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3.1 Importance of diatoms as a photocatalyst 

Photo-catalytic degradation has been one of the most promising and economic techniques of the 

past several decades for the treatment of effluents containing toxic dyes. TiO2 nano-structure 

incidentally is a highly suitable material for photocatalytic degradation of dyes. There are very 

limited published reports on use of light harvesting with naturally available materials to further 

improve photocatalytic efficiency of TiO2 nanostructures [1]. Currently, researchers are placing 

effort on use of hierarchical heterostructures in combination with photocatalysts for increased 

photocatalytic activity by aiding the separation longevity of photo generated electron-hole (e
-
-h

+
) 

pairs in these photo-catalysts [2]. Diatoms being natural hierarchical porous silica structures, 

having spatially ordered and periodic nano to micro size pores; interact with light very efficiently 

by diffractive processes [3]. These structures can control light propagation by coupling incoming 

light into distinct waveguide modes passing through their frustules acting as a photonic crystal 

slab waveguide. Also, these diatom structures can utilize the whole spectrum of optical radiation 

from ultra-violet to visible light due to the presence of chlorophyll receptors and spectrally 

sensitive carotenoids [4, 5]. 

In this work report is being made of a new and novel method of getting higher efficiency 

photocatalysis by use of TiO2 nanostructures having anatase and rutile mixed phase templated on 

diatom frustules, henceforth named DT800. The efficiency is shown to be relatively higher by 

investigations on the photocatalytic activity of these materials using different dyes, in comparison 

to single anatase phase TiO2 nanostructures templated on diatoms, henceforth named DT500 and 

bare physical mix of TiO2 powder and diatom frustules, henceforth named DTiO2.The kinetics of 

heterogeneous photocatalytic reaction for different dyes will also be explained in this chapter. 

At first, Methyl orange (MO) was taken as model dye for study of photocatalytic activity 

of the prepared samples. Methyl Orange (MO) is one such azo dye that is not readily 

biodegradable. It has various uses in textile industry, printing, colouring certain items, 

pharmaceutical industries, leather industry, etc. Above a certain quantity it is toxic if swallowed, 

harmful if inhaled, mutagenic and carcinogenic, can cause eye irritation, skin irritation, irritation 

of the digestive tract, can increase the heart rate, cause vomiting, damage of lung tissue, etc.   

[6-9]. Thereafter photocatalytic activity of the as-synthesized catalysts was studied by using 

Methylene blue (MB) as another model dye. 
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3.2 Structural characterizations of the photocatalysts 
3.2.1 Structural characterization of DT500, DT800 and raw diatom frustules using X-ray 

diffraction spectra 

To analyze the phases present in the prepared samples XRD was employed. The XRD patterns of 

the samples are shown in Figure 3.1. Also, using A to symbolically represent anatase phase and R 

to represent rutile phase the diffraction planes were identified from these XRD studies. The peaks 

at 25.26º, 27.33º,36.08º, 37.70º, 41.16º, 47.94º, 54.16º, 56.47º, 62.58º, 68.80º, 69.60º and 74.89º 

corresponded to the diffractions at the planes A(101), R(110), R(101), A(004), R(111), A (200), 

R(211), R(220), R(002), A(116), R(112) and R(320) respectively of the sample DT800 when 

compared with the standard data obtained from JCPDS no-71.1167 and JCPDS no-89-4920. The 

peaks 25.37º, 37.90º, 48.07º, 53.94º, 55.20º, 62.80º, 68.91º, 70.42º and 75.20º corresponded to the 

diffraction at the planes A(101), A(004), A(200), A(105), A(211), A(204), A(116), A(220) and 

A(215) of the sample DT500 when compared with JCPDS no-71.1167. The absence of rutile 

peaks in the XRD graph of DT500 confirmed that the titania nanostructures of this catalyst were 

in anatase phase only. Sample DT800 contained both rutile and anatase phases as was confirmed 

by the 25.26º and 27.33º peaks. The sharp and intense peaks indicated the high crystalline nature 

of the prepared samples. The crystallite size (D) was calculated by using the Debye-Scherrer 

formula given below. 

(3.1)βcosθkλD   

  (3.2)180πFWHMβ
ο

  

where λ is the wavelength of  X-ray radiation (Cu Kα, λ= 0.15406Å), k is a constant taken  

as 0.91, β is the full width at half maximum height (FWHM) of the peak, and θ is the diffraction 

angle. Plane R(110) of the sample DT800 and plane A(101) of the sample DT500 were chosen to 

calculate the crystallite size of the samples respectively. The average crystallite sizes were found 

to be 37.4nm and 14.6nm for DT800 and DT500 respectively. It was also observed that no peaks 

associated to SiO2 were found in the XRD plots of diatom samples that were analyzed before 

templating with titania. This indicated that the major structural material of the diatoms 

themselves, which is silica (SiO2), was in amorphous form. 

 The anatase and rutile percentages were also calculated from the X-ray diffractrogram by 

using the Spurr equation given in equation 3.3 [10]. 
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Figure 3.1 XRD patterns of raw diatom frustule, DT800 and DT500 photocatalysts. 
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      and100%110I101I0.811% RARutile   

)3.3()(%100%% RutileAnatase   

where IA is the intensity of A(101) peak and IR is the intensity of R(110) peak. The amounts of 

rutile and anatase phase in the as-synthesized samples are shown in table 3.1. 

Table 3.1 Phase composition of the samples calcined at different temperature. 

Catalyst name IA/IR %Rutile %Anatase 

DT500 - 0 100 

DT800 0.9155 57.73 42.27 

 

3.2.2 SEM and EDX analysis of DT500, DT800 and raw diatom frustule 

The SEM micrographs of diatom frustules were analyzed and compared with the diatom 

identification guides and ecological data sources. It was confirmed that the diatoms belonged to 

the Achnanthidium eutrophilum species [11]. The cells were about 13μm to 15μm in length and 

the width was approximately 3μm. Morphology of the diatom frustule templated titania 

nanostructures are shown in figure 3.2(b and c). Figure 3.2(a) shows a raw diatom frustule. In the 

valves and girdles of the diatom cell walls, very regular arrays of chambers and pores form 

periodic patterns. The as-synthesized samples exhibited similar morphology to that of the original 

diatom frustules (figure 3.2(a)) indicating that the morphology of synthesized diatom templates 

remain intact. From the SEM micrographs, the average pore size of the frustules was calculated to 

be approximately 200nm. The Energy Dispersive X-ray spectroscopy (EDX), which was done in 

conjunction with the SEM analysis, was performed to analyze the % weight, atomic % and 

characteristic energy levels of the composition of the as prepared samples namely DT500, DT800 

and raw diatom frustules and are tabulated in table (3.2, 3.3 & 3.4). EDX spectra in  

figure 3.3(a, b) showed strong characteristic signal of Ti near 4.5keV for both the samples DT500 

and DT800. Peaks observed for Si and O were due to the silica frustules. The weak peak for C 

was due to the presence of small amount of organic matter. 
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Figure 3.2 SEM images of (a) raw diatom frustule, (b & c) DT500 and DT800 respectively. 

 

 
Figure 3.3 EDX spectra of (a) raw diatom frustule, (b) DT500 and (c) DT800 photocatalysts. 
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Table 3.2 Elemental composition of raw diatom frustule from EDX spectra. 

Element Characteristic 

Energy levels 

Weight (%) Atomic(%) 

C K 5.16 8.04 

O K 56.79 66.42 

Si K 36.67 24.43 

Na K 1.38 1.12 

Total 100.00  

 

Table 3.3 Elemental composition of DT500 from EDX spectra. 

Element Characteristic 

Energy levels 

Weight (%) Atomic(%) 

C K 17.11 26.84 

O K 50.65 59.64 

Si K 3.04 2.04 

Ti K 29.20 11.49 

Total 100.00  

 

Table 3.4 Elemental composition of DT800 from EDX spectra. 

Element Characteristic 

Energy levels 

Weight (%) Atomic(%) 

CK K 13.24 21.44 

OK K 52.39 63.66 

SiK K 3.32 2.30 

TiK K 31.05 12.60 

Total 100.00  
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3.2.3 TEM analysis of DT500 and DT800 

The morphology and size of the as-prepared catalyst were confirmed by TEM analysis which 

illustrates that, nanoparticles were polycrystalline in nature. From the crystal planes visible in the 

TEM micrographs shown in figure 3.4(a-d), it could be ascertained that the crystal plane spacing 

of 0.35nm and 0.32nm corresponded to the inter-planar distance between crystallographic planes 

of anatase A(101) and rutile R(110) phases of TiO2  nanostructures respectively (figure 3.4(c, d)). 

The compositional analysis of DT800 using energy dispersive analysis of X-ray spectroscopy 

(EDAX), which was done in conjunction with TEM analysis, showed strong characteristic signal 

of Ti (figure 3.4 (e)). All the peaks except for Cu were attributed to Si, O, C associated with 

diatom frustules as their fundamental compositional elements.  

From TEM micrographs it is observed that the average particle size is small in case of 

pure anatase nanoparticles and increases with its transformation to mixed phase. For DT500, the 

particle size distribution is in the range of 9nm to15nm, while for DT800, it is in 20-56nm range 

as observed from the particle size histogram shown in figure 3.4(f, g) that were obtained using the 

TEM micrographs. The average particle size is about 14.5nm and 37.5nm for DT500 and DT800 

samples respectively, which agrees with the XRD results. 

3.2.4 Surface area analysis of DT500 and DT800 by N2 adsorption/desorption isotherm 

The surface texture of DT500 and DT800 samples were also investigated by analyzing Brunauer-

Emmett-Teller (BET) N2 adsorption/desorption isotherm and Berrett-Joyner-Halena (BJH) pore 

size distribution. In figure 3.5 (c & d) the BJH pore size distributions of DT800 and DT500 

catalysts are shown. This distribution plot indicates that both the catalysts have irregular 

mesoporous pore channels. The surface area and pore diameter of all the samples are given in 

Table 3.5. The smaller value of effective surface area and pore size of DT800 sample as 

compared to DT500 sample was due to the blockage of pores by titania nanoparticles deposited in 

larger amount in DT800 sample than in DT500 sample. Consequently this increased the effective 

surface area of the trapped A-R titania reactive sites in DT800 catalyst as compared to anatase 

titania reactive sites in DT500 enhanced the photocatalytic activity in case of DT800 catalyst, 

which is reported in the succeeding sections. From the N2 adsorption/desorption isotherms as 

shown in figure 3.5 (a, b), the catalysts were found to belong to the IUPAC type IV isotherm [12].  
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Figure 3.4 TEM images of (a & b) diatom frustule templated titania nanostructures, (c) anatase phase of 

DT500, (d) anatase-rutile mixed phase of  DT800 showing A-R junction, (e) EDAX spectrum of DT800 

catalyst,  particle size distribution histogram of (f) DT500 and (g) DT800 catalysts. 
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Figure 3.5 (a & b) N2 adsorption/desorption isotherm and (c & d) BJH pore size distribution of DT500 and 

DT800 catalysts respectively. 

 
Figure 3.6 Raman spectra of DT800 and DT500 catalysts. 
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Table 3.5 Surface area and pore size distribution of DT500 and DT800 from N2 

adsorption/desorption analysis 

Sample name Surface area (m
2
/g) Pore diameter (nm) 

DT500 64.7 4.59 

DT800 7.41 3.59 

 

3.2.5 Raman spectra study of DT500 and DT800 

Raman scattering was employed to investigate the evolution of the anatase and anatase-rutile 

mixed phase in the nano crystals (figure 3.6). The Raman lines at 144cm
-1

 and 396cm
-1

 can be 

attributed to the Eg and B1g modes of anatase phase respectively for both the samples, where the 

significantly strong Eg mode at 144 cm
-1

 was due to the symmetric stretching vibration and B1g 

mode at 396cm
-1

 was due to the symmetric bending vibration of O-Ti-O in the anatase TiO2 

structure [13, 14]. The results indicated the formation of anatase phase of as-synthesized DT500 

and DT800 samples and were consistent with the XRD results. When we increased the synthesis 

temperature upto 800ºC for DT800 sample, the Raman lines for rutile phase modes at 446cm
-1

 

and 650cm
-1

 also appeared in conjunction with the anatase phases of TiO2 nanostructures in the 

DT800 sample. The peak at 446cm
-1

 corresponded to the Eg mode of the rutile phase [15]. The 

peak centered at 264cm
-1

, 278cm
-1

 and 675cm
-1

 were due to C-C aliphatic chain and the peak 

centered at 546cm
-1

 corresponded to Si-O-Si stretching vibration for both the samples [16]. These 

aliphatic C-chain and Si-O-Si vibrations occurred due to diatom frustules. 

The phonon life time τ can be calculated from energy-time uncertainty relation 3.4 as [17] 

  4).3(πcΓ21hΔEτ1   

where E  is the energy uncertainty,  is the FWHM of the Raman peaks and h is the Planck’s 

constant. Considering the highest intensity mode Eg for calculating the phonon life time, it was 

calculated to be 0.84ps for DT500 and 0.89ps for DT800 sample. Presence of contact points 

between TiO2 nanostructures of anatase and rutile phases in DT800 increased the formation of 

grain boundary defect states and hence phonon life time was also increased [18]. Moreover, since 

size of crystals also has an impact on life time of phonons, the increased crystal size of TiO2 

nanostructures in DT800 enhanced phonon distribution and also increased the phonon life time. 
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3.2.6 FTIR spectra analysis of DT500 and DT800 

In order to determine the different functional groups present in DT500, DT800 and diatom 

frustules sample; the FTIR spectra were studied in the range of 400-4000cm
-1

 as shown in  

figure 3.7. Earlier, researchers have observed that the broad band at 400-700cm
-1

 were due to Ti-

O-Ti structures[19]. From FTIR spectra, it could be ascertained that the peaks at 531cm
-1

 and 

524cm
-1

 were due to Ti-O-Ti stretching vibration for both the samples [20]. Peaks present at 

669cm
-1

 and 676cm
-1

 were due to the formation of anatase titania [21]. These peaks were absent 

in the spectra when FTIR analysis was done with un-templated frustules. For all the samples, 

peaks present at 1044cm
-1

, 1043cm
-1

 and 1036cm
-1

 represented asymmetric Si-O-Si vibration in 

the silica frustules of diatoms [22]. It was ascertained that Ti-O-Si bonds were not formed in the 

samples as no peak appeared in the range of 910-960cm
-1

[2]. The peaks at 2864cm
-1

, 2846cm
-1

 

and 2846cm
-1

 were due to alcoxide (CH2) symmetric stretching mode and those at 2925cm
-1

, 

2926cm
-1 

and 2918cm
-1

 were due to asymmetric stretching mode of the alcoxide [7]. Peaks at 

3402cm
-1

, 3408cm
-1

, 3394cm
-1

,1637cm
-1

, 1627cm
-1

 and 1634cm
-1

 were due to the stretching and 

bending vibration of the -OH group of surface adsorbed water on the samples [21, 23]. 

Table 3.6 FTIR functional group analysis of DT500, DT800 and raw diatom frustule 

Wavenumber 

(cm
-1

) of Diatom 

frustules 

Wavenumber 

(cm
-1

) of 

DT500 

Wavenumber 

(cm
-1

) of 

DT800 

Functional 

groups 

Corresponding 

structure 

 

--- 

 

531 

 

524 

Titania Ti-O-Ti 

stretching 

vibration 

(anatase phase) 

 

1044 

 

1043 

 

1036 

Silica Si-O-Si 

asymmetric 

stretching 

vibration 

1637 1627 1634 O-H groups O-H stretching 

& bending 

2864 2846 2846 C-H groups CH2 symmetric 

stretching 

2925 2918 2926 C-H groups CH2 asymmetric 

stretching 

3402 3408 3394 O-H groups 

(Hydroxyl 

group) 

O-H stretching 
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Figure 3.7 FTIR spectra of DT500, DT800 and raw diatom frustules. 
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3.3 Optical property study of DT500 and DT800 
3.3.1 UV-visible absorption spectra analysis of DT500 and DT800 

The UV-Visible absorption spectra of DT500, DT800, DTiO2 (a sample formed by physical 

mixing of diatom frustules and commercially available TiO2 powder) and diatom frustules 

calcined at 800°C are shown in figure 3.8.  DT500 sample, compared to DTiO2, showed 

significant increase of light absorption near visible light range due to the band to band transition 

from 3d levels of Ti to 2p levels of O [18], with increase in intensity and a significant red shift at 

the absorption edge. DT800 sample showed red shift relative to DT500 with a broad range 

absorption in the visible light region. Diatom frustules calcined at 800°C showed broad 

absorption from ultra violet to visible (200nm to about 600nm) range of light. The increase in 

absorption range in the visible region by the DT500 than DTiO2 samples was due to the diatom 

frustules that act as template [2] and the even further increase in the absorption range in the 

visible light region in case of DT800 samples was due to diatom frustules that acted as templates 

with higher density of defect states (due to mixed anatase-rutile phase) and thereby becoming 

very efficient in trapping the entire spectrum of visible light. In fact, the red shift in the absorption 

edge and the increase in the absorption intensity can be attributed to the increased formation rate 

of e
-
-h

+
 pairs on the surface of the photocatalyst, resulting in improved photocatalytic 

activity[24]. 

3.3.2 Evaluation of optical band gap from UV-visible absorption spectra 

The optical band gap of all the samples were calculated by using the Tauc relation given below  

5).3()Ek(hναhν nopt

g  

where hν is the energy of the incident photon, α is the absorption co-efficient and Eg
opt 

is the 

optical bandgap energy [25]. The value of n is taken as half (n=1/2), because of direct allowed 

transitions. Analysis in the band gap using Tauc plot (figure 3.9) indicated that DT500 with pure 

anatase phase TiO2 nanostructures and DTiO2 had BGs of 3.2 eV and 3.3 eV in the UV region 

respectively; whereas DT800, having a mixture of anatase-rutile phase TiO2 nanostructures, had 

lower band gap of 3.0eV (Table 3.7) and the BG corresponded to the visible region. The anatase-

rutile contact points in DT800 possess defect states in their energy bands which perturbs the band 

structure. Defect states occur as tail in the band edge referred to as Urbach tail and the energy 

associated with it is called Urbach energy. The increase in particle size in case of DT800, as 

observed from TEM images, was also a possible cause for decrease of the BG energy. 
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Figure 3.8 UV-vis absorption spectra of DT500, DT800, DTiO2 and diatom frustules calcined at 800°C. 

 

Figure 3.9 Tauc plot showing the band gap of DTiO2, DT800 and DT500 catalysts. 
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3.3.3 Evaluation of Urbach energy from UV-visible absorption spectra 

To measure the structural disorder present in the as-synthesized materials, the Urbach energy was 

calculated by the following formulae. 

  6).3(EEexpαα Uο  

    7).3(EElnln Uo   

where , E and EU are the absorption co-efficient, photon energy and Urbach energy respectively. 

Here E is in units of eV. The plot of ln (vs E was used to calculate the Urbach energy value 

(figure 3.10). The reciprocal of the slope of the linear portion in the plot below the optical gap 

gives the Urbach energy. The calculated EU values for DT500 and DT800 samples were 

325.8meV and 342.7meV respectively as given in table 3.7. The increase in Urbach energy was 

attributed to the increase of density of oxygen atom vacancies within the TiO2 nano particles due 

to breaking of Ti-O bonds. In case of TiO2 nanoparticles, Ti
4+ 

is surrounded by six oxygen ions 

forming the TiO6
2-

octahedra [26]. When it was calcined at high temperature (800
º
C), Ti-O bond 

broke and generated considerable amount of oxygen defects by altering the arrangement of 

oxygen ions around Ti
4+

 and hence increased the oxygen vacancy. 

Table 3.7 Optical band gap values and corresponding Urbach energy values of DT500 and 

DT800 

Catalyst 

name 

Calcined 

Temp(ºC) 

Band 

gap (eV) 

Urbach 

Energy(meV) 

DT800 800 3.0 342.7 

DT500 500 3.2 325.8 
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Figure 3.10 Urbach energy determination plots for (a) DT500 and (b) DT800 catalysts. 
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3.4 Photocatalytic activity study 

3.4.1 Evaluation of photocatalytic activity using Methyl Orange as a model dye 

As mentioned in section 2.5 in chapter 2, the photo catalytic activity of the as-synthesized 

materials was studied by observing the changes of absorption spectra in UV-Vis range of MO. 

The absorption spectra of 10μM solution of MO in presence of DT500, DT800 and DTiO2 are 

shown in figure 3.11(a, b & c). The spectrum ranged from 350nm to 550nm having maximum 

absorption at wavelength 464nm. The characteristic absorption peak intensity of MO decreased 

with the increase of irradiation time. The degradation efficiency of the catalysts was calculated 

using the following formula [27]. 

   8).3(100%AAAD% 0t0   

where A0 is the initial absorbance and At is the absorbance at time t. The %D vs time plots are 

shown in figure 3.11(d). 

On comparison, it was observed that after 3 hours of irradiation the degradation of MO 

was approximately 99.12% when catalyst DT500 was used; whereas, degradation of MO 

achieved by using catalyst DT800 was 99.18% in just only 2 hours of irradiation. Any increase in 

irradiation time after 3 hours in case of the DT500 samples and 2 hours in case of the DT800 

samples was not significant as the absorption spectra in both the cases after these periods were 

almost flat and negligible. Also the degradation of MO using catalyst DTiO2 was observed to be 

approximately 82% after 5 hours of light exposure which is significantly lesser than that observed 

in case of catalysts DT500 and DT800.The change of color from orange to colorless MO solution 

in presence of the catalysts is presented in figure 3.11 (e & f). The absorption spectra of MO in 

presence of diatom frustules calcined at 800ºC under same conditions was also observed. No 

degradation of MO in the presence of diatom frustules was observed. Also, no self-degradation of 

the dye in isolation, when exposed to light, was observed in our study.The baseline shifts in the 

plots in figure 3.11(b & c) takes place due to initial increase in turbidity probably due to trace 

amount of residual catalyst getting left behind in the aliquot even after centrifuge and careful 

filtration, when a part of the sample was collected for UV-Vis spectral analysis for measuring its 

degradation. 

Titania (TiO2) nanostructures templated by siliceous porous frustules of diatoms exhibit 

visible-light activity by shifting the absorption edge from UV range to the visible  
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Figure 3.11 Absorption spectra of 10μM solution of MO degraded by (a) DT500, (b) DT800 and (c) 

DTiO2, (d) Percentage degradation measurement plots of MO using DT500, DT800 and DTiO2 as 

catalysts, decoloration of MO at different photodegradation times for (e) DT800 and (f) DT500 under light 

exposure. 
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light range by showing definite absorption in the visible region ( figure 3.8). Also from the Tauc 

plot in figure 3.9 it was found that BG energy of diatom frustules templated with TiO2 

nanostructures decreases from 3.2eV to 3.0eV which corresponds to visible light in the blue 

range. The unique morphology of diatom’s hierarchical structure along with the phases of DT500 

and DT800 are important factors for enhancement of photocatalytic activities. Main factors on 

which the photocatalytic activity depends are (i) crystalline phase, (ii) surface area and (iii) 

hierarchical structure [28]. Diatom frustules possesses regular array of chambers (areolae) and 

pores (cribra). The hollow chambers of these diatom frustules can trap dye molecules because of 

pores present in the walls of diatoms which allow the dye molecules to pass easily and get trapped 

inside these hollow chambers. The dye molecules inside the chambers have more opportunity to 

come in contact with templated titania nanostructures. Also the multiple reflection of light 

occurring inside the chambers enhanced the photocatalytic activity that resulted in efficient 

degradation of the dye [2]. Diatoms have the ability of focusing and channeling light. Periodic 

nanopores present on the surface of diatom frustules can scatter light and subsequent 

superposition of such periodically scattered light gives rise to focusing effect [29] that help silica 

hierarchical structures to transmit and channelize more light into the light sensitive titania 

nanostructures for increased photocatalytic activity. The inter connected porous framework of 

these hollow structured diatom frustules gives rise to a suction effect, experienced by the dye 

molecules, which may be attributed to increased adhesive attractive force between the  abundant 

surfaces inside these hollow structures and the dye molecules. This increases the diffusion of dye 

molecules straight to the reactive sites and traps them alongside the catalytic TiO2 nanostructures. 

Therefore, with more titania nanostructures deposited within the porous region of these frustules 

as observed from BET analysis (figure 3.5), an increased amount of reactive sites was expected 

and thereby an increase of photocatalytic activity was also expected. 

Composites having two phases of same compound is always more effective for 

enhancement of photocatalytic activity because of reduced recombination rate [28] of photo-

generated carriers. Our reported sample DT500 contained only anatase phase and DT800 

contained both anatase and rutile phase. In the photocatalytic process, after light absorption by 

host TiO2 nanostructures, electrons and holes were formed which combined with water 

molecules, -OH radicals and water dissolved oxygen molecules to form the hydroxyl radicals and 
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super oxide anions. These hydroxyl radicals and super oxide anion act as the potential agents in 

the photodegradation process.  

Heterogeneous photocatalysis starts with the photo generation of e
-
 - h

+
 pairs. The mechanism of 

heterogeneous photocatalysis is shown below [6, 18]. 

Step 1: Photon (h) absorption by catalyst: 

)Ehv()e(hcatalystcatalysthv g   

Step 2: Oxidation of water by photo-generated holes and generation of hyper-reactive hydroxyl 

free radical: 

radical)freehydroxylreactive(hyperOHHOHh 2    

222 OH2HO2H2h    

OH2OH 22   

Step 3: Reduction of oxygen by photo-generated electrons and generation of hyper- reactive 

hydroxyl free radical: 

  22 OOe  

22222 OOHHO2HO    

OH2OH 22   

Step  4: Degradation of reactant species (R) by hyper-reactive hydroxyl free radicals, super oxide 

anions and photo-generated holes: 

OHproduct)(degradedROHR 2 
 

product)(degradedROR 2


  

product)(degradedRhR    

The generated hydroxyl free radicals and super oxide anions interact with the MO 

molecules and thereby degrade the dye molecules. From the photocatalytic percentage 

degradation curve (figure 3.11(d)), DT800 was found to exhibit better degradation compared to 

DT500 and DTiO2. During photon absorption e
-
 - h

+
 pairs were generated at both anatase and 

rutile phase of titania. At the junction of anatase and rutile phases of titania embedded on diatom 

frustules, as shown in the TEM image (figure 3.4(d)), due to slight BG differences between these 

two phases the conduction band (CB) and valance band (VB) of rutile phase are slightly at higher 

energy than that in anatase phase. So, the photogenerated e
-
s were transferred from the CB of  
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Figure 3.12 Schematic diagram showing oxidation and reduction reactions in photocatalyst having mixed 

phase. 
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rutile to the CB of anatase phase. Similarly, the photogenerated h
+
s were transferred into the VB 

of rutile from the VB of anatase phase. This charge transfer phenomenon increased the e
-
 density 

in CB of anatase phase and h
+
 density in VB of rutile phase decreasing the recombination rate of 

e
-
 - h

+
 pairs. Thus, in mixed phase titania nanostructure embedded on diatom frustules, charge 

separation became more stable leading to confinement of the electrons and holes separately and 

hence readily form hyper reactive radicals which helped in photodegradation phenomenon[30]. 

The schematic diagram (figure 3.12) shows the entire electron-hole transfer mechanism during 

the photocatalytic process in the mix phase photocatalyst. 

3.4.2 Analysis of reaction kinetics 

The kinetics of heterogeneous photocatalytic reaction can be explained by different mechanisms. 

However, for heterogeneous catalysis Langmuir-Hinshelwood (L-H) mechanism is preferred as 

can be seen in many reports [31- 33]. In this work, L-H mechanism, first order kinetics and 

polynomial regression have been studied to explain the kinetics of the photocatalytic reactions 

involved [32-34]. In L-H mechanism the reaction rate is given by 

(3.9)
CK1

CK
K

dt

dC
Rate

ad

ad

R


  

where KR is the rate constant and Kad is the adsorption co-efficient, C is the concentration of dye 

solution. If the solution is highly diluted, i.e. C (mol/l) < 10
-3

, like in our case, then KadC<< 1 and 

we can rewrite equation (3.9) as 

)10(3.CKCKK
dt

dC
radR   

where Kr is the apparent rate constant (RC) of a pseudo first order reaction. Applying boundary 

condition C=C0 at t=0, and integrating equation (3.10) we get 

)11(3.tK
C

C
ln r

t

0 









 

As the reactant concentration, in this study, was very low we could use equation 3.11 to 

determine the value of Kr. Also using the relation between absorbance and concentration of the 

solution (Beer-Lambert law) a similar expression 3.12 could be used to obtain the value of RC 

through logarithmic regression using the experimental data [33, 34]. 

)12(3.tK
A

A
ln r

t

0 
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In figure 3.13 plots of tvs
A

A
ln

t

0 






  for the photocatalytic degradation using catalysts DT500 

and DT800 are given. Both linear and polynomial regression of the plots in figure 3.13 were 

studied. From the linear fitting the RC values were determined. The RC values are tabulated in 

table 3.8 along with the polynomial equations and R
2
 values. It was observed that polynomial 

fitting was better than linear fitting which suggest that L-H mechanism was not suitable to explain 

the kinetics of the reactions. The larger value of coefficient of the square term (x
2
) indicated 

better degradation of the dye [34]. The acceleration effect of the reaction was probably due to the 

fact that as the reaction proceeds the concentration of the dye became less and relatively more 

active sites and surface area became available for catalysis. Hence relatively more number of 

exciton pairs were available for the remaining dye molecules which then degrade faster than 

before. The RC represents a measure of how fast or slow the reaction progresses. Larger the value 

of RC, faster is the reaction. 

Table 3.8 Determination of RC for photocatalytic reaction using dye MO 

Catalyst 

name 

Correlation function R
2 

Polynomial equation RC 

(hr
-1

) 
Linear fitting Polynomial fitting 

DT500 0.94 0.95 y= 0.1440x
2
 + 0.4996x 1.15 

DT800 0.92 0.99 y= 1.19384x
2
 – 0.49086x 2.03 
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Figure 3.13 Plot to study the kinetics of the catalytic reactions of MO degradation by (a & c) DT500 and 

(b & d) DT800 by using linear and polynomial regression. 
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3.4.3 Reusability and durability study of DT800 

In order to investigate the reusability and durability properties, DT800 sample only was 

considered because this catalyst showed significant enhanced property as photocatalyst. The 

catalysis experiments were performed 5 times using the same DT800 sample under the same 

conditions as described in this work. After each cycle the sample was separated and cleaned for 

next experiment. Finally, after 5 cycles of catalytic reactions the sample was cleaned with 

distilled water and dried properly for further investigation of its properties. The collected catalyst, 

renamed as DT800*, was characterized by using UV-Vis spectrometer, EDX and TEM to 

investigate if any changes occurred in its properties. However, it was observed from the EDX 

spectrum (figure 3.14(b)) that the composition of the material did not change significantly 

showing characteristic peaks for Ti, Si and O signifying the presence of these elements in the 

sample. By analyzing the UV-Vis spectrum (figure 3.14(c)) it was observed that the nature of 

absorption of light by DT800* remained unchanged from that of DT800. Also TEM  image 

(figure 3.14(a)) confirmed the presence of TiO2 nanoparticles that remained intact with the pores 

of diatom frustules. These outcomes revealed that the sample properties did not change 

significantly during many cycles of photocatalysis experiments which confirmed that the catalyst 

could be reused. The main reason behind this was that the titania nanoparticles that got trapped 

inside the pores of the frustules exhibited strong attachment and immobilized the nanoparticles, 

and hence gave rise to mechanical stability. Also, since the catalyst did not dissolve in water, it 

could be easily separated out from the solution after photocatalytic process. 
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Figure 3.14 (a) UV-vis absorption spectrum, (b) TEM image showing titania nanoparticles inside the pores 

of diatom frustules and (c) EDX of DT800*. 
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3.4.4 Evaluation of photocatalytic activity using Methylene Blue as a model dye 

The photo catalytic activity of the as-synthesized materials was also studied by observing the 

degradation of absorption peaks under visible light irradiation in the UV-Vis spectra of MB. The 

absorption spectra of MB in presence of DT500 and DT800 with 20µM and 50µM dye 

concentration under visible light irradiation are shown in figure 3.15. The spectrum ranges from 

400nm to 800nm with maximum absorption at wavelength 664nm. The characteristic absorption 

peak intensity of MB decreased with the increase of irradiation time via photocatalysis. Catalyst 

DT500 degraded MB upto 98% in 40 minutes of irradiation while catalyst DT800 degraded MB 

upto 98% in just 30min of irradiation for 20µM dye concentration. With increase in dye 

concentration more time was needed by the same amount of catalyst to degrade the dye.  In this 

case also DT800 was found to be more efficient. For 50μM MB solution, using catalyst DT500, 

98.75% degradation occurred in 90 minutes and using DT800 it took 60 minutes for 99.68% 

degradation, after which the absorption peak became flat. The photocatalytic behavior of raw 

diatom frustules as catalyst under same conditions showed no degradation of the dye. 

The rate constants of the photocatalytic reactions for MB dye were also calculated. From 

the plot in figure 3.16 and 3.17, the RC values in different photocatalytic reactions using DT500 

and DT800 catalysts are obtained and listed in table 3.9. 

Table 3.9 Determination of RC for photocatalytic reaction using dye MB 

Catalyst 

name 

Conc. 

(μM) 

Correlation function R
2 

 

Polynomial equation RC 

(min
-1

) 

Linear 

fitting 

Polynomial 

fitting 

DT500  

20 

 

 

0.92 0.99 y= – 0.00206x
2
 + 

0.18287x – 0.06769 

0.10 

DT800 0.98 0.98 y= – 785421* 10
-4

x
2
 + 

0.15228x + 0.05028 

0.13 

 

DT500 

 

 

50 

 

0.90 

 

0.99 

 

y = 5.86256* 10
-4

x
2
 – 

0.0033x + 0.04208 

0.05 

 

DT800 0.95 0.99 y = 0.00107x
2
 + 

0.02994x + 0.05336 

0.094 

 

It was observed that (table 3.9) the RC values for the reaction using DT800 catalyst were more in 

case of both 20μM and 50μM dye concentration than that using DT500 catalyst. This confirmed 

that DT800 catalyst speed up the reaction faster than DT500 catalyst. 
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Figure 3.15 Absorption spectra of MB under visible light irradiation for different photodegradation times 

with a dye concentration of (a) 20μM and (b) 50μM in presence of DT500; (c) 20μM and (d) 50μM in 

presence of DT800 are shown. 
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Figure 3.16 Plot of (a & b) linear fitting and (c & d) polynomial fitting to determine RC value for 20µM 

dye (MB) concentration using catalysts DT500 and DT800 respectively.   
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Figure 3.17 Plot of (a & b) linear fitting and (c & d) polynomial fitting to determine RC value for 50µM 

dye (MB) concentration using catalysts DT500 and DT800 respectively. 
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3.5 Conclusions 

The work in this Chapter leads to the conclusion that an efficient photodegradation process was 

obtained. The details involving the synthesis of DT800 and DT500, characterization and analyses 

of their physical properties using various investigative instruments and techniques, finally 

performing photodegradation observations using dyes have been reported in this chapter. The 

innovative use of diatoms and TiO2 nanostructures for these processes is explained. DT800 is 

shown to be the best candidate for photodegradation compared to DT500, DTiO2 and diatom 

frustules. Thus, it has been shown that diatom frustules acting as templates are capable of 

utilizing a broad range of solar radiation from visible to UV light for very efficient 

photodegradation processes in combination with proper photocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Note: This work is published in “Journal of Photochemistry and Photobiology A:Chemistry”. 

Chetia, L., Kalita, D. and Ahmed, G. A. Enhanced photocatalytic degradation by diatom 

templated mixed phase titania nanostructure. Journal of Photochemistry and Photobiology 

A:Chemistry, 338:134-145, 2017. DOI:10.1016/j.jphotochem.2017.01.035.] 
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