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ABSTRACT:BaTiO3 is used as a target catalyst to probe the influence of ferroelectricity on the decolourisation of a typical dye molecule – Rhodamine B – under simulated solar light. We show that there is a threefold increase in the decolourisation rate using BaTiO3 with a high tetragonal content compared to predominantly cubic material. This is ascribed to the ferroelectricity of the tetragonal phase. The influence of ferroelectricity ensures a tightly bound layer of dye molecule and also acts to separate the photoexcited carriers due to the internal space charge layer. Both of these features act to enhance the catalytic performance. When nanostructured Ag is photochemically deposited on the surface of the BaTiO3 we find a further increase in the reaction rate that gives complete decolourisation of the dye in around 45 minutes.

INTRODUCTION
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]The discharge of industrial effluent containing organic pollutants, such as dye, fertiliser or surfactant molecules, is becoming a serious challenge for society as they damage water courses endangering both wildlife and human life. Significant efforts are being made to remove these pollutants, including filtration, sorption processes, biological treatment, catalytic oxidation, and combination treatments1. Among the techniques that are being investigated, heterogeneous photocatalysis is regarded an effective way to degrade and remove hazardous compounds in the air and water2. A semiconductor photocatalyst can generate electrons and holes under super band gap irradiation. These photoexcited electrons and holes are able to participate in redox reactions with pollutants. Over 50 semiconductor systems have been investigated in an effort to find a system that is suitable for efficient visible light photocatalysis. These include a variety of oxides (TiO2, ZnO, ZrO2, etc.) and sulphides (ZnS and CdS)3. However, the prospect of efficient (ca. 10% efficiency) photocatalysis has not been reached due primarily to the wide band gap associated with photostable catalysts that precludes significant activity under visible light.
A number of factors limit the efficiency of the photocatalyst. As mentioned, the first issue is the low utilisation of visible light. A typical semiconductor can only generate charge carriers under super band irradiation. Taking TiO2 as an example, only 3-5% of the overall solar energy is available to produce photoexcited carriers.3,4 Additionally, the rate of recombination of photoexcited electrons and holes influences the amount carriers that are available to do photochemistry: a high rate of recombination between photoexcited electrons and holes reduces the photo-efficiency of the system5. Finally, redox reactions occur in close proximity on the surface of the catalyst. This enables back reactions to proceed where products react to form the original starting species and so the equilibrium is not pushed toward final products6.
A number of methods to improve the efficiency of heterogeneous photocatalysis systems have been developed including: loading noble metal such as Ag7,8, Au9,10, Pt11,12 and Pd11 onto the surface of photocatalysts utilising the Schottky barrier formed between the interface and / or local surface plasmon resonance; combining two semiconductors with appropriate band gaps to facilitate charge separation, light absorption and improve photostability13–15; utilising organic dyes to sensitise the semiconductor16,17; and using z-scheme system to mimic natural photosynthesis18,19. A good review of the current state-of-the-art has recently been published that indicates the variety of approaches that have been investigated20. The lack of progress with the existing materials and combinations of materials systems means that there is potential for new materials to make an impact in the area of photocatalysis; ferroelectric materials may be this new candidate.
Piezo- and ferroelectric materials have been regarded as wide band gap semiconductors for some time21 and as such have been used in a variety of opto and optoelectronic devices such as photovoltaics22, LED23 and detectors24. A ferroelectric material possesses a spontaneous polarisation arising from the displacement of the centre of the positive and negative charges in a unit cell25. The spontaneous polarisation induces macroscopic charges on the surface of ferroelectrics26. This induced bound charge is compensated by free charge carriers and defects in the ferroelectric bulk (internal screening) and/or by the adsorbed charged molecules from the environment (external screening) (see Figure 1a) 27–30. Any region with an aligned spontaneous polarisation directions is termed a ferroelectric domain. The spontaneous polarisation with directions pointing from the bulk to the surface will produce a positive charge on the surface (C+ domain) and the polarisation pointing away from the surface to the bulk will generate a negative charge (C- domain) (Figure 1a)31. The internal depolarisation field will drive free electrons to the surface of a C+ domains resulting in downward band bending. In a C- domains, it is the opposite, with electrons flowing away from surface leading to upward band bending (Figure 1b)32.
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Hlk357682711]Figure 1. Schematic of a ferroelectric material showing (a) internal polarisation and screening mechanisms and (b) effect of free carrier reorganisation on band structure and photoexcited carriers. In (a) the spontaneous polarisation with polarisation vector P can be screened by free electrons and holes in the conduction and valence band respectively, and/or by ions or molecules adsorbed on the surface from the solution forming a Stern layer. In (b) the accumulation of free electrons on the C+ surface, and holes on the C- surface leads to downward and upward band bending respectively. The generation of a photoexcited electron-hole pair is shown, which are separated towards opposite surfaces of the material by the internal electric field arising from the polarisation. This then leads to the spatial separation of oxidation and reduction on opposite surfaces as shown.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Ferroelectricity of a material has a significant influence on the surface photochemistry27,33. The separation of charge carriers due to the influence of the ferroelectric nature on band bending helps to inhibit the recombination of holes and electrons. This is akin to the p-n junction of a typical photovoltaic or other diode structure. This has the effect of increasing the lifetime of photoinduced charge carriers; it has been reported that the decay time of photoluminescence in ferroelectric lithium niobate is 9 μs34 while it was reported to be 0.1μs in TiO2 thin film35. Ferroelectric materials screen the surface depolarisation field by developing strong Stern layers with chemisorbed molecules.36,37 It has been proposed that the dipole moment of a polar molecule (or induced dipole moment) interacts with the polarisation of ferroelectric domains at the surface. This reduces the energy required to break bonds and enhances the photochemical activity.38–40
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]BaTiO3 is a widely used ferroelectric material, its ferroelectricity arising from the tetragonal crystal structure, which is stable up to its Curie temperature (about 120°C) in bulk samples.41 When the temperature is above the Curie temperature of BaTiO3, the crystalline structure changes from the ferroelectric tetragonal to paraelectric cubic structure.42 However, it has been shown that surface-related strain can stabilise the cubic form at room temperature in small crystallites43–45. Therefore it can exist in both the non-ferroelectric cubic phase and the ferroelectric tetragonal phase at room temperature46.With a band gap of 3.18 eV,47 BaTiO3 has been reported to degrade organic dyes like methyl red48 and methyl orange49 under super bandgap  irradiation. However, in these publications, BaTiO3 is in a cubic phase structure and only acts as a traditional wide band gap semiconductor under light. Recently, Hong et al. showed a new mechanism for dye decolourisation that makes use of the so-called piezo-electrochemical effect in BaTiO3 dentrites50.  However, in a closely related paper Hong et al.51 report piezoelectrical water splitting, but closer examination of the XRD data shows that the BaTiO3 was in the cubic phase, which does not have piezoelectric properties. These results clearly indicate that BaTiO3 is a very interesting material for the catalytic interaction with target pollutant molecules. However, there must be careful consideration of the phase and therefore extent of the ferroelectric and piezoelectric nature of the BaTiO3 that has been used. For example it may be possible to confuse sonocatalysis52or flexoelectric behaviour (potentially significant in high dielectric constant materials)53 in nanostructured hierarchical materials for a direct piezo- or ferroelectric effect. 
In this work a range of BaTiO3 compositions were obtained through thermal or photochemical treatment. Half of the BaTiO3 samples were coated with nanostructured Ag using a previously reported process54. The phase structure was investigated using X-ray diffraction and the morphology was investigated using scanning and transmission electron microscopy. The rate of photodecolourisation of a target molecule, Rhodamine B (RhB) was used to compare the activity of the photocatalysts. By obtaining both cubic, non-ferroelectric and tetragonal, ferroelectric phases of the same material we are able to directly ascertain the effect of ferroelectricity on the photocatalytic activity of BaTiO3, while keeping the chemical composition of the material unchanged. 
EXPERIMENTAL METHODS
BaTiO3 powder (99.9% trace metal basis, <2 μm) was supplied by Sigma. For thermal treatment the required amount of BaTiO3 powder was weighed, placed in an alumina crucible and heated at 1200°C for 10 hours in air in a tube furnace (Model ST 12 series of M.L.FURNACE) followed by natural cooling.  After annealing the agglomerated powder was ground in a pestle and mortar to produce a fine powder. 
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Figure 2. SEM micrographs of (a) BTO, (b)BTO-anneal, (c) Ag-BTO and (d)Ag-BTO-anneal, showing the particles grow bigger and agglomerate after annealing. Ag is not visible on the surface of the particles in (c) or (d).

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Ag nanoparticles were deposited on the surface of BaTiO3 powder using a photo-reduction reaction. 1 g of BaTiO3 (as-supplied or post-annealed) was weighed and loaded into a beaker holding 50 ml of 0.01 M AgNO3 solution. The beaker was placed under a UV illumination source (Honle, UV Cube with a high pressure Hg lamp), which gives an irradiation of 5.54 mW/cm2. The distance between the bottom of beaker and the light source was fixed at 5.5 cm and the powder was irradiated for 30s under constant stirring. The powder was then separated from the solution using a centrifuge, followed by washing with DI water 3 times and drying at room temperature. Four kinds of different catalyst were obtained: BaTiO3 as-received from Sigma (termed BTO), BaTiO3 after annealing at 1200°C for 10 hrs (BTO-anneal), Ag-modified as-supplied BaTiO3 (Ag-BTO) and Ag-modified annealed BaTiO3 (Ag-BTO-anneal).
X-ray diffraction (XRD) patterns of the powders were obtained with a Panalytical Xpert Pro diffractometer using Cu-Kα radiation. High resolution scans were obtained in a continuous scan mode at a scan speed of 0.6°/min with a collection width of 0.0167°. The morphology of the powders was observed using scanning electron microscope (SEM, FEI Inspect F) and transmission electron microscope (TEM, Jeol JEM 2010). The mean particle size was measured by analysing the SEM micrographs and BET surface area of the powders was obtained on Micromeritics Gemini VII surface area analyser using N2 as the adsorptive gas. The surface composition of the powders was analysed by Thermo Scientific K-Alpha X-ray photoelectron spectroscopy with an Al Kα source (1486eV). All the binding energies were referenced to C 1s peak at 284.9eV of the surface adventitious carbon.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]The photocatalytic activity of the catalysts was evaluated by the decolourisation of Rhodamine B (RhB, Sigma, 99.99 %) dye solution. This was performed in a quartz petri dish after mixing 0.15 g catalyst powder with 50 ml of 10 ppm dye solution. The mixture was stirred in the dark for 30 minutes before exposure under a solar simulator (Newport, class ABB) fitted with an AM 1.5 filter at a distance of 17 cm from the light source. The irradiation intensity was fixed at 1 sun (100 mWcm-2) using a silicon reference cell. 2 ml of solution was taken for sampling at fixed intervals of 15 minutes followed by centrifugation at 4000 rpm for 30minutes to remove any catalyst powder. The optical absorption of the obtained dye solution was measured using a Perkin Elmer Lambda 950 UV-Vis spectrophotometer. 
RESULTS AND DISCUSSION
Characterization of BaTiO3 powder and Ag-modified BaTiO3
The SEM micrographs of the different catalysts are shown in Figure 2. The mean particle size obtained by taking an average of 100 particles from SEM images is shown in Table 1, with the corresponding surface areas measured by BET. In the case of the annealed samples the particle size is given after post-anneal grinding. It can be seen that after annealing, the particle size increases and the surface area decreases accordingly. In addition, the powders before annealing show a wider size distribution compared with that of post-annealing (See Figure S1 in the Supporting Information for size distribution). It is known that particle size and surface area of a catalyst have a significant impact on the catalytic efficiency of a system55; when all other conditions are equal it is anticipated that a smaller particle size and higher surface area will lead to better catalytic performance.  
Table 1 Particle size and surface area of BaTiO3 and Ag modified BaTiO3
	Sample
	Average Particle Size(nm, SEM)
	BET Surface 
Area(m2/g)

	BTO
	386.3
	2.055

	BTO-anneal
	622.2
	0.862

	Ag-BTO
	416.8
	2.335

	Ag-BTO-anneal
	673.3
	0.611


The phase composition of the powders was analysed using XRD. Wide 5-70° 2θ patterns obtained for each of the samples are shown in Fig. 3. There is no observable difference in the XRD patterns after silver deposition and no peaks assigned to Ag were detected in any of the XRD patterns. We believe this is due to the small amount of silver that has been deposited on the surface of the BaTiO3, which is discussed further below with respect to the TEM results.
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Figure 3. XRD pattern of (a) BTO, (b) Ag-BTO, (c) BTO-anneal, (d) Ag-BTO-anneal. No silver peak was detected in these samples. After annealing, the peak around 45° shows splitting more distinctly, illustrating more tetragonal phases produced.
The XRD pattern of pure cubic BaTiO3 (c-BaTiO3) shows a single peak at 2θ = 45° (JCPDS 31‑0174) which is assigned to the (200) lattice plane. In the pattern for tetragonal BaTiO3 (t-BaTiO3) this peak is split into two at 2θ = 44.8° for (002) and 2θ = 45.4° for (200) (JCPDS 05‑0626). The patterns for BTO and Ag-BTO (Figure 3a and b) seem to have a single peak around 2θ = 45° with a slight shoulder indicating there may be some splitting. The splitting can be more clearly seen for BTO-anneal and Ag-BTO-anneal (Figure 3c and d), implying a higher tetragonal content for these samples.
In order to investigate the phase of these materials, high-resolution XRD analysis of the region around 2θ = 45° was performed, as shown in Figure 4. Peaks were fitted to these data using the reference spectra for cubic and tetragonal BaTiO3. Contributions from both Cu Kα1 (λ = 1.5405 Å) and Kα2 (λ = 1.5443 Å) radiation were included, as they could be resolved in these scans, which give two reflections per lattice plane. Hence six peaks are included in total from the tetragonal and cubic planes (Figure S2). The cubic peaks were much broader than the tetragonal, indicating a small crystallite size for the cubic material: the Scherrer formula gives a lower limit of 25-50 nm for the cubic crystallites in both samples. This indicates that the grains seen in Figure 2 may be agglomerations of smaller crystallites, and supports the evidence from the literature that the cubic phase occurs at room temperature in BaTiO3 in small (<100-200 nm) crystals 43,45. 
[image: ]
Figure 4. High-resolution XRD scans of the {200} region of the BaTiO3 pattern. BTO-anneal presents a peak pattern contributed from more tetragonal phases than BTO.
Comparison of the areas of the peaks relative to the intensities of the reference spectra show that BTO contained 92 % cubic material, which was reduced to 67 % in BTO-anneal (See Figure S2 in Supporting Information for XRD fitting), indicating that using a simple thermal anneal is successful in converting a large portion of BaTiO3 from cubic to tetragonal. During the annealing process for 10hrs, the particles grow and agglomerate through atomic diffusion while grain boundaries decrease (See Figure 2). Accordingly, the room-temperature 
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Figure 5. TEM micrographs of (a) BTO, (b) BTO-anneal, (c) Ag-BTO  the enlarged edge portion and (d) Ag-BTO-anneal, with the corresponding EDS spectrum of (d) inset. Dark dots on the edge of particles in combination with EDS analysis show the success in photodeposition of Ag.

stabilisation of the cubic structure due to small particle size is reduced, and thus a larger portion of the catalyst is tetragonal at room temperature after sintering. As BaTiO3 is ferroelectric when tetragonal, but not when cubic,41,42 this indicates that BTO-anneal will have a higher ferroelectric content, where BTO is almost entirely cubic and therefore non-ferroelectric. Thus by comparing the behaviour of these two samples the influence of ferroelectricity on the catalytic properties can be investigated. Although BTO-anneal still has a high proportion of cubic content, further annealing would lead to significant reduction in the surface area through sintering which would prevent comparison with the unannealed catalyst.
The microstructure of BaTiO3 and Ag-modified BaTiO3 were investigated by TEM (Figure 5). The TEM shows that the samples that have undergone thermal treatment consist of large agglomerated grains of material (Figure 5b and d). For samples that have been illuminated in AgNO3 solution there are a series of small particles attached to the edges of the larger supporting BaTiO3 particles which are smaller than 5 nm for Ag-BTO, and 5-10 nm for Ag-BTO-anneal (Figures 5c  and d). These nanoparticles have been identified as Ag by EDS analysis (Figure 5d inset). The small size and low density of coverage of the Ag nanoparticles indicates why they were not detected with standard SEM or XRD analysis as they are too small to be resolved by the SEM, and there is insufficient quantity of material to be detected by XRD. 
 It has been demonstrated that photochemical reactions on the surface of BaTiO3 will be driven by the ferroelectric domains underlying in the ferroelectrics, leading to spatial separation56,57 while there is no such domain driven reactivity in non-ferroelectrics,(e.g.TiO258). There does appear to be some differences between the Ag deposition on annealed BaTiO3 compared to unannealed, with the Ag particles smaller and more evenly distributed on the latter (Fig. 5). However, it cannot be confirmed that this is linked to selective deposition on ferroelectric domains as we were unable to measure the domain patterns on individual BaTiO3 particles.
[image: ]
Figure 6. XPS spectrum of Ag-BTO-anneal. The characteristic spectrum of Ag3d confirms the existence of metallic Ag.
XPS was used to confirm the presence and chemical state of any photo-deposited Ag on the surface of the BaTiO3 catalyst support. In the case of the Ag-BTO-anneal (see Figure 6) we show that the spectrum of Ag 3d was made up of two characteristic peaks, Ag 3d3/2at 373.49 eV and Ag 3d5/2 at 367.49 eV. The spin-orbit splitting of the 3d doublet is 6.0 eV49,59. This spectrum is entirely consistent with the XPS spectrum obtained for metallic Ag. This confirms that silver is present on the surface as detected by EDS analysis, and confirms that it is in the metallic form.
Adsorption of Rhodamine B molecules on the catalysts
Adsorption of a dye molecule onto the surface of a catalyst is an important step in the decolourisation process60.  Prior to exposure under the solar simulator, the dye solutions with catalysts were stirred in the dark for 30 minutes to enable a stable equilibrium situation to develop. The amount of dye adsorbed by the catalyst in the dark was determined using the UV/Vis absorption of the dye solution. The adsorption results, shown in Figure 7, highlight two trends. The first is the enhancement in adsorption of RhB after the BaTiO3 has been annealed. A direct comparison of the dye removal for BTO and BTO-anneal shows that there was an increase from 0.97% (removal) per unit area for BTO to 4.81% (removal) per unit area for BTO-anneal. This indicates that there is a strong influence on the Stern layer generation due to the ferroelectric nature of the BTO-anneal sample61,62. In this model the polar RhB cation is likely to produce a tightly bound layer on the polar surfaces of the ferroelectric material that results in a greater degree of dye molecules being bound to the catalyst surface.
[image: ]
Figure 7. Adsorption of RhB by BaTiO3 and Ag-modified BaTiO3 under dark conditions for 30 minutes. Dye removal is scaled for surface area. The adsorption increase dramatically after annealing.
The difference between ferroelectrics and non-ferroelectrics in adsorption of molecules is related to the spontaneous polarisation which can be screened externally by the adsorption of charges species, such as dye molecules. It has been reported by Zhao et al.36 that polarised BaTiO3 adsorbed more ethanol on C+ and C- surfaces than the unpoled surface. The stronger adsorption of dye molecules in ferroelectrics has also been observed in LiNbO363, where TiO2 powder adsorbed 1.27% per unit area while ferroelectric LiNbO3 adsorbed 7.79% per unit area. This demonstrates that the polar nature of ferroelectrics can support a higher loading of dye molecules. This accounts for the higher dye-loading on the BTO-anneal sample, which was shown to have a higher tetragonal, and therefore ferroelectric, phase content by XRD analysis (Figures 3 and 4).
The second trend is that the adsorption is enhanced by Ag nanoparticle coating on the surface of the catalyst support by a factor of approximately 1.5 for both BTO and BTO-anneal. This has been reported previously for Ag deposited on TiO2 where the dye molecule adsorbed more strongly on Ag-TiO2 than TiO258,59,64. The noble metal Pt has also been observed to assist the adsorption of RhB on to TiO212. The assistance of noble metals in adsorption dye molecule may be attributed to the possible electronic state change of substrate due to deposition of noble metal nanoparticles on the surface.
Photocatalytic decolourisation of RhB
[image: ]
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 8. Photodecolourisation profiles of RhB with different catalysts under solar simulator. The catalysts consisting of higher t-BaTiO3 after annealing show higher activity, especially when modified by Ag nanoparticles.
The photocatalytic activities of the four BaTiO3 samples were assessed through decolourisation of RhB, shown in Figure 8.  The photodecolourisation rate increased in the following order: 
BTO (slowest) <BTO-anneal<Ag-BTO< Ag-BTO-anneal (fastest)
Generally, it has been assumed that the kinetics of photocatalytic decolourisation of most organic compounds follows the Langmuir–Hinshelwood model2,3,60:
	[image: ]	(1)
where Ci is the molar concentration of the dye solution, k is the reaction rate constant and K is the adsorption coefficient of the dye to the catalyst. When Ci is small (Ci < 10‑3 M)3, kKCi << 1 and equation(1) will be simplified to a pseudo first order equation:
	[image: ]	(2)
Integrating Eq. (2) gives the following relationship:
	[image: ]	(3)
where C0 is absorbance related to the initial concentration of the dye and kobs = kK is the observed pseudo first order reaction rate constant. Thus the reaction rate kobs can be obtained from the slope of ln(C0/C) vs. t, and is shown in Table 2. Here the concentration of the dye solution is determined according to the absorption measurement at λmax using spectrophotometer based on the Lambert-Beer law, where the absorbance is proportional to the concentration. 
Table 2 The obtained kobs from the fitted linear plot of ln(C/C0) vs. t.
	Dye solution concentration and volume
	Catalyst
	kobs (min-1)
	R2

	10 mg/l, 50 ml
	BTO, 0.15 g
	0.0012
	0.97

	10 mg/l, 50 ml
	BTO-anneal, 0.15 g
	0.0036
	0.98

	10 mg/l, 50 ml
	Ag-BTO, 0.15g
	0.0096
	0.99

	10 mg/l, 50 ml
	Ag-BTO-anneal, 0.15 g
	0.087
	0.96



There are two main effects that can be observed by comparing the rate constants for the four catalysts. The first is that the annealed samples show higher catalytic activity than the equivalent non-annealed samples despite the annealed samples having a smaller surface area (Table 1). This suggests that the increased ferroelectric nature of the annealed samples enhances catalytic performance. As discussed above a ferroelectric material can effectively separates holes and electrons due to the internal electric field associated with the asymmetry in crystal lattice. This electric field generates a space charge layer similar to that found in a typical p-n junction and acts to separate photogenerated carriers. In addition, as discussed in section 3.2, the annealed catalysts demonstrate much higher levels of dye adsorption, which can also be ascribed to their ferroelectric nature. As indicated by equation 2, and demonstrated previously,60,65,66 higher levels of dye adsorption of the catalyst will enhance the rate of degradation. In the work presented here the X-ray, TEM and SEM studies give no indication that there are any significant changes to the surface of the BaTiO3 before and after annealing. This is further supported by XPS analysis of the BaTiO3 before and after annealing (see Figure S3 in SI); there are no changes to the chemical environment of any of the constituent ions in BaTiO3 which indicates there should be no changes in the surface chemistry. It should also be considered that the annealed samples contain a mixture of phases, and polymorphic phase boundaries in catalysts such as TiO267 and Ga2O368 have been shown to increase photocatalytic activity. However, band offsets exist between phases in these two materials, which is not the case for BaTiO3; it has been found that the phase transition between cubic and tetragonal does not change significantly either the band gap or the band position with respect to the Fermi level69. Thus this effect is not expected to influence the activity of the phase-mixed BaTiO3 reported herein. Therefore, we conclude that the differences in reaction rate seen in the BTO and BTO-anneal stem from the interaction of the ferroelectric nature with both photoexcited carriers and the dye molecules in solution.
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Figure 9. (a) Diffuse reflectance spectrum of catalysts used in the study. Broad absorption bands can be seen for Ag-coated catalysts which are linked to the surface plasmon resonance as in previous studies. (b) Photocatalytic decolourisation of RhB using UV and visible blocking filters using Ag-BTO-anneal. No catalytic activity is observed when the UV illumination is blocked.
The second effect to observe by comparing the rate constants (Table 2) is that Ag-coating of the BaTiO3 catalysts enhances the reaction rate for both unannealed and annealed samples. The nanostructured metals can act as electron traps, leading to improvement of the separation of electrons and holes, and consequently enhanced photocatalytic activity70. Additionally, noble metal nanoparticles such as Ag and Au enhance the absorption of visible light over a wider wavelength through surface plasmon resonance (SPR)71. It is likely that one or both of these effects are producing the enhancement in catalytic activity for the BaTiO3 catalysts that are observed here. To determine whether absorption due to SPR is contributing to the enhanced reaction rate after Ag-coating of the catalysts the diffuse reflectance spectra were recorded (Figure 9a). These show that after Ag-coating both Ag-BTO and Ag-BTO-anneal show enhanced absorption in the visible region, which is attributed to the SPR. In previous studies it has been shown that visible absorption due to SPR can contribute to catalytic activity for Ag-deposited TiO258,59. However, when the photodecolourisation of RhB using Ag-BTO-anneal was measured using both UV- and visible-light-blocking filters (Figure 9b) no decolourisation was observed with visible light only (UV-blocking), and no difference was found between UV-only (visible-blocking) and full spectrum illumination. This indicates that despite the observable visible absorption due to SPR, photoexcited electrons generated through this process did not contribute to the photocatalytic activity. Therefore in the case of Ag-BTO-anneal the enhancement of reaction rate by Ag-coating is attributed to improved charge separation at the surface. 
 The enhancement achieved by Ag coating on the BaTiO3 samples is not equal; the rate constant for Ag-BTO-anneal is a factor of twenty-four greater than BTO-anneal, where Ag-BTO is only eight times more active than BTO. This indicates that the higher ferroelectric content in BTO-anneal enhances the effect of Ag-coating as well as directly increasing the catalytic activity. It is known that the Ag will deposit on the C+ regions of BaTiO3,27,33 which are the same regions where there will be an excess of photoexcited electrons during the photodecolourisation process. This means that when the ferroelectric (BTO-anneal) material is coated with Ag and then illuminated there are more available electrons in the Ag nanoparticle which further enhances the reaction rate (See Figure S4 in SI). Overall we show that the Ag-BTO-anneal catalyst has the highest photocatalytic activity, indicating the combined benefit of ferroelectricity and noble metal coating to photocatalytic activity.
In order to further investigate whether the higher dye adsorption predominates in the contribution to the higher photocatalytic activity of the catalysts, methyl red, an anionic dye different from cationic dye RhB, was chosen and decolourised following the same procedure and parameters as RhB (Figure S5 in SI). Methyl red was found not to adsorb onto the catalyst surface for any of the four catalysts. This reduced the difference in decolourisation rates between BTO and BTO-anneal, suggesting enhanced adsorption of cationic RhB contributed largely the enhancement with BTO-anneal. However, Ag-BTO still showed enhanced methyl red decolourisation, and Ag-BTO-anneal had the highest activity, indicating that charge and / or redox separation, and especially the combined enhancement from ferroelectricity and Ag was an important factor in the enhancement for these catalysts.

CONCLUSIONS
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]X-ray analysis and SEM/TEM analysis was used to measure the change in phase for microstructured BaTiO3 powder. We show that it is possible to produce a sample with a higher tetragonal content and therefore increased ferroelectric nature by thermal treatment of as-received, predominantly cubic BaTiO3. Using photodecolourisation of a target dye molecule we probe the variation in rate of decolourisation for non-ferroelectric BaTiO3 compared to ferroelectric BaTiO3 and show that there is a significant enhancement of decolourisation rate when a ferroelectric material is used. We assign this enhanced rate to the fact that the ferroelectric materials develop a strong Stern layer as evidenced from the enhanced dye adsorption on the ferroelectric catalyst and that they demonstrate effective electron-hole and redox chemistry separation at the interface of the catalyst and target dye.  We also show that it is possible to further enhance the performance of the catalyst through the development of a nanostructured metallic coating on the catalyst surface. For each catalyst the presence of the nanostructured metal (Ag in this case) enhances the photodecolourisation of the dye. This effect is most significant for the ferroelectric material, even when an alternative dye is used that does not adsorb onto the catalyst surface. This further supports our proposition that the ferroelectric nature of the catalyst aids carrier and redox separation. The results provide evidence that ferroelectric materials can act as a promising photocatalyst in dye decolourisation.
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Figure S1. Size distribution of powders used, (a) BTO (b) BTO-anneal (c) Ag-BTO and (d) Ag-BTO-anneal. After annealing, powders show a narrower size distribution and larger mean particles size than before annealing, which is consistent with that observed in Figure 2.
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Figure S2. XRD fitting curves for (a) BTO and (b) BTO-anneal. X-ray reflection angles were calculated from Bragg’s law using the wavelength of the incident Cu Kα1 and Kα2 radiation (λ = 1.5405 Å and 1.5443 Å respectively) and the known lattice spacings of the cubic (002) plane and tetragonal (002) and (200) planes, giving six peaks in total. Basic broadening was accounted for by using Gaussian-type peaks. The fit was optimized by minimizing the difference between the data and the sum of the peaks by varying the peak width and height, while keeping the relative intensities of the tetragonal (002) and (200) peaks and the Cu Kα1 and Kα2 peaks constant based on the powder pattern and relative emission intensities respectively. Proportions of cubic and tetragonal phase were calculated based on the ratio of peak area compared to the relative intensities in the reference spectra.
[image: ]
Figure S3. XPS spectra for BTO and BTO-anneal after normalization. It can be seen that the spectra of these three constitute elements between BTO and BTO-anneal overlap very well, The hydroxyl oxygen (OH) arising from the normal atmosphere and oxide species (O2-) both contribute to the O 1s peak in BTO-anneal (d)1. Overall, the XPS spectra of samples post-anneal is very similar with that of pre-anneal, showing no significant surface chemical state change except for a very slight difference in surface OH content. This slight difference likely results from different amounts of chemisorbed water on the surface before and after annealing.
[image: ]
Figure S4. Schematic of selective Ag nanoparticle deposition on C+ surface due to downward band bending leading to reduction of silver cation at this location. This further enhances the spatial selectivity of oxidation and reduction on the opposite ferroelectric surfaces by enhancing electron transfer at the C+ surface.
[image: ]
Figure S5. (a) UV-Vis spectra of initial methyl red solution and after dark adsorption-desorption equilibrium for 30 minutes with Ag-BTO-anneal. (b) Photodecolourisation profiles of methyl red with different catalysts under solar simulator. Part (a) shows that the anionic dye methyl red was not adsorbed onto Ag-BTO-anneal, as the absorption intensity at maximum absorption after dark equilibrium did not change within experimental error. The other three catalysts showed identical behaviour. Despite the lack of dye adsorption, Ag-BTO-anneal still shows the highest activity in decolourisation of methyl red (b). The trend of the activity of the four catalysts was the same with that of RhB, except that BTO and BTO-anneal showed almost no difference in methyl red decolourisation. This indicated that in the case of decolourisation of RhB, higher dye adsorption of BTO-anneal contributed to its higher photocatalytic activity, where the enhancement of Ag-BTO and Ag-BTO-anneal originated from the enhanced charge separation in those catalysts as well as enhanced dye adsorption.  
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