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Abstract 

High surface area stainless steel wire mesh-supported TiO2 catalysts were prepared by 

sacrificial template accelerated hydrolysis using highly polar stainless steel wire mesh-

supported ZnO templates. The monolithic catalysts were tested for the photodegradation 

of methylene blue in aqueous solution under ultraviolet irradiation. The calcination 

temperature of the catalysts was observed to have a determinant effect on their catalytic 

activity. The optimum calcination temperature range was 450-600°C, in which a 

combination of high surface area (50-90 m
2
 g

-1
), a high degree of crystallinity and a 

minimum rutile content yielded the best catalytic results, with maximum catalytic 

activity appearing for a calcination temperature of 450°C. The most active catalyst 

prepared in this work displayed twice the catalytic activity of the reference catalyst, P25 

TiO2.  
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1. Introduction 

Titania (TiO2) is considered to be one of the most useful semiconducting metal oxides 

and is employed in applications ranging from sensors to photonic crystals [1], energy 

storage [2, 3], solar cells [4], micro-optoelectronics [5] and photocatalysis [3]. Its band 

gap energy (Eg=3.2 eV) allows the absorption of UV light, generating electrons (e
-
) and 

holes (h
+
), which can subsequently induce redox reactions for the degradation of 

organics in wastewaters. TiO2 offers a number of advantages, including its low cost, 

relatively high photocatalytic activity, low toxicity and high chemical stability [6]. It 

has been established that the TiO2 material must have a highly crystalline structure to 

enhance the generation and migration of photogenerated electrons/holes [7]. A high 

specific surface area is also of critical importance for increasing the number of redox 

reaction sites on the catalyst surface. TiO2 has three main crystalline phases: brookite, 

anatase, and rutile, of which the last two are photocatalytically active. Although rutile 

has lower band gap energy than anatase, from a photocatalytic point of view anatase is 

undoubtedly the more active phase due to its higher reduction potential and lower re-

combination rate of electron-hole pairs. A highly crystallized anatase phase material 

with a small grain size and elevated surface area is therefore the preferred combination 

for TiO2-based photocatalysts [8-10]. Calcination at high temperatures is a simple 

method to induce the crystallization of amorphous TiO2 produced from sol-gel 

processes. Typically, amorphous TiO2 is first transformed into small crystals of 

metastable anatase, which grow upon continuous heating, and then change to rutile 

crystals as the temperature increases [11]. Crystallization from amorphous TiO2 to 

anatase and then from anatase to rutile usually occurs in the temperature ranges of 450-

550°C and 600-700°C, respectively. 
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These properties (high surface area and crystallinity) are clearly apparent in the well-

known commercial TiO2 material Aeroxide® P25 TiO2, which is a reference material in 

most works dealing with catalytic photodegradation of organics in wastewaters. P25 

TiO2 has around 87 wt.% anatase and 13 wt.% rutile, a crystal size of about 20 nm and a 

specific surface area of around 55 m
2
 g

-1
 [12]. However, P25 TiO2 shares the common 

disadvantage of all particulate materials, i.e. it has to be separated from the reaction 

medium by means of energy-consuming methods. According to Evonik, the company 

that fabricates P25 TiO2, handling AEROXIDE® Fumed Metal Oxides such as "P25" 

requires sophisticated handling due to the fineness and fluffy nature of the powder 

(source: www.evonik.de). To circumvent this drawback it is necessary to find suitable 

monolithic configurations for TiO2. TiO2 monolithic photocatalysts can be prepared 

using various procedures, such as the extrusion of commercial nanopowders and binders 

[13], using sol-gel with titanium alkoxides, with or without templates [14-16], the 

impregnation of cordierite monoliths with titanium alkoxides and their subsequent 

calcination to fabricate an optical fiber honeycomb reactor [17], the impregnation of 

alumina monoliths with colloidal TiO2 nanoparticles [18], the immersion of 

microchannel monoliths or transparent monoliths in sol-gel grown dispersions of 

nanoparticles (dip-coating) [19, 20], the chemical vapour deposition of TiCl4 on silicon-

coated substrates [21], etc. In recent years, a new method referred to as either liquid 

phase deposition (LPD) or sacrificial template accelerated hydrolysis (STAH) has been 

used to prepare TiO2 nanorods, nanotubes or nanosheets on silicon-based, Fluorine 

doped Tin Oxide (FTO), Indium Tin Oxide (ITO) or stainless steel wire mesh (SSWM) 

substrates from templates based on non-polar ZnO nanorods [22-24] or polar ZnO 

nanosheets [25, 26]. Geometrical considerations suggest that the specific surface area of 

the materials derived from polar ZnO templates is much higher than that of the materials 
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consisting of nanorods or nanotubes, though until now only in one work by Vu et al. 

[26] has the specific surface area of the nanosheet-based material been reported (275 

m
2
 g

-1
 on a TiO2 mass basis). The very high surface area of this material and the 

flexibility of its monolithic support (micrometric stainless steel wire mesh) make it an 

ideal candidate for testing in photodegradation reactions of organic compounds in 

wastewaters, a process of paramount relevance from an environmental point of view. 

In this work, we have tested for the first time high surface area SSWM-supported TiO2 

catalysts prepared by sacrificial template accelerated hydrolysis for the 

photodegradation of methylene blue in aqueous solutions under ultraviolet irradiation. 

Special attention has been focussed on the effect of the calcination temperature on the 

composition, texture and photodegradation activity of the catalysts. 

 

2. Experimental 

2.1. Preparation method  

The support was a SSWM [with a wire diameter of 30 μm and a screen opening of 40 

μm] provided by CISA Cedacería Industrial (www.cisa.net). The SSWM-supported 

ZnO was synthesized as described in [27]. To fabricate the titanium oxide the as-

synthesized SSWM–supported ZnO templates were immersed in plastic flasks 

containing a 50 mL water solution of K2TiF6 (titanium to zinc molar ratio, RTi/Zn=1.5) 

and boric acid at a H3BO3/K2TiF6 molar ratio of 3/1. The closed flasks were subjected 

to shaking at RT in an orbital shaker for 1 day until a substitution degree of around 98% 

was achieved [26]. Afterwards, the samples were washed with deionized water, 

vacuum-dried at 60ºC for 30 min and calcined in air at a temperature in the 250-700°C 

range for 2 hours. 
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2.2. Material characterization 

The chemical composition of the metal oxides was evaluated by means of atomic 

absorption spectroscopy. Scanning electron microscopy (SEM, FEI Quanta FEG 650 

model) and transmission electron microscopy (TEM, JEM -2100F) were used to study 

the morphology of the samples. The X-ray diffraction (XRD) patterns of the catalysts 

were recorded on a Bruker D8 Advance instrument operating at 40 kV and 40 mA using 

Cu Kα radiation (λ = 0.15406 nm). Scherrer’s equation was used to estimate the crystal 

size values (dXRD) from the XRD pattern. The instrumental contribution to line 

broadening was considered. N2 adsorption isotherms (-196ºC) obtained on a 

Micromeritics ASAP 2020 analyser were used to evaluate the BET specific surface area 

of the samples. UV-VIS diffuse reflectance spectroscopy measurements were carried 

out with selected samples using a Shimadzu UV-2460 spectrophotometer equipped with 

an integrating sphere. The spectra were recorded in the range of 200-700 nm. Pure 

BaSO4 powder was used as a reference sample. 

 

2.3. Photocatalytic tests  

For the methylene blue photodegradation experiments the photocatalytic system shown 

in Figure 1 was used. Supported catalysts (1 5 cm
2
 strips weighing ~100 mg) were 

tested in a 400 mL quartz beaker under the illumination of two ring-type UV 22W 

lamps (Luzchem Ring-Illuminator) which predominantly emit radiation at 351 nm with 

an incident flux density of 1.48×10
16

 quanta cm
-3

 s
-1

. This parameter was evaluated by 

chemical actinometry [28]. The catalyst strip was held by a small clip fixed to the 

bottom of a vertical rod.  The strip and the holder were immersed in an aqueous solution 
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of methylene blue (60 mL), with an initial concentration of 10 mg L
-1

.  The catalyst was 

then subjected to rotation at 120 r.p.m, firstly for 30 min under darkness to ensure 

adsorption/desorption equilibrium between the dye and the photocatalyst and then under 

the irradiation of the UV lamps for 120 min.  

 

[Figure 1] 

 

Liquid samples were extracted for measurement at set reaction times (0, 15, 30, 60, 90 

and 120 min). The visible absorption peaks of the analyzed samples were recorded in 

the 400-800 nm range by means of a UV-Vis spectrometer (Shimadzu UV-2401PC). 

The true methylene blue concentration was obtained from the visible absorption spectra 

by means of a deconvolution technique [29] thereby making it possible to determine the 

contribution of the reaction intermediates to the spectra. For comparison purposes 

photocatalytic analyses were performed using either P25 TiO2 powder or STAH TiO2 

powders scratched from selected wire mesh-supported TiO2 samples. The powder (10 

mg) was suspended in the magnetically stirred methylene blue solution for the 

photocatalytic experiment and the liquid samples subjected to analysis were previously 

centrifuged to remove the TiO2 particles.  

In order to compare the photocatalytic activity of the materials the catalytic activity 

parameter defined in [30], AC (mgTiO2
-1

 L min
-1

), was used. From the equations that 

permit to evaluate this parameter under different conditions (Eqs. (9) to (12) in [30]) the 

correct form of equation (12) in [30] is the following: 
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in which the different variables are thoroughly described in [30]. Parameter AC allows 

the intrinsic activities of the catalysts to be compared on a TiO2 mass basis using the 

same initial methylene blue concentration. In principle this parameter is independent of 

the catalyst dosage [30], although it is affected by mass transfer limitations and the 

quantum yield. 

 

3. Discussion of results 

3.1. Characterisation of the SSWM-supported TiO2 catalysts 

SSWM-supported TiO2 samples were synthesised in this work following a sacrificial 

template accelerated hydrolysis procedure (STAH), a novel hard exotemplating 

technique that consists in forming metal oxide nanostructures via the hydrolysis of 

metal ions in the vicinity of a ZnO template [26, 31-33]. Hydrolysis is favoured by the 

removal of protons due to the simultaneous dissolution of the ZnO scaffold, which is the 

distinctive characteristic of this technique.  

In previous works [26, 27] we synthesized a SSWM-supported ZnO material with a 

large proportion of polar surfaces [(100)/(002) XRD peaks ratio higher than 1]. This 

template displays a high specific surface area on a ZnO mass basis (80 m
2
 g

-1
 in the case 

of samples calcined at 210ºC), a high yield (20.5 wt.%) and a good adhesion of the ZnO 

nanosheets to the SSWM support. When strongly or mildly acidic cations are used in 

aqueous solution in combination this ZnO template, the STAH technique can be applied 

to synthesize high surface area pure oxides (TiO2, CuO, CeO2, -Fe2O3) and these are 

obtained with a purity of over 95% and in high yields [26]. In the case of SSWM-

supported TiO2 we were able to produce samples with a 98% degree of purity, in 

average yields of 11.8±2.0 wt.% on the SSWM support for all samples and with a very 



 9 

large specific surface area of 275 m
2
 g

-1
 (on a TiO2 mass basis) in the case of the sample 

calcined at the lowest temperature (250°C). Figure 2 contains images of a SSWM-

supported TiO2 sample calcined at 250°C.  

 

[Figure 2] 

 

The morphology of the catalyst remained basically unchanged after the substitution 

process with respect to that of the ZnO template (compare the SEM images in Figure 2 

with those reported in the previous literature [26, 27]). The white and flexible sample 

(photograph in Figure 2) is formed by TiO2 homogeneously covering the SSWM in the 

form of arrays of thin nanosheets with a length distribution in the 5-7 μm range (SEM 

images), composed of nanograins 3-6 nm in size (TEM image) the stacking of which is 

responsible for the high porosity of the sample. Figure 3 shows the variation in specific 

surface area with the calcination temperature. There is a continuous decrease in the BET 

surface area with the increase in calcination temperature, though the surface area values 

are still very high. For instance, P25 TiO2 powder calcined at 500°C for 2 hours has a 

specific surface area of 52 m
2
 g

-1
 [12], whereas, with the same calcination procedure, 

the SSWM-supported TiO2 has a specific surface area of 87 m
2
 g

-1
.  

 

[Figure 3] 

 

XRD analyses were conducted to assess the effect of the calcination temperature on the 

crystal size and the anatase content of the SSWM-supported TiO2 samples. Figure 4 

shows the XRD plots for two samples calcined at 375 and 700°C. The crystal size 
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values were evaluated by applying Scherrer’s equation to the (101) peak at 25.3°, 

whereas the anatase content was determined from the heights of the peaks 

corresponding to anatase (Ia, (101) peak at 25.3°) and rutile (Ir, (110) peak at 

27.0-27.4°) using the equation in the figure [34, 35].  

 

[Figure 4] 

 

In the case of the samples with broader peaks (smaller crystal sizes) the overlapping 

peaks necessitated a deconvolution procedure to find the exact values of crystal size, Ia 

and Ir, as illustrated by the curve for the sample calcined at 375°C (Figure 3). The rutile 

content of the samples was evaluated by subtracting the percentage of anatase from 100. 

Two samples were prepared at each calcination temperature and analysed by XRD 

according to the procedure explained above. Figure 5 shows the “apparent” rutile 

content and the crystal size (dXRD) of all the samples analyzed. The qualifier “apparent” 

is used here for reasons that will be explained below.  

 

[Figure 5] 

 

Although rutile is thermodynamically stable in the whole temperature range [11], 

anatase is kinetically favoured at low temperatures. The sample calcined at the lowest 

temperature has a relatively high apparent rutile content (~9%). From this temperature 

up to 650°C the apparent rutile content decreases to a lower value range (3-8%). This 

observation contravenes the generally accepted rule that rutile cannot be transformed 

into anatase [11]. It should be noted however that the small, though conspicuous, 
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shoulders detected in XRD plots of the samples calcined at Tc≤650°C, ascribed initially 

to rutile, present an average maximum at 27.0±0.2°, well below the maximum at 27.4° 

detected for the sample calcined at 700°C (Figure 4). In addition the rutile crystal size is 

much smaller at Tc≤650°C (7.4±2.6 nm) (randomly distributed over the temperature 

range) than at 700°C (18.6±1.3 nm). It is probable that what we have termed “apparent” 

rutile phase at Tc≤650°C is really a solid solution of the residual ZnO (around 2 wt.%) 

and TiO2, that has a crystal structure similar to that of rutile. This rutile-like phase may 

have formed during the room temperature synthesis of TiO2 due to the well-known 

promotion effect that Zn
2+

 has on the transformation of anatase to rutile [11, 36]. The 

possibility of synthesizing solid solutions of binary oxides at low temperature with the 

STAH method has already been pointed out in a previous work [26] and is currently an 

important topic of research in our laboratory. When the temperature is increased this 

phase probably splits into anatase and ZnO, which would explain its reduced presence 

on approaching 650°C. At 700°C the thermodynamic transformation of anatase to rutile 

becomes more evident, with the rutile content of the sample reaching a value of >20%. 

This temperature is higher than the transition onset temperature generally reported, 

which is around 600°C [11]. The relative amount of amorphous TiO2 in the samples can 

be deduced from the degree of crystallinity (DOC), defined as the ratio of the (101) 

anatase peak height (subtracting the baseline) to the total height including the 

background of the XRD diffractogram [37]. We found that the DOC increased from 

0.28 at 250°C to 0.45 at 450°C and to 0.59 at 700°C. Therefore, there is a significant 

presence of amorphous TiO2 at 250°C.  

With regards to the size of the anatase crystals, there is a clear increase from 6 to 10 nm 

in the 250-375°C temperature range (Figure 5), while at the same time there is a marked 

decrease in specific surface area from 275 to 126 m
2
 g

-1
 (Figure 3). From 375 to 450°C 
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a small, but clear, decrease in crystal size, from 10 to 8 nm is discernible. Then, after 

this local minimum, there is a continuous increase in anatase crystal size from ~8 

(450°C) to ~21 nm (700°C). 

To some extent the calcination temperature also affects the optical absorbance of the 

SSWM-supported TiO2 catalysts. Figure 6 shows the DRS spectra corresponding to two 

SSWM-supported TiO2 samples (calcined at 450 and 700°C) and P25 TiO2 powder.  

 

[Figure 6] 

 

As can be seen for the region below 350 nm, the sample calcined at 700°C shows a 

slightly lower optical absorbance than P25 TiO2 or the sample calcined at 450°C. The 

band gap energy values evaluated from the Kubelka-Munk absorption curves are 3.3, 

3.3 and 3.2 eV, for the P25 TiO2 particles and for the SSWM-supported samples 

calcined at 450 and 700°C, respectively. 

 

3.2. Photocatalytic activity of the SSWM-supported TiO2 catalysts 

The main advantage of the photocatalysts prepared in this work is their monolithic 

configuration, which allows them to be retrieved from the reaction medium without the 

need for a costly separation stage (Figure 1). The micrometric stainless steel wire 

meshes are very flexible and can be rolled up to fit in the reaction chamber of a tubular 

micro-reactor, as described in [26, 38], or they can be fitted to rotating holders in batch 

reactors for the photodegradation of organic materials in water as in [27] and the present 

work. The kinetic results of the methylene blue photodegradation experiments 

conducted with the SSWM-supported TiO2 catalysts or with the powdered catalysts 
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were mathematically processed using the equations in [30] (except equation (12) that is 

replaced by equation (1) in this work), as mentioned in the Experimental section, to 

obtain the intrinsic catalytic activity parameter, AC, for the different catalysts. We used 

the equations for n≠1 to ensure a more accurate fitting of the experimental results. 

Figure 7 shows the variation of AC with the calcination temperature for the tests 

performed with the SSWM-supported catalysts fitted to a rotating holder immersed in 

the methylene blue solution.  

 

[Figure 7] 

 

The sample calcined at 250°C, which is a mixture of anatase, amorphous TiO2 and a 

small amount of what we have described as a ZnO-TiO2 solid solution with a crystal 

structure similar to that of rutile, presents a relatively high catalytic activity, which is 

ascribed to its large specific surface area (275 m
2
 g

-1
). At 375°C, the specific surface 

area of the sample has been halved, to a value of 126 m
2
 g

-1
, with a concomitant 

decrease in the number of active centers for photocatalysis. This explains the marked 

reduction in catalytic activity with respect to the sample calcined at 250°C (Figure 7). 

From 375 to 400°C there is a notable increase in catalytic activity, which is coincident 

with a slight diminution of anatase crystal size (Figure 5). We attribute this to the 

transformation of amorphous TiO2 to crystalline anatase of small crystal size. The 

average crystal size of the anatase phase in this temperature region is derived from the 

combination of the crystal size of the anatase resulting from the room temperature 

synthesis, which increases with the rise in temperature from 250 to 375°C in a typical 

sintering phenomenon (Figure 5), and the small crystal size of the anatase resulting 

from the transformation of amorphous TiO2. This explains the unexpected diminution in 
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size of the anatase crystals and the marked increase in catalytic activity, which is 

undoubtedly a consequence of the higher degree of crystallinity in the anatase phase. 

From 450 to 600°C there is a slight decrease in the catalytic activity, which is attributed 

to a diminution of specific surface area (from 91 to ~51 m
2
 g

-1
) and a parallel increment 

in anatase crystal size (from 8 to 14 nm) due to sintering. This temperature region, 

which has been highlighted in Figure 7 by a grey shadow, is considered to be the 

optimal region of calcination for preparing the catalysts destined for the 

photodegradation of methylene blue. From 600 to 650°C there is a notable decrease in 

catalytic activity, which cannot be ascribed to any marked change in specific surface 

area (Figure 3), anatase crystal size or apparent rutile content (Figure 5). However, it is 

well known that the onset of the transformation from anatase to rutile occurs at around 

600°C [11] in a nucleation process at anatase (112) twin boundaries [39], and therefore 

the rutile nuclei that are formed around the anatase crystals might alter their 

photocatalytic properties before the amount of the rutile phase surpases the detection 

limit of the X-Ray diffractometer. It is for this reason that the decrease in catalytic 

activity from 600 to 650°C is ascribed to the onset of rutile formation, as indicated in 

Figure 7. A further decrease in catalytic activity at temperatures over 650°C is attributed 

to the presence of rutile (over 20%) and a decrease in the number of active centers in the 

anatase phase when dXRD increases and SBET decreases. 

For comparison purposes, 10 mg of powder scratched from the most active SSWM-

supported catalysts (STAH TiO2; Tc=450 and 500°C) and 10 mg of P25 TiO2 were 

tested in the batch photodegradation of methylene blue under the same experimental 

conditions. Figure 8 shows the decay of the methylene blue concentration 

corresponding to the three catalysts.  
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[Figure 8] 

 

By comparing the AC values in Figure 7, obtained from equation 11 in [30], with those 

in Figure 8, it can be deduced that the catalytic activity of SSWM-supported catalysts 

with a monolithic configuration is around 30% that of the particles scratched from the 

surface of the stainless steel wire mesh. This is due to the fact that the loose particles are 

more evenly distributed in the liquid, which is beneficial for the mass transfer of 

methylene blue to the active centers of the catalyst and, undoubtedly, for the usage of a 

larger fraction of the UV irradiation. In this work we employed a simple set-up for 

testing monolithic catalysts consisting of a wire mesh strip rotating inside the liquid 

bulk, as described in the Experimental section (Figure 1). Other configurations based on 

quartz micro-reactors that reduce the mass transfer path and increase the usage of UV 

irradiation are to be tested in the near future.             

As can be seen in Figure 8, the STAH TiO2 samples prepared in this work are more 

active than the P25 TiO2 particles. The AC values in the figure indicate that the TiO2 

particles prepared by STAH and calcined at 450°C show twice the catalytic activity for 

the photodegradation of methylene blue in an aqueous solution than the P25 TiO2 

particles. The superiority of the STAH-prepared particles can be ascribed to their larger 

specific surface area and smaller rutile content with respect to the P25 TiO2 particles 

(i.e., a higher density of anatase active centers) for the same degree of crystallinity (the 

same calcination temperature).    

 

4. Conclusions 
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Stainless steel wire mesh-supported TiO2 catalysts were prepared by sacrificial template 

accelerated hydrolysis using highly polar SSWM-supported ZnO templates. The 

calcination temperature of the catalysts significantly affects the composition, 

crystallinity, the textural properties and the photocatalytic activity of the catalysts. Thus, 

at 250°C the catalyst, which is mainly composed of anatase and amorphous TiO2 and, to 

a lesser extent, a ZnO-TiO2 rutile-like solid solution, the amount of which decreases 

with the increase in the calcination temperature, has a high specific surface area (275 

m
2
 g

-1
) and shows a remarkable catalytic activity for the photodegradation of methylene 

blue in aqueous solution. At 375°C the anatase crystal size has grown considerably and 

both the specific surface area and the catalytic activity have experienced a parallel 

decrease. In the 375-450°C range the transformation of amorphous TiO2 into small 

anatase crystals provokes a diminution in anatase crystal size and a marked increase in 

catalytic activity, which reaches its highest value at 450°C. From this temperature to 

600°C the catalytic activity undergoes a gradual reduction as a consequence of the loss 

of active centers due to sintering. Beyond 600°C the reduction in catalytic activity is 

more severe, as a consequence of the onset of rutile formation. The most active catalyst 

prepared in this work shows a catalytic activity which is twice that of the reference 

catalyst P25 TiO2.   
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Captions to figures 

 

Figure 1. Images of the photocatalytic system: a) Photocatalytic reactor, b) detail of the 

catalyst strip and the rotatory holder, c) reactor vessel and ring-type lamps 

Figure 2. Photography, SEM images and a TEM image of a SSWM-supported TiO2 

sample calcined at 250°C  

Figure 3. Variation of the specific surface area (on a TiO2 mass basis) of the SSWM-

supported TiO2 samples with the calcination temperature 

Figure 4. XRD plots for SSWM-supported TiO2 calcined at 375 and 700°C, and the 

method of calculating the anatase percentage from the height of the peaks  

Figure 5. Variation of the and apparent rutile content and the anatase crystal size (dXRD) 

with the calcination temperature of the SSWM-supported TiO2 catalysts 

Figure 6. Diffuse reflectance spectra (DRS) of the SSWM-supported TiO2 catalysts 

(calcined at 450 and 700°C) and P25 TiO2 particles 

Figure 7. Variation of the catalytic activity (AC) with the calcination temperature for the 

SSWM-supported catalysts fitted to a rotating holder immersed in the methylene blue 

solution 

Figure 8. Methylene blue concentration decay curves for the particulate samples 

scratched from the SSWM-supported TiO2 catalysts (calcined at 450 and 500°C) and 

the P25 TiO2 particles. The values of AC for the different catalysts are also included in 

the figure 
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