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ABSTRACT

Herein is reported the soft-templating synthesis of visible-light photoactive bismuth ferrite (BiFeOs)
nanoarchitectures in the form of thin films using a poly(ethylene-co-butylene)-block-poly(ethylene oxide) diblock
copolymer as the structure-directing agent. We establish that (1) the self-assembled materials employed in this
work are highly crystalline after annealing at 550 °C in air and that (2) neither the bismuth-poor Bi,Fe,O, phase
nor other impurity phases are formed. We further show that there is a distinct restructuring of the high quality
cubic pore network of amorphous BiFeO; during crystallization. This restructuring leads to films with a unique
architecture that is composed of anisotropic crystallites intermingled with a continuous mesoporosity. While this
article focuses on the characterization of these novel materials by electron microscopy, krypton physisorption,
grazing incidence small-angle X-ray scattering, time-of-flight secondary ion mass spectrometry, X-ray
photoelectron spectroscopy, UV-vis and Raman spectroscopy, we also examine the photocatalytic properties
and show the benefits of the combination of mesoporosity and nanocrystallinity. Templated BiFeO; thin films
(25% porosity) with a direct optical band gap at 2.9 eV exhibit a catalytic activity for the degradation of
rhodamine B much better than that of nontemplated samples. We attribute this improvement to the nanoscale
porosity, which provides for more available active sites on the photocatalyst.
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1. Introduction

Developments over the past years have clearly shown
that multiferroic materials hold great promise for the
fabrication of next-generation microelectronics [1, 2].
In particular, advances that have received widespread
attention are those that broaden the scope of these
materials by utilizing their unique combination of
properties. In this context, it is important to note that

multiferroics which show coupling between different
types of magnetic and ferroelectric order parameters
are particularly promising for technological device
applications as there is the prospect of controlling the
magnetic properties by an external electric field and
vice versa [3-5].

Among the few single-phase magnetoelectric
multiferroics that have been discovered to date,
bismuth ferrite (BiFeO,, BFO) plays an important role
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[6, 7]. It is characterized by a rhombohedrally distorted
perovskite structure that possesses antiferromagnetic
and ferroelectric orders. In recent years, it has been
shown that both a large spontaneous polarization
and comparatively large magnetoelectric coupling
may occur in BFO materials in forms other than bulk
[8-10]. Apart from the ferroic order parameters, BFO
also has interesting optical characteristics and thus
great potential for applications in solid state devices
that utilize heterojunction effects and as visible-light
photocatalysts [11, 12].

Heterogeneous semiconductor photocatalysis has
been the focus of intense research over the past 50 years
since this approach offers an alternative means of
water purification to commonly used processes, such
as chlorination and ozonolysis [13-15]. The number
of reports on this subject continues to increase
steadily, and it has been pointed out many times that
the photocatalytic activity strongly depends on (1)
the ability of the catalyst to create electron-hole pairs,
(2) recombination rates both in the bulk and at the
surface, and (3) on the specific surface area of the
photoactive material.

Although the surface area is known to have a pro-
found effect on material properties and performance,
the search for novel photocatalysts has been predo-
minantly centered on the control of atomic structure.
Perhaps one of the reasons for this is the fact that
recombination rates of electron-hole pairs are largely
governed by atomic composition and population of
structural defect sites.

Even though BFO is a visible-light responsive oxide,
bulk forms of this material have not proven to be of
much interest for photocatalytic applications because
of their insufficient activity. We associate this low
activity with both low surface area and the presence
of impurity phases. Thus, by creating nanostructured
versions of phase-pure BFO we expect to produce
effective visible-light photocatalysts whose properties
are determined by surfaces and interfaces and not by
bulk behavior alone. The synthesis of phase-pure
BFO materials, however, is complicated due to the
volatility of bismuth and bismuth oxide species
and the fact that BFO is metastable with respect to
the bismuth-poor Bi,Fe,Oy phase between 720 and
1040 K [6, 16].

Surfactant and polymer templating can be used to
produce metal oxides with different nanostructures
and large surface areas [17-20]. The formation of these
materials relies on the solution phase co-assembly of
inorganic oligomers with structure-directing agents
to produce long-range periodicities reminiscent of
lyotropic liquid crystal phases. Amphiphilic block
copolymers are particularly attractive as structure-
directing agents because of their ability to form a
wide variety of superstructures with large repeat
distances. Materials in thin film format can be pro-
duced by the same template-directed synthesis method
but using an evaporation-induced self-assembly (EISA)
process [21].

To date, a broad range of nanostructured metal
oxides has been made; however, the use of EISA to
produce BFO thin films in phase-pure form has not yet
been reported. The present work focuses specifically
on BFO, a material that we show here can be
synthesized with both a mesoporous morphology
and nanocrystalline domain structure by utilizing a
poly(ethylene-co-butylene)-block-poly(ethylene oxide)
diblock copolymer, referred to as KLE [22, 23], as the
structure-directing agent. In addition, we explore the
photocatalytic properties of these nanostructured
thin film materials and compare the results to samples
prepared with no polymer template but under other-
wise identical conditions. Through these experiments,
the relationships among crystalline domain size, surface
area, and photocatalytic activity are examined. Because
bulk BFO does not show promising characteristics as
a potential visible-light photocatalyst, the present study
provides an important opportunity to demonstrate how
both mesoporosity and nanocrystallinity can be used to
enhance the catalytic properties of a material whose
bulk form exhibits rather limited behavior [22, 24].

2. Experimental
2.1 Materials

Fe(NO;);-9H,O (99.9%), Bi(NO3);-5H,O (99.9%),
and 2-methoxyethanol (99.8%) were purchased
from Sigma-Aldrich. H[(CH,CH,),s{CH,CH(CHo,-
CHj;)}033]89(OCH,CH,),0OH was used as the structure-
directing agent.
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2.2 Synthesis

A mixture of 116 mg of Fe(NO;);-9H,O and 145 mg of
Bi(NO;);-5H,0 dissolved in 2 mL of 2-methoxy-
ethanol was combined with 40 mg of KLE. Once the
solution was homogeneous, films were produced
via spin- or dip-coating on polar substrates. Optimal
conditions include 19%-22% relative humidity. For best
results, the as-prepared films were heated to 200 °C

using a 1 h ramp and aged at this temperature for 2 h.

After that, the samples were heated to 550 “C using a
20 min ramp followed by a 10-20 min soak.

2.3 Characterization

Scanning electron microscope (SEM) images were taken
with a LEO Gemini 982. Conventional small- and wide-
angle X-ray scattering (SAXS and WAXS, respectively)
measurements were carried out on an X'Pert PRO
diffractometer from PANalytical utilizing a Bragg-
Brentano geometry. Grazing incidence SAXS (GISAXS)
data were collected at the German synchrotron
radiation facility HASYLAB/DESY on beamline BW4
using a MarCCD area detector and a sample—detector
distance of 1820 mm. X-ray photoelectron spectroscopy
(XPS) spectra were acquired on a Physical Electronics
ESCA 5600 spectrometer with a monochromatic Al
Ko X-ray source (P =200 W) and multichannel detector
OmnilV. The electron takeoff angle to the sample
surface was adjusted to 45°. The C1s signal from
adventitious hydrocarbon at 284.6 eV was used as the
energy reference to correct for charging. Raman spectra
were acquired using the SENTERRA dispersive Raman
microscope from Bruker Optics equipped with an
objective from Olympus (MPlan N 20x, FN =22, NA =
0.40) and a Nd:YAG laser (A =532 nm, P =10 mW). The
samples were also analyzed by time-of-flight secondary
ion mass spectrometry (TOF-SIMS) using a TOF-SIMS
5 from ION-TOF GmbH. A beam of 25 keV Bi* focused
to a 10 um spot was used to generate secondary
ions. Sputter etching was carried out using a beam
of 1keV Cs* (I,=52nA) focused to a 300 um spot.
Krypton physisorption measurements were performed
at 87 K on 80 nm thick BFO films with a total area of
45 cm* using the Autosorb-1-MP automated gas
adsorption station from Quantachrome Corporation.
Optical absorption measurements were carried out

on a PerkinElmer Lambda 900 ultra violet-visible-near
infrared (UV-vis-NIR) spectrophotometer. A substrate
made from fused silica and an aluminum mirror served
as the reference for transmission and reflection
measurements, respectively. The film thickness was
determined with an Alpha Step IQ Surface Profiler
from KLA Tencor.

For photodegradation experiments, 8 mL of an
aqueous solution of 10 pmol/L rhodamine B was irra-
diated with 366 nm light (P = 16 W) in the presence of
either 75 nm thick KLE-templated or nontemplated
films with a total area of 4 cm?2. 366 nm light was chosen
for experimental reasons.

3. Results and discussion

The mesoporous BFO thin films employed in this
work were prepared by soft-templating using an
evaporation-induced self-assembly process. In the
synthesis, an isotropic solution made from 2-methoxy-
ethanol, KLE diblock copolymer, and hydrated bismuth
and ferric nitrates was dip- or spin-coated onto a polar
substrate. On evaporation of 2-methoxyethanol and
other volatile constituents, the system co-assembled
to form a nanostructured inorganic/organic composite
with long-range periodicity. Thermal treatment was
then used to further crosslink the inorganic frame-
work, combust the KLE template, and induce the
conversion of the amorphous material to nano-
crystalline BFO.

As mentioned above, in this work we incorporated
a poly(ethylene-co-butylene)-block-poly(ethylene oxide)
diblock copolymer as the structure-directing agent.
Unlike the well-known Pluronic-type triblock copoly-
mers, such as P123 and F127, KLE has been shown to
be particularly suitable for the direct synthesis of
nanocrystalline oxide and non-oxide thin films with
ordered cubic networks of 14-18 nm diameter pores
and high thermal stability [22, 24, 25]. One reason for
this is that KLE produces inorganic/organic composites
with 25-30 nm repeat distances, which accommodate
walls sufficiently thick to allow for uniform nucleation
and growth of the crystalline phase with retention of
the periodicity.

To our knowledge, the polymer-directed synthesis
of BFO nanoarchitectures in thin film format has not
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yet been reported and so the ensuing section will focus
on the characterization of these novel materials.
Figure 1 shows both top view and cross-sectional
SEM images of a self-assembled BFO thin film before
and after removal of the KLE template and crystalli-
zation of the inorganic material by heating at 550 °C.
Figures 1(a) and 1(b) reveal a highly ordered network
of pores averaging 18 nm in diameter. It is apparent
from both images that the samples are crack-free at
the micrometer length scale, and that the presence of
major structural defects can be ruled out. In addition,
it can be clearly seen that the pores at the hexagonal
top surface are open and that the nanoscale structure
persists throughout the films (see also Fig.S-1 in
the Electronic Supplementary Material (ESM)). From
Figs. 1(c) and 1(d), we are able to establish that the
film morphology undergoes a change upon conversion
of the amorphous inorganic framework. Such changes
are particularly evident if larger nuclei are present at
the onset of crystallization, which is the case for the
BFO materials employed in this work. However, the

Figure 1 Morphology of KLE-templated BFO thin films calcined
at 200 °C for 2 h (a, b) and 550 °C for 20 min (c, d). (a) SEM image
of the ordered hexagonal top surface. A high-magnification image
is shown in the inset. (b) Cross-sectional SEM image of a razor
blade cut in the same film in (a). (¢) Top view SEM image showing
that the crystalline BFO material is composed of elongated nano-
particles. (d) Cross-sectional SEM image of the same film in (c)

samples are still crack-free and well-defined at the
micrometer level. Also, Figs. 1(c) and 1(d) confirm that
the nanoscale porosity is retained throughout the
bulk of the films and further show that the crystalline
BFO materials are composed of elongated crystallites
(see also Fig. S-1 in the ESM). The presence of aniso-
tropic crystallites is not surprising, though, given the
structural anisotropy of rhombohedral BFO.

Overall, electron microscopy demonstrates that
calcination at 550 °C in air leads to the formation of
nanocrystalline thin films with a unique morphology
due to restructuring of the high quality pore network
of amorphous BFO.

These structure and morphology results are further
supported by GISAXS data and conventional SAXS
experiments in the Bragg-Brentano geometry. Figure 2
shows GISAXS patterns obtained at an angle of
incidence f=0.2° on a KLE-templated BFO thin film
before and after crystallization. From this data, it can
be seen that amorphous samples produce patterns with
distinct maxima. However, these scattering maxima
cannot be clearly indexed to a certain cubic phase.
KLE-templated materials typically show either a body-
centered-cubic (bcc) Im3m-derived structure or a face-
centered-cubic (fcc) close-packed structure with (111)
orientation relative to the substrate [22, 23, 25]. In the
case of BFO, by contrast, the scattering maxima can be
indexed to both a three-dimensional hexagonal close-
packed (hcp) network of pores with (001) orientation
and a distorted bcc structure with (110) orientation (see
Fig. S-2 in the ESM). At first glance, the hexagonal
symmetry of the top surface argues against a bcc phase;
however, the orientation at the sample/air interface
might be different from that in the bulk of the films.
In addition, it is worth mentioning that some smaller
domains with square symmetry can be observed by
SEM, as shown in Fig.S-1 (in the ESM). Since no
conclusions about the orientation can be made on the
basis of the data presented in Figs. 1 and 2, we refer
to the structure of amorphous BFO thin films as a
distorted cubic pore network.

The in-plane d-spacing is approximately 26 nm,
which is typical of KLE-templated materials [24, 26].
On the basis of the relative position of the out-of-plane
reflections, a lattice contraction of ~70% is determined
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Figure 2 Synchrotron-based GISAXS on a KLE-templated BFO
thin film with amorphous and crystalline pore walls. GISAXS
patterns were collected at an angle of incidence § = 0.2° and show

the evolution of the cubic pore network upon thermal treatment.

Scattering vector, s, components are given in nm '

normal to the plane of the substrate for films aged
at 200 °C for 2 h; the in-plane lattice contraction, by
contrast, is negligible as the films are pinned to the
substrate. The very same samples reveal a contraction
of ~80% after thermal treatment at 250 °C. Higher
annealing temperatures (see Fig.S-2 in the ESM),
however, do not lead to a further change in volume
as the nitrate ligands of both inorganic precursors are
fully decomposed by 250 °C. This result is in agreement
with previous studies of the thermal decomposition of
hydrated bismuth and ferric nitrate [27, 28].

From Fig. 2 it is also apparent that the KLE-templated
BFO thin films calcined at 550 “C have lost most of
their periodicity. This loss is particularly evident in
the direction normal to the plane of the substrate
(z-direction) because of the small number of repeat
units and the high degree of contraction (note that very
weak in-plane scattering maxima remained). The
reason for the lack of periodicity is clearly due to the
crystallization of the initially amorphous framework.
This process is accompanied by a distinct restructuring
of the distorted cubic pore network, as shown in Fig. 1.
The appearance of new in-plane scattering maxima
with a larger d-spacing (~50 nm) can also be attributed
to the process of crystallizing the amorphous walls
itself. These maxima represent the average particle-
to-particle distance in the nanocrystalline BFO thin
films.

Figure 3(a) shows SAXS data obtained on the same
KLE-templated film used for GISAXS experiments.
Although these Bragg-Brentano scans provide only

information about the out-of-plane periodicity, they
support the structure and morphology results. The fact
that even a third order reflection can be observed for
amorphous BFO, despite it being in thin film format,
underlines the high degree of pore ordering. The
shoulder peaks in the SAXS pattern of nanocrystalline
BFO presumably correspond to the form factor of the
elongated crystallites shown in Figs. 1(c) and 1(d).
Both Brunauer-Emmett-Teller (BET) surface area
and pore volume were determined by krypton phy-
sisorption measurements at 87 K. Figure 3(b) shows
typical adsorption-desorption isotherms for KLE-
templated BFO thin films calcined at 550 °C for 20 min.
The presence of a distinct condensation step at relative
pressures of ~0.7 is characteristic of a material with
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Figure 3 (a) SAXS patterns obtained on a KLE-templated
BFO thin film with amorphous (A, 200 °C) and nanocrystalline
framework (B, 550 °C). (b) Krypton adsorption—desorption
isotherms for 80 nm thick KLE-templated BFO films with a
total area of 45 cm® The type-1V shape is characteristic of a
mesoporous material
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open mesopore cavities that are interconnected through
smaller necks. Using a saturation pressure of 13 torr
and a cross-sectional area of 20.5 A for krypton, a
BET surface area of 130 m*/cm® and a pore volume of
8.73 x 10°° cm?® (equivalent to 25% porosity) are obtained.
We estimate the error margin as being +5%.

To more fully characterize these materials, a series
of wide-angle X-ray scattering (WAXS), Raman spec-
troscopy, and X-ray photoelectron spectroscopy (XPS)
measurements were carried out. Figure 4(a) shows
WAXS patterns obtained for KLE-templated BFO thin
films calcined at 200 and 550 °C in air. It is evident from
these data that samples aged at only 200 °C are fully
amorphous. The crystallization occurs at about 550 °C,
which is in agreement with observations for other
BFO materials reported in the literature. The corres-
ponding WAXS patterns reveal characteristic peaks
for rhombohedral BFO, as corroborated with Joint
Committee on Powder Diffraction Standards (JCPDS)
reference card no. 86-1518. More importantly, neither
pattern shows the presence of other phases—such
as BiFe,O (#25-0090), a-Fe,O; (#33-0664) or BiO,s5
(#27-0051)—which could potentially be formed during
thermal treatment due to the presence of either iron- or
bismuth-rich regions.

In recent years, it has been shown that the prepara-
tion of purely rhombohedral BFO by both solid-state
synthesis and solution-processing routes is complicated
due to the volatility of bismuth and bismuth oxide
species. It is, however, known that impurities, such as
the bismuth-poor Bi,Fe,Oy phase, have a significant
impact on material properties and performance. Since
conventional WAXS techniques can be insensitive to
very poorly crystalline materials and small amounts
of second phases, Raman measurements were also
carried out.

According to group theory, rhombohedral BFO has
18 optical phonon modes; I'=4A; + 5A, + 9E [29]. The
Ay(TO) and E(LO) modes are Raman and infrared
active, while the A, modes are optically silent. A typical
Raman spectrum of a KLE-templated BFO thin film
calcined at 550 °C is shown in Fig. 5(a). The low-
frequency A; modes appear at ~139, 167, and 222 cm™
while the bands at ~77, 139, 266, 354, 374, and 477 cm™!
can be assigned to E modes [30]. The broad bands
above 1000 cm™ (indicated by 2E in Fig. 5(a)) have been
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Figure 4 (a) WAXS patterns obtained on KLE-templated BFO
thin films calcined at 200 °C for 2 h (A), 550 °C for 10 (B), and
20 min (C), respectively. The line pattern shows JCPDS reference
card no. 86-1518. WAXS patterns showing both the (b) (012) and
(c) (024) peaks of thombohedral BFO; solid curves are Lorentzian
fits to the experimental data. From these patterns, full width at
half maximum (FWHM) intensities of ~0.05 and 0.075 nm™" are
obtained. The strong variation in the FWHM intensity indicates
the presence of defects, such as lattice distortions and dislocations,
and further implies that the actual crystallite domain size is different
from that obtained by classical Scherrer analysis

shown to be related to two-phonon Raman scattering
[31]. The fact that not all of the aforementioned Raman
active phonon modes can be observed in Fig. 5(a) is
due to superposition of the spectrum from the silicon
substrate. Overall, both WAXS and Raman data
collectively establish that the amount of second phases
in the self-assembled BFO thin films is negligible (i.e.,
less than 2%).

The WAXS patterns in Fig. 4(a) further suggest that
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the mesoporous BFO samples can be produced with
a certain degree of crystallographic alignment, as
evidenced by the relative intensity of the (012) peak
compared to those at 26=31.9° (note that the (110)
peak is the most intense in polycrystalline BFO). In a
recent publication, we have shown that materials with
highly anisotropic unit cells, such as T-Nb,Os, L-Ta,Os
or a-MoQ;, exhibit oriented crystal growth on virtually
any substrate and that the oriented nature of the
nanocrystalline domains has a profound effect on
material properties [26, 32]. For all of these systems,
simulations suggested that the orientation is associated
with minimizing interfacial energy by oriented crystal
growth along certain crystallographic directions. We
note, however, that the basis for the preferred cry-
stallographic alignment in these materials is still not
fully understood at this point. Nonetheless, BFO has
an anisotropic unit cell and thus shows a certain
degree of crystallographic alignment. This orientation,
although relatively low compared to the materials
mentioned above, however still corroborates our
hypothesis.

The Warren—-Averbach approach for analysis of
WAXS patterns was applied to KLE-templated BFO
thin films calcined at 550 °C. This analysis provides a
crystalline domain size of approximately 45 nm per-
pendicular to the substrate and an average maximum
microstrain &= 0.008. The Scherrer equation applied
to the full width at half maximum (FWHM) intensity
of the (012) and (024) peaks (see Figs. 4(b) and 4(c)),
by contrast, indicates a much smaller domain size
(<20 nm). This result therefore suggests that a classical
Scherrer analysis can be misleading for such materials.
The average domain size in other crystallographic
directions, however, could not be determined precisely
on the basis of the WAXS data in Fig. 4. Both analyses
further show that the domains formed at the onset of
crystallization are instantly oriented with respect to
the substrate and that their size cannot be tuned. This
means that the peak widths do not change with
increasing soak time. However, the growth of the peaks
at 260=31.9° indicates that extended aging reduces the
degree of crystallographic alignment. This behavior
emphasizes the fact that both the crystallite domain
size and orientation are fundamentally coupled to
the nanoscale network and cannot be altered without
destroying that architecture.
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Figure 5 (a) Raman spectra obtained on a bare silicon substrate
(A) and a KLE-templated BFO thin film calcined at 550 °C for
20 min (B). (b) Typical XPS survey spectrum. The asterisk indicates
the Fe3s, Fe3p, and Bi5p core level regions. High resolution scans
of the (c) Fe2p and (d) Bidf levels

Figure 5(b) shows a typical XPS survey scan for
KLE-templated BFO thin films calcined at 550 °C.
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Aside from a weak C 1s peak, which we associate with
adventitious hydrocarbon, only bismuth, iron and
oxygen core levels are observed. Figures 5(c) and 5(d)
show high resolution XPS scans of the Fe 2p and Bi 4f
regions. These levels consist of single doublets due to
spin orbit splitting with binding energies of 723.47 eV +
0.05eV and 710.33 eV +0.05 eV for the p;, and psp, lines,
respectively, and 163.83 eV £0.05 eV and 158.52 eV +
0.05 eV for the {5, and f;, lines, respectively. We note
that both the peak positions and separations (ABiy =
5.31 eV; AFe,,=13.14eV) are consistent with reported
measured values for rhombohedral BFO [33, 34]. Also,
the presence of satellite peaks about 8 eV higher in
binding energy than the main Fe 2p peaks indicates
the presence of Fe** rather than Fe?. This result is not
surprising, however, considering the high temperature
calcination and the fact that Fe*" is the stable oxidation
state under the experimental conditions.

Lastly, TOF-SIMS measurements were carried out
to determine whether both the iron and bismuth ions
are homogeneously distributed throughout the films.
TOF-SIMS depth profiles obtained on a KLE-templated
BFO sample calcined at 550 °C are shown in Fig. 5-3
(in the ESM). These spectra verify that the Fe® ions
are in fact homogeneously distributed. The Bi* signal,
by contrast, is of too low intensity to obtain any infor-
mation that is qualitatively meaningful. Perhaps one
reason for this is that a Bi* beam was used to generate
secondary ions from the surface of the BFO films. Also,
we find that the Fe* signal intensity increases near the
sample/substrate interface. This result, however, does
not imply that the Fe* ions are enriched at this
interface but rather indicates a different chemical
environment; the local environment is known to have
a significant impact on the ionization probability. This
conclusion is verified by the finding that both Na* and
K* ions, which are always found as trace impurities
even if the purest commercially available starting
materials are used, reveal the same trend (see Fig. S-3
in the ESM). From the TOF-SIMS data, it is further
evident that the organic template is completely
removed throughout the films. Only minor amounts
of hydrocarbons can be detected at the sample/air

interface, which is in agreement with the XPS results
in Fig. 5(b).
Apart from the typical scope of multiferroic BFO in

the technology arena, it has been proposed that this
material may be used as novel visible-light photo-
catalyst as well as in solid state devices that utilize
heterojunction effects [11, 12]. For both of these app-
lications, knowledge of the optical characteristics is
crucial. However, there is conflicting information about
these properties and band gap energy values varying
from ~1 to 3 eV are reported in the Ref. [35, 36].

The following equation can be used to describe
the dependence of absorption coefficient, a, on the
difference between the photon energy of incident light,
hv, and the band gap energy, E,

a o (hv - Ey)' (1)

In Eq. (1), n represents the type of optical transition.
For n =1/2, the transition is direct, while 7 = 2 indicates
an indirect optical transition. Figure 6(a) shows plots
for both types. However, the lack of the characteristic
shape of the plot of a'? versus photon energy argues
against an indirect optical transition in KLE-templated
BFO thin films [35]. The band gap energy is estimated
from the data for the direct transition as being 2.9 eV
(equivalent to ~430 nm light). This value is in agree-
ment with predictions and further suggests that nano-
scale BFO might in fact be an effective visible-light
photocatalyst [37].

To examine the photocatalytic properties of KLE-
templated BFO, bleaching experiments were performed
using rhodamine B (RhB) as a model pollutant.
Figure 6(b) shows typical semilogarithmic plots which
reveal that the degradation kinetics are pseudo-first-
order. In addition, it can be clearly seen that the
photobleaching of RhB in the absence of any catalyst
is negligible. The degradation rate achieved using
KLE-templated BFO thin films is about five times
higher than that of samples prepared with no polymer
template but under otherwise identical conditions. Since
the density of the mesoporous BFO is significantly
lower than the nontemplated films, this value underes-
timates the improvements produced by nanoscale
porosity on a mass-normalized basis.

The nontemplated BFO thin films employed in this
work are also crack-free on the micrometer level but
possess a rather dense network structure (see Fig. 5-1
in the ESM). Moreover, we find that these samples

@ Springer
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Figure 6 Optical and photocatalytic properties of KLE-templated
BFO thin films calcined at 550 °C for 20 min. (a) Plots for both
direct (o) and indirect (O) optical transitions. Extrapolation of the
linear part of the curve to zero reveals a direct optical band gap at
2.9 eV. (b) Photobleaching of rhodamine B using KLE-templated
(o, ~85% degradation after 180 min of irradiation), nontemplated
thin films (A, ~35% degradation), and no photocatalyst (©). Dashed
lines in (b) are linear fits to the experimental data. (c) Cross-
sectional SEM image of a KLE-templated BFO thin film after
photobleaching experiments showing that the film morphology is
unaffected

cannot be produced in phase-pure form as opposed
to KLE-templated BFO. WAXS data obtained on non-
templated thin films show a small peak at 26=27.9°,
which indicates the presence of trace amounts of the
bismuth-rich sillenite phase (see Fig. S-4 in the ESM).

Apart from the control experiment with non-
templated thin film catalysts we also examined the
photodegradation of RhB using KLE-templated BFO
calcined at 550 °C for 10 and 20 min with the goal of
understanding whether the oriented nature of the
nanocrystalline domains has an effect on photocatalytic
activity. It turned out that the highest activity is

achieved for samples that had been calcined for 20 min.
Considering the fact that both materials have the same
nanoscale architecture and very similar BET surface
areas, this result indicates that the crystallographic
alignment does not play an important role here.
However, a different degree of crystallinity, which
would certainly affect the activity, cannot be fully
ruled out.

From Fig. 6(b) it is also apparent that the first data
point was removed for linear regression analysis since
this “outlier” did not fit the overall trend of the data.
The reason for the faster degradation kinetics within the
first 15 min of the initial cycle is not fully understood
at this point. However, the data collected in the period
after an initial exposure time of 15 min indicate a
steady degradation of RhB over time. Moreover, we
find that the KLE-templated BFO thin films are able
to maintain stable performance over several cycles as
there is no decline in photocatalytic activity. We
associate this excellent stability with the fact that
the mesoporous film morphology and the distorted
perovskite structure both remain unaffected (see
Figs. 6(c) and S-5 in the ESM).

Overall, the data in this section show that in contrast
to nontemplated BFO thin films, the mesoporous
samples are effective visible-light photocatalysts. We
attribute this improvement to both the phase purity
of the KLE-templated materials and the nanoscale
porosity, the latter leading to more available active
sites on the photocatalyst [38].

4. Conclusions

We have reported a facile block copolymer-directed
synthesis of rhombohedral BiFeO; thin films with
both a mesoporous morphology and nanocrystalline
framework. The structure and morphology results
clearly show that the KLE-templated samples are
both homogeneous and crack-free at the micrometer
level. Moreover, they also show that there is a distinct
restructuring of the high quality cubic pore network
of amorphous BiFeO; upon crystallization which leads
to materials with a unique pore-solid architecture.
More importantly, however, the data establish that the
self-assembled thin films can be produced in phase-
pure form.
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The present work further demonstrates the benefits
of combining a continuous mesoporosity with nano-
crystalline thin films. Even though the BET surface
area of our BiFeO; samples is lower compared to other
KLE-templated materials, they exhibit a considerably
better visible-light photocatalytic activity than that of
films prepared with no polymer template. Overall, this
research shows that nanoporous versions of single-
phase BiFeO; are promising candidates for photo-
catalytic applications.

Future work will be dedicated to extending our
synthesis method to solid solutions and more complex
materials by replacing some of the bismuth and iron
with other trivalent metal cations of similar radius in
order to tune both the optical band gap energy and
photocatalytic activity and to compete with well-known
bismuth-based visible-light photocatalysts, such as
BiVO, or Bi,WO.

At this point we note again that apart from photo-
catalysis, such KLE-templated BiFeO; thin films could
serve as exciting materials for host-guest applications.
It is envisioned that the open porous network of
these materials will facilitate the formation of novel
exchange-coupled composites with intimate contact
between the different components (e.g., electrically
switchable magnets for spin valve/torque devices),

which could pave the way for innovative device design.

A study of the multiferroic properties is currently
ongoing.
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