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Abstract 

Titanium dioxide (TiO2) nanoparticles are attracting increasing interest because of 

their superior photocatalytic and antibacterial properties. Here, aqueous titanium 

oxy-hydroxide sols were made, using a green synthesis method, from the controlled 

hydrolysis / peptisation of titanium isopropoxide. Three different mineral acids were 

used to peptise the sol (HNO3, HBr and HCl), and provide counter-ions. The 

influence of nitrate or halide sol counter-ions on size distributions of the starting sols 

were measured via photon correlation spectroscopy (PCS). Semi-quantitative phase 
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composition analysis (QPA), on the gels thermally treated at 450 and 600 °C, was 

determined via Rietveld refinement of the X-ray powder diffraction (XRD) patterns. 

Photocatalytic activity of the prepared samples was also assessed, in gas-solid phase, 

monitoring NOx degradation using both solar and white lamps (artificial indoor 

lightning). Both halides (chlorine or bromine) encouraged the anatase-to-rutile phase 

transition (ART), resulting in powders containing up to 77 wt% rutile and only 5 

wt% brookite after heating to only 450 ºC, with particle sizes ~50 nm, and these 

produced 100% rutile at 600 ºC. Photocatalytic tests in the gas phase, using a white 

lamp, showed that the halide-stabilised sols, thermally treated at 450 °C, gave titania 

with the highest NOx conversion rate – twice that of  Degussa P25. 
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1. Introduction 

The application of nanoscale materials could represent a significant scientific 

contribution to global wellbeing. Nanomaterials are typically structures with 

dimensions ranging from 1 to 100 nm.1 They possess unique physiochemical, 

catalytic, surface and magnetic properties, and these may provide solutions to 

problems that cannot be dealt with using conventional technologies. 

Nanotechnologies are already becoming an invaluable tool in the environmental 

context, e.g. for the removal of pollutants from water, air and soil. Nanostructured 

materials can be incorporated into specific components or devices in the areas of 

solar energy conversion, catalysis, medicine and environmental remediation, often 

offering more effective, efficient, durable, environmentally friendly and affordable 

approaches.2,3 Compared to those based on conventional bulk materials, this can lead 

to more cost-effective, and less time- and energy-consuming, solutions, that also 

generate lower amounts of waste.4 However, for such widespread use the processing 

must be economic, and ideally “green” synthesis methods should be essential, with 

special emphasis on processes that do not require toxic solvents, and will reduce 

hazardous wastes from the preparation.  

Green chemistry, according to Anastas and Warner, is defined as: “the utilisation 

of a set of principles that reduces or eliminates the use or generation of hazardous 

substances in the design, manufacture, and application of chemical products”.5 The 

same authors also defined 12 principles of green chemistry, which are meant as a 

guide for minimising the use of unsafe products, and maximising the efficiency of 

chemical processes.6 Of these 12 principles, the work in this paper directly addresses 

numbers 3 (less hazardous chemical synthesis), 4 (designing safer chemicals – TiO2 
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is non toxic) and 5 (safer solvents and auxiliaries – this method is aqueous based, 

with no toxic reagents or organic solvents), while also complying with many of the 

other principles. It can therefore genuinely be called a Green Chemical method. 

Titanium dioxide (TiO2) nanoparticles are attracting increasing interest due to 

their unique physiochemical properties and widespread applications, i.e. in 

photocatalysis, energy materials, antibacterial agents and gas-sensors.7–14 Of these, 

photocatalysis is expected to be one of the most important means of challenging 

many of the emerging problems in modern society, and the potential of 

heterogeneous photocatalysis with TiO2 is very wide ranging. Photocatalysis is a 

particularly promising method of solving problems associated with increasing 

environmental pollution (both indoor and outdoor, waterborne and airborne), being 

able to degrade organic and inorganic chemicals in both air and water, and 

combating global warming and reliance on an oil economy by developing new 

energy sources (through water splitting to produce hydrogen).8,15  

In the present work, we report the influence that sol counter-ions have on the 

photocatalytic activity of TiO2 nanoparticles. We have previously synthesised TiO2 

nanopowders via an aqueous green sol-gel method, using nitrate counter-ions.16,17 

These aqueous titanium oxy-hydroxide sols were made from the controlled 

peptisation of titanium isopropoxide, hydrolysed using distilled water. Here, three 

different mineral acids were used to peptise the sol (HNO3, HBr and HCl), and 

provide counter-ions. The size distributions of the starting sols were measured via 

photon correlation spectroscopy (PCS), and average sizes were all found to be 

between 2-5 nm. The gels were dried in an oven at 75 °C, and then thermally treated 

at 450 and 600 °C in air. A semi-quantitative phase composition analysis (QPA) of 
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the calcined samples – and hence an estimate on the influence that counter-ions had 

on the anatase-to-rutile phase transformation (ART) – was carried out using the 

Rietveld method on X-ray powder diffraction patterns. Photocatalytic activity of the 

prepared samples was also assessed – in gas-solid phase, checking NOx abatement, 

and in liquid-solid phase monitoring the degradation of an organic dye (methylene 

blue). 

 

2. Experimental 

2.1 Sample Preparation 

Aqueous titanium(IV)hydroxide sols were made following the procedure 

previously reported for nitrate-based sols.16 This was via the controlled hydrolysis of 

titanium(IV)isopropoxide (Ti-i-pr, Ti(OCH(CH3)2)4), using distilled water diluted in 

alcohol which was added dropwise over about 40 min. The water/alcohol solution 

also contains the peptising acid. One part of Ti-i-pr (Aldrich, 97%) was added to four 

parts of isopropyl alcohol (IPA, propan-2-ol) to make a 20% Ti-i-pr solution. This 

Ti-i-pr solution was hydrolysed by the dropwise addition of an excess of water (5:1 

water:Ti-i-pr) as a 20% solution in IPA. The acid necessary to peptise the sol was 

also added to this water-IPA solution, in a ratio of Ti4+:acid of 5:1. The acids used 

were concentrated HNO3 (Aldrich, 65%), concentrated HCl (VWR AnalaR, 37%) 

and concentrated HBr (Aldrich, 48%). This water-IPA-acid solution was added 

dropwise to the Ti-i-pr solution at RT, whilst it was mechanically stirred at 800-1200 

RPM. The precipitated mixture was evaporated to a white jelly-like mass on a rotary 

evaporator at 60 ºC and 110-140 mPa. Distilled water was added to restore the 

mixture to the original volume, then the gelatinous mass was redispersed in a few 
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min, and the solution evaporated to a jelly like mass again, this time at 60 mPa and 

60 ºC. At this stage, when water was added again, the gelatinous mass dispersed to 

form a sol in 2 min, and the sol was diluted to a concentration of 1 M Ti4+. The 

process is summarised graphically in Fig. 1. Although the sol particles are nominally 

titanium hydroxide (Ti(OH)4), from this point on, the sols will be referred to as Ti 

sols. 

All sols were maintained at a 1M concentration, and were shown to be stable for 

over a week in all cases, and often several weeks. The volume of solvent / water 

before evaporation on the rotary evaporator was approximately 500 ml in all cases. 

The as-synthesised gels were dried in an oven at 75 °C, and afterwards the dried gels 

were heated in a muffle furnace at 450 °C, 600 °C, and 800 °C, under a static air 

flow. The heating / cooling rate was 5 °C min–1, with a 2 hour dwell time at the 

selected temperature.  

 

2.2 Sample Characterisation  

The size distributions of the starting sols were measured via photon correlation 

spectroscopy (PCS) – also known as dynamic light scattering (DLS) – using a 

Zetasizer Nano ZS (Malvern Instruments, UK). 4 drops of the 1M sol were added to 

a cuvette of water, and measured at room temperature, after being allowed to 

stabilise for 10 min. The scattering was measured at an angle of 173º, using a 633 nm 

laser, and assuming the refractive indexes of water and the Ti(OH)4 based sol 

particles to be 1.33 and 2.50, respectively. Size information was calculated from the 

correlation function and cumulants analysis using the CONTIN method (an 

algorithm developed for analysing the autocorrelation function),18
 and number size 

Page 7 of 56 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 7

values were obtained from refinements using Mie theory, to reflect the true size 

distribution. Particle sizes were measured between 0.4 and 10,000 nm. 

Thermo-gravimetric and differential thermal analyses (TGA/DTA, Setaram 

Labsys, FR) were performed on the dried gel, in an air flow and with a heating rate 

of 5 °C min−1, from room temperature (RT) to 900 °C. 

A semi-quantitative phase composition analysis (QPA, not accounting for the 

presence of amorphous phase in the samples) of the calcined titania gels was 

obtained via X-ray diffraction, utilising the Rietveld method. The instrument used 

was a θ/θ PANalytical X’Pert Pro (NL) diffractometer equipped with a fast RTMS 

detector (PIXcel 1D, PANalytical, NL), with graphite monochromated Cu Kα 

radiation (40 kV and 40 mA, 20–115 °2θ range, virtual scan step of 0.0167 °2θ, 

integration time of 100 s). The Rietveld refinements were accomplished with the 

GSAS package,19 and its graphical interface EXPGUI.20 The starting atomic 

parameters for anatase, rutile and brookite, described as the space groups I41/amd, 

P42/mnm and Pbca respectively, were taken from a previous work of the present 

authors.21 The following parameters were refined: scale-factors, zero-point, 6 

coefficients of the shifted Chebyshev function to fit the background, unit cell 

parameters and profile coefficients – one Gaussian (GW), an angle-independent term, 

and two Lorentzian terms, LX and LY, as peak correction for asymmetry.  

Diffuse reflectance spectroscopy (DRS) was performed with a Shimadzu UV 

3100 (JP) spectrometer, and spectra of the samples were acquired in the UV-Vis 

range (250-750 nm), with 0.2 nm step-size and using an integrating sphere and a 

white reference material, both made of BaSO4. The optical band gap (Eg) of the 

powders was calculated using the differential reflectance method from the obtained 
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 8

DRS spectra. This method supposes that, plotting the first derivative of reflectance 

(dR/dλ) versus the wavelength (λ), the maximum value of such a plot corresponds to 

the Eg of the semiconductor material.22,23  

With the aim of showing the occurrence of OH groups and/or water adsorbed on 

the photocatalyst’s surface, FT-IR analysis was performed with a Bruker Tensor 27 

(DE) spectrometer. The measurements were carried out over the wavenumber range 

of 4000–300 cm–1, and the powders (2 mg) were mixed with KBr (200 mg, to give 1 

wt% of powder in the KBr disks), and pressed into thin pellets. Prior to carrying out 

the FT-IR analysis, the pellets were stored in an oven at 120 °C for 30 min.  

Raman spectra of the samples were acquired in the 50-1000 cm–1 wavelength 

range, with 4 cm–1 resolution, on a RFS 100/S (Bruker, DE) equipped with a 

Nd:YAG laser (1064 nm) as the excitation source.  

HR-TEM analysis was assessed on a Jeol JEM 2010 LaB6 microscope operating 

at 200 kV; samples were prepared by dispersing the nanoparticles in methanol. And 

evaporating the suspension drops on carbon-coated copper grids.  

The specific surface area (SSA) of the prepared samples was evaluated by the 

Brunauer–Emmett–Teller method (BET) (Micromeritics Gemini 2380, US) using N2 

as the adsorbate gas. 

 

2.3 Evaluation of Photocatalytic Activity 

The photocatalytic activity (PCA) of the prepared samples was assessed both in 

gas–solid phase and in liquid–solid phase, the former by monitoring the degradation 

of NOx, the latter following the degradation of an organic dye (methylene blue, MB) 

via a spectrometer (Shimadzu UV 3100, JP). Evonik Aeroxide (formerly known as 
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Degussa) P25® photocatalytic powder, hereafter referred to as P25, was used as 

reference in all the PCA tests.  

 

2.3.1 Gas-solid Phase 

The reactor employed for gas-solid phase tests, operating in continuous conditions, 

as previously described,17,24 was made of a stainless steel cylinder (35 L in volume); 

its top was sealed and covered with a glass window, to allow for the light to reach the 

photocatalyst placed inside it. The light sources employed were a solar lamp (Osram 

Ultra-Vitalux, 300 W) – re-creating an outdoor situation – and a white light 

irradiating only in the visible region (Philips LED Bulb Warm white)25 – hence 

simulating an artificial indoor lighting. For the solar lamp, the distance between it 

and the photocatalyst was 85 cm. The light intensity reaching the samples, measured 

with a radiometer (Delta OHM, HD2302.0, IT), was found to be approximately 3.6 

W m−2 in the UVA range, and 25 W m−2 in the visible-light range. The white lamp 

was placed 28 cm from the photocatalyst, so as to have a light intensity reaching it of 

around 7 W m–2 in the visible range, and being nil in the UVA.  

Samples were prepared in the form of a thin layer of powder, with a constant mass 

(~0.10 g), and thus approximately constant thickness, in a 6 cm diameter Petri dish. 

The tests were performed at 27±1 °C (temperature inside the reactor) with a relative 

humidity of 31%. These parameters – controlled by means of a thermocouple that 

was placed inside the chamber, and a humidity sensor placed in the inlet pipe – 

remained stable throughout the tests. The outlet concentration of the pollutant gas 

was measured using a chemiluminescence analyser (AC-30 M, Environment SA, FR). 

After having placed the photocatalyst inside the reactor, and covered the glass 
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window, the inlet gas mixture (prepared using synthetic air and NOx gas) was 

allowed to start flowing until it stabilised at a concentration of 0.5 ppmv. Two mass 

flow controllers were used to prepare such a mixture of air with this concentration of 

NOx, and with a flow rate of 1 L min–1. This step was necessary to guarantee the 

sample saturation, assuring that during the test any measurement of NOx is solely due 

to the photocatalytic process (i.e. no absorption from the sample, nor from the reactor 

walls).26 Once the desired concentration of 0.5 ppmv was attained, the window glass 

was uncovered, the lamp turned on, and the PCA reaction started. The photocatalytic 

reaction was deemed to be completed when the pollutant concentration reached a 

minimum and stable level, and the sample could no longer keep on decomposing any 

NOx.  

The photocatalytic efficiency was evaluated as the ratio of the removed 

concentration of NOx. The conversion rate (%) of the initial NOx concentration was 

calculated as: 

 

 100
)(

)()(
%

0

0 ×
−

=
x

sxx
x

NO

NONO
conversionNO      (1) 

 

where (NOx)0 and (NOx)S are, respectively, the initial NOx and the NOx concentration 

(both expressed as ppmv) after a certain irradiation time.27 Moreover, with the aim of 

having a better comparison between the tested samples, data relative to the first 20 

min of reaction time were elaborated according to a first order kinetic law.  

 

Page 11 of 56 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 11

2.3.2 Liquid-solid Phase 

The liquid–solid phase tests were performed at RT in a cylindrical photocatalytic 

reactor (Pyrex) containing a water solution of the dye (0.5 L), whose initial 

concentration was 5 mg L−1.16 The concentration of the photocatalyst in the slurry 

was 0.25 g L−1. In order to mix the solution thoroughly, the slurry was stirred 

throughout the reaction and the reactor was covered with a watch-glass, so as to 

avoid the evaporation of the solution. The lightning of the reacting system was 

ensured by placing two lamps at the side of the reactor – the distance between the 

lamps and the reactor was 5 cm. The UVA-light source was a germicidal lamp 

(Philips PL-S 9 W, NL), having an irradiance – measured with a radiometer (Delta 

OHM, HD2302.0, IT) – of approximately 13 W m−2 in the UVA range, while the 

visible-light source was a fluorescent lamp (Philips master PL-S 2 P 9 W/840, NL), 

with an irradiance of about 50 W m−2 in the visible region and 0.6 W m−2 in the UVA 

region (hence considered negligible). In the experiments, the photocatalytic 

degradation of MB was monitored by sampling from the reactor, at regular time 

intervals, 4 mL of the slurry. The powders in the samples were separated by 

centrifugation, and then the MB concentration in the liquid was determined by 

measuring the absorbance in a spectrophotometer at a wavelength of 665 nm. The 

extent of MB photocatalytic degradation ξ, was evaluated as:  

 100%
0

0 ×
−

=
C

CC Sξ         (2) 

where C0 is the initial MB concentration and CS is the concentration after a certain 

UVA/visible irradiation time. Control experiments to determine if a likely photolysis 

of the MB dye affected the tests, under direct UVA and visible-light irradiation, were 

performed prior to testing the photocatalytic activity of the prepared samples.  
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 12

The photocatalytic reaction being a pseudo first-order reaction, its apparent first-

order constant (k'app) can be evaluated as:  

 tk
C

C
app'ln 0 =







         (3) 

where C0 is the initial concentration of MB and C is its concentration after a certain 

irradiation time t. Therefore, the plot of ln(C0/C) versus the irradiation time t, gives a 

straight line, whose slope corresponds to the value of the pseudo first-order apparent 

rate constant (k'app).
28  

The total irradiation time was set at 7 h, and the lights (UVA or visible) were 

turned on 30 min after having put the photocatalyst in the reacting system, in order to 

allow adsorption/desorption of the dye onto the powders to occur and stabilise.  

Furthermore, as dyes can be excited by visible-light irradiation, they can act as a 

sensitiser, with electron injection from the photo-excited dye to the photocatalyst.29,30 

This implies that such an electron transfer may destroy the regular distribution of 

conjugated bonds within the dye molecule, and this may cause its decolourisation, 

but not its mineralisation.31 Furthermore, MB is reported to undergo to a reduced, 

colourless form, known as leuco-methylene blue (LMB).32 Therefore, aiming at 

verifying if, under visible-light irradiation, there was a ‘‘real’’ photocatalytic 

reaction, or on the contrary, a (total or partial) decolouration of the dye by photo-

sensitising effects, total organic carbon (TOC) determination was performed, via a 

TOC-meter (TOC 1200, Thermo Electron Corporation, US). 
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3. Results and Discussion 

3.1 Sol preparation and characterisation 

The process used to make the HNO3 peptised sols was identical to that reported by 

the authors previously, to make pure and W and Ag doped titania nanoparticles.16 

The Ti-i-pr solution was hydrolysed by the dropwise addition of a water-IPA-HNO3 

solution, and at the end of the addition a milky white mixture with a slightly 

yellowish tinge resulted. The solvent was removed under vacuum on a rotary 

evaporator at 140 mbar, and was dried to a white jelly-like mass, with a slight 

yellowish tinge. This gelatinous mass was redispersed in water and dried to a jelly-

like mass again, this time with a white colour and a slight bluish tinge. When water 

was added again, this gelatinous mass rapidly dispersed to form a sol in 2 min, with a 

slightly bluish tinge. Fig. 2 shows the number average sol particle size distribution 

from PCS measurements, measured 3 days after the sols were produced. All particles 

in the HNO3 sol were between 2-10 nm, with 98% between 2-6 nm, and 80% 

between 2.33-4.85 nm. The mean was 3.61 nm with a standard deviation of 1.23 nm. 

To make the HCl-peptised sol, the Ti-i-pr solution was hydrolysed by the 

dropwise addition of a water-IPA-HCl solution. After the addition a viscous white, 

thixotropic jelly had formed, which needed continuous stirring at 1200 RPM to break 

it up, unlike the smoother suspension-like end product obtained with HNO3. In 

previous work on aqueous sol-gel derived YAG (Y3Al5O12) and ferrites (Fe(OH)3 

sols) by Pullar et al., it has been reported that chloride based sols became much more 

gelatinous and thixotropic, with much more evidence of linking between the sol 

particles.33,34 These chloride based sols were also less stable than their nitrate 

counterparts, and flocculated/precipitated at lower concentrations.35 Increased 
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bonding between the chloride stabilised sol particles was also observed when fibres 

were blow spun from these, and the persistent presence of chloride in the material up 

to 1000 ºC delayed the formation of YAG and complex hexaferrite phases.36,37  

The solvent was evaporated at 120 mbar, although it was more difficult to remove 

the alcohol, indicating a greater degree of bonding in the water/alcohol/chlorine 

mixture, resulting in a bulky white gelatinous solid. This was redispersed in water, 

and evaporated to a fine, viscous gel, which slowly dispersed to give a sol when 

more water was added. The sol was a yellowish, off-white colour, not bluish as with 

the nitrate counter-ions, indicating a different particle size. This was seen in the PCS 

measurements (Fig. 2), as the size range was smaller in the HCl based sol, between 

1.5-5.6 nm, with 99% between 1.5-3.6 nm, and 78.5% between 1.50-2.32 nm. The 

mean was 2.20 nm with a standard deviation of 0.57 nm. Therefore, despite the 

increased level of interparticle structure, the HCl peptised sol has a smaller average 

particle size and upper limit of size. In this work, the Ti sol with Cl– counter-ions has 

a number average diameter approximately 60% of that with NO3
–. In previous work 

by Pullar et al. on ferrite sols, there was a similar difference between Fe2O3 sols with 

different counter-ions, with a HCl-peptised Fe(OH)3-2xOx sol also having a slightly 

smaller number average (5.1 vs. 6.4 nm) and upper limit than a NO3
– sol.35 

The HBr peptised sol was made by the dropwise addition of a water-IPA-HBr 

solution, forming a more gelatinous, but less thixotropic, precipitate than that 

observed with HCl. A lower pressure of 110 mbar was required to remove the IPA, 

to give a white gelatinous phase. This was redispersed in water, and then evaporated 

to a yellow, glassy gel. When more water was added, the gel instantly dispersed 

within 30 seconds to give a darker, slightly-orange coloured, more transparent sol. 
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This was reflected in the PCS measurements (Fig. 2), as the size range was the 

largest of all in the HBr based sol, between 3-12 nm, with 99% between 3.1-7.5 nm, 

and 84.5% between 3.61-5.61 nm. The mean was 4.55 nm with a standard deviation 

of 1.11 nm. 

 

3.2 Thermal Behaviour 

The TGA/DTA results are depicted in Fig. 3a-c. In the TGA plot of the titania sol 

made with HNO3 (Fig. S1a, Electronic Supplementary Information), there were two 

weight-loss regions: the first one had a mid-point at about 125 °C, corresponding to 

the loss of water from the porous gel network, and this region accounted for half of 

the total weight-loss. The major second thermal event was centred around 250 °C, 

representing the decomposition of nitrates and any remaining organic compounds in 

the gel.38 Beyond ~400 °C, there was no further significant weight-loss, as indicated 

by the plateau in the TGA plot; the total weight-loss of the material was about 28%. 

As can be seen from DTA analysis, the prominent endothermic event at 

approximately 125 °C, and the exothermic event at about 250 °C, indicated the 

processes discussed above for the TGA analysis, while the broad exothermic peak, 

with a maximum at around 485 °C should represent the ongoing ART.16  

However, the samples made with Cl– and Br– had subtly different TGA/DTA plots 

(Fig. S2b,c). With halides present, the loss of water from the porous gel network 

initiated at a lower temperature, about 95 °C, but instead of showing a single large 

endothermic event, the DTA plot exhibited two clear, smaller endothermic peaks, 

one at 90 ºC, and a broader exotherm around 130-145 ºC. This suggested that there is 

a two-step loss of water with the halides. These regions also showed a greater 
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weight-loss for the halides during the loss-of-water phase (compared to ~15% for 

NO3
– at 150 ºC), suggesting that the dried gel had a higher water content when made 

from halides. The HCl sample had a second dehydration endotherm around 130 ºC, 

and this process had completed by around 150 ºC with a weight loss of 19%. The 

HBr sample exhibited a much broader second endotherm centred around 145 ºC, but 

the process continued until 200 ºC, with a weight loss of 22% at this temperature. 

After this dehydration process, the HCl sample exhibited a sharp exotherm around 

200 ºC, and a steady, but diminishing, weight loss with increasing temperature up to 

around 400 ºC, at which point it had lost 32% weight. This represents the combustion 

of any remaining organic species, and the partial loss of chlorine. However, there 

remains a small but significant continuous weight loss up to 900 ºC, with a final loss 

of 34% at this temperature (Fig. S1b). This agrees with the findings of Pullar et al. in 

their work on similar aqueous, chloride-peptised iron (III) hydroxide-based sols, in 

which most of the chlorine was lost at 200 ºC, but the material still contained around 

5 wt% chlorine up to 600 ºC, with 2.5 wt% remaining at 800 ºC and a temperature of 

1000 ºC being required to remove all of the highly persistent chlorine.36  

Pullar et al. also found that, at 200 ºC, 22 wt% bromine was retained in HBr 

peptised aqueous iron (III) hydroxide-based gels. However, by 400 ºC this had fallen 

to ~6 wt% bromine, under 5 wt% at 600 ºC and all bromine was removed by 800 

ºC.36 This supports the results seen here with the HBr sample, which exhibited a very 

broad exotherm centred around 250 ºC, and with a greater rate of weight loss, up to 

34% at 365 ºC, than the HCl sample (Fig. S1c). This weight loss continued until 600 

ºC, by which point 37% had been lost, and no significant loss occurred with further 

temperature increase. This suggests that, as seen in the iron (III) hydroxide gels, 
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bromine required a greater initial temperature to begin its removal, but it was less 

persistent than chlorine, and completed the process at a temperature of 600 ºC in 

these titania sols. 

No separate peak was seen for the ART in the HCl or HBr samples, suggesting 

that it is a steady, continuous process that may initiate at the onset of halide loss from 

the systems. 

 

3.3 X-ray Analysis 

XRD patterns of the samples are shown in Fig. 3. The semi-QPA of the thermally 

treated gels, by means of XRD, is shown in Table 1; an example of a Rietveld 

graphical output (sample HNO3 450), is depicted in Fig. S2. It should be noted that 

this evaluation was made without taking into account the presence of any amorphous 

phase in the samples, hence only accounting for the crystalline phases that are in the 

samples.  

As depicted in the HR-TEM micrographs (Fig. 4a,b), the thermally treated 

nanopowders are all composed of strongly aggregated, and irregularly shaped, 

nanoparticles. Also, the size distribution seems to be wide, varying between 10–40 

nm.  

The reference commercial photocatalyst P25 is a mixture of anatase, rutile and 

amorphous phase (76.3 wt%, 10.6 wt%, and 13.0 wt%, respectively).39 For the titania 

gels thermally treated at 450 °C (Fig. 3a), it was seen that using nitrate counter-ions 

led to a strong presence of crystalline anatase (34.6 wt%), together with rutile (50.7 

wt%) and also a significant amount of brookite (14.6 wt%). On the other hand, the 

presence of chloride and bromide counter-ions accelerated the brookite-to-rutile 
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phase transformation: in these samples heated to 450 °C, there is only very small 

amount of brookite (3.4 wt% with HCl, 5.3 wt% with HBr). That accelerating 

behaviour has been attributed to the adsorbed halides, which are not easily removed 

from the surface of titania even by heating at relatively at high temperature,40 as also 

seen in the thermal behaviour section. Hence, halides will form oxygen vacancies on 

the surface, thus enhancing the ART.41 The presence of brookite would otherwise be 

expected, as the pH of the starting sols is highly acidic (pH ~1), and this favours 

brookite crystallisation.21,42 Moreover, the sample made with Cl– as counter-ions and 

thermally treated at 450 °C was composed of 19.4 wt% anatase and 77.2 wt% rutile, 

making it the sample with the smallest amount of anatase. By contrast, the sol made 

with Br– as counter-ions, thermally treated at 450 °C, had 27.4 wt% anatase and 67.3 

wt% rutile. Hence, from these results, the following trend can be inferred in terms of 

counter-ions delaying the ART mechanism (which is a nucleation and growth 

mechanism):43 NO3
– >Br– >Cl–. This is shown in Fig.S3.  

To further support this, at the temperature of 600 °C (Fig. 3b), the HNO3 sample 

was the only one still containing even a small amount of anatase (1.8 wt%), the other 

two samples having completely accomplished the ART, and hence being composed 

only of rutile as a crystalline phase. At the temperature of 800 °C, every sample has 

fully accomplished the ART (Fig. 3c).  

 

3.4 Raman, Optical and FT-IR Spectroscopy 

Raman spectra of the samples are depicted in Figure 5, and the anatase, rutile and 

brookite Raman modes are shown in Table S1. Although this technique cannot be 

used for quantitative investigation,44 Raman analysis showed the presence of anatase, 
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rutile and brookite in samples thermally treated at 450 °C (Fig. 5a), consistent with 

the XRD data. At 600 °C, the only sample showing the presence of some residual 

anatase was that made with HNO3, the ART being completed in the halide samples 

(Fig. 5b). At 800 °C, consistent with XRD, Raman spectra showed only the presence 

of rutile in all the samples (Fig. 5c). In these samples, a broad band was also present, 

centred around 250 cm–1. This is a characteristic feature of rutile,45 and its complex 

nature has been attributed to either second-order scattering,46 or disorder effects.47  

Optical spectroscopy was used with the aim of investigating the (optical) Eg of the 

samples. DRS spectra are shown in Figure 6a,b, while the optical Eg of the samples 

are listed in Table 2. All the samples, thermally treated at both temperatures, had a 

single absorption band below approximately 410 nm, which was ascribed to the 

metal–ligand charge transfer (MLCT) in titania.48 Moreover, samples with Cl– and 

Br– as CI in the starting sols, and thermally treated at the two maximum temperatures, 

show also to absorb in the visible region of the spectrum (410-550 nm; 3.02-2.25 eV), 

as depicted in the inset of Fig. 6a. Though this is not a direct evidence of Cl– and Br– 

incorporation into TiO2, these absorptions might be attributed to F-centres, that are 

associated with oxygen vacancies, as suggested by Kuznetsov and Serpone.49 By 

analogy with other literature data, we suggest that such absorptions might be the 

result of a mid-gap band (Mg) being accommodated within the TiO2 Eg,
50,51 without 

modifying it. The Eg of the samples was calculated by the differential reflectance 

method, and the resulting curves were effectively fitted with a Gaussian function, the 

maximum values being found from that fitting. The Egs were all attributed to rutile 

(Table 2 and Fig. 6c), being consistent with its expected Eg value of 3.02 eV (411 

nm).52 It should be noted that with the method employed in the present investigation, 
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the curve of anatase might overlap that of rutile, hence the Eg of rutile may “hide” 

that of anatase  

FT-IR spectra of the samples thermally treated at 450 °C are depicted in Figure 7. 

The band in the range of 400-600 cm–1, observed in all the FT-IR spectra, belongs to 

the Ti–O–Ti vibrations. The peak at ~1620 cm−1 corresponds to the bending 

vibrations of O–H, while the broad band at approximately 3430 cm−1 is attributed to 

the surface-adsorbed hydroxyl groups.53 From a comparison amongst the tested 

samples, it can be seen that there was no marked difference between them, with the 

sol made with NO3
– as counter-ions, and calcined at 450 °C, having slightly more 

surface hydroxyl groups on its surface. These, being able to accept the 

photogenerated holes, can create hydroxyl radicals, hence oxidising molecules 

adsorbed on the photocatalyst surface.54  

 

4.1 Photocatalytic Activity 

4.1.1 Gas-solid Phase 

The NOx abatement results are shown in Figure 8a,b and Table 3. When using a 

lamp with a significant UV component, the best performing photocatalyst is the 

reference commercial sample of P25. The PCA of the prepared samples followed the 

trend: Br– >NO3
– > Cl–. The same degradation trend is shown in the initial (first 20 

min of reaction) pseudo-first order kinetic constants (Table 3). A possible 

explanation of the higher activity in gas-solid phase of the HBr sample can be given 

by (residual) bromide species that remain in the catalyst structure (as qualitatively 

shown by TGA/DTA analyses): it has been stated that even small amounts of these 

species are able to cause substantial improvement in the catalytic properties of 
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oxides.55,56 These results are also consistent with those reported by Luo et al.,57 who 

showed that Cl– modified TiO2 had a lower activity than both P25 and Br– modified 

TiO2 under UV-light irradiation; these authors attributed that to a narrowing of the 

TiO2 band gap, due to Br–.  

Furthermore, as can be seen in Fig. 8a,b, after 45 minutes of irradiation time, 

following an initial degradation, the pollutant concentration reached a plateau, and 

the samples could no longer keep on decomposing NOx. This deactivating behaviour 

of TiO2 is caused by the oxidation of NO2 to HNO3. The O2− and OH• radicals 

formed during photocatalysis react with the pollutant gas, producing NO2 and 

HNO3:
58  

NO + OH• → NO2 + H+        (4) 

NO + O2− → NO3
−         (5) 

NO2 + OH• → NO3
− + H+ →HNO3      (6) 

 

Thus, the reaction path for NOx conversion is mediated by OH• radicals. Furthermore, 

as been reported by Ohko et al., the HNO3 produced on the surface of TiO2 acts as a 

physical barrier, inhibiting the photocatalytic reaction.59 Samples fired at 600 °C all 

had a lower photocatalytic activity (cf Table 3), with sample HBr being inactive. In 

general, this behaviour is most likely due to the completion of the ART (except for 

the HNO3 sample, that still contained 1.8wt% anatase), and a lowering of the SSA as 

a consequence of a coarsening of the titania particles. Interestingly, the only sample 

maintaining a comparable activity with its counterpart thermally treated at 450 °C is 

sample HCl 600. At 800 °C, no sample was shown to be photocatalytically active 

(data not shown in Table 3).  
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Results for the photocatalytic tests with the white lamp are shown in Fig. 8b and 

Table 3. Under white-light exposure, HNO3 and P25 had virtually the same low 

degree of activity (18.9% and 19.8%, respectively). On the contrary, HCl and HBr 

samples had much greater activities (36.1% and 34.2%, respectively) when using a 

light source irradiating only in the visible region of the solar spectrum. This was also 

confirmed by the pseudo-first order kinetic constants of the initial first 20 min of 

reaction, as shown in Table 3: halide-stabilised sols had a PCA twice higher than P25. 

This might be due to the concomitant presence of nano-anatase and rutile,60,61 and 

also to the higher amount of rutile in these samples. In fact, it has been reported that, 

when nanostructured, rutile can be a visible-light active photocatalyst.62 It has been 

shown by Hurum et al.,63 that the visible-light response of P25 – a mixture of anatase, 

rutile and amorphous phase 39 – is actually due to the presence of small rutile 

crystallites amongst those of anatase. They claimed that the points of contact 

between these anatase and rutile crystals allow for rapid electron transfer from rutile 

to anatase, and hence, rutile acts as an ‘‘antenna’’, able to extend the PCA into 

visible wavelengths. As a matter of fact, all of these samples had calculated Eg values 

in the visible-light region (Table 2). Additionally, it has also been stated that the 

presence of residual Br– and Cl–, as shown by TG/DTA and also by DRS analyses, 

can lead to them replacing oxygen in the titania lattice (indirectly proven by the 

accelerating behaviour of the ART by the halides), thus causing absorption in the 

visible light range, and enhancing photocatalytic activity under visible light 

irradiation.57 The increase of the firing temperature to 600 and 800 °C led to a loss of 

photocatalytic activity in all the samples, due to the aforementioned reasons.  
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4.1.2 Liquid-solid Phase 

Liquid-solid and gas-solid phase results cannot be directly compared, as they 

employed two different reactors, a different initial concentration of target pollutant 

and photocatalyst, and different lamps with different irradiances (both in the UVA 

and visible-light region). Notwithstanding, all the samples were also shown to be 

photocatalytically active in the liquid-solid phase regime. For the liquid-solid phase 

tests, the influence of photolysis on the photocatalytic experiments in liquid-solid 

phase was found to be negligible, its values being equal to 3%, and 1%, under UVA 

and visible-light irradiation, respectively (these data are not reported in Figure 9). All 

samples thermally treated at 450 °C had virtually identical photocatalytic efficiency 

under UVA irradiation (Fig. 9a) – but greatly lower than the reference P25, in which 

MB degradation was accomplished in two hours irradiation time – degrading almost 

all the organic dye, the photocatalytic efficiency values (ξ%) being equal to 98%, 

93% and 95% for the HNO3, HCl and HBr samples, respectively. In this case, even 

though the HNO3 sample thermally treated at 450 °C had a higher SSA than the 

halide-stabilised samples (Table 2), this did not dramatically affected its PCA, and 

neither did its higher anatase content (Fig. S3). The increase of the thermal treatment 

temperature to 600 °C caused a general decrease of the photocatalytic activity under 

UVA light irradiation (Fig. 9b). The sample with Cl– as counter-ions in the sol was 

the best photocatalyst, degrading 75% of the original dye; the least efficient sample 

was that with Br– as counter-ions in the sol, having ξ% equal to only 39%. This 

decrease in the PCA was not only due to a lowering of the SSA (which usually 

accompanies a growth in particle size), but also due to the completion of the ART, 

which was only partial in the case of the HNO3 sample.  
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All the samples were shown to possess PCA under visible-light exposure, even if 

to a lesser extent compared to UVA exposure (Fig. 9c,d). The HCl and HBr samples 

thermally treated at 450 °C, which contained more rutile, were more active 

photocatalysts under visible-light exposure (ξ% = 78% and 76%, respectively). The 

HNO3 sample was the least active one, but still with a photocatalytic efficiency value 

of 59%. However, under visible-light exposure, every sample had a photocatalytic 

efficiency higher than the reference P25 sample. Furthermore, in liquid-solid phase 

and under visible-light irradiation, the HCl and HBr samples were shown to possess 

higher PCAs, with regard to both the HNO3 and P25reference samples. These results 

are in strong agreement with those obtained in gas-solid phase, and hence attributable 

to the presence of residual Br– and Cl–, as has been previously stated.57 

TOC results (with the HNO3 sample thermally treated at 450 °C, and P25) showed 

that under visible-light exposure, there was an actual decrease in the organic carbon 

content (i.e. there was a decrease in the normalised organic carbon content: the value 

measured at the end of the reaction was 22.5% and 74.1% for HNO3 and P25 

samples, respectively). Hence, by analogy, we believe that the other tested samples 

also possessed this activity. In any case, with the available data, it has to be 

underlined that potential dye-sensitising effects (decolourisation) – together with a 

“real” photocatalytic reaction (mineralisation of the target pollutant) – cannot be 

excluded a priori.64  

 

4. Conclusions  

Nanopowders of titania were made by a green nanosynthesis technique based 

upon environmentally-benign aqueous sol-gel techniques. The effects of having 
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NO3
–, Cl– or Br– counter ions on the sol properties and the resulting nanopowders 

were investigated. The halides encouraged the anatase-to-rutile transition (ART) 

phase, resulting in powders with up to 77 wt% rutile and only 5 wt% brookite after 

heating to only 450 ºC, and they produced 100% rutile after 600 ºC. They also had 

fine particle sizes, estimated to be ~50 nm after 450 ºC, while the nitrate-stabilised 

sol gave 98% rutile with an estimated size of 92 nm after heating to 600 ºC. In the 

gas phase photocatalytic tests, using a solar lamp, the bromide-stabilised sol gave 

titania with the highest NOx conversion rate of >30% after 30 mins. Notwithstanding, 

when using a light source irradiating only in the visible region of the solar spectrum 

(white lamp) – aimed at re-creating artificial indoor lightning – halide-stabilised sols 

(thermally treated at 450 °C) had a PCA twice as high as those of the HNO3 sample 

and the P25commercial reference sample.  
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TABLES 

 

Table 1 – Semi-quantitative phase composition of the thermally treated titania gels, as obtained via Rietveld refinements. 

 

Sample  

No. of 

variables  

Agreement factors  Phase composition 

R
2

F (%) Rwp (%) χ
2  anatase (wt%) rutile (wt%) brookite (wt%) 

HNO3 450  24  4.10 6.59 1.57  34.6(2) 50.7(1) 14.6(4) 

HCl 450  23  5.81 4.33 3.75  19.4(2) 77.2(1) 3.4(3) 

HBr 450  22  4.47 4.02 3.64  27.4(1) 67.3(1) 5.3(4) 

           
HNO3 600  19  3.14 8.28 1.78  1.8(1) 98.2(1) – 

HCl 600  14  5.69 4.95 5.34  – 100 – 

HBr 600  15  5.44 5.12 5.21  – 100 – 
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Table 2 – Optical energy band-gap (Eg) and specific surface area (SSA) of the dried 

and thermally treated gels. Diameter in nm estimated from D = 6000 / (SSA * ρ), 

where ρ = 4.2 g cm–3 (rutile). 

 

Sample  

Optical Eg (eV)  

SSABET (m2 g–1)  D, estimated diameter (nm) anatase rutile  

HNO3 450  – 3.06±0.01  41.9  34 

HCl 450  – 3.05±0.01  28.4  50 

HBr 450  – 3.04±0.01  25.7  56 

      
HNO3 600  – 3.03±0.01  4.0  357 

HCl 600  – 3.04±0.01  8.3  172 

HBr 600  – 3.00±0.01  15.6  92 
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Table 3 – Initial (20 min) pseudo-first order kinetic constants, and relative correlation 

coefficients for the tested samples, in case of NOx degradation in gas-solid phase, 

using both the solar and white lamp.  

 

Sample  

Solar lamp  White lamp 

k20×102 (min–1) R
2
  k20×102 (min–1) R

2
 

P25  4.427±0.194 0.990  0.657±0.043 0.991 

HNO3 450  1.021±0.025 0.997  0.618±0.015 0.997 

HCl 450  0.691±0.018 0.997  1.515±0.019 0.999 

HBr 450  1.682±0.104 0.981  1.534±0.030 0.998 

HNO3 600  0.609±0.022 0.997  –  

HCl 600  0.711±0.027 0.997  –  

HBr 600  –   –  
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Figures and Captions 

 

Fig. 1 – Scheme of the aqueous acid-peptised nanosynthesis method used to make titania sols. 

Fig. 2 – PCS number size distributions for the HNO3, HCl and HBr peptised titania sols. Their 

mean diameters are 3.61, 2.20 and 4.55 nm, respectively. 

Fig. 3 – XRD patterns of the samples: (a) thermally treated at 450 °C and P25; (b) thermally treated 

at 600 °C; (c) thermally treated at 800 °C. A, R and B are symbols, standing for anatase, rutile, 

and brookite, respectively.  

Fig. 4 – HR-TEM micrographs of samples (a) HCl 450, and (b) HBr 450.  

Fig. 5 – Raman spectra of the samples: (a) thermally treated at 450 °C, and P25; (b) thermally 

treated at 600 °C; (c) thermally treated at 800 °C. The vertical bars represent the Raman peak 

shifts of: anatase (red), rutile (black), and brookite (blue).  

Fig. 6 – Diffuse reflectance spectra (DRS) of the samples: (a) thermally treated at 450 °C; (b) 

thermally treated at 600 °C – in the inset is reported the transformed Kubelka-Munk function 

[F(R∞)hν]
0.5

 versus energy; Mg is a symbol, standing for mid-gap band. (c) Diffuse reflectance 

spectrum of samples with HCl as counter-ion, and thermally treated at 450 °C, and, in the bottom, 

the plot of diffuse reflectance first derivative versus wavelength λ. The red curve is the result of the 

fitting, while the dashed vertical line represents the optical band gap, assigned to rutile in that 

sample.  

Fig. 7 – FT-IR spectra of the samples thermally treated at 450 °C.  

Fig. 8 – NOx conversion rate results of the samples thermally treated at 450 °C: (a) with the solar 

lamp; (b) with the white lamp.  

Fig. 9 – Photocatalytic activity results in liquid-solid phase, using UVA-light irradiation of: a) 

samples thermally treated at 450 °C; b) samples thermally treated at 600 °C. Photocatalytic activity 
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results in liquid-solid phase, using visible-light irradiation of: c) samples thermally treated at 450 °C; 

d) samples thermally treated at 600 °C. 
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Fig. 1 
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Fig. 2 
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Fig. 3a 
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Fig. 3b 
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Fig. 3c 
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Fig. 4a 
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Fig. 4b 
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Fig. 5a 
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Fig. 5b 
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Fig. 5c 
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Fig. 6a 
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Fig. 6b 
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Fig. 6c 
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Fig. 7 
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Fig. 8a 
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Fig. 8b 
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Fig. 9a 
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Fig. 9b 
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Fig. 9c 
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Fig. 9d 
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