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Abstract

Using BaTiOs as a model ferroelectric material we investigated the influence of the
ferroelectric dipole on the photocatalytic activity of a heterogeneous BaTiO3z/a-Fe;O3
photocatalyst in the decolourisation of Rhodamine B under AM 1.5 G illumination. Two
distinct BaTiOz samples were used: one with a lower ferroelectric content (BTO) and the
other a higher ferroelectric content (BTO-A). It was found that under the identical
experimental conditions, the half-time of photodecolourisation (t12) was reduced from 87 min
for BTO/a-Fe20z3to 55 min for BTO-A/a-Fe203. The reduction of half-time demonstrated a
significant improvement of photocatalytic activity of BTO-A/a-Fe2O3 when compared to
BTO/0-Fe20s. Considering the similar surface areas and morphologies of the two catalysts,
we propose that the enhanced decolourisation rate of the dye is due to the improved charge
carrier separation and extended charge carrier lifetime arising from an interaction with the
ferroelectric dipole and the carriers in hematite. Our results demonstrate a new process to
control carrier recombination and use the ferroelectric dipole to control the charge carrier
transport, overcome their recombination, and extend the charge carrier lifetime of the surface

material in a heterogeneous catalyst system.

Introduction



Heterojunctions between semiconductor photocatalysts have been regarded as an effective
strategy to improve the overall photocatalytic efficiency through manipulation the interfacial
charge transport[1,2], enhancement of visible-light-harvesting[3,4], etc. Ferroelectric
materials with a built-in electric field, or piezoelectric materials that develop a polarisation
when undergoing strain have been demonstrated to be promising candidates for
photocatalysts[5,6] and other optoelectronic[7], energy harvesting[8,9] and electronic
devices[10], where aspects of device architecture and materials structures[11,12] influences
the performance of a device. The spontaneous polarisation and the associated depolarisation
field in ferroelectric materials can drive spatial separation of charge carriers, which will

further result in spatially separated redox reactions happening on the surface [13,14].

This raises the question of whether these systems can be combined such that the ferroelectric
dipoles in ferroelectric materials affect the adjacent nonferroelectric material in a
heterojunction. It has been reported that the water decomposition rate on the thin layer of
TiO2 deposited on ferroelectric LINbO3 was polarisation-dependent[15]. This was attributed
to the charge carrier behaviours of TiO- being affected by the underlying ferroelectric dipole.
In addition, it has been found that the redox reactions taking place on a thin layer of non-
ferroelectric TiO2 were spatially separated due to influence from the ferroelectric BaTiO3
substrate[16,17]. The reason was considered to be that the spatially separated charge carriers
generated in the substrate were able to tunnel through the TiO layer and take part in the
photochemical reactions. All of these reports suggest the promise of combining ferroelectric
materials with non-ferroelectric materials, especially when the anomalous band positions[18]

and extended carrier lifetime of a non-centrosymmetric material are considered[19].

In this work, we chose BaTiOs as the subject of our investigation, which has been previously
shown to show interesting properties when used in photocatalysis[6,20]. Hematite (a-Fe2Oz3)

was chosen as the nonferroelectric material, which has been widely applied in



photocatalysis[21] but with the disadvantages of a very short hole diffusion length and charge
carrier lifetime[22]. BaTiOs and a-Fe>Os were combined to form  heterostructured

photocatalysts and the influence of the ferroelectric dipole was investigated.

Experimental Methods

The as-received BaTiOs (99.9% trace metal basis, <2 um) was purchased from Sigma. A
simple thermal treatment (1200°C for 10 hours in air) was adapted to increase the
ferroelectric tetragonal phase content, following the reported method [6]. The as-received and

annealed samples were named as BTO and BTO-A.

The heterostructured catalysts BaTiOs/ a-Fe>Os were synthesized by deposition of Fe*" on the
surface, followed by annealing [23,24]. Specifically, 1.5 g BTO or BTO-A was loaded into
30 ml ethanol solution with a Fe** concentration of 0.01 M Fe(NOs);-9H>0. After stirring and
ultra-sonication for 30 mins each, the solution was evaporated at 50 °C. Then the resultant
powder was annealed at 300 °C for 10 minutes, followed by ethanol washing thoroughly.
Finally the powder was annealed at 300 °C for 6 hours. The synthesized samples were named

BTO/Fe;O3 and BTO-A/Fe,0s.

Powder X-ray diffractograms were collected on a Panalytical X’Pert Pro diffractometer
(Panalytical, Almelo, Netherlands) with an X’Celerator RTMS detector using Cu-Ka
radiation and 1/4° divergence slits. Data were collected from 5° to 120° with intervals of
A20=0.0167° and a counting time at each point of 200 seconds equivalent. The samples were

mounted on zero background silicon substrates.

The microstructures and composition of powder samples were studied by scanning electron
microscope (SEM, FEI Inspect F) and transmission electron microscope (TEM, Jeol JEM
2010). In addition, the surface compositions of photocatalysts were investigated as well by X-

ray photoelectron spectroscopy. The BET surface area of powder photocatalysts were



analysed using Micromeritics Gemini VII surface area analyzer using N> as the adsorptive
gas. Before the measurement, the samples were dehydrated at 100°C for 4 hours under N»
atmosphere. The optical properties of photocatalysts were measured on Perkin Elmer Lambda
950 UV-Vis spectrophotometer with an integrated sphere attachment by converting the

diffuse reflectance spectrum.

The photocatalytic activity of the catalysts was evaluated by decolourisation of Rhodamine B
(RhB, Sigma, 99.99 %) dye solution under artificial solar light (Newport, class ABB) fitted
with an AM 1.5 filter. 0.15 g catalyst powder was mixed with 50 ml of 10 ppm dye solution,
followed by stirring in the dark for 30 minutes before exposure under irradiation with an
intensity of 1 sun (100 mWcm™). Equal amounts of solutions were taken for sampling every
30 minutes. After centrifugation to remove the powder catalysts, the optical absorption
intensity of the clear solutions was measured using a Perkin Elmer Lambda 950 UV-Vis

spectrophotometer.

Results and Discussion

Characterisation of photocatalysts

The phase compositions of heterogeneous photocatalysts were analysed by XRD, as shown in
Fig. 1. The diffraction peaks can be indexed to cubic or tetragonal BaTiOs, and no
characteristic peaks of a-Fe>Os3 are observed. This can be explained by the low loading (~0.16

wt%) and nanocrystallinity (see Fig. 4.(c) and (d)) of a-Fe2O3 on the surface.

The X-ray data were modelled by Rietveld refinement using the program GSAS[25]. The
relative weight fractions of the cubic and tetragonal phases, in both the BTO and BTO-A
samples, along with their unit cell parameters and a relative estimate of their particle sizes
and strains were obtained (Tab. 1). These showed that the BTO-A sample contained more of

the tetragonal phase. This variation of the ferroelectric phase content, in these samples, may



provide a possible way to investigate the influence of the ferroelectric dipole on the

photocatalytic activity of heterostructured photocatalysts.
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Figure 1. XRD patterns of BTO/a-Fe,O3 (bottom) and BTO-A/a-Fe203 (top). The more distinct

splitting of peaks at 45° shows more tetragonal phases in the post anneal samples. No characteristic

peaks for a-Fe,Os are observed.
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Figure 2. Detail of XRD patterns of (a) BTO and (b) BTO-A showing the fit of the Rietveld refinement.

Note: Full XRD patterns are given in supplementary section.



Table 1 Crystallographic data of rietveld refinement for BTO and BTO-A

Sample BTO BTO-A
Rwp 0.1364 0.2373
Reduced y2 or
GoFX 2.853 7.467
Compounds BaTiOs BaTiOs BaTiOs BaTiOs
Crystal System Cubic Tetragonal Cubic Tetragonal
Space Group Pm-3m P4mm Pm-3m P4mm
lattice Parameters SDs SDs SDs SDs
a(A) 4.009733 0.000098 3.995145 0.000079 4.009125 0.000259 3.994512 0.000045
b(A) 4.009733 0.000098 3.995145 0.000079 4.009125 0.000259 3.994512 0.000045
c(R) 4.009733 0.000098 4.031496 0.000108 4.009125 0.000259 4.033964 0.000056

Cell Volume(A%)  64.468 0.005 64.347 0.002 64.439 0.012 64.366 0.002
Weight Fraction  0.37539  0.0069  0.62461  0.0042  0.24147 0.0041  0.75853  0.0013

In addition to the phase composition, the discrepancies in the microstructures of BTO and
BTO-A were studied by transmission electron microscopy. BTO was found to consist of
crystalline particles of micrometer size. Most of the particles observed exhibited the presence
of {1-11} twin domains. Formation of such twins is attributed to changing from the corner-
sharing TiOs octahedral stacking to local Ti>Og face-sharing octahedral sequence. {1-11}
twin domains have been described in detail in several microstructural studies of BTO[26,27],
in which the oxygen content has been identified as one of the main factors in the {111} twin
formation. In BTO-A, the grains appear to contain much larger domains. Very weak diffuse
streaks were found in SAED patterns taken along the [110] direction, indicating the presence
of disorder in the crystals; no clear evidence of {1-11} twin domains present in the annealed
samples was found. Selected area electron diffraction (SAED) patterns cannot distinguish
unambiguously between tetragonal and cubic crystals since the error in determining the unit
cell parameters from the SAED patterns is of the same order as the difference between the a
and c parameters of the tetragonal lattice. However, comparing the XRD and TEM results

suggests that the process of annealing increases the size of the crystallographic domains,



reducing the instance of twinning, thus reducing the strain in the crystal and allowing a larger
amount of the more stable tetragonal, ferroelectric phase to form. Analysis of the XRD and
TEM indicates that the process of strain reduction during annealing involves the breaking up
of the most strained cubic and tetragonal grains, to produce small tetragonal grains leading to

reduced average tetragonal grain size.
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Figure 3. (a) Dark-field image of the BTO grain with twin boundary, (b) high-resolution TEM (HRTEM)

image of twin boundary in BTO, and corresponding SAED pattern (c); (d) overview image of the BTO-A

grains, () SAED pattern taken along the [110] direction with weak lines of diffuse scattering present, (f)
HRTEM image and (g) corresponding SAED pattern.

The morphologies of the obtained heterostructured photocatalysts were investigated under
SEM and TEM, as shown in Fig. 4. The particle size increases after annealing as can be seen
in in Fig. 4(a) and (b) and no obvious secondary phases are observed in either samples.

However, the EDX spectrum of BTO/a-Fe;Os (Fig. 4(e)) and BTO-Al/a-Fe;03 (Fig. S2)



demonstrates the existence of Fe in the sample. The TEM micrographs (Fig. 4(c) and (d))
further show the heterostructure between a thin layer of second species and BTO or BTO-A.
The thickness of this layer varies on the surface, from 10 to 25 nm. No discrepancies of this

layer between BTO/a-Fe203 and BTO-A/a-Fe2O3 are observed.
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Figure 4. SEM micrographs of (a) BTO/a-Fe,03, (b) BTO-A/a-Fe.Ozand TEM micrographs (c)

BTO/a-Fe0s, (d)BTO-A/a-Fe;03, and (e) EDX spectrum of BTO/a-Fe;03. A thin layer of Fe
species formed on the surface of BTO and BTO-A.

To further demonstrate the successful synthesis of heterogeneous photocatalysts, the surface
composition and chemical state of samples was analysed by XPS (Figure 5). The spectra of
both samples show signal peaks from Fe element in addition to the peaks from elements Ba,

Ti and O. As presented in Fig. 5 (b), the spectrum of Fe 2p is made up of two characteristic



peaks, Fe 2p1» at 724.2eV and 2ps; at 710.7 eV respectively. These peak positions are in
agreement with the reported XPS peak locations of a-Fe;Os within the common variations
between 724.4 and 724.7 eV for Fe 2pz1, and between 710.6 eV to 711.2 eV for Fe
2p312[22,28,29]. Apart from the peak position, a characteristic satellite which is located
between the two main peaks also suggests the existence of a-Fe.Os on the surface[22,28,29].

The XPS analysis demonstrates that the Fe species observed with TEM/EDX is a-Fe2Os.
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Figure 5. XPS spectra of (a) BTO/a-Fe 03 and BTO-A/a-Fe;03 and (b) Fe 2p. The existence of

characteristic peaks of Fe in a-Fe;O3 demonstrate the material formed on the surface is a-FezOs.
The optical properties of BTO/a-Fe>Os and BTO-A/a-Fe2O3 with bare BTO and BTO-A were
investigated as well, as shown in Figure 6. As expected, the absorption intensity of both
BTO/a-Fe203 and BTO-A/a-Fe203 in the visible-light range increase compared with bare
BTO and BTO-A due to the surface loading of Fe>Os. As known, a-Fe>Os has a narrow band
gap and can absorb most of the visible light[23]. In addition, comparing the absorption
spectra between BTO/a-Fe O3 and BTO-A/a-FexOs3, only a minor discrepancy is seen,

indicating the same loading amount of a-Fe>O3 and similar absorption properties.
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Figure 6. Diffuse reflectance spectra of BTO/a-Fe;O3, BTO-A/a-Fe203, BTO and BTO-A. The

absorption in visible-light range increase due to the surface loading of a-Fe2Os.

Combining SEM/TEM/EDX and XPS, it can be concluded that heterostructured
photocatalysts were produced successfully, and there is no significant difference in the

surface composition or chemical state between these two photocatalysts.

The photocatalytic activity of photocatalysts was evaluated by decolourisation of Rhodamine
B under solar light (Fig. 7). For reference pure a-Fe>O3 was included as well. The adsorption
of RhB on a-Fe;0s is highest due to its very large surface area (over 70 m?/g) compared with
the other four samples (1-2 m?/g, see Table 2). Despite a strong adsorption, pure a-Fe;O3
shows the slowest photodegradation rate in two hours, indicating its poor role as
photocatalysts. After BaTiOs coupling with a-Fe>Os, both heterostructured photocatalysts
show improved activity compared with bare BTO or BTO-A, and a-Fe>O3 as well. However,
the annealed photocatalysts, which contain more ferroelectric phase, show improved activity
compared to unannealed samples. Under the identical experiment conditions, BTO-Ala-
Fe>Os also shows improved decolourisation performance with respect to BTO/a-Fe2O3
despite a smaller surface area (Fig. 7 and Table 2). The half-time of photodecolourisation

decreases from 87 min for BTO/a-Fe203 to 55 min for BTO-A/a-Fe20:s.
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Figure 7. (a) Photodecolourisation profiles with different photocatalysts, (b) linear fitting profiles of
Co-C versus. t. BTO-A/a-Fe,03 shows the highest photocatalytic activity. Both BTO/a-Fe,Oz and
BTO-A/a-Fe203 show faster photodecolourisation rate compared to bare BTO and BTO-A

respectively.

Table 2 Surface areas, calculated t12 and kqps 0f different photocatalysts

Photocatalysts o-Fe,03 BTO BTO-A BTO/a-Fe;03 B];Z_g/a_
203
BET Surface
Area (m/g) 72.17 2.06 0.86 2.74 0.66
t12(min) 252 193 131 87 55
Kobs 0.0038 0.00509 0.00773 0.00973 0.0153
R? 0.994 0.976 0.997 0.981 0.998

As discussed in our previous work[6], the higher level of tetragonal material in the BTO-A
sample and corresponding Fe>Os-coated sample would be expected to increase the
ferroelectric phase content and have an predominant impact on the catalytic activity, which

will be discussed below in detail.

The advantage of ferroelectric photocatalysts can be explained by the different band
configuration in the heterojunction structure, as shown in Fig. 8. The specific conduction
band positions of BaTiOs and o-Fe,O3 were determined based on the empirical formula,
Ee = X —E, —0.5E, [30]. X is the electronegativity of the semiconductor, E, is the energy

of free electrons on the hydrogen scale (about 4.5 eV), and E,is the band gap energy of the

semiconductor. The band gap energy of BaTiOs and a-Fe2-O3z were assumed to be 3.2 eV and



2.2 eV [22,31]. Then the conduction band edge of BaTiO3 and a-Fe2O3 were calculated to be
at -0.86 eV and 0.29 eV versus NHE. Accordingly the valence band positions were at 2.34 eV
and 2.49 eV respectively. As for the Fermi level position of n-type BaTiOs, it was assumed to
be 0.1 eV lower than the conduction band edge[31,32] A 5.4 eV work function of a-Fe;03
[33] was used to situate its Fermi level relative to the vacuum level, i.e. 0.61 eV below its

conduction band edge.

BTO (l-Fez();; u'Fezo3 BTO-A u'Fezog,

(a) (b)

Figure 8. Schematic showing the band configuration of (a) BTO/a-Fe2O3 and (b) BTO-A/a-Fe20s.

When two semiconductors are contacted with each other, the electrons will flow from the
material with a higher Fermi level to that with a lower Fermi level to achieve Fermi level
alignment[34]. This will result in band bending and space charge layer formation, which is
similar to a typical p-n junction. After considering the band structures of BTO and a-Fe>Os,
the mechanism shown in Fig. 8(a) was put forward in the case of non-ferroelectric BTO. The
improved charge carrier transport due to the electric field in space charge layer accounted for

the enhanced photodecolourisation rate of BTO/a-Fe20a.



With respect to ferroelectric BTO-A system, the band bending due to ferroelectricity should
be considered apart from band bending arising from heterojunction. The band bending
contributed from the polarisation of BaTiOz will counteract or superimpose the band bending
due to the heterojunction, depending on the polarisation directions[35,36]. At the negative
charged surface of BaTiOs (C-) where the bands bend upward, electrons and holes can be
efficiently separated due to the difference electrochemical potential of conduction and
valence band across the interface. As for the positive charged region (C+) where the band
bends downward, electrons accumulate in the interface, and it may be possible for electrons
to tunnel through the layer of Fe>Os considering its low thickness (<10 nm) or the electrons
can be directly available in the regions where not covered by Fe,Os3 (Fig. 4, TEM

micrographs).

In addition, it should be mentioned that the charge carrier behaviour of a-Fe2O3 coupled on
ferroelectric BTO-A can be influenced by the polarisation of BTO-A. It has been recently
reported [37] that in a coupled semiconductor-ferroelectric Ag.O-BaTiO3z system, the
polarisation field in BaTiO3z can act as driving force to attract or repel charge carriers in the
attached Ag.O. This similar phenomenon was observed in the hybrid polymer/ZnO
photovoltaic devices, and a 3-fold increase in charge carrier lifetime was obtained under
applied acoustic vibration[38]. The credit was given to the piezoelectric polarisation of ZnO
nanorods, reducing recombination and extending carrier lifetime. Therefore, a similar
statement was proposed in our system. In positive polarisation, electrons will move towards
the interface while holes accumulated near the interface in the case of negative polarisations.
Then the charge carrier lifetime of a-Fe>Os will be extended due to this enhanced carrier

separation, which can also contribute to the enhancement in photocatalytic activity.



Conclusions

The heterogeneous photocatalysts BTO/a-Fe.Os and BTO-A/a-Fe.Os were successfully
synthesised as demonstrated by XRD, SEM/TEM/EDX and XPS analysis, showing that
BTO-A had a higher tetragonal, and therefore ferroelectric phase content compared to BTO.
Their photocatalytic activity were compared through photodecolourisation of Rhodamine B
under artificial sunlight. It was found under the identical experimental conditions, BTO-A/a-
Fe>Os showed higher photodecolourisation rate compared to BTO/a-Fe;Os. This was
attributed predominantly to the efficient charge carrier separation at the interface and
improved lifetime of charge carriers in o-Fe2Os due to the increased ferroelectric dipole in

BTO-A.
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Figure S1. XRD patterns of (a) BTO and (b) BTO-A showing the fit of the Rietveld refinement.
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Figure S2. EDX spectrum of BTO-A/a-Fe20;



