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ABSTRACT 

Micron-sized steel particles encapsulated within a silica host matrix and then coated 

with a photocatalytic TiO2 nanocomposite shell have been prepared using sol-gel 

chemistry and shown to readily degrade waterborne organic pollutants during UV 

illumination. These silica-steel microcomposite core with TiO2 nanocomposite shell 

photocatalysts can be recycled multiple times from solution by magnetic separation. 
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1. INTRODUCTION 

 

Approximately two billion people worldwide lack access to clean drinking water.1 In 

rural regions of developing countries, this is often due to surface or ground water 

being contaminated with agricultural run-off.2,3 These pollutants include organic 

pesticides applied to arable land, travelling from point of application through 

waterways into river mouths.4,5,6 Subsequent chronic ingestion can lead to fatal 

illnesses such as non-Hodgkin’s lymphoma and Parkinson’s disease.7,8,9 In 

particular, children tend to be at high risk due to toxic dosages being as low as 1% 

advised for adults.10 Industrialisation is another major source of organic molecule 

water contamination.11 Often in developing countries, chloro and aromatic 

compounds are detected in textile factory effluents.12,13,14 These environmental 

pollutants have been linked to mutagenic effects in mammals and aquatic 

vertebrates.15,16,17,18 

One potential solution at the local village level (point of use) involves the UV 

illumination of semiconductor band gap materials (such as TiO2) for the 

photocatalytic degradation of organic pesticide and dye pollutants,19,20,21,22,23 

alongside the inherent benefit of high UV bactericidal activity towards E. coli and 

other common waterborne health risks.24,25,26,27 In particular, the use of TiO2 

nanoparticles has been widely reported for this purpose, despite such hydrophilic 

nanoparticles posing a risk to natural ecosystems due to their high levels of aqueous 

dispersity.28,29 For instance, TiO2 nanoparticles display biological toxicity towards 

living tissues sensitive to oxidative stress, such as those containing brain microglia 

and bronchial epithelial cells.30,31  Furthermore, their small size makes them difficult 

to remove by physical means (e.g. filtration) because small pore membranes easily 

become blocked.  Therefore, larger size, cheap, and easily separable photocatalytic 

particles are sought for sustainable water purification applications in developing 

countries. 

TiO2 coated magnetic core particles are promising candidates for magnetically 

recoverable photocatalysts. Previous examples for local production include: 

agglomerated TiO2 coated sub-micron size iron oxide particles synthesised from 

ferric chloride (which is toxic),32,33 micron-sized magnetic Mn-Zn ferrite 

photocatalysts prepared from waste materials (which are a cheaper variant, however 

their synthesis requires an extensive number of wet chemical steps as well as the 
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handling and disposal of waste sulphuric acid)34, the combining TiO2 particles and a 

magnetic component within an organic matrix (such as chitosan,35 poly(methyl 

methacrylate),36 or poly(vinyl pyrrolidone))37 to form micron-sized particles (these 

suffer from the organic host matrices themselves being vulnerable to 

photodegradation by the TiO2 photocatalysts over extended periods of 

operation)38,39, and the utilisation of inorganic matrices, such as reduced graphene 

oxide,40 SrFe12O19 nanofibres, 41 or hydrotalcite clays,42 ( which add significant 

costs). 

A simple, quick, and cheap strategy is described in this article comprising the 

encapsulation of magnetically separable micron-sized steel filings with a sol-gel TiO2 

nanocomposite photocatalyst shell. Sol-gel chemistry is already widely employed for 

the large scale manufacture of silica and titania aerogels, nanopowders, and 

coatings.43 Typically this involves acid hydrolysis of silica and titania precursors, 

followed by for example, substrate dipping, and a final thermal curing step.44,45  This 

approach offers many advantages, including independent scope for fine tuning 

particle size,43 pore size,46 and film hardness, either by variation of the sol-gel 

synthesis conditions, or by mixing additional particles (such as photocatalytic P25 

TiO2 nanoparticles).47  In the present study, micron size magnetic steel particles are 

first encapsulated within a double sol-gel silica host matrix barrier layer to protect 

against corrosion, as well as help suppress electron-hole recombination and 

electron-hole transfer between the TiO2 outer layer and the underlying steel particles 

.48,49 These silica-steel microcomposite particles are then coated with a 

photocatalytic nanocomposite outer shell comprising photoactive TiO2 (P25) 

nanoparticles incorporated within a TiO2 sol-gel host matrix, Scheme 1.  These silica-

steel microcomposite core with TiO2–P25 nanocomposite shell photocatalysts have 

been characterised by X-ray photoelectron spectroscopy (XPS), Raman microscopy, 

X-ray diffraction (XRD), UV-Vis diffuse reflectance spectroscopy, and BET surface 

area analysis. Photocatalytic degradation rates have been measured using aqueous 

methylene blue dye solution,50,51 which is considered to be a good model pollutant 

for many organic pesticides and dyes which contain aromatic, heteroaromatic, and 

chloro groups.6,52,53,54,55 
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Scheme 1: Sol-gel preparation of microcomposite silica-steel core with TiO2 nanocomposite 
shell photocatalysts. 

 

 

2. EXPERIMENTAL 

2.1 Substrate Preparation 

Quartz slides (23 mm x 10 mm x 2 mm, cut from a 75 mm diameter quartz window, 

UQG Ltd.) were cleaned with detergent and then sonicated in propan-2-ol (+99.5 

wt%, Fisher Scientific UK Ltd.) for 15 min prior to use as control substrates.  

Small pieces of sheet steel (10 mm x 10 mm x 1 mm, ECISS grade S275 

(<0.25 wt% C, <1.60 wt% Mn, <0.04 wt% P, <0.05 wt% S, <0.05 wt% Si), SES Multi 

Metal Stock Ltd.) were used as model flat steel substrates. These were scrubbed 

with detergent followed by 15 min sonication in propan-2-ol. They were then rinsed 

with high purity water (BS 3978 Grade 1) and immersed in a 10 wt% solution of 

sodium hydroxide (99.2 wt%, Fisher Scientific UK Ltd.) in high purity water for 10 

min. Next, the steel plates were rinsed in high purity water, and immersed in a 

solution comprising hydrochloric acid (32 wt% in water, Fisher Scientific UK Ltd.), 

nitric acid (70 wt% in water, Fisher Scientific UK Ltd.) and high purity water in a 

volume ratio of 1.0 : 2.0 : 17.0 for 10 min. This was followed by rinsing in high purity 

water, washing in acetone (+99.8 wt%, Fisher Scientific UK Ltd.), and final removal 

of surface contaminants by placing in a UV-Ozone cleaner (ProCleaner, BioForce 

Nanosciences Inc.) for 40 min, ready for coating.  

Micron-sized steel particles were ground from a steel rod (ECISS grade S275 

(<0.25 wt% C; <1.60 wt% Mn; <0.04 wt% P; <0.05 wt% S; <0.05 wt% Si), SES Multi 

Metal Stock Ltd.) using a horizontal belt finisher (Bandfacer, RJH Finishing Systems 

Ltd., running at 0.75 hp) fitted with a sanding belt (180 grit, 100 mm x 915 mm 
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linishing belt, Deerfos Europe Sp. z.o.o.). The obtained coarse steel particles were 

magnetically separated from any residual non-magnetic particulates. Next, they were 

further ground manually under a 2 kg mass (with a cross-sectional area of 65 cm2) 

for 30 min placed between two pieces of dry silicon carbide finishing paper (p400 

grit, manufactured by Bibielle S.p.A., supplied by MSC Industrial Supply Co.), 

followed by grinding down between finer grade dry silicon carbide finishing paper 

(p1200 grit, Bibielle S.p.A., supplied by MSC Industrial Supply Co.) for 30 min,  then 

magnetically separated and rinsed in acetone to yield a median particle size of 2.9 

µm (upper and lower quartiles of 4.2 and 2.2 µm respectively, measured using a light 

microscope, Model BX40, Olympus Corp.). 

 A cylindrical glass plasma reactor (5.5 cm diameter, 475 cm3 volume) housed 

within a Faraday cage was used for plasma cleaning of the steel particles.  This was 

connected to a 30 L min-1 rotary pump via a liquid nitrogen cold trap (base pressure 

less than 2 x 10-3 mbar and air leak rate better than 6 x 10-9 mol s-1).56 A copper coil 

wound around the glass reactor (4 mm diameter, 11 turns, located 10 cm 

downstream from the gas inlet) was connected to a 13.56 MHz radio frequency (RF) 

power supply via an L-C matching network.  Prior to loading each batch of steel 

particles, the whole apparatus was thoroughly scrubbed using detergent and hot 

water, rinsed with propan-2-ol, oven dried at 150 ºC, and further cleaned using a 

continuous wave 50 W air plasma at 0.2 mbar pressure for 30 min.  Next, the steel 

particles were placed inside the chamber and plasma cleaned using the 

aforementioned electrical discharge parameters, ready for sol-gel coating 

application. 

 

 

2.2 Silica Barrier Layer 

 

A silica barrier layer was applied to the steel particles in order to protect against 

rusting, as well as suppressing electron-hole recombination, and electron-hole 

transfer from TiO2 photocatalyst overlayer to the underlying steel particles.48,49 A 

silica sol-gel was prepared by acid catalysed hydrolysis of tetraethyl orthosilicate 

(TEOS, +98 wt%, Sigma-Aldrich Co. LLC.) through mixing with ethanol (+99.8 wt%, 

Fisher Scientific UK Ltd.), high purity water, and hydrochloric acid (32 wt% in water, 

Fisher Scientific UK Ltd.) in a molar ratio of 1.0 : 3.8 : 7.3 : 5.4 × 10-3 respectively 
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and magnetic stirring at 60 °C for 60 min. The extent of condensation increased with 

time, where the solution initially consisted of a sol and was followed by the formation 

of a gel network.43 In order to produce uniform silica coatings, the sol-gel solutions 

were used within 48 h of synthesis, whilst the sol-gel remained at its lowest viscosity 

(typically comprising particles in the nanometre size range).43 

Coating of steel particles with one layer of silica entailed immersion in the sol-

gel followed by vigorous manual agitation every 5 min over a 60 min period in order 

to ensure uniform particle dispersion throughout the growth phase of the coating. 

These coated steel particles were then magnetically separated, rinsed with ethanol, 

dried in air over a hot plate at 80 °C for 15 min, annealed at 150 °C under vacuum 

(<60 mbar) for 1 h, and finally any large agglomerates were mechanically separated 

using a ceramic pestle and mortar. Quartz slides and steel plates were also coated 

using this method (however vigorous agitation and magnetic separation were not 

necessary). The coated steel plates were analysed by X-ray photoelectron 

spectroscopy (XPS) in order to check for complete coverage of the steel substrate by 

the silica layer.  Double silica barrier layers were built up by repeating the 

aforementioned procedure in order to ensure complete coverage of the substrate. 

 

 

2.3 TiO2 Coating 

 

A TiO2 sol-gel was prepared by stirring a solution of the following chemicals for 1 h 

prior to use: propan-2-ol, glacial acetic acid (+99 wt%, Fisher Scientific UK Ltd.), and 

titanium isopropoxide (+97 wt%, Sigma-Aldrich Co. LLC.) in a molar ratio of 45.0 : 

6.0 : 1.0 respectively. In order to produce uniform coatings of TiO2, the sol-gel 

solutions were used within 48 h of synthesis, whilst the sol-gel remained at its lowest 

viscosity (typically comprising particles in the nanometre size range).43   

Quartz slides and steel plates precoated with a double silica barrier layer (to 

ensure complete coverage of the surface) were dip coated into the TiO2 sol for 15 s 

and allowed to dry in air at 20 ºC for 30 min.  This TiO2 sol coating cycle was 

repeated three times for both substrates, in order to build up the layer, followed by 

air calcination at 500 °C for 30 min using a ramp rate of 5 °C min-1.  

500–600 mg batches of steel particles precoated with a double silica barrier 

layer were dip coated by immersion into 2 mL of the TiO2 sol-gel, manually agitating 
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for 15 s, followed by magnetic separation whilst decanting the excess solution.  

These TiO2 sol-gel coated steel particles were then dried under N2 (99.998 vol%, 

BOC Ltd.) flow at 20 ºC for 30 min, and any large agglomerates were mechanically 

separated using a ceramic pestle and mortar. This TiO2 sol-gel coating cycle was 

repeated 8 times to build up a sufficiently thick layer, and finally calcined at 500 °C 

for 30 min using a ramp rate of 5 °C min-1 under a dry (<60 ppm H2O, Series 3 

moisture monitor, GE Panametrics Ltd.) gas flow of O2 (99.5 vol%, BOC Ltd., 20 cm3 

min-1) and N2.  This is designated as one overall TiO2 coating layer, Table 1.  

Calcination under gas flow was required due to the higher surface area of steel 

particle substrates compared to flat steel and quartz substrates.  The use of a dry 

O2/N2 gas mixture was important in order to prevent rusting of the particles. 

 

Table 1: TiO2 coated substrates (all precoated with a double silica barrier layer). 

Sample Code Substrate 
Outer Coating 
Matrix Material 

Number of TiO2 
coating layers 

TiO2(Q) Quartz Slide Sol-Gel TiO2 1 

TiO2(1) Steel Particles Sol-Gel TiO2 1 

 

 

2.4 Nanocomposite TiO2 Photocatalytic Coatings 

 

3.6 wt% Aeroxide® P25 TiO2 nanoparticles (anatase : rutile ratio 80 : 20 wt%, BET 

surface area 50 m2 g-1, Acros Organics)57 were added to a freshly prepared TiO2 sol-

gel comprising a solution of propan-2-ol, glacial acetic acid and titanium isopropoxide 

in molar ratios of 45.0 : 6.0 : 1.0 respectively, which had been stirred for 1 h prior to 

use. 

Quartz slides coated with a double silica barrier layer were dip coated into the 

TiO2–P25 nanocomposite sol-gel for 15 s followed by drying in air at 20 ºC. This 

cycle was repeated three times followed by air calcination at 500 °C for 30 min, using 

a ramp rate of 5 °C min-1. 

500–600 mg batches of steel particles coated with a double silica barrier layer 

were dip coated by immersion into 2 mL of the TiO2–P25 nanocomposite sol-gel and 

manually agitated for 15 s, followed by magnetic separation whilst decanting the 

excess solution.  These TiO2–P25 nanocomposite sol-gel coated steel particles were 
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then dried under N2 flow at 20 ºC for 30 min, and any large agglomerates were 

mechanically separated using a ceramic pestle and mortar. This TiO2–P25 

nanocomposite sol-gel coating cycle was repeated 8 times to build up a sufficiently 

thick layer, and finally calcined at 500 °C for 30 min using a ramp rate of 5 °C min-1 

under a dry (<30 ppm H2O) gas flow of O2 (20 cm3 min-1) and N2 (80 cm3 min-1). This 

is designated as one overall TiO2–P25 nanocomposite coating layer, Table 2. 

 

Table 2: TiO2–P25 nanocomposite coated substrates (all precoated with a double silica 
barrier layer). Total coating thicknesses measured by: (†) optical microscopy; and (‡) Raman 
microscopy. 

Sample 
Code 

Substrate 
Matrix 

Material 
Filler 

Nanoparticles

Number of 
TiO2–P25 

Nanocomposite 
Coating Layers 

Total 
Coating 

Thickness /  
µm 

P25(Q) 
Quartz 
Slide 

Sol-Gel TiO2 P25 TiO2 1 2.75 ± 0.25† 

P25(1) 
Steel 

Particles 
Sol-Gel TiO2 P25 TiO2 1 6 ± 2‡ 

P25(3) 
Steel 

Particles 
Sol-Gel TiO2 P25 TiO2 3 10 ± 4‡ 

P25(5) 
Steel 

Particles 
Sol-Gel TiO2 P25 TiO2 5 27 ± 8‡ 

 

 

2.5 Characterization 

Silica adhesion layer thicknesses on quartz slides were determined by cryo-

fracturing coated slides using liquid nitrogen, and subsequent analysed by scanning 

electron microscopy (SEM, VEGA3 LMU, Tescan Orsay Holding, a.s.) at 25 kV, with 

sample cross sections orientated 10° from parallel to the beam path. 

TiO2 coating thickness on quartz slides was measured by confocal laser 

scanning microscopy (LSM 880 with Airyscan, Carl Zeiss AG) by analysing 22 µm x 

22 µm areas of coating. Reflectance of the TiO2 sol-gel and TiO2–P25 

nanocomposite sol-gel coatings under laser light (wavelength of 405 nm, transmitted 

by the quartz substrate and silica barrier layer) was captured in cross-sections 

parallel to the coating’s surface. Image stack acquisition was started from above the 

surface of the coating and then moving in 0.29 µm steps along the direction 

perpendicular to the coating, using a 0.60 µm thickness optical section. Image stacks 

were rotated to yield the coating cross-section, and the average thickness of the film 
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was then calculated by measuring the cross sectional area (ImageJ) and dividing it 

by the section length.  

Surface elemental compositions were measured by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer equipped with a 

non-monochromated Mg Kα1,2 X-ray source (1253.6 eV) and a concentric 

hemispherical analyser. Photoemitted electrons were collected at a take-off angle of 

20° from the substrate normal, with electron detection in the constant analyser 

energy mode (CAE, pass energies of 20 and 50 eV for high resolution and survey 

spectra respectively). Experimentally determined instrument sensitivity factors were 

taken as C(1s) : O(1s) : Si(2p) : Fe(3d) equals 1.00 : 0.35 : 0.97 : 0.09 respectively.  

Raman spectra were acquired on a confocal microscope laser Raman system 

(model Labram 1B, Instruments S. A. (UK) Ltd.) equipped with a 15 mW He-Ne laser 

(6328 Å) excitation source and an air cooled CCD detector (model SpectrumOne 

CCD 2000). For Raman spectroscopy, coated steel and reference particle samples 

were compressed and levelled into a glass sample cell (10 mm diameter and 2 mm 

depth). Spectral background subtraction utilised a 6th degree polynomial. For Raman 

microscopy analysis, samples were set into epoxy resin (5 : 2 mixture of Epoxy resin 

L : Hardener S, R&G Faserverbundwerkstoffe GmbH Composite Technology) at 1 

wt%, cured for 24 h at room temperature (20 °C), then cross sectioned using 

sequential polishing with dry silicon carbide finishing paper (p400 and p1200 grit, 

manufactured by Bibielle S.p.A., supplied by MSC Industrial Supply Co.) and 

alumina metal polish (Solvol®, Autosol LLC.). Raman microscopy spectra were 

taken at 1 µm intervals along a linear trace through the centre of each analysed 

particle using a 1800 g/mm grating; subsequently, Raman microscopy profiles were 

generated from the area of the anatase Eg TiO2 (594–691 cm-1) and haematite 

Fe2O3 (262–310 cm-1) signals. A TiO2 coating thickness for each analysed particle 

was calculated by averaging the distance measured between the outer and inner 

boundaries of the anatase Eg signal on each edge of the cross-sectioned particle. 

X-ray diffractograms were obtained across 5°–80° 2θ range with 0.02° step 

size using a powder diffractometer (model d8, Bruker Corp.). The copper anode X-

ray source was operated at 40 kV and 40 mA emitting Cu Kα 1.5418 Å wavelength 

radiation. 

UV-Vis absorbance spectra of coated quartz slides were acquired using a 

custom built centre-mount low density PTFE integrating sphere with an internal 
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diameter of 100 mm. Illumination was provided from a deuterium tungsten-halogen 

fibre optic source (model DH-2000-S, Ocean Optics Inc., 215–2500 nm range), and 

the reflected light was analysed by a fibre coupled CCD spectrophotometer (200–

850 nm range, model USB-2000+, Ocean Optics Inc.). 

Particle sizes were measured using a light microscope (Model BX40, 

Olympus Corp.).  Particle surface area was determined using the BET method58 

(model BET-201 sorptometer, PMI Inc.). Prior to recording nitrogen adsorption 

isotherms, the samples (100–200 mg) were degassed under vacuum (<0.05 mbar) at 

200 ºC for 3 h.  

 

 

2.6 Photocatalytic Testing of Coated Steel Particles 

 

TiO2 photocatalyst coated silica-steel microcomposite core particles (solution 

concentration of 2.0 ±  0.3 mg mL-1) were tested in a 100 mL volume cylindrical 

borosilicate glass reaction vessel (fitted with a quartz window for UV irradiation) filled 

with 90 mL of a 4.0 μM aqueous solution of methylene blue dye (+70 wt%, TCL UK 

Ltd.), Figure 1. Particles were agitated using a vertically mounted magnetic stirrer hot 

plate (IKAMAG RCT, IKA®-Werke GmbH & Co. KG) in contact with the back face of 

the reactor, and oxygen dissolution was maintained via a glass diffuser bubbling 

oxygen at a flow rate of 5 cm3 min-1 at 1.5 Bar pressure. A Hg-Xe short arc lamp 

(model 6136, 200 W rated, operating at 26 V and 7 A, Oriel Newport Corp.) 

positioned 15 cm away from the reactor quartz window provided an incident UV flux 

of 7.4 ± 1.4 mW cm-2 onto the solution (measured with a thermopile and digital 

voltmeter, model 5300, Applied Photophysics Ltd.). A contact thermometer was used 

as part of a feedback loop to the stirrer hot plate in order to maintain the reaction 

vessel temperature at 28 ± 2 °C. Prior to UV irradiation, the photocatalyst coated 

steel particles were allowed to equilibrate in the methylene blue dye solution for 1 h 

in order to determine the extent of methylene blue dye adsorption onto the coated 

steel particles. 1 mL aliquots, filtered through a 0.22 μm polyethersulfone syringe 

filter (Gilson Scientific Ltd.), were taken prior to the addition of photocatalyst, and at 

10 min intervals during UV illumination for UV-Vis absorption spectroscopy analysis 

of methylene blue dye concentrations at λmax = 660 nm (model UV4, Unicam Lda.).59 

Dye photodegradation rate constants were calculated from absorbance readings 
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taken over 1 h of UV exposure assuming first order kinetics (over this period dye 

degradation did not reach a point where mass transfer and other effects caused a 

deviation from linearity of the plots).50,51 UV degradation of methylene blue dye in the 

absence of coated steel particles served as a control (the measured rate constant of 

5.9 ± 1.5 x 10-3 min-1 was subtracted for each set of photocatalysis experiments). 

The calculated rate was then normalised to the surface area of the photocatalyst 

coated steel particles. Finally, the ease of recycling was demonstrated by using a 

hand magnet to separate coated steel particles aqueous solution between 

consecutive photocatalytic cycles.  

 

 

Figure 1: Schematic of borosilicate glass photoreactor fitted with a quartz front window and 
magnetic hot plate stirrer.  

  

 

3. RESULTS 

3.1 Silica Barrier Layer 

 

Wide scan XPS survey spectra of uncoated steel plates indicated the presence of 

only iron, oxygen, and carbon species at the surface (1–2 nm sampling depth),60,61 

Figure 2. The O(1s) envelope could be fitted to two different oxygen atom 

environments corresponding to bulk lattice Fe2O3 (530.7 ± 0.1 eV),62,63 and surface 

hydroxyl groups (532.3 ± 0.1 eV).62,64 Deposition of a double silica barrier layer was 

found to be necessary to achieve complete coverage of the steel substrate, as 
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confirmed by the disappearance of the iron XPS features in conjunction with the 

emergence of signals from silicon containing species. This included the appearance 

of a higher binding energy O(1s) component (533.1 ± 0.1 eV) characteristic of silica 

lattice and silanol groups.65,66  

 

 

 

Figure 2: XPS spectra: (a) wide scan survey spectra of: (i) clean uncoated steel plate; (ii) 
single silica barrier layer (60 min deposition) coated steel plate; and (iii) double silica barrier 
layer (2 x 60 min deposition) coated steel plate; and (b) O(1s) spectra of steel plates: (i) 
clean uncoated; (ii) single silica barrier layer (60 min deposition); and (iii) double silica barrier 
layer (2 x 60 min deposition). 

Cross-section SEM analysis of the double silica barrier layer deposited onto 

quartz slides indicated a coating thickness of 92 ± 8 nm, Figure S1, whilst the 

particle size measured using an optical microscope after double silica barrier layer 

coating of steel particles (median 17.7 µm) was an order of magnitude larger 

compared to uncoated steel particles (median 2.9 µm). This is consistent with 

individual double silica barrier layer coated steel particles agglomerating to form 

larger (more easily handleable) composite particles, Scheme 1. 
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The Raman spectrum of clean steel particles displayed signals characteristic 

of haematite (Fe2O3) and magnetite (Fe3O4),
67 Figure 3 and Table S1. An attenuation 

of these features was observed following application of the double silica barrier layer, 

accompanied by the emergence of silica peaks (993 cm-1, 1353 cm-1, and a broad 

band at around 3000 cm-1).68,69,70 The sampling depth of visible light Raman 

spectroscopy (which ranges from 3 μm for pure silicon to over 20 μm for some metal 

oxides)71,72 is of the same magnitude as the double silica barrier layer-steel 

composite particle sizes (median 17.7 µm), resulting in both the silica coating and 

underlying steel particles being detected. 

 

 

Figure 3: Raman spectra of: (a) steel particles: (i) uncoated; and (ii) double silica barrier 
layer coated; and (b): (i) TiO2(1) coated silica-steel microcomposite core particles; (ii) P25(5) 
coated silica-steel microcomposite core particles; and (iii) P25 TiO2 nanoparticles. Significant 
peaks labelled: haematite Fe2O3 (†), magnetite Fe3O4 (‡), silica (♦), and anatase TiO2 (*). 
Insets in (b) correspond to magnification of the 200–800 cm-1 region.  For coating 
nomenclature see Table 1 and Table 2. 

 

3.2 TiO2 Coating 

 

Prior to calcination of sol-gel coated TiO2(1) silica-steel microcomposite core 

particles, Raman spectroscopy indicated that the coating was non-crystalline, with an 

absence of anatase or rutile Raman signals,73,74,75,76 Figure S2.  Following 
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calcination of TiO2(1) coated steel particles, Raman spectroscopy and powder XRD 

displayed strong anatase TiO2 features,73,74 Figure 3 and Figure 4. Rutile TiO2 phase 

was not detected by XRD, which is consistent with the lack of asymmetry in the 

Raman B1g at 386 cm-1 and Eg at 621 cm-1 anatase signals.73,75,76 Optical particle 

size analysis showed that the TiO2 coating steps did not lead to agglomeration. 

 

Figure 4: Powder XRD of: (a) TiO2(1) coated silica-steel microcomposite core particles; (b) 
P25(5) coated silica-steel microcomposite core particles; and (c) P25 TiO2 nanoparticles. 
Significant diffraction peaks labelled: α-Fe (▲); haematite Fe2O3 (†); magnetite Fe3O4 (‡); 
anatase TiO2 (*); and rutile TiO2 (•). 

 

3.3 Nanocomposite TiO2 Coatings 

 

Powder XRD analysis of P25 TiO2 nanoparticles showed anatase and rutile 

polymorph peaks at 2θ values of 25.3° (101) and 27.5° (110) respectively, Figure 

4.77,78 The [IRutile] / [IAnatase] peak height intensity ratio of 0.10 (corrected for linear 

background subtraction) was used to calculate an anatase weight fraction (WAnatase) 

of 0.86 using Eq. (1),79 which is comparable with the previously reported value of 

WAnatase = 0.8 for P25 TiO2 material.57  Additional lower intensity anatase peaks 
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include 2θ values of: 37.8°, 48.0°, 53.9°, 62.7°, 68.7°, and 74.9°.77,78 Powder XRD 

analysis of P25(5) coated silica-steel microcomposite core particles detected strong 

anatase TiO2 peaks as well as weak signals from α-Fe, haematite (Fe2O3), magnetite 

(Fe3O4), and rutile TiO2.
 77,78,80,81 This is consistent with there being P25 TiO2 

nanoparticles embedded within the TiO2(1) shell coating,  Figure 4.  For the P25(5) 

coated silica-steel microcomposite core particles, the sol-gel TiO2 : P25 TiO2 

nanoparticle ratio is estimated to be 1.0 : 2.5, by calculating the remaining sol-gel 

TiO2 contribution to [IAnatase] after subtracting the P25 TiO2 nanoparticle contribution 

(calculated by using the [IRutile] intensity which is taken to be solely due to P25 TiO2, 

in combination with the previously calculated anatase weight fraction (WAnatase = 

0.86) for P25 TiO2 nanoparticles). 

 

WAnatase = 1 / [1 + (1.26[IRutile] / [IAnatase])]                                     Equation (1) 

 

Raman spectroscopy of P25 TiO2 nanoparticles displayed strong bands 

associated with anatase TiO2 at 148 cm-1, 394 cm-1, 513 cm-1, and 636 cm-1,73,74 

Figure 3 and Table S1. The lack of any TiO2 rutile signal is consistent with previous 

Raman studies.82,83 This is most likely due to the inherently low proportion of rutile 

(around 10 wt%, as shown by XRD) and the overlap of the Raman rutile Eg and A1g 

peaks with the anatase B1g and Eg peaks.73,74,75,76 In the case of P25(5) 

nanocomposite coated silica-steel microcomposite particles, characteristic anatase 

TiO2 Raman signals were observed, whilst the lack of any significant haematite 

Fe2O3 peaks,67 corroborated a thicker coating compared to TiO2(1), Figure 3 and 

Table S1. The absence of any TiO2 rutile Raman signal for P25(5), is consistent with 

the aforementioned reference spectrum of P25 TiO2 nanoparticles. However, powder 

XRD enabled a clear distinction to be made between the rutile and anatase phases 

for P25(5) nanocomposite coated silica-steel microcomposite core particles through 

the easily resolvable rutile diffraction peak at a 2θ value of 27.5º, Figure 4. Raman 

microscopy of cross-sectioned silica-steel microcomposite core with TiO2–P25 

nanocomposite shell coating particles was able to identify the different material 

phases, and confirmed the presence of multiple (agglomerated) steel particles within 

the core silica host matrix, Figure 5. In contrast, to the earlier double silica barrier 

layer coating step of the steel particles (median 17.7 µm) which resulted in 
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agglomeration, the sol-gel TiO2 nanocomposite coating step did not cause 

agglomeration of the silica-steel microcomposite core particles, Figure 5. 

 

Figure 5: Raman microscopy signal across a cross-sectioned P25(1) coated silica-steel 
microcomposite core particle: anatase TiO2 Eg signal (594–691 cm-1, solid line); and 
haematite Fe2O3 signal (262–310 cm-1, dotted line). Note haematite signal shows the 
incorporation of more than one steel particle within the silica-steel microcomposite core. 
Inset shows the optical micrograph of the particle analysed. 

 

UV-Vis absorption spectra of TiO2(Q) and P25(Q) coated quartz slides display 

distinct band gaps with negligible absorbance at wavelengths exceeding 400 nm into 

the visible region, Figure 6.  The measured band gap of 3.15 eV (393 nm) for 

TiO2(Q) coating is consistent with anatase TiO2 phase (literature band gap of 3.15–

3.20 eV).77,84 In the case of P25(Q) coating, the lower band gap of 3.08 eV (402 nm) 

is in good agreement with previous reported values for P25 TiO2 nanoparticles (3.1 

eV),77,85 which correlates to the larger rutile content measured by powder XRD 

analysis for P25(5) compared to TiO2(1), Figure 4.  Furthermore, this incorporation of 

P25 TiO2 nanoparticles into TiO2 sol-gel coatings (P25(Q)), enhances absorbance at 

shorter wavelengths (energies greater than the band gap), and slightly attenuates 

absorbance at longer wavelengths (energies below the band gap) compared to 

TiO2(Q), Figure 6. The former can be attributed to a greater amount of absorbing 

species from a thicker TiO2 layer (2.75 ± 0.25 µm for P25(Q) compared to 0.79 ± 

0.08 µm for TiO2(Q) measured by optical microscopy).86 The latter may stem from 

differences in band tailing defect states.87 
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Figure 6: UV-Vis absorbance spectra of coated quartz slides: sol-gel TiO2 coating (TiO2(Q), 
dashed line); and sol-gel TiO2 containing P25 nanoparticles (P25(Q), solid line).  

The low surface area of 0.13 ± 0.02 m2 g-1 measured for uncoated steel 

particles is in good agreement with the estimated theoretical surface area of 0.27 m2 

g-1 calculated from the optical particle size distribution (assuming spherical particles 

and an experimentally determined mild steel density of 7.53 ± 0.25 g m-3), Table 3. 

TiO2 sol-gel coating of the silica-steel microcomposite particles (TiO2(1)) increased 

the overall surface area, whilst corresponding TiO2–P25 nanocomposite shell coated 

steel-silica microcomposite particles yielded the highest values, with an 

enhancement factor of over 100 compared to uncoated steel particles being 

achieved for P25(3) and P25(5) variants, Table 3. This shows that the TiO2 layer is 

porous. 

 

Table 3: Coated steel particle TiO2 shell thickness values measured by cross-section Raman 
microscopy and BET isotherm surface areas.  

Steel Particle Coating TiO2 Coating 
Thickness / µm 

Surface Area / m2 g-1 

Uncoated - 0.13 ± 0.02 

TiO2(1) 5 ± 6 4.39 ± 1.32 

P25(1) 6 ± 2 10.3 ± 1.9 

P25(3) 10 ± 4 14.7 ± 1.5  

P25(5) 27 ± 8 16.3 ± 1.7  

 

 



  Confidential 

04/04/2017 09:17:00 19

3.4 Magnetic Recycling Photocatalysis  

 

Following immersion of TiO2 coated silica-steel microcomposite particles into 

solution, a preliminary drop in detected methylene blue dye concentration was 

observed in darkness, Figure 7.  This can be attributed to surface adsorption of dye 

reaching a plateau over a period of about 1 h.  Subsequent UV illumination led to 

photocatalytic dye degradation. For recycling studies, the TiO2-silica-steel 

multicomposite particles were magnetically removed from the solution between each 

UV exposure cycle. For instance, the first order rate constant for UV 

photodegradation of the dye was measured to be 2.31 ± 0.14 x 10-2 min-1 for the 

P25(3) photocatalyst during its fifth UV exposure recycle run; this value dropped to 

0.73 ± 0.23 x 10-2 min-1 following magnetic removal of the photocatalyst particles 

(which is the same within error as measured in the control experiment using no TiO2-

silica-steel multicomposite particles (0.59 ± 0.15 x 10-2 min-1), thereby ruling out 

photocatalyst leaching into solution).  No visible change or rust was seen on these 

samples (with the silica double barrier layer) after 5 cycles. Control experiments 

showed that uncoated steel particles display a photocatalytic dye degradation rate 

constant of 0.43 ± 0.15 x 10-2 min-1, which lies within the error range of background 

UV photodegradation (rate constant of 0.59 ± 0.15 x 10-2 min-1 in the absence of any 

particles). Furthermore, TiO2 or TiO2–P25 nanocomposite shell coated silica-steel 

microcomposite photocatalysts prepared without the interfacial silica double barrier 

layer led to rapid delamination of the photocatalyst coating upon immersion into 

methylene blue dye solution, culminating in the formation of rust visible to the naked 

eye. 
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Figure 7: UV photocatalytic degradation profile of methylene blue dye solution (4 µM) using 
P25(3) coated silica-steel microcomposite particles (2.0 ± 0.3 mg mL-1 loading) during the 
fifth recycle run. Photocatalyst was magnetically removed after 30 min UV exposure, and the 
resulting methylene blue dye solution was exposed to UV for a further 60 min in the absence 
of photocatalyst. 

First order rate constants (normalised to surface area) for the 

photodegradation of methylene blue dye solution during 1 h UV illumination were 

compared across the range of TiO2 coated silica-steel microcomposite particle 

photocatalysts, Figure 8.  TiO2(1) shell coating displayed a lower rate constant 

compared to the TiO2–P25 nanocomposite shell photocatalysts, with the highest rate 

constant being observed for triple coated sample (P25(3), 1.55 ± 0.25 x 10-2 min-1 m-

2 leading to 92 ± 5% dye degradation after 1 h UV irradiation (82 ± 4% after 30 min)).  

Additional TiO2–P25 nanocomposite coating layers led to no further gain in 

photocatalytic activities. This can be explained in terms of the limited penetration 

depth of UV photons into TiO2 (140 nm),88 which is significantly less than the coating 

thicknesses measured for all of the TiO2–P25 nanocomposite shell photocatalysts, 

Table 3. The surface area normalised rate constants indicate that there is a definite 

enhancement in the photocatalytic activity through the incorporation of P(25) TiO2 

nanoparticles into the sol-gel TiO2 shell coatings, whilst the total surface area 

appears to be the main factor contributing to dye photodegradation rates (within 

error) between the P25(1), P25(3), and P25(5) TiO2 nanocomposite coatings, Table 

3 and Figure 8. 
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Figure 8: UV degradation of methylene blue dye solution (4 µM) using TiO2 photocatalyst 
coated silica-steel microcomposite core particles (loadings of 2.0 ± 0.3 mg mL-1): (a) 
percentage of dye degraded after 30 min continuous UV irradiation; and (b) dye degradation 
rate normalised to surface area (the large error values are due to propagation of error from 
surface area measurements). All photodegradation rates of the methylene blue dye solution 
by the photocatalyst particles were measured following an initial equilibration period in the 
dark for 1 h (see Figure 7). The background UV degradation rate (0.59 ± 0.15 x 10-2 min-1) of 
methylene blue dye measured in the absence of any photocatalyst particles has been 
subtracted prior to surface area normalisation in all cases. For reference, dispersed P25 
TiO2 nanoparticles gave a surface area normalised dye photodegradation rate of 18.7 ± 2.0 x 
10-2 min-1 m-2 (however, the use of P25 TiO2 nanoparticles alone for water purification suffers 
from  problems of environmental leaching and difficulty for reuse). 

Magnetic separation recycling experiments were conducted on the most 

promising TiO2 nanocomposite coated silica-steel microcomposite core particles 

(P25(3) and P25(5)). These did not display any change in photocatalytic activity 

(surface area corrected rate constant) over four recycle iterations, Figure S3. 

Percentage degradation of the methylene blue dye after 30 min of UV exposure for 

each photocatalyst during recycling displayed a similar trend.  Thereby 

demonstrating the viability of these TiO2–P25 nanocomposite coated silica-steel 

microcomposite core particles as magnetically recyclable photocatalysts. 
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4. DISCUSSION  

TiO2 photocatalytic degradation of organic pollutants is widely understood to proceed 

via two predominant reaction pathways: firstly, by highly reactive hydroxyl radicals 

(originating from photoinduced lattice holes) reacting with pollutant molecules, and 

secondly by direct electron transfer between pollutant molecules and holes, Scheme 

2. In competition with these photodegradative chemical processes, concurrent 

charge recombination and hydroxyl radical quenching to hydroxide anions takes 

place (e.g. by photogenerated electrons).89,90 Adsorbed molecular oxygen also 

contributes to the overall photodegradation quantum yields.91 This encompasses 

electron-hole pairs generated following the onset of UV illumination either 

undergoing recombination within the bulk, or electrons being trapped by defects and 

adsorbed surface species (such as molecular oxygen).92,93,94 The hindering of 

surface charge recombination through electron trapping by adsorbed molecular 

oxygen increases hole formation, which in turn enhances reactive hydroxyl radical 

production.89,95 

 

 

Scheme 2: Important reaction pathways during TiO2 photocatalyst degradation of organic 
molecules (R).96,97,98,99 

In the case of the present organic dye degradation study using silica-steel 

microcomposite core with TiO2 shell photocatalyst, any direct interaction between 

steel particle surface iron oxides and the TiO2 shell could potentially diminish 

photocatalytic activity in at least two ways. Firstly, by electron-hole recombination 

processes through transfer of photogenerated electrons and holes from the TiO2 
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coating to the respective conduction and valance bands of the interfacial iron oxide 

(the smaller band gap of iron oxides compared to TiO2 accelerates the recombination 

rate, and thus attenuates photocatalytic activity49).100 Secondly, photogenerated 

electrons in the TiO2 layer can migrate towards the underlying interface and reduce 

lattice Fe3+ ions to form the more soluble Fe2+ ions, thereby triggering 

photodissolution of TiO2 coatings.49 Such dissolved Fe2+ species are then able to 

react with hydroxyl radicals leading to a quenching of photocatalytic activity.101  

These unfavourable interactions between the steel particle iron oxide surface layer 

and the TiO2 shell coating can be blocked by utilising a silica interfacial barrier 

layer.48,49  A double silica barrier layer was found to be sufficient to block 

photocatalyst dissolution, as evidenced by the photocatalyst stability over extended 

magnetic recycling studies, Figure S3. 

Despite rutile being the thermodynamically more stable bulk phase, sol-gel 

processing tends to favour the anatase phase.102 This can be attributed to the lower 

surface energy of anatase driving its preferential formation due to the large surface 

area to bulk volume ratio of the small particles typically formed during sol-gel 

processing.103,104,105,106 Additional factors, such as the precursors employed and 

reaction conditions can also influence TiO2 crystal growth.107,108 The predominance 

of anatase TiO2 in the sol-gel coatings employed in the present study (only a small 

amount of rutile polymorph found in P25(5)) is consistent with previous sol-gel TiO2 

calcination studies carried out at below 700 °C,45 and TiO2–P25 nanocomposite 

coatings deposited onto glass and flat steel substrates.47,109  

The high photocatalytic activity reported for P25 TiO2 nanoparticles is understood 

to be due to a combination of a large anatase (more photocatalytically active) to 

rutile ratio plus an inherent grain boundary structure.110,111 In the present study the 

incorporation of P25 TiO2 nanoparticles into the host TiO2 sol-gel coating to form 

TiO2–P25 nanocomposite shell coatings, enhances photocatalytic activity for dye 

degradation, with the added benefit of easy magnetic separation and recycling, 

Figure 8. The measured high mass normalised dye degradation rates equal or 

exceed previously reported values for magnetically separable micron size 

photocatalytic particles tested under comparable reaction conditions.33,34,36,37,40,42 

Furthermore, the present magnetically separable photocatalysts are much cheaper, 

simpler to prepare, and readily scalable.  All of these factors make them suitable for 
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local manufacture and adoption in developing countries for sustainable water 

purification. 

 

 

5. CONCLUSIONS 

TiO2 nanocomposite coated silica-steel microcomposite core particles have been 

synthesised using a low-cost and easily scalable sol-gel method. These 

photocatalysts display high organic dye molecule degradation activities as well as 

ease of recyclability by magnetic separation from aqueous solution. A synergistic 

effect upon photocatalytic activity has been found involving level of TiO2 nanoparticle 

loading and surface area of the TiO2 nanocomposite shell coating 
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1. FIGURES  

 

 

Figure S1: Cross sectional SEM micrograph of a quartz slide coated with a double silica 
barrier layer taken at 10° from parallel to the electron beam path. 

 

 

 

 

 

Figure S2: Raman spectra of uncalcined TiO2(1) particles. The absorbance at 448 cm-1 can 
be assigned to disordered TiO2,

1,2 (any adsorbed water librational bands typically appear 
around the 450 cm-1 region3). The peak at 182 cm-1 may be due to overlapping Raman active 
modes (including hydrogen bonded water vibrational bands at 175 cm-1,3 and bridging 
hydroxyl group vibrational bands around 265 cm-1 in sheet silica4).  The signal at 2966 cm-1 
stems from residual acetic acid present in the film from the dip coating solution.5 
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Figure S3: Magnetic separation recycling study using silica-steel microcomposite core with 
TiO2–P25 nanocomposite shell photocatalyst particles (loading of 2.0 ± 0.3 mg mL-1) for UV 
degradation of methylene blue dye solution (4 µM): (a) percentage of dye degraded after 30 
min continuous UV irradiation; and (b) dye photodegradation rate normalised to surface area 
(the large error values are due to propagation of error from surface area measurements). All 
photodegradation rates of the methylene blue dye solution using the photocatalyst particles 
were measured following an initial equilibration period in the dark for 1 h (see Figure 7).  The 
background UV degradation rate (0.59 ± 0.15 x 10-2 min-1) of methylene blue dye measured 
in the absence of any photocatalyst particles has been subtracted prior to surface area 
normalisation in all cases.  
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2. TABLE  

 

Table S1: Assignment of Raman bands for uncoated and coated steel particles. 

Uncoated  Silica Double Barrier Layer 

Peak Position / cm-1 Assignment6  Peak Position / cm-1 Assignment6,7,8  

213 Haematite Fe2O3 210 Haematite Fe2O3 

281 Haematite Fe2O3 279 Haematite Fe2O3 

395 Haematite Fe2O3 495 SiO2 Defect peak 

593 Haematite Fe2O3 1005 SiO2 

645 Magnetite Fe3O4 1365 SiO2 

1252 Haematite Fe2O3   

TiO2(1) P25(5) Coated Steel Particles 

Peak Position / cm-1 Assignment6,9,10  Peak Position / cm-1 Assignment9,10  

141 Anatase Eg  148 Anatase Eg  

291 Haematite Fe2O3 398 Anatase B1g 

397 Anatase B1g 516 Anatase A1g or B1g 

517 Anatase A1g or B1g 638 Anatase Eg 

637 Anatase Eg   

P25 TiO2 Nanoparticles  

Peak position / cm-1 Assignment9,10    

148 Anatase Eg    

394 Anatase B1g   

513 Anatase A1g or B1g   

636 Anatase Eg   
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HIGHLIGHTS 

  

 Micron sized silica-steel microcomposite core with TiO2 nanocomposite shell 

photocatalysts.  

 

 Recycling from solution by magnetic separation.  

  

 UV photocatalytic degradation of waterborne organic pollutants. 

 


