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Abstract: Titania nanoparticles containing both monoclinic (TiO2(B) – a promising battery material and catalyst) and anatase crystal phases are synthesized with a low-cost, scalable flame spray pyrolysis (FSP) process, as confirmed by X-ray diffraction, transmission electron microscopy and Raman spectroscopy. The latter reveals TiO2(B) contents of up to 27 % in the crystalline phase fraction. The amount of TiO2(B) increases as the time for nanoparticle growth in the flame decreases through quenching with ambient air. It can be controlled by varying the flow rates of precursor solution and dispersion oxygen into the flame. The FSP-made titania outperforms commercial titania P25 in the photocuring of epoxy, indicating its potential as a photocatalyst.
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1. Introduction
[bookmark: _Ref476299509][bookmark: _Ref504487612][bookmark: _Ref476287809]Titanium dioxide nanoparticles are typically produced in industry with flame reactors through oxidation of titanium tetrachloride vapor, as is the majority of pigmentary-grade titania [1]. In fact, TiO2 is the second largest commodity made by flame reactors, outnumbered in tonnage only by carbon black [2]. Unless dopants are employed to increase the rutile yield, e.g. for application as white pigments [1, 3], product powders are a mixture of anatase and rutile polymorphs. One prominent example is high surface area (~50 m2/g) titania P25 (Evonik Industries AG) with approximately 88 wt% anatase and 12 wt% rutile [4] that has broad application as a photocatalyst. Titania nanopowders have also been produced by flame spray pyrolysis (FSP) [5-12] in which a liquid mixture of an organic solvent and a titanium-containing compound, typically titanium (IV) tetraisopropoxide, is atomized and combusted. With flames burning in air, phase compositions similar to P25 are obtained, while careful adjustment of the oxygen partial pressure in the FSP reactor allows control of the anatase content between 6 and 96 wt% with the balance being rutile [7].
[bookmark: _Ref476296475][bookmark: _Ref468697062][bookmark: _Ref504486332][bookmark: _Ref468697210][bookmark: _Ref468696745]TiO2 can also attain other crystal phases than anatase and rutile, namely brookite, TiO2(Ⅱ), TiO2(H), and monoclinic TiO2(B) [13]. Recently, TiO2(B) has gained special attention as it has the lowest density [14] and most open crystal structure [15, 16] of all titania polymorphs with open channels along the b-axis in the [001] direction [17]. These properties allow for fast Li+ intercalation [18], making it ideal for rechargeable lithium-ion battery applications [14, 19, 20]. Smaller TiO2(B) nanoparticles provide shorter diffusion paths [21], improving battery charging and discharging times [15]. Furthermore, TiO2(B), is attractive due to its energy bands which differ from and interact with those of other crystal structures [22]. Consequently, it may lead to photocatalytic activity similar to or better than P25 [22, 23]. 
[bookmark: _Ref504487980]TiO2(B) is found in nature only in trace amounts[13] and was first synthesized from potassium octatitanate via hydrolysis and ion exchange followed by complete dehydration [24]. Other synthesis routes include sol-gel [25] and microwave [23, 26] processes. All current synthesis techniques are multi-step procedures and rather time-consuming compared to single-step flame synthesis that generates nanoparticles within milliseconds [27]. To the best of our knowledge, the TiO2(B) phase has never been reported for products of flame reactors.
Here, we take a closer look at titania nanopowders produced via flame spray pyrolysis with the help of Raman spectroscopy, high resolution transmission electron microscopy (HRTEM) and X-ray diffraction (XRD). We observe up to 27 wt% of TiO2(B) in product powders along with anatase and some rutile, and show how this fraction can be controlled by process conditions. The FSP-made powders are evaluated in the photocuring of epoxy and compared with P25 as well as TiO2(B) produced by a wet-phase process. 

2. Experimental
2.1 Particle synthesis
A precursor solution with 0.5 mol/L Ti concentration is prepared by diluting titanium (IV) tetraisopropoxide (Sigma Aldrich, 97%) with xylenes (Sigma Aldrich, Reagent grade). This precursor is fed at 1 to 5 mL/min through the capillary of the flame spray pyrolysis reactor [28], and atomized by 2 to 5 L/min of oxygen. These process conditions are denoted by P/D here where P is the precursor flow rate in mL/min, and D is the dispersion oxygen flow rate in L/min. The precursor spray is ignited with a pilot flame fueled by 1.25 L/min of CH4 premixed with 2.5 L/min of O2. Product titania particles are collected on glass fiber filters (Albet-Hahnemühle, GF 6, 25.7 cm diameter) placed in a water-cooled stainless-steel holder with the help of a vacuum pump (Busch, Seco SV 1040 C). In some experiments, the flame is surrounded by a quartz glass tube (5 cm inner diameter, 20 cm length) following Waser et al. [29]. When the tube is installed, sheath oxygen of 10 L/min is introduced in co-flow to the spray flame to reduce nanoparticle deposition on the tube walls. In some instances, samples are annealed for 2h at 500 °C in air in a muffle furnace (Carbolite CWF 1300).
TiO2(B) is synthesized using a sol-gel method according to Amstrong et al. [19] and Yang et al. [22]. Anatase titania (Sigma Aldrich) is treated with 10M NaOH at 180 °C for 48 hours in an autoclave with Teflon beaker. The resulting cake is mixed with dilute HCl (0.05 M) for 4 hours followed by washing with distilled water and filtration. Product titanate is transformed into TiO2(B) by annealing in air for 4 hours at 400 °C in a muffle furnace (Carbolite CWF 1300).

2.2 Particle characterization
X-ray powder diffraction (XRD) is performed with a Bruker D8 Advance diffractometer (Cu Kα radiation, 40 kV, 30 mA, Bragg−Brentano geometry, equipped with Lynxeye detector, 0.02° step size, 2 s/step) in the range of 10° < 2θ < 70°. Samples are analyzed pure and with 15 wt% of nickel oxide as an internal standard to quantify the amorphous and crystalline contents [4, 9, 30]. Phase fractions are determined by peak area integration at 15°, 25.5°, 27.5°, and 42.5° for TiO2(B), anatase, rutile and NiO respectively. The following equations are used:
	(1)
	(2)
Transmission electron microscopy (TEM) is performed with a Tecnai F30 (FEI) microscope operated at 300 kV (point resolution ca. 0.2 nm). Images are recorded with a Multiscan CCD 794 camera (Gatan Inc.). Specific surface areas are determined by nitrogen adsorption (Micrometritics Tristar II) at 77 K employing the Brunauer-Emmett-Teller (BET) isotherm after degassing the sample in nitrogen at 150 °C for at least 2 hours. An SSA-equivalent primary particle diameter is calculated as dSSA[nm] = 6000 / (SSA∙[m2/g] ρp [g/cm3]) with ρp = 3.8 g/cm3 for anatase titania. 
Raman spectra are recorded with a Renishaw spectrometer, using a 785 nm laser at 50% power with 10 seconds exposure time from 100 cm-1 to 800 cm-1. 5% laser power is used in the case of sol-gel TiO2(B) due to signal saturation at higher power. The Raman shifts at 144 and 123 cm-1 for anatase and TiO2(B) respectively are deconvoluted to quantify the relative ratio of anatase to TiO2(B) nanoparticles following Beuvier et al. [31]. The average and standard deviation of scans at six different spots are reported.

2.3 Epoxy curing
Mixtures (1.5 g total weight) consisting of 1-4 cyclohexane dimethanol diglycidyl ether (referred to as “epoxy” here, Sigma-Aldrich, technical grade), 5 wt% isopropanol (Sigma-Aldrich, 99.5%), and 5 wt-% nanoparticles are stirred overnight and then sonicated for 30 minutes while being water-cooled (5 s on, 20 s off for a total time of 40 min, 95% amplitude, 40 W, 100 kJ total energy) using a Vibracell VCX 500 equipped with a cup horn. Mixtures are prepared with commercial titania P25 (Evonik) or FSP-made nanoparticles and blade-coated on microscope glass slides using 0.0025-inch-thick kapton tape (McMaster-Carr). These films are then radiated for up to 144 hours with a 365 nm UVA lamp (UVP, XX-15M), having a light intensity of approximately 2 mW/cm2 at the surface of the films. The cure percentage is measured by Fourier transform infrared (FTIR) spectroscopy in ATR mode on 6 different spots of each film using 64 scans at 1 cm-1 resolution and scanning from 600 to 4000 cm-1 (Bruker Vertex 70v). 
3. Results and Discussion
3.1 Particle characteristics
[bookmark: _Ref472160184][bookmark: _Ref504487801]Figure 1 shows how the specific surface area (SSA) of titania nanoparticles can be controlled between 98 and 252 m2/g by varying the oxygen dispersion gas flow at constant 1 mL/min precursor feed (triangles) or changing the precursor flow at constant 5 L/min dispersion-O2 (squares). Specifically, the SSA increases from 160 to 252 m2/g as the dispersion gas flow increases from 2 (1/2 flame) to 5 L/min (1/5 flame). This is typically observed in FSP synthesis of nanoparticles as higher dispersion gas flows lead to shorter, colder and more dilute flames, and hence shorter high temperature residence times for nanoparticle growth [27, 28]. In contrast, increasing the precursor feed at constant oxygen dispersion gas flow decreases the SSA from 252 m2/g (1/5 flame) to 98 m2/g (5/5 flame) due to longer high temperature residence times and higher particle concentrations. The SSA of the 5/5 product is in excellent agreement with Jossen et al. [8] reporting 100 m2/g for a similar flame but toluene as solvent.  
[image: ]
Figure 1. Specific surface area of FSP-made titania as a function of precursor flow rate at constant 5 L/min dispersion-O2 (black squares, bottom abscissa) as well as of dispersion O2 flow at constant 1 mL/min precursor feed (red triangles, top abscissa). Increasing the precursor flow and thereby the flame enthalpy and particle concentration decreases the SSA rather linearly while it is increased by higher oxygen flow rates. 

[bookmark: _Ref504488982][bookmark: _Ref476238567][bookmark: _Ref478725531]Figure 2 shows the XRD patterns of commercial titania P25 (top), FSP-titania as well as sol-gel made TiO2(B) (bottom) in the region of the most intense reflections between 10° ≤ 2Θ ≤ 35°. The pattern of P25 shows the characteristic reflections of anatase (25.5°, PDF 86-1156) and rutile (27.5°, PDF 87-0710). Peak analysis with the help of a 15 wt% NiO standard (reflection at 42.5°, data not shown, PDF 44-1159) reveals a fully crystalline sample with 88 wt% anatase and 12 wt% rutile similar to Ohtani et al. [4]. Note, however, that in some P25 samples, Ohtani et al. [4] reported up to 13 wt% amorphous fraction, while Jiang et al. [32] determined 7 wt%. Also Bickley et al. [33] and Ohno et al. [34] detected some amorphous material in P25 powders by TEM. An amorphous content of ~23 wt% was determined here for FSP-titania made in the 5/5 flame (green line in Figure 2), along with 68 wt% anatase and the balance rutile. Similar amorphous fractions in FSP titania were recently reported by Fujiwara et al. [9] for  an 8/5 flame but lower titanium (IV) tetraisopropoxide concentration (0.16M) and different solvents (2-ethylhexanoic acid and acetonitrile). The anatase to rutile ratio of the FSP 5/5 sample here is similar to that of P25 as well as FSP-made titania reported by Jossen et al. [8], who did not consider the presence of an amorphous fraction. 
When the ratio of precursor to dispersion oxygen flow is decreased by reducing the precursor or increasing the dispersion oxygen flow rate, diffraction peaks become broader indicating smaller crystallites in agreement with the increasing specific surface area (Figure 1). Furthermore, the rutile reflection at 27.5° becomes weaker and a reflection at 15° appears indicating the presence of another phase while the peak at 25.5° remains dominant. This is most pronounced for the 1/5 flame having the lowest precursor and highest dispersion oxygen flow rates making it the shortest and coldest flame. These effects did not allow a reliable quantitative determination of the amorphous product fraction for flame ratios below 5/5. However, at least similar amorphous contents are expected as shorter high temperature particle residence times and faster quenching should promote the formation of amorphous domains. This has been observed for instance by Yang et al. [35] and Memon et al. [36] for titania synthesis with diffusion flame reactors as well as in systems employing laser ablation [37], sputtering [38] or electron beam evaporation [39] where particles undergo rapid cooling. 
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Figure 2. XRD patterns of P25 (top), FSP-titania made with precursor / dispersion oxygen ratios of 1/5 to 5/5, and pure sol-gel TiO2(B) (bottom) along with the characteristic reflections of TiO2(B) (bars), anatase (square), rutile (triangle) and brookite (stars). A reflection at ~15° corresponding to TiO2(B) appears and grows stronger in intensity as the flame ratio is decreased.

The reflection at 15° neither is characteristic for anatase (square) nor rutile (triangle) nor brookite titania (stars, PDF 29-1360). It is the characteristic reflection of TiO2(B), as shown by comparison with PDF 46-1237 (bars at the bottom of Figure 2) and corresponds to the 001 plane and a spacing of 0.64 nm which is unique to TiO2(B) [25]. The XRD pattern of a predominantly TiO2(B) nanopowder made here by a sol-gel process is shown in the bottom row of Figure 2. Reflections at 15°, 25.5°, 28° and 33° can be observed. While the reflection at 15° is unique to TiO2(B) amongst all TiO2 crystal structures, the reflection at 25.5° is the dominant reflection for both TiO2(B) and anatase titania. This overlap makes it difficult to identify TiO2(B) as the other reflections of TiO2(B) at 28° and 33° are much weaker and coincide with those of rutile (28°) and brookite (33°). 
Interestingly, the presence of TiO2(B) has never been reported for product titania nanopowders made with flame spray reactors or conventional diffusion or premixed burners, to the best of our knowledge. Many of the previous studies [6-10, 12] even used the same FSP reactor type and similar reactant flow rates. However, XRD analysis was typically performed only in the 2Θ region above 20° [6-8, 10, 11], missing the identifying TiO2(B) reflection at 15°. This reflection is also not observed in the diffractograms of Teleki et al. [12] and Fujiwara et al. [9] starting at 2Θ=10° and 15°, respectively. Note, however, that both studies employed rather high precursor to dispersion oxygen ratios (5/5 and 8/5 flames, respectively), which result in very small, if any, TiO2(B) fractions, making detection by XRD almost impossible, in agreement with our work (Fig. 2, 5/5 flame). Very low precursor to dispersion oxygen ratios similar to the 1/5 flame here that yield high TiO2(B) fractions have seemingly not yet been employed for the production of titania nanoparticles.Figure 3 shows high-resolution TEM images of nanoparticles made in the 1/5 flame. Primary particle sizes are in the order of 5 nm, in agreement with an SSA-equivalent particle diameter of 6 nm, and characteristic for this powder made in a rather cold flame with short high temperature residence time. Sinter necks between primary particles indicate aggregation as particles did not have sufficient time to fuse into larger spheres. In many particles, lattice fringes are discernible up to the surface corroborating a monocrystalline structure. In some particles, the unique 0.64 nm spacing of the 001 plane of TiO2(B) that gives rise to the reflection at 2Θ = 15° (Figure 2) is revealed (magnification in Figure 3b). This indicates the presence of individual TiO2(B) crystals in the product nanopowder. 
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Figure 3. HRTEM image of titania nanoparticles made in the 1/5 FSP flame showing aggregated primary particles of ~5 nm size. The magnified area (red rectangle) shown in (b) reveals the 0.64 nm spacing characteristic for TiO2(B) in some particles.

[bookmark: _Ref504488901][bookmark: _Ref504488620]Raman spectroscopy is conventionally used to quantify the TiO2(B) crystal fraction [31]. Figure 4 shows the Raman spectra of P25 (top), the FSP-made titania nanopowders of Figure 2, and sol-gel derived TiO2(B) (bottom). P25 and all FSP-made powders show the characteristic and pronounced anatase bands [40] at 144, 201, 398, 515 and 639 cm-1. The band at 144 cm-1 shifts slightly as the dispersion oxygen flow rate increases or the precursor flow rate decreases (inset). Such a shift has been reported before for decreasing anatase crystallite sizes [41]. Here, smaller primary particles (Figure 1) and crystals (Figure 2) are produced as the precursor to dispersion oxygen flow ratio decreases. A characteristic Raman mode of rutile titania is at 447 cm-1 but is rather weak and typically difficult to see [40]. It is indicated by a small hump in the spectrum of P25 but is hardly discernible in FSP-made powders here, in line with low rutile contents suggested by XRD (Figure 2). 
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Figure 4. Raman spectra of P25 (top), FSP-made titania, and pure sol-gel TiO2(B) (bottom) showing the band at 250 cm-1 corresponding to TiO2(B). The higher magnification in the inset shows the shoulder at 123 cm-1 corresponding to TiO2(B) as well as the shift of the Raman band around 144 cm-1 due to particle size. 

However, a band at 250 cm-1 and a shoulder at 123 cm-1 can be observed in FSP-made titania but not in P25. Those bands are characteristic of TiO2(B) [20, 31], as is also apparent from the sol-gel TiO2(B) sample (bottom spectrum in Figure 3). The TiO2(B) bands at 250 cm-1 and shoulder at 123 cm-1 are strongest in the particles made in the coldest flame with 1/5 setting and weakest in the particles made in the hottest flame, (5/5) in line with XRD results (Figure 2). Such TiO2(B) bands are also discernible in the Raman spectra of FSP-titania reported by Teleki et al. [12] for a 5/5 flame, the same precursor composition and a similar reactor but had not been assigned. 
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Figure 5. Amount of TiO2(B) in the crystalline titania fraction (%) as a function of the specific surface area (m2/g). Increasing the specific surface area by decreasing the precursor to dispersion gas feed ratio (P/D) increases the weight fraction of monoclinic titania, TiO2(B), from ~13% at 98 m2/g to ~27% at 252 m2/g (1/5 flame). Note that the rutile content was negligible in these powders and that a potential amorphous fraction would lower the contributions of the crystalline phases.

[bookmark: _Ref505024749]The ratio of anatase to TiO2(B) is quantified by deconvoluting the Raman shifts at 144 cm-1 (anatase) and 123 cm-1 (TiO2(B)) following Beuvier et al. [31]. Figure 5 shows the amount of TiO2(B) in the crystalline fraction of the nanopowder as a function of the specific surface area, assuming negligible rutile content. Despite some rather large error bars related to the accuracy of the deconvolution procedure, a clear trend of increasing TiO2(B) content from ~13 wt-% at 98 m2/g (5/5 flame) to ~27 wt-% at 252 m2/g (1/5 flame) is observed. Particles made in different flames but with similar specific surface area (flames 2/5 and 1/3 or 3/5 and 1/2 flames in Figure 5) also have similar TiO2(B) contents. It should be kept in mind that the FSP-made titania most likely contains an amorphous fraction, as indicated by Fujiwara et al. [9] and our finding of ~23 wt% for the product of the 5/5 flame. As a consequence, actual fractions of crystalline anatase and TiO2(B) in the product should be lower than shown in Figure 5. Though, none of those flame conditions produce pure TiO2(B), it has been demonstrated that titania particles with as little as 5 wt% of TiO2(B) improve the first discharge capacity of lithium batteries by 20% and rate performance by 25% compared to pure anatase particles [42].
[bookmark: _Ref466879336]The increasing TiO2(B) content with increasing specific surface area (Figure 5) indicates that colder and shorter flames, i.e. shorter high temperature particle residence times and possibly faster quenching, promote the formation of monoclinic titania. TiO2(B) is metastable and recrystallizes into anatase titania at temperatures above 550 °C [43]. FSP flames typically have maximum temperatures above 2000 K [27, 28, 44], much higher than the TiO2(B) to anatase transition temperature. However, computational fluid dynamics simulations and FSP reactor scaling proposed by Gröhn et al. [27, 44] suggest that a 1/5 xylene-based flame should have a high temperature particle residence time in the order of 1 ms while it is ~10 ms for a 4/5 flame. Apparently, there is simply not enough time at high temperature for TiO2(B) to recrystallize into the more stable anatase and rutile phases at the high quenching rates encountered in the FSP flames. Other possible explanations for the presence of such a metastable phase in small flame-made particles may be the preferred crystallization in the simplest structure and the formation of the lowest density phase to counteract high surface energies [45]. This is consistent with our observations of increasing TiO2(B) content with shorter high temperature residence time and resulting smaller primary particles, since TiO2(B) has the lowest density among all TiO2 phases and the monoclinic system is one of the simplest crystal structures.
[bookmark: _Ref504490558][bookmark: _Ref476373587]Annealing the nanopowder with the highest TiO2(B) content made in the 1/5 flame at 500°C for 2 hours removes all characteristic features of TiO2(B) in both XRD and Raman. Note that this temperature is lower than the phase transition temperature reported by Brohan et al. [43]. Additionally, the rutile XRD reflection at 27.5° can be observed after annealing, as anatase starts to convert into the thermodynamically stable rutile at such temperatures [46]. Similarly, surrounding the 1/5 flame by a tube and thereby preventing ambient air entrainment and flame quenching [29] leads to longer high temperature residence times, and eliminates all signs of TiO2(B) in XRD and Raman (data not shown). Longer residence times at high temperature may also be the reason why no TiO2(B) but some rutile is observed in flame-synthesized commercial titania P25 and in nanopowders made with hot-wall reactors [3] or laboratory diffusion flame burners [31, 35].  

3.2 Epoxy curing
[bookmark: _Ref468709595]The performance of FSP-titania made in the 1/5 and 5/5 flames is tested for the photocuring of epoxy and compared to P25, the gold standard for photocatalytic activity, and sol-gel TiO2(B). Photocuring of polymers is integral in applications like coating, dentistry, the manufacturing of printed circuit boards, and stereolithography 3D printing [47-49]. Previous work demonstrated a novel mechanism to photocure epoxy using semiconducting nanoparticles [50]. Here, we use this reaction to evaluate the photocatalytic activity of the FSP-titania. Note that the power intensity in these experiments is 2 mW/cm2, orders of magnitude lower than the W/cm2 used in typical stereolithography 3D printing applications employing epoxy photocuring.

Figure 6 shows curing kinetics for the 1/5 (squares) and 5/5 (triangles) FSP titanias, P25 (circles), and sol-gel TiO2(B) (diamonds) as determined from FTIR spectra by normalizing the epoxide peak [51] at ~910 cm-1 relative to the aliphatic peaks. Titania made in the 5/5 flame having the lowest TiO2(B) content and being closest in composition to P25 performs similar to P25, despite a more than twice as high surface area of 98 m2/g vs. 47 m2/g. FSP particles made in the 1/5 flame which have the highest TiO2(B) crystal fraction and the highest surface area (252 m2/g) perform 2-3 times more efficiently than P25. This improvement cannot be explained by the higher surface area alone given the small effect of surface area inferred by comparing the similar performances of P25 and 5/5 titania. This relatively small effect of particle surface area has previously been observed for this reaction also with pure anatase particles [50]. Sol-gel TiO2(B), with SSA of 39 m2/g, has the poorest performance of all the particles tested. This is attributed to the fact that these are single phase particles. Interactions between multiple crystal structures in mixed phase particles (P25 and FSP-made powders here) reduce the rate of electron hole recombination, significantly improving the photocatalytic activity [22, 50]. Note that the TiO2(B) to anatase ratio in 1/5 titania is the same as the rutile to anatase ratio in P25.
The amorphous content of FSP-TiO2 may also affect its photocatalytic activity. Bickley et al. [33] suggested that localized Anderson electronic states at the band edges of the amorphous phase may increase the recombination lifetimes of holes and electrons. On the other hand, Ohtani et al. [52] (1997) reported that the contribution of amorphous titania in mixtures with anatase in three different photocatalytic reactions was negligible. Clearly, a better understanding of the microstructure of FSP-TiO2 nanoparticles and their interaction is required before the observed enhanced activity in the photocuring of epoxy can be attributed to certain constituents.
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Figure 6. Epoxy photocuring determined from FTIR spectra as a function of time using titania made in 1/5 and 5/5 FSP flames, commercial titania P25, and sol-gel TiO2(B) as catalysts. Mixtures are epoxy, isopropanol (5 wt%), and nanoparticles (5 wt%). Error bars are 90% confidence limits. Note that flame-made titania outperforms P25, and single phase TiO2(B).

4. Conclusions
For the first time, we demonstrate the presence of TiO2(B) in titania nanoparticles made by flame spray pyrolysis, accounting for up to ~27 % of the crystalline fraction. The formation of this metastable phase is attributed to very short (milliseconds) high-temperature residence times and steep temperature gradients of the FSP flame. In addition to anatase and TiO2(B), FSP-made titania may contain an amorphous weight fraction, as high as ~23%. These phases should be considered in the characterization and performance evaluation of flame-made nanopowders. 
Based on catalyst weight, flame-made titania can show higher photocatalytic efficiency for photocuring epoxy compared to P25, the gold standard for photocatalytic activity. Continuous, single-step mass production of such particles can be readily achieved with flame spray pyrolysis in the same manner as P25 is currently mass produced. Monoclinic/anatase mixed particles may open the door to a new class of catalysts and new applications. Here, we show only one such application, catalyzing epoxy photocuring. The performance of these particles should also be investigated in photovoltaic and battery applications. Perhaps this mixture of TiO2(B) and anatase could replicate the impact of the rutile-anatase system of P25. 
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