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Abstract - 150 words maximum 

 

The utilization of mechanochemistry, and specifically of ultrasonication, can arise new 

opportunities on the design and synthesis in materials chemistry, and more interestingly of novel 

nano-photocatalysts. Herein, a low-power high-frequency (500 kHz) ultrasound-assisted 

precipitation synthesis (LPHFUS) led to a unique multiphase nano-structured titanium dioxide of 

a high surface area (326 m2/g), total pores volume (0.484 cm3/g) and enhanced surface chemistry 

heterogeneity. The design of this synthetic protocol avoids the energy demanding step of 

calcination for crystallization, while utilizes the organic residues towards the introduction of 

various surface carbon/oxygen containing functionalities(JC: If we are convinced (with strong 

evidence) how those functionalities were formed (the whole mechanism of our material synthesis) 

then I think we have some chances in Nature Materials) and to control the anatase nanocrystals (4 

to 7 nm in size) surrounded by an amorphous titanium hydroxide network. This nanomaterial 

showed a superior performance as a heterogenous photocatalyst either in a gaseous phase against 

toxic vapors of chemical warfare agents (a mustard gas surrogate), or in liquid phase, for the 

selective oxidation of benzyl alcohol, a model lignin-biomass derived compound.  

Introduction 

An essential and “green” aspect of environmental sustainability is the utilization of the abundant 

and naturally available source of power, sunlight. After an innovative announcement of Fujishima 

and Honda (1972) on utilizing TiO2 as a semiconductor photocatalyst for the photo-electro-

catalytic water splitting,1 heterogeneous photocatalysis have been widely used also for 
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environmental remediation and in organic synthetic chemistry.2–4 Nevertheless, its vital 

disadvantage (JC: disadvantage? If we are thinking about AOP: the main goal is to mineralize 

everything organic (no selectivity))  is  that the advanced oxidation processes (AOPs), which 

provide a high reactivity, are nonselective, especially in aqueous media.5–9 A design and synthesis 

of an efficient photocatalyst is regarded as the most important aspect determining the feasibility of 

a specific process. Titanium dioxide is considered as an efficient semiconductor photocatalyst, 

especially for environmental remediation applications,10,11 since it is inexpensive, and thermally, 

chemically, and biologically stable 12. The commercially available TiO2-P25 (Degussa/Evonik) 

showed a  high photocatalytic activity towards the decomposition of various organic pollutants,13,14 

and it is regarded as a benchmark photocatalyst. Nevertheless, predominant drawbacks upon its 

utilization for light-assisted synthetic processes/reactions are a low porosity, fast photo-induced 

charges recombination, and - a non-selective reactivity important for organic synthesis (JC: of 

course if we are thinking about “organic synthesis”). 

The design and development of efficient an drawback-free TiO2-based catalysts is still an open 

and challenging topic, especially with emphasis on specific selective photo-oxidation processes,15 

where controllable adjustment of  surface feature including the porosity, morphology, surface 

chemistry heterogeneity, and/or size of particles showed to have a determinantal impact on the 

photoreactivity, as also architected morphologies have (JC: Please check).15 Mechanochemistry 

applied as a synthetic tool brings an advantage of altering and tuned surface features on demand.15–

17 We have recently shown that the ultrasound-treatment of TiO2-P25 in a basic medium led to the 

external surface’s hydroxylation and had a positive impact on the porosity development and 

surface chemistry heterogeneity, resulting in an enhanced photocatalytic performance.14 Our latest 

recent research efforts have been focused on new synthetic routes’ development by employing 
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sonochemistry as a supplementary process intensification tool towards nanostructured TiO2 of 

elevated photoreactivity.18 Since the first pioneer reports of Neppira (1980, acoustic cavitation 

phenomenon),19 and of Makino et al. in (1982, formation of free radicals upon water 

sonolysis),20,21 ultrasonication has been inspiring the scientists as an unique source of power. The 

resulted physical, chemical, and optical effects of ultrasound irradiation are the results of the 

acoustic cavitation phenomenon. The harsh expansion and implosion of the cavitation can lead to 

the formation of localized hotspots, with temperature and pressure reaching up to 5000 oC and 

1000 bars, respectively,2,17,22 various chemical (reactive oxygen species and free radicals 

formation), mechanical (de-aggregation, improved mass transfer/diffusion, de-passivation, or 

acoustic streaming), and optical/sonoluminescence effects.23–27 These effects can lead to unique 

and novel crystallization processes/pathways during the synthesis.  

Ultrasound-assisted synthesis 

Herein, we present a low-power high-frequency (500 kHz) ultrasound-assisted precipitation 

protocol (LPHFUS), that led to a unique nano-structured material with a superior performance as 

a heterogeneous photocatalyst both in gaseous and liquid phases. The main goals of our catalyst 

design was to avoid the energy demanding step of calcination, and to utilize the organic residues 

in order to increase chemical heterogeneity towards enhanced light absorption and photoreactivity, 

either in a gaseous phase against toxic vapors of chemical warfare agents (a mustard gas surrogate), 

or in a liquid phase, for selective oxidation of benzyl alcohol, a model lignin-biomass derived 

compound.28 For the synthesis, a strongly basic aqueous solution (M?? NaOH) was placed inside 

a cup horn sonicator/reactor. Under ultrasonication (500 kHz) and stable temperate (60 oC), 

titanium isopropoxide in isopropanol solution (1:3 volumetric ratio) was added with a controllable 

rate (0.5 mL/min), followed by 10 min aging prior the filtration, washing, and drying (80 oC,16 h). 
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The obtained bright white powder is referred to as USprec. For comparison commercial TiO2-P25 

was tested. 

Results and Discussion 

CHARACTERIZATIONS - 883 

The TEM images of USprec (Figure 1) show aggregates of spherical-like nanoparticle with sizes 

s from ~20 to 150 nm.  They consist of different areas (sub-nanoparticles) with sizes between 4-7 

nm, in which two lattices are distinguished. Considering the crystal spacing and the angles between 

the spacing, the detected lattice fringes distances are indexed to anatase phase.29 Interestingly, an 

amorphous phases, either in between the ultra-nano (JC: Do we agree to use it?) sized anatase 

phases or on the outer surface of the aggregates is also visible. Analysis of the X-Ray diffraction 

pattern (Figure 1g, Table s1) indicates that USprec consists of anatase,30,31 with an average 

crystallite size of 4 nm. This is in agreement with the HR-TEM analysis and the sizes are among 

the smallest ones reported in the literature.14 Although, we should not exclude the existence of 

amorphous phases, not detectable by XRD, that can be suggested due to the low intensity and 

broadness of the peaks. The P25 consists of two polymorphs/phases, anatase (87±3 %) and rutile, 

with the crystallinity size (JC: crystalline) of the former to be 18 nm, more than four times higher 

than that in USprec, while of the size of  rutile crustal is 25 nm. (JC: rephrase?)  
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Figure 1. TEM and HR-TEM images of TiO2 USprec (a-f), and the XRD patterns (g) for TiO2 

P25 and USprec. 

 

Significant differences were also found in textural features (Table 1). The P25 isotherm (Type 

III, H3 hysteresis loop) revealed a mesoporous character of this materials with voids/interparticle 

spaces.14,32 On the other hand, the isotherm of USprec showes a complex shape suggesting a mix 

micro-meso-porous nature.32 Indeed, the micropores (1.2 to 1.7 nm) and mesopores (2.3 to 10.9 

nm) are seen on its pore size distributions (PSD), with the latter consisting the ~89% of the total 
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pore volume (VTot=0.484 cm3/g). The surface area of USprec is 326 m2/g, which is 6 times higher 

than that of P25 and among the highest reported for spherical-like TiO2 nanoparticles synthesized 

using template-free methods.22,33 Surface areas in this range were reported predominately for TiO2 

amorphous phases (JC: Please remember we don’t know how much amorphous phase we have, 

and this phase can be the reason for our high surface area…).34 

The optical features were evaluated based on a defuse reflectance (DR) method in the UV-Vis-

NIR range of light. The estimated optical band gaps (Figure 1g) are 3.2 and 3.3 eV for P25 and 

USprec, respectively, and they are in a good agreement with those reported in the literature for 

anatase (~3.2 eV).35 The small difference can suggest a different photocatalytic behavior. 
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Figure 2. Nitrogen sorption isotherms (a), pores size distribution based on NLDFT method (b), 

Tauc plots derived from defuse reflectance UV-Vis-NIR absorption spectra using the Kubelka-

Munk function (c), the thermal gravimetry curves in air (d) and the distribution of the surface 

functional group (e) for TiO2 P25 and USprec. 

 

Since our synthesis protocol targeted also the development of TiO2 chemical heterogeneity to 

increase its photocatalytic activity, the surface chemistry was evaluated in details. ATR-FTIR 

spectrum (Figure s4) for USprec revealed that the bands linked to Ti-O-Ti bonds have a lower 

intensity than those on the P25 spectrum, and the ones linked to -OH and C-containing groups are 

more intense.14,30 Additionally, the small shoulder between 880-1020 cm-1 is linked to Ti-OH 

or/and Ti-O-C moieties.14 The results of the thermal analysis (TA) in air  showed that up to 1000 

oC, P25 lost 3.3% weight and USprec-12 %, suggesting a more complex and less thermally stable 

chemical composition of the latter sample. To further investigate the surface decomposition upon 

heat treatments, TA was performed in helium and the off-gases were analyzed by mass 

spectroscopy (MS). The MS thermal profiles of the m/z representing H2O/OH, C, CH3, and CO2 

(Figure s6) indicated that the higher weight loss in the case of USprec is related to the 

removal/decomposition of water and oxygen or/and carbon containing moieties, such as -OH, -C-

O, -COO, and -C=O. (JC: all components of the material are very important, including the “organic 

component”: The crucial element of this publication is the perfectly explain (with some evidence) 

how those component were formed during the synthesis and how they are interacting within the 

composite material…then the photocatalytic activity is “easy” to explain…I know: having no too 

much space in Nature Materials to explain that is very challenging…) 
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The pKa distributions of the surface functional groups (SFGs) (Figure s8) of P25 revealed two 

species of a pKa<7, assigned to bridging and acidic terminal oxygen containing functionalities, 

and one with pKa>7 - to basic terminal hydroxyl groups.14,36,37 The presence of six SFGs on USprec 

indicates a high degree surface chemical heterogeneity. The density of SFGs per unit surface area 

(dSFGs/SA) is 2.1 and 5.8 μmol/m2 for P25 and USprec, respectively. Interestingly, for USprec 

mainly basic SFGs contribute to that   high density , since the densities of species with pKa<7 are 

equivalent.  

While the X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p3/2, showed only Ti-O-Ti on 

P25, the contribution of these bonds for USprec was only 17.6 % for USprec, with the rest of Ti4+ 

assigned either to Ti-OH and Ti-O-C bonds or to defects.14,38,39 Similar results were reported for 

black titania and for ultrasound treated TiO2, linked to hydrogenation of Ti-O to Ti-H and Ti-

OH.14,40 The deconvolution of C 1s spectrum of USprec revealed the presence of C-O, C=O, O-

C=O or/and hydrocarbonate.41–44 The contribution of adventitious carbon was much lower on 

USprec than that on P25, which supports our hypothesis that the residue from the organic 

precursors is incorporated to the surface/matrix of USprec.  The main contribution of the O 1s core 

energy level spectrum of P25 is linked to Ti-O-Ti (84.1%) and the rest to Ti-O-H. For USprec, the 

predominant contributions are hydroxyl groups (82.9% both together) and ester or alkoxy oxygen 

(17.1%). This suggests that organic residue from the precursors was oxidized either to carboxylate 

or carbonates.41,42 These results are in a good agreement with the PT results, which indicated a 

high density of surface functional groups on USprec, especially with pKa>7.  
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Figure 3. XPS high-resolution deconvoluted core energy level spectra of Ti 2p3/2, O 1s, and C 1s. 

 

CRYSTALIZATION MECHANISM-534 

The crystallization can undergo via various pathways like alkoxolation, oxolation, olation, 

alcoholic permutation, hydrolysis, and condensation reactions.45 These alternative reactions are 

competitive, and the most influential factors are the initially formed hydroxo-aquo precursors 

[Ti(OH)x(OH2)6-x]
(4-x)+

, the amount of the water (involved directly to the hydrolysis), and 

physicochemical parameters such as pH and temperature. Under ultrasonication, the formation of 

the cavitation/hot-spot plays a key role, since isopropanol can diffuse inside the cavitation/bubble 

(lower boiling point compared to water), promoting the rapid removal of the organic residues and 

the fast nucleation/growth of the anatase phase at the cavity’s interfacial zone via the oxolation 

reaction (Figure X), due to the high temperature and pressure.46 The further collapse of the 
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isopropanol-containing cavitation favors the polymerization/polycondensation of the Ti(OH)4 

phase,47 surrounding the TiO2 crystals via the olation reaction (Figure X),48 while organic residues 

remained either at the surface of the TiO2 nanocrystals or/and at the formed amorphous titanium 

hydroxide phase. The formation of the latter phase can be promoted by the high pH  and  by the 

hydroxyl radicals formed in ultrasonic-driven process.49  

Considering all the above, we concluded that nanosized TiO2 oligomers/crystals/particles of 

anatase (4-7 nm in size) were initially formed (Figure 4), and an amorphous in nature titanium 

hydroxide layer was formed around them, blocking the further growth of the anatase phase. The 

presence of residues (JC: Do you mean “organic residues”?) prevented the continuous 

crystallization, promoting also the formation of the amorphous/hydroxylated phases, and 

preventing the interparticle agglomeration.33 The nanosized anatase crystals were cross-linked 

with an amorphous phase creating a continuous network in which voids/cages/mesopores exist. 

Their creation can be assigned also to the interparticle spaces between the well-crystalized 

nanoparticles. That amorphous phase can also be responsible for the high porosity and high degree 

of the surface chemical heterogeneity of USprec. The formation of a dual phase nanomaterial 

containing a residual organic phase and TiO2 in our synthesis process (Figure 4) could be of 

paramount importance in catalysis. The organic phase origin is in non-reacted isopropoxide or/and 

the alcohol molecules interacted with the inorganic phases (JC: Please remember that we are 

working under such specific “500kHz-US + NaOH + others” conditions). The applied conditions  

affected markedly its chemistry.  
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Figure 4. AAAAAaaa 

Anatase is more photoactive than other polymorphs, like rutile,50 while the co-presence of 

two phases in intimate contact has a beneficial effect on the photoreactivity, by promoting the 

photogenerated electron and hole pairs’ separation.51 In the case of anatase-rutile interfaces, the 

separation of e-/h+ was linked to the differences in valence and conduction energy levels, with the 

holes flow towards rutile and electrons towards anatase.52 Krylova et al. showed that in a core-

shell-like structures consisting of a rutile shell and an amorphous core, the electrons can migrate 

to the core from the shell, due to the higher electron affinity of the former since the covalent band 

position of the amorphous phase is lower than that of rutile.50 Hole, on the contrary,  migrate  from 

core to shell , since the valence band of rutile is higher compared to the one of the amorphous one. 

A high photoreactivity of USpres was expected, not only due to the presence of the two phases in 

contact and their favorable band gap alignments, but also as a result of the carbon containing 
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phases, that can act as “antenna/photosensitizers” elevating the photon absorption (JC: but pure 

USprec is not showing any absorption in visible (DR UV-vis characterization)). 

CATALYTIC RESULTS – 622 words 
 

USprec and P25 were evaluated as photo-detoxifiers of toxic vapors, and specifically of 2-

chloroethyl ethyl sulfide (CEES, CH3CH3SCH2CH2Cl), a surrogate of the chemical warfare agent 

mustard gas. The experiments were run either under light irradiation (visible or ultraviolent) or in 

the dark for various exposure times. Two aspects/factors were evaluated: the adsorptive 

detoxification and the reactive/catalytic one, since both are desirable features for the targeted 

application. The former aspect was evaluated based on the weight uptake expressed per gram of 

the catalyst (WU) in the dark (Figure 5a), with USprec showing WUs of 209 and 424 mg/g after 

1- and 7-days of exposure, respectively. These values were 3 and 2.4 times higher than those of 

P25. The comparison with other materials tested under the same conditions (Figure 5b) disclosed 

that USprec outperformed various efficient nanostructures reported in the literature, such as 

ultrasound-treated hydroxylated P25 (P25-US) and even its composite with reduced graphite 

oxide, BaTiOx (size ~20nm), ZnO2, and Zr(OH)4 nanoparticles.14,36,53,54 Desorption tests revealed 

a superior strength of adsorption on USprec, since after 1 and 7 day exposure  in the dark sample 

were left under ambient conditions, the remaining weights of the adsorbed quantities were 93 and 

54 %, respectively. For P25, these values were only 21 and 16 %.  
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Figure 5. Weight uptakes for TiO2 P25 and USprec with the red arrows representing the  extent 

of the desorption effect (a) and data reported in the literature for other materials evaluated at the 

same conditions (hydroxylated P25, barium titanate nanoparticles (BTO), zinc peroxide 

nanoparticles (ZnO2), and zirconium hydroxide 14,36,53,54). 

 

For USprec, the WUs after 1- and 7-days exposure under visible light irradiation (Figure 5b) were 

245 and 385 mg/g, respectively, and significantly higher than those for P25. To withdraw specific 

conclusions based only on the comparison under light and in the dark is a complex task, since the 

light irradiation does not exclude simultaneous physical adsorption and photo-driven catalytic 

decomposition processes, that can lead to plenty of compounds which can be either strongly 

retained on the surface or be volatilized. The extent of the volatiles formation can be detected 

based on the desorption tests on the 1-day exposed samples. For USprec, when the adsorption and 

desorption were performed in the dark, the amount adsorbed decreased only 7 %, while that  under 

visible light- 43 %. Under ultraviolet irradiation (UV) for 7-days, the WUs for P25 and USprec 

were 174 and 370 mg/g, respectively. This further supports the higher photo-detoxification 

capability of USprec compared to that of P25. 
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Analysis of the headspaces of the closed vials and of the acetonitrile extracts of the spent materials 

was performed by GC-MS and all chromatograms and their detailed analyses are collected in 

the Supplementary Information (Figure s9-s11). The formed products and the involved 

mechanisms are summarized in Figure X. The elevated surface reactivity of USprec is supported 

by its high activity to hydrolyze CEES to hydrolyl ethyl ethyl sulfide (HEES) even in the dark. 

The most significant finding  is the detection of non-sulfur oxygen containing molecules as a result 

of radicals’ reactions and photo-driven--oxidation. These processes resulted in the 

formation/detection of acetaldehyde (MeCHO), chloro-acetaldehyde (Cl-MeCHO), and acetic acid 

(AcOH). The latter reacted further with formed radicals leading to esters, ethyl- (EtOAc) and 

methyl-acatate (MeOAc). This process took place on only in the presence of USprec, supporting 

the higher photoreactivity than that of P25.  Additionally, disulfides (diethyl disulfide (DEDS), 

bis(2-chloroethyl) disulfide (b2CEDS), and 2-chloroethyl ethyl disulfide (2CEEDS)) were formed 

and 2CEEDS appeared even under visible/ambient light. It is very important to point out that the 

formation of b2CEDS is rarely reported in the literature and that the products of a higher toxicity 

than that of CEES (like sulfones) were not formed. Moreover, the formation of disulfides is 

considered as a desirable process, since due to their high boiling points, they remain adsorbed on 

the surface, and were detected only in the extracts. For environmental remediation-oriented 

applications, the photocatalyst’s ability to completely un-selectively decompose/degrade the 

pollutants is an important asset. On the contrary, for synthetic chemistry application, the selective 

conversion is the ultimate goal.  

BnOH - 236 words 

The high photo-oxidation activity of USprec driven us to study also its suitability as 

heterogeneous photocatalysts in a liquid phase for the selective partial oxidation of a value-added 
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platform compound, benzyl alcohol (BnOH), that can be derived from abundantly and naturally 

available lignocellulosic biomass.4,55,56 Details regarding the optimization of the photocatalysis 

tests are in the Supplementary Information and elsewhere.18,28 The results presented in Figure 6 

showed an almost 100 % conversion of BnOH on P25, and 61 % on  USprec. Moreover the 

selectivity of benzyl alcohol (PhCHO) on USprec was 100 % and on P25 only 41%. It is important 

to mention that, P25 decomposed/mineralized the formed benzyl aldehyde, since the aromatic 

balance was only 40% (no other compounds as benzoic acid or aliphatic ones were detected). This 

extent of the activity is an undesired feature of synthetic photochemistry. On the other hand, on 

USprec, both the selectivity and yield of PhCHO by partial photo-oxidation of BnOH were 100% 

and the formed product was not further oxidized or degraded. The ultrananosize of USprec and the 

high density of its hydroxyl as well as of the carbon containing groups could be regarded as the 

activity governing factors as introducing various interfacial processes different from those on the 

commercial pure oxide phase. Leaching tests after the photocatalytic tests were performed in all 

cases, and no Ti species were detected, revealing the stability of this material during these tests. 

 

Figure 6. Benzyl alcohol (1 mM in acetonitrile) oxidation to benzyl aldehyde under ultraviolet 

irradiation (365 nm, power 450 mW) at 30 oC for 6 hours. 
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I   really think we need to propose a hypotheis on the photoactivity….. I proposed that 

pseudochromphores, but if  you ahv any idea, lets dicuss it. Otherwise  band gap shows  that 

materials  aer not photoactive in visible.. 

 

 

Conclusions  

In summary, the herein presented and discussed results showed how mechanochemistry can be 

utilized as a “green” synthetic tool of a design and synthesis of novel nanocatalysts. The followed 

low-power high-frequency (500 kHz) ultrasound-assisted precipitation synthesis (LPHFUS) 

resulted in a novel multiphase nano-structured titanium dioxide with elevated textural and surface 

chemistry features, crucial for catalytic applications. The energy consuming step of calcination 

towards crystallization was avoided, while the organic residues played a crucial role not only in 

the material synthesis but also in   its  photoactovity (JC: I suggest to highlight that the synthesis 

is “very short” (process intensification) due to “500kHz US”). This nanomaterial showed a 

superior performance as heterogenous photocatalyst either for environmental remediation 

application such as detoxification of toxic vapors and for biomass valorization through selective 

photooxidation.  

 

The elevated surface heterogeneity of USprec can be associated to its small size of the 

nanoparticles, the developed porosity, the surface hydroxylation, and the presence of various C-

containing SFGs.  
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