition rate and
experimental deposition time). To further confirm the structure of
the ordered bicontinuous ZnO, we collected the powder of
bicontinuous ZnO and performed a wide-angle X-ray diffraction
(WAXD) experiment. The crystal structure of the as-prepared
product was characterized by WAXD using a Rigaku Dmax 2200 X-
ray diffractometer with Cu Ko radiation (A = 0.1542 nm). The
scanning 26 angle ranged between 20° and 60° with step scanning
of 1°for 1s.

Results and discussion, Experimental

Fabrication of gyroid nanohybrids and ordered nanoporous ZnO.
Fig. 2(a) shows the TEM micrograph of PS-PLLA thin film after
solvent annealing at which the PS microdomain appears dark due to
the staining of RuO, whereas the PLLA frameworks appear bright.
The projection image suggests the formation results from a gyroid
phase with the projection along the [111] direction. Fig. S1 shows
the SEM image of the cross-section view of nanoporous PS template
from Fig. 2(a) after hydrolysis, revealing the formation of

4| J. Name., 2012, 00, 1-3

nanoporous 3 pm thin film with well-ordered pore texture. The
morphological results large-scale nanoporous
polymeric thin film with uniform thickness can be successfully
fabricated by dip-coating method followed by hydrolysis. The
channels open from the surface of the film, and further extend
through the entire film to the substrate (i.e., the through-pore
texture) giving open-cell character for pore-filling process. The

suggest that

forming gyroid phase is further confirmed by one-dimensional SAXS
results (Fig. 2(c-1)) at which the reflection peaks are found at the
relative g values of v6: v8: v/20: v/30: V42: v/62. From the primary
reflection, the inter-domain spacing (211); (i.e., d(211)s) was
determined to be approximately 40.7 nm. According to the result
(Fig. 2(c-2)), the reflections remain to suggest the retention of the
gyroid texture after hydrolysis. The inter-domain spacing of the PS
template was measured to be approximately 39.8 nm from the
primary reflection, giving that the system takes a 2.6% shrinkage of
its original size. Note that the discrepancy in the inter-domain
spacing is attributed to the cavitation effect, resulting from a
reduction in comparative dimension of the gyroid texture after
hydrolysis.24

It is noted that the selection of deposition temperature is
critical for a successful templated ALD. For the deposition of ZnO,
the temperature window is usually in the range of 80 to 150 °C to
acquire the formation of crystalline ZnO with wurtzite structure but
the PS template has a glass transition temperature of 90 °C. To
avoid the template deformation problem due to high-temperature
treatment, the deposition and reaction temperature was kept at 50
°C. A special thermal treatment was carried out by relatively slow
cooling and heating in calcination processes to acquire the
formation of wurtzite ZnO. Fig. 2(b) shows the TEM image of
PS/ZnO gyroid nanohybrids from templated ALD reaction. The [111]
projection image from TEM is an evidence for the formation of well-

This journal is © The Royal Society of Chemistry 20xx
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defined PS/ZnO gyroid nanohybrids. The reversed mass-thickness
contrast is attributed to the high atomic number of Zn that gives
significant contrast from the PS template, resulting from the
successful preservation of the gyroid texture after hydrolysis
followed by templated ALD. Fig. 2(c-3) shows the scattering results
from the nanohybrids at which the characteristic scattering profile
for a gyroid structure at the relative g values of
V2:4/6: V/8: /20: /30: v42: /62 can be found. Note that, in contrast
to the small bump in the low g region in Fig. 2(c-2), a new peak
attributed to /2 can be recognized. On the basis of our previous
studies, it suggested that the network shifting due to the removal of
the matrix, gives the reflections similar to a single gyroid phase with
a space group of 14,32 to give the appearance of the v2 peak.45 The
interdomain spacing can be calculated from the two characteristic
main peaks at a g value of V6 and /8, as constantly equivalent to
the results from the PS template which was determined
approximately 39.4 nm. Moreover, the different form factor and
electron density contrast of the ZnO microdomain might result in
the alteration in the g values. The texture information of the
nanoporous gyroid ZnO can be further analyzed by SAXS (Fig. 2(c-4));
the scattering peaks occurs at the relative g values of
V2:v/6: /8: /20: /30. Although the deformation and collapse of
the nanopores after calcination, resulting in the broadening of the
characteristic reflections at high g range, the long range order of
the ZnO metal oxide can be reasonably preserved as confirmed by
the SAXS results. Accordingly, free-standing, nanoporous gyroid ZnO
was successfully prepared, giving well-controlled ZnO with specific
surface area and high porosity.

Fig. 3(a) shows the FESEM micrograph of nanoporous gyroid
ZnO with well-defined, bi-continuous networks, reflecting the
successful removal of the PS template. Also, no cracks can be
observed, indicating that thermal expansion and cooling shrinking
of materials on templated morphology can be successfully
alleviated. As a result, free-standing, nanoporous gyroid-forming
ZnO with precisely controlled texture was successfully fabricated.
Fig. 3(b-1) shows the corresponding X-ray diffraction (XRD) pattern
of the nanoporous gyroid ZnO, reflecting that the forming ZnO after
the templated ALD followed by UV degeneration of PS is indeed in
an amorphous state. As a result, the PS/ZnO gyroid nanohybrids
were treated by calcined to degenerate the PS template and to
crystallize the ZnO for better performance. Systematic examination
of the crystallization behavior during calcination was conducted to
realize the feature for increasing the densification and
crystallinity.37’38 It is noted that crystallization of ZnO at high
temperature (above 450 °C) will cause the deformation and pores
collapse, especially in nanometer size. As a result, acquiring ZnO
with wurtzite phase at high crystallinity without damaging the
templated morphology requires dedicated calcination conditions,
such as the control of chronological heating stages and rates as well
as the corresponding calcination temperatures. To initiate the
degeneration of the template and the crystallization of ZnO with
wurtzite phase ZnO, it is necessary to treat the PS/ZnO nanohybrids
at temperature over 400 °C. Accordingly, to acquire nanoporous
gyroid ZnO with pure wurtzite phase, the PS/ZnO gyroid
nanohybrids was calcinated at 450 °C in the air. To obtain the
nanoporous gyroid ZnO with pure wurtzite phase in short time, the
calcination condition go through the following protocol in the air

This journal is © The Royal Society of Chemistry 20xx
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region: samples were fast heated from 25 to 450 °C at 10 °C min'l;
held at 450 °C for 2 h, and then fast cooled from 450 to 25 °C at 10
°C min, Fig. 3(b-2) shows the corresponding 1D XRD pattern of
prepared nanoporous ZnO, three diffraction peaks at 26 = 32.7°,
37.5° and 57.2° can be identified, indicating that the crystallinity is
indeed enhanced by such a protocol for thermal treatment.” Yet,
the fast heating and cooling will result in the distortion of the
templated morphology due to fast thermal expansion and cooling
shrinkage.46 To alleviate the possible distortion of crystallized
nanohybrids, the calcination was executed by comparatively slow
cooling and heating. A improved calcination condition was thus
suggested which was exposed in the air using the following
protocol: samples were slowly heated from 25 to 450°C at 1°C
minfl; maintained at 450°C for 2h, and then slowly cooled from 450
to 25°C at 1°C min™. Fig. 3(b-3) shows the XRD profile of the
nanoporous ZnO after the thermal treatment. All the diffractions
peaks can be calculated on the basis of the lattice constants of a
wurtzite phase at which a = b =3.2 A and ¢ = 5.2 A, JCPDS card no.
36-1451, corresponding to the reflections of (100), (002), (101) and
(110).

Templated ALD for thin films.

Unlike 1D structure, the 3D bi-continuous networks are much
more complicate interconnected channels so that it requires longer
exposure for the adsorption of precursors and longer purge time to
remove the un-reactive precursors in order to achieve the
deposition throughout the entire film thickness. For templated ALD
reaction, the first step is to pore-fill the template with precursors.
To examine the diffusion process for the pore-filling of precursor
into the PS template before reaction, the precursor vapor was
applied for different exposure times. While using relatively short
exposure time (e.g. 1s), the film thickness of the PS/ZnO
nanohybrids fabricated is too thin to satisfy the practical
applications, indicating the diffusion length is too short to reach the
entire sample thickness (Fig. S2). With further increasing the
exposure time, the film thickness of the nanohybrids fabricated can
be significantly enhanced. Eventually, the thickness will research
the maximum at 15 um for 15s exposure time under the applied
vapor pressure (Fig. 4(a)), suggesting that the diffusion length of the
precursors can be increased by applied exposure time and then
reach the maximum. These results indicate that the film thickness

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 FESEM micrographs of gyroid ZnO from deposition of ZnO
by ALD into gyroid templates with exposure time at: (a) 15s. Well-
ordered nanoporous gyroid ZnO after calcination can be found: (b)
near the surface; (c) close to the bottom substrate.

Journal of Materials Chemistry C

Fig. 5 FESEM micrographs of gyroid-forming ZnO nanotubes after removal of PS template by calcination after templated ALD with: (a) 40

ALD cycles; (b) 80 ALD cycles.

of the forming nanohybrids can be fine-tuned by the exposure time.
Also, well-ordered nanoporous gyroid ZnO after calcination can be
found in the whole sample thickness. As illustrated in Fig. 4(b) and
4(c), the gyroid texture can be clearly identified either near the
surface or close to the bottom substrate, suggesting that the

6 | J. Name., 2012, 00, 1-3

templated synthesis is successful, and the forming gyroid is
independent of the film thickness.

Tubular thickness control through ALD cycle control.

It is noted that the deposition rate of ZnO via ALD is
approximately 2A per cycle.47‘48 As a result, it is legitimate to

This journal is © The Royal Society of Chemistry 20xx
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suggest that the pore-wall thickness should be able to be adjusted
by controlling the number of ALD cycle. The void channels diameter
running through the gyroid-forming polymeric template is around
25 nm. As a result, after 80 cycles, the forming ZnO will be expected
to give approximately 22 nm thickness on the inner wall of the
template. Namely, it should be in a completely filled condition to
form the preserved gyroid texture as evidenced in Fig. 3(a) at which
a completed filled ZnO can be formed. With decreasing the cycle
number of templated ALD, it is possible to bring the solid ZnO
skeletons as ZnO tubes at which the tubular thickness can be
controlled down to several nanometers. Fig. S3(a) displays the [110]
projected TEM micrograph of the PS/ZnO gyroid nanohybrids after
templated ALD with 40 ALD cycles without staining. In contrast to
Fig. 2(b), a conformal thin layer of ZnO uniformly deposited on the
inner walls of the PS template can be observed. After removal of PS
templates by calcination, ZnO networks can be obtained (Fig. 5(a)).
However, the acquired gyroid ZnO tube will experience collapse to
give the resultant morphology as observed. We speculate that the
thickness of the produced ZnO at 40 cycles is too thin to withstand
the high temperature calcination, yielding a collapsed ZnO structure
or porous defects. To avoid the calcination problem, the cycle
number of the ALD increases to 80 cycles, Fig. S3(b) shows the
projection TEM micrograph of the PS/ZnO DG nanohybrids
fabricated by 80 ALD cycles. As shown, the interconnected network
structure can be preserved and the pore size slightly decreases due
to the increase of the ALD cycle number. After removal of PS
template by calcination, the nanoporous gyroid ZnO tube networks
with high surface area and porosity without defects can be
obtained (Fig. 5(b)), suggesting that thicker tube wall gives the
nanoporous gyroid ZnO tube with a stronger mechanical stability
during calcination. Note that there is high possibility to cause the
blocking of the nanopores due to the formation of ZnO from the
surface of the thin film sample, and result in partial infiltration of

Journal-of-Materials-Chemistry C
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ZnO tube structure. To solve the problem, the ALD processes should
be appropriately adjusted the precursor partial pressure, the
exposure time, the template aspect ratio, and the surface chemistry
composition of the template. Furthermore, adequate purge time
for each half-cycle is crucial for the eradication of the undesired
precursor and byproducts. The nanoporous gyroid networks have
complicated morphologies of interconnected channels that gives
extreme high specific surface area than conventional materials.
Accordingly, to accomplish complete diffusion of the void channels
in template and removal of the reaction products, the ALD process
may need longer purge and pulse times. As a result, it is necessary
to have a dedicated control of the reaction conditions for the
templated ALD.

Characterization of tube thickness by reflectivity.

To quantitatively determine the growth thickness of the
tubular ZnO from the control of ALD cycle, systematic examination
of the forming ZnO from the templated ALD was carried out by
using X-ray reflectometry (XRR). Fig. S4 shows the X-ray reflectivity
data of the PS/ZnO gyroid nanohybrids in the film state on Si
substrate from templated ALD with different cycles. On the basis of
the recursive formalism of Parratt,49 the physical parameters of the
nanohybrids can be calculated from the fitting of the specular
reflectivity at which the Mercury code was used to obtain the
physical information of the nanohybrid thin film, including its
thickness, roughness, and density.50 Method of Analytic analysis
tube thickness is based on the complex refractive index and critical
angle (0 ) given by
n=1-6+pi (1)
where 6 and B are corresponding to the dispersion and absorption.
For frequencies large greater than the resonance frequencies of the
atom, the & can be given by the following expression

Table 1. Calculated results from the fitting of the X-ray reflectivity profile of the PS/ZnO gyroid nanohybrids.

0. Pe p of film (g/cms) ZnO filling ratio Tube thickness (nm)
Flat ZnO 0.56 1.1x10%* 4.04
30 cycles 0.35 4.5x10% 1.61 0.23 6.0
60 cycles 0.45 7.3x10% 2.60 0.48 8.6
90 cycles 0.55 1.1x10%* 3.82 0.78 11.1
ezpeﬂz },0/12 (0) through the @ .. Subsequently, the p can be used to estimate
= Pe (2)  the ZnO ratio because the p is contributed by density of ZnO

2egm(2mc)? 27
where 0. is the electron density and ryis the Bohr atomic radius.

By introducing small angle affinity and Snell’s law, the critical angle
(6 o) can be represented as

2
1-5=cosd, zl—i 3)
2
1
0, =25 = |22 ) = 03x10" 1p,2 (4)

2
the above function shows the relation between 6 . and pe. It can
be used to calculate the electron density and the film mass density

This journal is © The Royal Society of Chemistry 20xx

(0 zn0), PS templates ( 0 zn0) and the air as shown below.

P =Pps % fPS + Pzno ><onO + Pair X Jair

onO + fair =0.36, fPS =0.64 (5)
fps is the volume fraction of PS, f,,, is the filling ratio of ZnO,
and f,;. is the volume fraction of air. p z,0 is computed from the
XRR profile of the flat ZnO deposited on Si wafer at 50°C (Fig. S4).
The ZnO tube structure should completely occupy the hydrolyzed
PLLA to give f,,0 + fair =0.36. As a result, the tube thickness of
the ZnO can be determined on the basis of the filling ratio of ZnO
and the void channels diameter running through the PS template
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(approximately 25 nm). The calculated physical parameters
including the ZnO ratio, the packing ratio and the tube thickness are
listed in Table 1. Consistent to the experimental results, the tube
thickness from 30 cycle is 6.0 nm and the filling ratio is less than 0.3
that may result in the weak mechanical property as found. With the
increase of the cycle number to 60, the filling ratio can be over 0.45
that provides better mechanical properties as expected (see below
for details). The estimated results are almost consistent with the
calculation on the basis of the growth rate of ZnO deposition via
ALD with approximately 2 A per cycle. Most interestingly, it is not a
linear growth as expected at which the increasing rate of tube
thickness is reduced once the filling ratio reaches high level. This
may be attributed to the increased curvature and the decreased
approachability with increasing layer thickness in the nanoporous
channels. Consequently, adjusting the thickness of the ZnO layer
resulting the control of void channels size in the periodically
ordered multifunctional core-shell nanohybrids, providing a new
way to calculate the nanoscale tubular wall thickness.

Composition control through alternating ALD processes.

Novel core-shell nanostructures can provide new materials for
appealing applications. Yet, it is difficult to be fabricated from
templated syntheses such as sol-gel reaction, electroplating and
electroless plating by using BCPs as templates. For this purpose,
ALD process was developed to fabricate nanomaterials with
adjustable thickness for composite materials using alternating
reaction, giving templated ALD with at least two gas precursors in a
sequence. In this study, we demonstrate the fabrication of
nanoporous core-shell metal oxide alloys through the templated
ALD using the deposition of ZnO shell layer and Al,O; core layer in
the PS template as a model system. Fig. 6(a) displays [110]

Journal of Materials Chemistry C

nanohybrids deposited with ZnO for the first 40 ALD cycles followed
by Al,O; for 70 ALD cycles. After removing of PS matrix by
calcination, the AlLO;@ZnO core-shell metal oxide alloys can be
fabricated (Fig. 6(b)). To truly identify the formation of Al,0; on ZnO
via templated ALD, energy-dispersive X-ray spectroscopy (EDX) was
acquired. In contrast to the characteristic peaks of the ZnO at

|v5 5 25 3 \4
ke'
Fig. 6 Electron Microscopy images without staining: (a) TEM of
PS/ALO;@Zn0O core-shell; (b) SEM of Al,O;@ZnO core-shell

metal oxide alloy; (c) EDS of PS/Al,0;@Zn0 gyroid nanohybrids.

0 05 1
[Ful Scale 318 cts Cursor: 0.000

projected TEM micrograph of the PS/AlL,O;@ZnO gyroid
100 100
(a) (b)
o o 80'/\/\/\/\_
< 60+ < 60
= =
2 £
£ 40 £ 40
> >z
= =
= =
= =
’ 20 “ 20 4
Original ITO substrate Original FTO substrate
——ITO with ALLO,@ZnO bulk film ——FTO with A0, @ZnO bulk film
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400 500 600 700 800 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Fig. 7 UV-Vis transmission spectra of original substrates and Al,0;@ZnO thin film on (a) ITO and (b) FTO substrates. The photographs of
(c) a 500 um thickness thin film with gyroid networks held by a pair of tweezers and the film under bending, demonstrating its

8 | J. Name., 2012, 00, 1-3
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mechanical robustness.

1.0 and 8.4 keV assigned to Zn° and the O° peaks at 0.6 keV,
respectively, the characteristic peaks of the Al,O3 at 1.5 keV can be
assigned to Al° and the O° peaks at 0.6 keV (Fig. 6(c)). Accordingly,
the ZnO/Al,O5 core-shell nanostructure can be formed by this
alternating reaction process for templated ALD. Note that the
deposition rate of Al,O; is approximately 1.3 A per cycle which is
different to the deposition rate of ZnO (approximately 2 A per
(:y(:le).51 With the introduction of different gas precursors in
sequence under controlled deposition rate, it is possible to
fabricate the core-shell alloys with different combination of
constituted metal oxides as demonstrated. Fig. S5 shows the large-
field cross section view of a nanotube gyroid phase with entirely
thickness of 5 pum by dip-coating method. The thick film was
composed of ordered interconnected networks all over the total
thickness of the film. Fig. S5 shows the zoom-in view of the
nanoporous gyroid ZnO near the bottom side, in the middle, and
near the surface, respectively. It cannot be observed apparent
difference in the diameter and morphology for nanoporous gyroid
structure located at different positions though these determined
regions varied in the whole thin film. As a result, by taking
advantage of ALD alternating reaction processes, novel core-shell
nanostructures can be fabricated by using BCPs as templates,
providing the new materials for potential applications in different
research arenas.

Robust transparent films with network morphologies.

It is noted that the nanoporous ZnO with transparent character
can be used for optical applications but its inferior mechanical
properties are major drawbacks in practical uses. One of the
efficient approaches to improve the required mechanical properties
is to create core structure with tougher materials and then
deposited with the shell ZnO for better optical performance.52 As
demonstrated previously, it is possible to fabricate nanoporous
alloys with core-shell texture (i.e., nanoporous gyroid Al,O;@Zn0).
As shown in Fig. 7(a) and 7(b), the UV-Vis transmission spectra of
the nanoporous gyroid Al,0;@ZnO are basically equivalent to that
of the neat ITO and FTO substrates with only less than 5% reduction
in transmittance, indicating that the nanoporous gyroid Al,O;@ZnO
fabricated is nearly transparent as expected. We speculate that, in
addition to the low absorption of the Al,O3; and ZnO over the whole
spectral range of visible light, the high transparence might be
attributed to the well-ordered gyroid texture in nanoscale that gives
the low degree of scattering. For the demonstration of superior
mechanical properties, a pair of tweezers was used to hold the
nanoporous gyroid Al,0;@Zn0, and then the film was bended by
hands as shown in Figures 7(c). As found, the nanoporous film is
able to resist the bending and even twisting and no breaking and
deformation can be observed after repeating mechanical stressing;
namely, the nanoporous gyroid Al,O;@ZnO is mechanically robust.
As a result, free-standing with  high
transmittance and robust mechanical properties can be fabricated

network materials

due to its ordered isotropic nanostructure with tough Al,O; core
while the shell ZnO texture provides significant interactive surface

This journal is © The Royal Society of Chemistry 20xx
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in the opto-electronics application due to the high specific surface
area.

Conclusions

A novel platform technology using hydrolyzed BCP as a
template for ALD to fabricate nanohybrids and nanoporous
materials was developed in this study. By taking advantage of
dip-coating approach for film formation, thin-film templates
with micrometer thickness and open-cell character can be
successfully fabricated, giving thin films with well-ordered co-
continuous nanochannels after hydrolytic treatment.
Consequently, nanohybrids with inorganic nanonetworks and
nanoporous inorganics with free-standing character can be
created through templated ALD. As demonstrated, PS/metal
oxide gyroid nanohybrids (i.e., PS/ZnO gyroid nanohybrids)
were fabricated. After removal of the PS matrix, micrometer-
thick nanoporous gyroid ZnO can be obtained. Through the
execution of controlled ALD cycles, it is feasible to provide
nanoporous gyroid ZnO tube with tunable tube thickness as
calculated by XRR measurements. Moreover, the formation of
nanoporous metal oxide alloys with core-shell texture (e.g.
Al,O;@Zn0) can be achieved by introducing the precursors for
templated synthesis in sequence. Because of the high porosity
and high specific surface area of the nanoporous gyroid metal
oxides fabricated, it is highly promising to exploit the
nanoporous materials interactive surface in the opto-
electronics application.
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ALD processes

Here, we suggest an approach for the fabrication of nanoporous gyroid metal oxides with controlled tube thickness and
composition by templated atomic layer deposition (ALD) using hydrolyzed block copolymers as templates. Controlled tube
thickness can be achieved through the control of ALD cycle while alternating reaction processes can be carried out to

provide controlled composition, giving nanoporous gyroid alloys with high porosity and large specific surface area as well

as superior mechanical properties.



