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The nanostructured Ag  and Co doped zinc orthotitanate (ZOT) were synthesized using combustion 

method. The structural and optical analysis shows the existence of cubic and tetragonal phases.  

Morphological study by FESEM reveals the formation of web like structure along with pot holes by self-

assembling of spherical nanoparticles of ~ 50 nm size. Further, TEM investigations reveal diffused and 10 

uneven shaped nanoparticles in the range of 10-25 nm. BET surface area measurements show decrease in 

surface area due to doping.  These ZOT’s were employed for photocatalytic dye degradation (Acid 

Orange -8 and Rhodamine –B) under natural sunlight. The prima facie observations showed Ag@ 

Zn2TiO4 to be an excellent photocatalyst for dye degradation.  Kinetic study shows the order of the 

reaction in the range 1.1-1.41. The ZOT’s synthesized have been also used for the photocatalytic 15 

hydrogen production from H2S under visible light irradiation. It is noteworthy that utmost H2 production  

(2784 µmol/h/100 mg) was observed for Ag@Zn2TiO4 which is much higher amongst the visible light 

active photocatalyst reported so far. The dye degradation and hydrogen production from H2S using ZOT 

is hitherto unattempted. The nanostructured Zn2TiO4 will be a potential visible light active photocatalyst 

for waste degradation and water splitting. 20 

 

1 Introduction 

 Zn2TiO4 alias zinc orthotitanate (ZOT) is the stable phase of 

ZnO-TiO2 system which has been employed for various 

applications like microwave dielectrics, catalyst, photocatalyst, 25 

pigment, gas sensing material, antistatic films and anti-reflecting 

coating in solar cells.1,2 ZnO-TiO2 system can generate five 

compounds namely zinc orthotitanate (Zn2TiO4), zinc 

metatitanate (ZnTiO3), Zn2Ti2O6, Zn2Ti3O8 and Zn4Ti5O16 
3, but 

only ZnTiO3, Zn2TiO4 and Zn2Ti3O8 are found  to be stable.4-6   30 

Phase formation temperature of zinc titanates varies with 

preparation method and Zn/Ti ratio of the precursors.7-10  Zn2TiO4 

have been synthesized from ZnO and TiO2 by solid state reaction 

route at high temperature (1200 °C).11The nanostructured 

Zn2TiO4 has also been synthesized by flame spray pyrolysis 12and 35 

sol-gel method.13  Very limited literature is available on metal 

doped Zn2TiO4. Cu doped Zn2TiO4 has been reported with 

enhanced microwave dielectric properties as compared to 

Zn2TiO4.
14 Ceramic pigments of the spinel structure were 

obtained by synthesizing Co, Ni, and Mn doped Zn2TiO4 using 40 

polymeric precursor method.15 The Cr+3, V+5 and Sn+4 doped 

nanostructured Zn2TiO4 have also synthesized by polymeric 

precursor method and their optical properties have been studied 

in detail.1 

Being an efficient gas adsorbent, Zn2TiO4 has been effectively 45 

used for removal of multiple constituents of hot stream gases.16 

The regeneration of Zn2TiO4 was found to be faster with 

negligible loss. Its thermal stability is higher than the parent 

metal oxides.17 Shiqiang Hao et.al. have theoretically interpreted 

surface reaction of H2S on 010 surface of Zn2TiO4. On the basis 50 

of  DFT calculations,  it has been concluded  that 010 surface is 

having a large fraction of the total  surface area of Zn2TiO4 and 

having two distinct terminations, i.e. one oxygen rich and other 

metal rich.18  H2S can be adsorbed effectively at Zn sites leading 

to its dissociation, due to low adsorption energy (-0.75 eV).  55 

These theoretical findings suggest that Zn2TiO4 can be used as 

visible light photo catalyst for dissociation of H2S to generate H2, 

if band gap tuned to the visible region. Zn2TiO4 being good 

adsorbent for H2S and having band gap around 3.1 eV could be 

candidate for photocatalytic decomposition of H2S. These 60 

findings lead us to attempt H2S splitting using zinc orthotitanates.  

  H2S is harmful to human health as well as environment 

being pollutant in water and air. Techniques like adsorption of 

H2S on Zn2TiO4, Claus process, photocatalytic degradation etc. 

have been employed for removal of H2S from water. Various 65 

researchers have attempted to remove H2S from aqueous solution 

by photocatalytic degradation using sulphides as photocatalyst 

which generates clean and eco-friendly hydrogen fuel.19-26 Use of 
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metal oxides for the same purpose has been less explored. 

Ubiquitously, dyes are well known for their toxic and hazardous 

nature to mankind.  Azo dyes produce toxic aromatic amine and 

have harmful environmental effects.  Since, they have very low 

degradation rate by aerobic treatment process, many dye 5 

molecules are resistant to biological degradation.27 

 Acid Orange -8(AO-8) is water soluble dye containing mono 

azo group and has been widely used for dying silk fibre. It is 

toxic and carcinogenic in nature, hence it is essential to take 

systematic steps for the removal or degradation of AO-8. Preeti 10 

Mehta et. al. studied photocatalytic degradation of AO-8 using 

TiO2 under visible light irradiation at various pH and 

concentration of AO-8. 28 

 Rhodamine B (Rh-B) is a xanthene dye widely used as 

colorant in textile and water tracer fluorescent. Rh-B is harmful if 15 

swallowed by human being and animals which causes irritation to 

skin, eyes and respiratory track. The carcinogenicity, 

reproductive and developmental toxicity, neurotoxicity and 

chronic toxicity towards human and animals is well known.29 

 Photocatalytic degradation of AO-8 is rarely studied and it has 20 

been observed that photocatalytic activity of ZnO towards 

degradation of AO-8 is less than TiO2 under visible light 

irradiation.30 Researchers have attempted photocatalytic 

degradation of Rhodamine-B  by using doped and undoped ZnO 

and TiO2
 31-33 and other photocatalysts.34,35 However, very limited 25 

study has been reported on photocatalytic degradation by 

Zn2TiO4.
36-38 The  photocatalytic H2 generation from water- 

methanol solution was attempted by using Zn2Ti1-xFexO4 under 

visible light.39a 

 Considering the stability of the spinel Zn2TiO4, there is wide 30 

scope for doped Zn2TiO4 as a visible light active photocatalyst for 

dye degradation and more significantly for H2 production. In 

view of this, we have explored the study on Zn2TiO4 and its use 

as visible light photocatalyst for photo degradation of dyes as 

well as photo hydrogen production from H2S.   35 

 In the present investigation, we have demonstrated the 

synthesis of nanostructured spinel Zn2TiO4by combustion 

method. The authors already reported synthesis of Zn2TiO4 and 

Ag@Zn2TiO4
39b. We are reporting herewith synthesis of 

Co@Zn2TiO4 by combustion method for the first time. More 40 

significantly, these zinc orthotitanates are employed as visible 

light photocatalyst for Acid orange (AO-8), Rhodamine–B (Rh-

B) degradation and H2S splitting to produce H2 which is hitherto 

unattempted.  

 45 

2 Experimental Section 

2.1 Synthesis of zinc orthotitanates by combustion 
method 

Zinc acetate, titanium tetraisopropoxide (TTISP), citric acid, 

ammonium nitrate were taken in 1:0.5: 5:5 mole proportions 50 

along with 2.5 g starch. The homogeneous paste was prepared in 

isopropanol and methanol. Paste was kept overnight to obtain 

uniform mixture.  Paste was dropped stepwise into preheated 

tubular furnace at 650 °C and 750 °C   and heating continued for 

3 h after completion of dropping. For synthesis of Ag and Co 55 

doped zinc orthotitanates, silver nitrate and cobalt acetate were 

taken in stoichiometric proportion for synthesis 

ofZn1.9Ag0.1TiO4and Zn1.9Co0.1TiO4,respectively.39b The zinc 

orthotitanates synthesized are further characterized using 

sophisticated techniques. 60 

 

2.2 Characterization 

The UV-vis absorption spectra of the as synthesized metal oxides 

were recorded on Perkin Elmer UV-Vis spectrophotometer in the 

300-900 nm range using pure BaSO4 as reference.  Photo 65 

Luminance spectra were recorded on PL-Shimadzu instrument ( 

RF-5301 PC) at room temperature in aqueous dispersion state at 

excitation wavelength 300 nm. XRD patterns were recorded in 

ambient air at room temperature on D-8 Advanced  X-ray 

diffractometer using Cu -Kα radiation (λ= 0.15418 nm) at the 70 

scan rate of  0.1° /min in the 2θ range 10-90°. FTIR spectra were 

recorded on Perkin Elemer IR spectrophotometer in the range 

350-4000 cm-1. Field Emission Scanning Electron Microscopy 

(FESEM) images were obtained on HITACHI 4800 instrument.  

For obtaining FESEM images, the powder sample dispersed in 75 

methanol by sonication was loaded on Al foil. Transmission 

Electron Microscopy (TEM) micrographs were obtained by using 

Philips (CM-200) instrument at 80 KV. For TEM images, powder 

sample dispersed in ethanol by sonication and loaded on copper 

grid coated with holey carbon support film. Surface area was 80 

measured by the Brunauer Emmett Teller (BET) method 

(make/model-Micromeritics, ASAP 2010) from Nitrogen 

adsorption-desorption isotherm at 77 K.  . Pore diameter and pore 

volume was determined by Barrete-Joyner-Halenda (BJH) 

method.  Elemental analyses of the compounds were performed 85 

by EDXRF ( ARL QUANT’X , Thermofischer)  analyses . 

 

2.3 Photocatalytic dye degradation 

Photocatalytic dye degradation was studied under the sunlight 

using photocatalytic reactor designed in our laboratory. The 90 

desired quantity of the photocatalyst was added in 40 ml aqueous 

solution of the dye (AO-8 and Rh-B). The mixture was sonicated 

for 10 min and magnetically stirred for 20 min in dark to establish 

adsorption-desorption equilibrium. The suspension was irradiated 

under sun light during 11.00 am to 3.00 pm in the month of 95 

March and April. Intensity of sunlight was recorded using Lux 

meter ( Lutron, LX-107HA) . Concentration of dye in the 

aqueous solution was measured by sampling small quantity of 

suspension at specific time interval. The solid catalyst was 

separated by centrifugation at 5000 rpm for 10 min. The 100 

concentration of dye was determined from absorbance at λmax of 

the AO-8 (492 nm) and Rh-B (552 nm) using UV-Vis 

spectrophotometer. 

 

2.4 Photocatalytic H2S splitting for H2 generation 105 

H2S splitting was carried out on photocatalytic system developed 

in our laboratory under visible light source 300 W (Lot Orel 

group, Europa, LSH302). The in-house designed photocatalytic 

system consist of H2S gas generator, bubble trap , water jacketed 

photocatalytic reactor, H2S gas trap and graduated H2 gas 110 

measuring cylinder . The photocatalyst (100 mg) was uniformly 
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mixed in 175 ml 0.25 N KOH by magnetic stirring followed by 

purging with Ar gas for about 15 min. Reactor was maintained at 

room temperature by continuous water circulation through water 

jacket surrounding the reactor. H2S gas prepared using microscale 

gas generator was bubbled into the suspension at the rate 2.0 5 

ml.min-1 for about 90 min for the purpose of saturation. 

Irradiation of the reactor started after the saturation of the 

suspension with H2S. Gas generated was allowed to pass through 

H2S traps charged with 50 ml 0.5 N NaOH to ensure the 

collection of pure H2 gas. The H2S flow at 2.0 ml.min-1 was 10 

maintained constant throughout the process carried out for 3 h.  

Volume of the gas generated was measured at suitable time 

interval.  H2 gas was immediately transferred into rubber bladder. 

H2 gas evolved was confirmed by GC analyses (Model: 

Shimadzu (GC-14B), MS- 5 °A Column , TCD, Ar carrier). 15 

3 Results and Discussion 

3.1 Synthesis   

Zn2TiO4 has been synthesized by combustion method using 

titanium tetraisopropoxide (TTISP) ,  zinc acetate precursors and 

citric acid , starch as fuel and ammonium nitrate as an oxidizer. 20 

We have used complex fuel system because it favours formation 

of nanosized particles.40 When ammonium nitrate decomposes, it 

releases oxygen which can be used by fuel i.e. citric acid and 

starch. Citric acid forms complex with Zinc (II) and Ti (IV) 

which facilitates homogeneous mixture in the gel as well as it is 25 

the source of C and H which produce CO2 and H2O accompanied 

by liberation of heat.41Hence, due to high exothermicity,  the 

phase formation is obtained at low temperature as compared to 

solid state reaction (>1000°C).39,42-44 Mixture of ZnO and TiO2 

has been formed when the combustion was performed at 550-600 30 

°C.  After several trials at various temperatures, desired phase has 

been formed at 650 °C. It is quite understood that due to 

liberation of huge amount of gases during thermal shock at 650 

°C, the nanocrystalline product is formed. 45 

 In combustion technique employed, the chelating agents like 35 

citric acid forms complex with the metal cations which upon 

thermal decomposition forms carbonaceous matrix which act as a 

substrate for homogeneous distribution of metal oxide phase. 

Extensive distribution of mesoporous carbonaceous matrix 

provides large number of well separated nucleation sites for 40 

formation of oxide. This helps in obtaining particles with lower 

size distribution. Following combustion reaction takes place 

during the combustion at 650 °C. 46 

 

2Zn(CH3COOH)2.2H2O + Ti(CH3CH2COO)4 +  10NH4NO3 + 45 

10C6H8O7+ x(C6H10O5)n + [59+6nx]O2  → Zn2TiO4 + 

[80+6nx]CO2+[82+5nx]H2O+10N2      (1) 

 

Where ‘n’ is number of monomers in starch and ‘x’ is number of 

moles corresponding to amount of starch taken. The zinc 50 

orthotitanates obtained at 650 °C were further characterized for 

structural,  morphological and photocatalytic studies. 

 

 

3.2 Structural study:  55 

3.2.1   XRD analyses 

Fig. 1 represents XRD pattern of the metal oxide synthesized, 

which contains peaks due to Zn2TiO4 and ZnO. The XRD pattern 

shows the existence of spinel structure of Zn2TiO4. Peaks due to 

Zn2TiO4 are in good agreement with tetragonal phase [ JCPDS 60 

card No. 86-0158 ( ESI -S1)]  , a= 6.006 A°, b=8.415 A° ] 47 as 

well as cubic phase.[JCPDS  Card No. 86-0154 (ESI, S1), 

a=8.469 A°] .48 The presence of two phases has been discussed 

thoroughly by Robert Millard et. al.42 According to their findings, 

tetragonal phase along with cubic phase exists in the temperature 65 

range 490-555 °C and extent of cubic phase increases with 

increase in temperature. Hence, cubic phase can be formed at 

higher temperature and mixed phases at lower temperature which 

is quite justifiable.  However, it is quite difficult to obtain single 

phase in case of zinc orthotitanate at lower temperature.49 The 70 

further evidences have been discussed in optical properties.  

Comparative XRD of Zn2TiO4 and Ag@ Zn2TiO4 is shown in the 

Figure 2. XRD pattern of Ag@ Zn2TiO4 depicts additional peaks 

due to Ag [JCPDS card No. 04-0783 (ESI, S1), cubic, a=4.086 

A°] element along with the peaks of Zn2TiO4 and ZnO [ JCPDS 75 

card No. 89-1397,  hexagonal, a=3.253 A°, c=5.213 A°] indicate   

nancomposite formation of Ag-ZnO- Zn2TiO4.
50,51  It means, AgO 

is not formed during the combustion, instead elemental Ag has 

been formed by reduction of Ag+ during combustion. This may be 

because of citric acid used during combustion which generally 80 

creates reductive atmosphere.52,53 It is quite well known that  

silver oxide decompose to silver at high temperature.54The 

isolated sharp peaks due to Ag in XRD indicate presence of Ag 

on surface of the Zn2TiO4.  

 85 

Fig.1: XRD pattern of zinc orthotitanate( Zn2TiO4) 
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Fig.2 Comparative XRD pattern of a) Zn2TiO4 and b)Ag@Zn2TiO4 

 
Fig. 3 Comparative XRD pattern of a)Zn2TiO4  and b) Co@Zn2TiO4 

 Fig. 3 depicts the XRD pattern of Zn2TiO4 and Co@Zn2TiO4.  5 

XRD of Co@Zn2TiO4 (Figure 3b) indicates no additional peaks 

due to cobalt oxide. It means that Co+2 ions have replaced Zn+2 

ions in the Zn2TiO4 lattice and no shifting in 2θ of any peaks is 

observed. This is because of equivalent ionic size of Zn+2 ( 74 

pm) and Co+2 (74.5 pm) ions.55 Thus, as synthesized 10 

Co@Zn2TiO4 will have molecular formula Zn2-xCoxTiO4 and 

value of   ‘x’ has been observed to be 0.1 from EDXRF analysis 

and concentration of precursors, giving the molecular formula 

Zn1.9Co0.1TiO4. The XRD pattern shows the existence of spinel 

structure of Zn2TiO4 in the case of Co@Zn2TiO4. Soraia C Souza 15 

et. al. synthesized Co doped Zn2TiO4 by polymeric precursor 

method and reported that single phase Zn2-xCoxTiO4 can be 

formed up to x=0.4.15Hee Kwon Jun et al. observed that Co 

replaces one of the zinc atom in Zn2TiO4 followed by ZnCoTiO4 

formation. General phenomena of the metals are that metal ions 20 

having same oxidation number and nearly the same ionic radius 

which do not affect on XRD pattern. Hence, it is impossible to 

distinguish between the spinel structure of Zn2TiO4 and 

ZnCoTiO4 by XRD analysis.56 The average crystallite size was 

determined using Scherrer equation and observed to be 13 nm for 25 

Zn2TiO4while, 19 and 18 nm for Zn2TiO4 in Ag@Zn2TiO4 and 

Co@Zn2TiO4 respectively. The crystallite size of Ag in 

Ag@Zn2TiO4 has been observed to be 21 nm. It was observed 

that doping leads to an increase in short-range disorder and 

increase in crystallite size.1 30 

3.2.2  FTIR analysis 

FTIR spectra of the zinc orthotitanates was taken in the region 

4000-350 cm-1( ESI, S2).Bands in the spectral region 1200-4000 

cm-1 are due to vibration frequencies due to traces of organic 

residue and adsorbed water.2The bands have been observed  at ~ 35 

3470  and ~ 1630 cm-1 in FTIR spectra of Zn2TiO4,  Ag@Zn2TiO4  

and Co@Zn2TiO4. These bands are due to weak physical 

adsorption of water molecules being originated from stretching 

and bending vibrations. In this case, existence of the hydroxyl 

groups is detected even at higher temperature. T. Ivavova et al. 40 

also observed presence of hydroxyl group at 600 °C in case of 

thin film of Zn2TiO4 system.2 Bands in the range 1200-4000 cm-1 

show trace of carbon content even at 650 °C.  For complete 

removal of carbon content, sintering at 1000°C is required. 

However, at 1000°C particle size will increase leading to 45 

formation of macro particles.57 Broad band   at ~ 710 and weak 

band at ~ 586 cm-1 are due to stretching vibration in TiO6 group 

present in the Zn2TiO4.
2 These peaks are clearly seen in the FTIR 

spectra  as shown in the figure ( ESI, S2). Band around 420 cm-1 

may be due to ZnOn  polyhedron which appears in all zinc 50 

titanates.58 Presence of absorption bands at 575 (b), 475(w), 

420(w) and 400 (w) indicates tetragonal phase of Zn2TiO4.
59  M-

O (M= Ag and Co(II) ) bands are not observed may be because of 

very less % of dopant  metal in Zn2TiO4. Bands due to anatase 

and amorphous TiO2 are also not observed in IR spectra of all 55 

synthesized metal oxides. It is very difficult to confirm the 

absence of TiO2 and ZnO on the basis of IR frequencies appeared 

in the range 1000-350 cm-1 because, bands due to Zn2TiO4, 

ZnTiO3, ZnO and TiO2 appears in the same region with minor 

variation.  60 

3.3 Elemental analyses  

The elemental analysis of the synthesized compounds has been 

performed by Energy Dispersive X ray Fluorescence (EDXRF) 

analyses technique. The EDXRF analyses (ESI, S3) shows that % 

Zn , Ti, Ag and Co  observed in  synthesized samples is in good 65 

agreement with expected values and molecular formula of the 

oxides.  

3.4 Morphological study 

Morphological study was performed by FESEM (Field Emission 

Scanning Electron Microscopy) and TEM (Transmission Electron 70 

Microscopy) analyses. 

FESEM images of Zn2TiO4 given in the Fig. 4 shows formation 

of web like morphology consisting of pot holes. Spherical 

nanoparticles of the size around 50 nm are self-aligned to form 

web like morphology. The web like morphology with pot holes 75 

may be formed due to evolution of gases during synthesis of 

Zn2TiO4 by combustion method. The evolution of gases favours 

formation of web like morphology.41 

 

 80 
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Fig. 4  FESEM images of Zn2TiO4 magnified at a) 10 K  b) 100 K 

magnification. 

In case of Ag@Zn2TiO4 (Fig. 5) stacking of layers has been 

observed with larger pot holes. Despite of increase in pot holes, 

increase in crystallite size and staking of layers causes lowering 15 

in surface area with respect to Zn2TiO4.  

 
 

Fig. 5 FESEM micrographs of Ag@Zn2TiO4 at a) 10 K b) 100 K 

magnification. 20 

Fig. 6 shows formation of large and thick clusters due to 

agglomeration of nanoparticles in the case of Co@Zn2TiO4. Very 

few pot holes are observed on the cluster (Fig. 6a) as compared to 

that of in Zn2TiO4 and Ag@Zn2TiO4. Agglomerated spherical 

particles of the size around 50 nm are clearly seen in the Fig.  6b. 25 

Crystallite size also found to be increased with respect to 

Zn2TiO4.   

 
Fig. 6 FESEM micrographs of  Co@Zn2TiO4 at a) 10 K  and b) 100 K 

magnification 30 

In nutshell, lower surface area may be due to agglomeration of 

nanoparticles in the form of cluster. The doping of Ag and Co 

disturbs the morphology of doped Zn2TiO4 as well as lowers the 

surface area when synthesized by combustion method.56,60,61 

 
35 

 

Fig. 7 TEM images of Zn2TiO4   a)  100 nm scale and inset ED pattern  b) 

50 nm scale  c) 10 nm scale  d) magnified portion of Figure  c showing 

lattice fringes  with d211=0.250 nm  

TEM images of Zn2TiO4 are shown in Fig. 7. Diffused particles 40 

of irregular shape having size in the range of 10 nm are observed 

(Fig. 7b) however, their shape and size is difficult to identify.  

Lattice fringes corresponding to 211 plane ( d211=0.250 nm) are 

observed (Fig. 7c and d). Uniform and continuous ring pattern 

observed in ED pattern (inset of Fig. 7a) is due to randomly 45 

oriented nanocrystals. The d spacing determined from ED pattern 

are in good agreement with XRD results. 

 

 

Fig.8 TEM images of Ag@Zn2TiO4  a)  100 nm scale  b) 50 nm 50 

scale and inset ED pattern 

TEM images of Ag@Zn2TiO4(Fig. 8) display nanoparticles 

having size in the range 30-50 nm.  Small particles in the range 5-

10 nm are found to be embedded into the large particles (Fig. 8a 

and b), which could be of silver as detected by XRD.  ED pattern 55 

shows ring pattern (ESI S4) consisting of very fine spots 

indicating polycrystalline nature and random alignment of 

nanocrystals of Ag@Zn2TiO4.  The d spacing values obtained 

from ED pattern (inset of Fig. 8b) reveals the presence of 002 

plane of ZnO and 100,220 and 200 planes of Ag along with 60 

planes of Zn2TiO4. These observations are in agreement with 

XRD pattern of Ag@Zn2TiO4. 
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Fig. 9 TEM images of Co@Zn2TiO4 at, a) 1 µm b) 100 nm c)  50 nm 

scale and d) ED pattern 

TEM images (Fig. 9a & b) of Co@Zn2TiO4 show alignment of 5 

nanoparticles of the size ~ 25 nm lead to form 2-D sheet. High 

magnification image shows (Fig. 9c) nanoparticles of the size in 

the range 25-50 nm with uneven shapes (tetragonal and 

pentagonal). The ED pattern (Fig. 9d) shows bright spotted ring 

pattern indicating polycrystalline nature of the sample. The d 10 

spacing calculated from ED and XRD pattern are in agreement 

with each other. ED pattern doesn’t show rings due to any phase 

of cobalt oxide which supports interpretation led by XRD pattern 

of Co@Zn2TiO4. The intense spotted ring pattern observed for 

Ag@Zn2TiO4 and Co@Zn2TiO4 as compared to that of 15 

Zn2TiO4shows high degree of crystallinity.  It is observed that 

doping leads to increase in crystal size which ultimately increases 

the crystallinity. Hence, the increase in polycrystalline nature of 

the doped Zn2TiO4 is quite justifiable.  

3.5 Surface study  20 

 The surface area of the zinc orthotitanates can be determined 

from the nitrogen-adsorption isotherms and pore size distribution. 

The shapes of hysteresis loop of all zinc orthotitanates are of H3 

type (Fig. 10). The H3 type of hysteresis loop is associated with 

mesopores present in the crystal.62 The pore size distribution         25 

( ESI, S5) obtained from the isotherm shows broad pore size 

distribution for Zn2TiO4, Ag@Zn2TiO4 and Co@Zn2TiO4, 

respectively. 

 

 30 
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 55 

 

 

 

Fig.10  BET adsorption isotherms and pore size distribution shown  inset 

for a) Zn2TiO4, b) Ag@Zn2TiO4 and c) Co@Zn2TiO4 60 

 BET (Brunauer Emmett Teller) surface area (Table 1) of 

undoped Zn2TiO4 is found to be largest as compared to surface 

area of Ag@Zn2TiO4 and Co@Zn2TiO4. The larger pore volume 

and lower crystallite size of Zn2TiO4 may be responsible for high 

surface area. The FESEM and TEM images indicate depth of the 65 

pores is more in case of Zn2TiO4 as compared to Ag and Co 

doped Zn2TiO4. From the trend of pore volume and surface area, 

it can be concluded that porosity as well as surface area decreases 

due to doping. But BJH (Barrete-Joyner-Halenda) pore diameters 

are not in accordance with the BET pore diameter. This is  70 

because, BET method determines surface area of any shape and 

porosity while BJH assumes pores having cylindrical shape.63,64 

Hence, BET surface area and BET pore diameter are in 

agreement with each other. Plausible explanation regarding 

decrease in surface area may be given on the basis of morphology 75 

and crystallite size of pristine and doped zinc orthotitanates.  

Stacking of layers in case of Ag@Zn2TiO4 and compact cluster 

formation in case of Co@Zn2TiO4 as well as increase in 

crystallite size may also be the possible factors behind decrease in 

surface area. The phenomena of decrease in surface area upon 80 

doping have also been reported in previous studies.56 

Table 1: BET Surface area, pore volume and pore diameter of zinc 

orthotitanates 

Compound 
BET 

( m2/g) 

Pore Volume  

cm3/g 

(Pores < 77.1 
nm) 

Pore diameter 

 (nm) 

Zn2TiO4 12.24 0.040 13.1  (22.7) 

Ag@ Zn2TiO4 08.88 0.026 11.9  (30.8) 

Co@ Zn2TiO4 08.31 0.031 13.9  (29.5) 

      (  ): BJH pore volume   

3.6 Optical study 85 
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Optical characterization of the compounds synthesized was 

performed by UV-Vis DRS and Photoluminescence analyses. 

Fig. 11A represents the UV DRS spectra of Zn2TiO4 and Ag-

doped Zn2TiO4 in absorbance mode and respective tauc plots 

(Fig. 11B). Band gap of the compounds has been determined 5 

form tauc plot.65,66  Absorption edge of Zn2TiO4 appears to be at 

385 nm and 335 nm with corresponding band gap 3.22 eV and 

3.70 eV, respectively. Band gap observed for as synthesized 

Zn2TiO4 is higher than reported in literature (3.11 eV) indicates 

nanocrystalline nature.37,68  In absorption spectra of Zn2TiO4 two 10 

absorption edges are observed which indicate existence of 

Zn2TiO4 in two phases. Band gap 3.22eV is attributed to 

tetragonal phase while 3.7 eV to cubic phase.37Many researchers 

synthesized Zn2TiO4 having tetragonal phase with band gap 3.11 

eV and cubic phase with band gap 3.7 eV. 67-70 Absorption edge 15 

due ZnO ( band gap 3.35 eV) has not been observed in the optical 

spectra.  Band gap of  Zn2TiO4 dominates band gap  of ZnO when 

Zn/Ti ratio is 2 during synthesis of zinc orthotitantes.68 In 

absorption spectra of Ag@Zn2TiO4,  cut off observed at 387 nm is 

due to Zn2TiO4 while cut off at 738 nm is due to Ag nanoparticles 20 

with corresponding band gap 3.20 and  1.68 eV, respectively. 

 
Fig.11   A) UV Vis -DRS  absorption  plot  of Zn2TiO4 and Ag@Zn2TiO4 

B) tauc plot of Zn2TiO4 and Ag@Zn2TiO4. 

 25 

 

Fig. 12  A) UV vis-DRS of  Zn2TiO4and  Co@ Zn2TiO4 in absorbance 

mode and B) corresponding tauc plot 

Fig. 12A represents UV vis DRS absorbance spectra of Zn2TiO4 

and Co @Zn2TiO4 and Fig. 12B represents corresponding tauc 30 

plots. Optical spectra clearly show shifting of adsorption edge 

towards visible region at 2.67 eV due to Co doping. In general, 

absorption edge around 400 nm was ascribed to the band 

transition from O 2p to Zn 4s. In case of Co doped Zn2TiO4, new 

absorption edge has been observed at 2.67 eV. The absorption 35 

edge of Co doped Zn2TiO4 samples were based on transition from 

Co eg to Co 4s transition. In this case inter band may exist 

between the conduction and valence band of Zn2TiO4.
38 

 The room temperature  PL spectra of the Zn2TiO4( Fig. 13a) 

shows  weak band at 330 nm,  sharp strong peak at 363 nm and 40 

weak broad peak at 468 nm .The weak emission peak observed at 

330 nm is because of band to band transition. This can be referred 

as near band edge emission which is closed to band gap observed 

at  335 nm in UV-Vis spectra .71 

 45 

Fig.13  PL spectra of (a) Zn2TiO4 , (b)Ag@ Zn2TiO4 and (c) Co@ 

Zn2TiO4. 

The emission peak observed at 468 nm indicates that defects 

exists in the crystalline ordered meso-structured Zn2TiO4.
72,73 The 

existence of intrinsic defects such as O-2 vacancies , Zn+2 50 

vacancies may be responsible for such emission.74 Ag and Co 

doping affects on the intensity of emission peaks observed at 468 

nm. It is observed that relative intensity (RI) of peak at 468 nm ( 

RI = 0.26 ) for Ag@Zn2TiO4(Fig. 13b) is lowest which shows 

complete diminishing of peak due to composite formation with 55 

Zn2TiO4. However, in case of Co@ Zn2TiO4 (Fig. 13c), it has 

been reduced to 0.46. It is well known that strong PL means high 

recombination of photo generated carriers suggesting   low 

photocatalytic activity. Intensity of peak at 468 nm has been 

observed to be decreased due to Ag loading and Co(II) doping 60 

which decreases recombination probability and hence increases 

the photocatalytic activity. The decrease in intensity indicates 

minimization of lattice defects as compare to pristine Zn2TiO4.
75 

3.7 Photocatalytic H2S splitting for H2 generation 

Photocatalytic splitting of H2S can release the hydrogen by 65 

utilizing solar energy which is generally carried out in aqueous 

medium.76, 85 Photocatalytic H2S splitting has been performed 

using as synthesized nanostructured zinc orthotitanates. Amount 

of H2 generated by using Zn2TiO4, Ag@ Zn2TiO4 and Co@ 

Zn2TiO4 with time under the visible light source is shown in the 70 

Fig. 14.  

Page 7 of 14 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8|Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
Fig. 14 Photocatalytic Hydrogen generation by using Zn2TiO4, Ag@ 

Zn2TiO4 and Co@ Zn2TiO4 

Table 2:  Rate of H2 generation using zinc orthotitanates. 

Sr. 

No. Catalyst 

Rate of H2 generation 

(per 100 mg ) 

 µmol /min µmol /h 

01 Zn2TiO4 10.55 633 

02 Ag@ Zn2TiO4 46.40 2784 

03 Co@ Zn2TiO4 27.87 1672 

 5 

The H2 evolution via H2S splitting is given in the table 2. It 

reveals from literature that zinc orthotitanates have been 

employed for H2S splitting to produce H2 for the first time.  The 

Zn2TiO4 showed H2 evolution under visible light ( 633 µ mol/ 

h/100 mg ) from H2S. The naked zinc orthotitanate showed 10 

photocatalytic activity because of its  high reduction potential and 

low oxidation potential and it is reported that it is better catalyst 

than TiO2 under UV as well as visible light.67,77 Amongst the zinc 

orthotitanates synthesized , Ag doped Zn2TiO4 has been found to 

be excellent photocatalyst.  The utmost H2 evolution (2784 µ mol 15 

/h /100 mg), under visible light irradiation was obtained which is 

much higher than H2 produced using CdS, CaIn2S4, CdLaS4, 

ZnIn2S4, N-ZnO , Fe2O3 and FeGaO3.
19-26 (Table 3) 

 Table 3: Volume of H2 evolved using various catalyst 

Catalyst Vol of H2 generated / µmolh-1 Ref. 

Ag@Zn2TiO4 2784  

( 175 ml 0.25 N KOH, 0.1 g catalyst)  

Present 

work 

CdS 2945  
(750 ml 0.25N KOH, 0.5 g catalyst) 

26 

ZnIn2S4 5287   

(700 ml 0.25N KOH, 0.5 g catalyst ) 

23 

CdIn2S4 3238   
(750 ml 0.5N KOH, 0.5 g catalyst) 

24 

ZnIn2V2O9 4695  

(750 ml 0.5N KOH, 0.5 g catalyst ) 

20  

CdLaS4 2552 
(250 ml 0.5N KOH, 0.5 g catalyst) 

19 

N-ZnO 3957  

(200 ml 0.25N KOH,0.2 g catalyst) 

25 

Fe2O3 2038   
( 500 ml 0.5 N KOH,0.5 g catalyst) 

22 

FeGaO3 2720  

(250 ml 0.5M KOH, 0.5 g catalyst) 

21 

 20 

Enhanced photocatalytic activity of Ag@ Zn2TiO4 as compared 

to pristine Zn2TiO4 could be explained on the basis of Ag - 

Zn2TiO4 composite. Many researchers have reported that noble 

metal loading on the surface of the catalyst promotes the 

photocatalytic production of hydrogen.85,78 25 

Loaded metal can capture the photo generated electrons on the 

catalyst surface so that after excitation, the electrons are 

effectively separated from the holes and the life time of the 

electrons is prolonged. This increases the proportion of electrons 

that participate in photocatalytic reduction of protons to produce 30 

hydrogen.64 On the other hand, hydrogen over potential of noble 

metal is very low. Loading metal on semiconductor can lower the 

electrochemical reductive potential ( EH+/H2 ) which favours the 

photocatalytic hydrogen production. Additionally, the reason 

mentioned in dye degradation like   plasmon resonance effect   35 

and broad absorption from 400-700 nm is also responsible for 

getting enhance photocatalytic activity. However, we obtained 

lower photocatalytic activity for Co@ Zn2TiO4(H2 evolution @ 

1672 µmol/h/ 100 mg) as compared to Ag@ Zn2TiO4. 

As mentioned earlier,   nature of the oxides formed is not same.  40 

Ag-Zn2TiO4 composite has been observed in the Ag@Zn2TiO4 

while substitutional doping of Co+2 has been indicated in case of 

Co@Zn2TiO4 by XRD analysis. It is observed that not only 

surface area but also increase in recombination centre, extent of 

shifting of band gap towards visible region and composition of 45 

the catalyst affects on the efficiency of catalyst. In case of Co@ 

Zn2TiO4photocatalytic dye degradation efficiency was found to 

be decreased while photocatalytic H2S splitting observed to be 

increased with respect to undoped zinc orthotitanates. It has been 

reported in the literature that ZnCoTiO4 worked not only as an 50 

active site during sulfidation process but also as a support to 

prevent the Zn migration to the outside of the sorbents and to 

minimize the volume expansion / contraction. Hence doping of 

Co into Zn2TiO4 at the Zn site  increases the efficiency of 

adsorption of H2S on the surface compare to undoped Zn2TiO4 55 

there by enhancement in  H2S splitting in presence of Co@ 

Zn2TiO4. 

 

3.7.1 Mechanism of H2 generation by H2S splitting  

Mechanism of H2 generation by H2S splitting under visible light 60 

source in basic medium has been mentioned by many 

researchers.56,65,66 

It is well known that H2S is a weak diprotic acid having pKa 

values 7.0 and 11.96 . 79 At pH ~13, dissociation of H2S takes 

place to form HS- and S-2. When suspension irradiated with 65 

visible light, photocatalyst generates conduction band electron 

�e��� ) and valence band hole (h���  ).  The detailed mechanism is 

given below. 

	
� �	�	� ↔ 	�� �		
�		 (2) 

	�� �	�	� ↔ �
� 	� 		
�  (3) 70 

��� � �� → e��� �	h���   (4) 

2�
� �	2���� → �
�  (5) 

2	�� �	2���� → �
� � 2	�  (6) 

2	�		 � 2���� → 	
	 ↑  (7) 
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Overall reaction is given below. 

	
� �	2�	� � ��
��� → 	
 � 	 !"#$%"&�'(� (8) 

In nutshell, the orthotitanates are observed to be very stable oxide 

visible light active photocatalyst for hydrogen production as well 

as dye degradation. It is noteworthy that orthotitanates have been 5 

used for the hydrogen production from H2S for the first time. 

Furthermore the degradation of azo dyes and xanthene dyes using 

orthotitanates under natural sunlight is hitherto unattempted. 

3.8 Photocatalytic degradation of dyes 

3.8.1 Photocatalytic degradation of Acid Orange-8 (AO-8)  10 

 

Photocatalytic degradation of 40 ml aqueous solution having 

concentration 10 ppm using 10 mg photocatalyst was carried out 

under normal sunlight. The intensity of sun light has been 

measured using Lux meter and observed to be in the range 1.0 x 15 

105 to 1.1 x 105 lux. ( 15- 15.5 eV)  The graph of C/Co( Co : initial 

concentration of dye , C : concentration of dye at time ‘t’) of the  

Vs time for Zn2TiO4, Ag@Zn2TiO4 and Co@Zn2TiO4 is shown in 

the Fig. 15. It is observed that photocatalytic activity increases 

due to Ag loading while decreases due to Co+2 doping into 20 

Zn2TiO4. Complete degradation takes place in ~ 75 min and 210 

min using Ag -Zn2TiO4composite and pristine Zn2TiO4, 

respectively. In other words photocatalytic activity of 

Ag@Zn2TiO4 increases almost three times as compared to that of 

Zn2TiO4.  Half life (t1/2) period for the photocatalytic degradation 25 

was determined from graph of C/C0Vs time and found to be 14.9 , 

52.1 and 126.6 min for Ag@ Zn2TiO4, Zn2TiO4 and 

Co@Zn2TiO4, respectively. The degradation of AO-8 in absence 

of catalyst (blank) under sunlight has not been observed. 

 30 

Fig. 15  Photocatalytic degradation of AO-8 using a) Ag@Zn2TiO4, b) 

Zn2TiO4 ,  c) Co@Zn2TiO4 and  d) blank . 

Since, photocatalytic activity of Ag@ Zn2TiO4 was found to be 

highest amongst the zinc orthotitanates synthesized, it has been 

chosen for the detailed study. Effect of concentration of AO-8 35 

and amount of catalyst on the rate of degradation was studied for 

the Ag@ Zn2TiO4.  

Effect of concentration of AO-8 was studied at 5, 7.5 and 10 ppm 

concentrations (Fig.16). Half life period determined from the 

graph was found to be 14.9, 22.0 and 57.0 min for 5, 7.5 and 10 40 

ppm solutions, respectively.    

 
Fig. 16 Effect of concentration of   AO-8  a) 5  b) 7.5   and c) 10  ppm 

It is observed that, reaction time increases with increase in 

concentration of AO-8. Half life period (t1/2) for 5, 7.5 and 10 45 

ppm was found to be 14.9, 22.0 and 57.0 min, which show that 

t1/2 is directly proportional to the concentration of the AO-8.  

Effect of the concentration of the catalyst on the rate of the 

reaction has been studied by taking 10, 20 and 30 mg Ag@ 

Zn2TiO4. (ESI, S-6) indicates reaction time decreases with 50 

amount of the catalyst. Half life period (t1/2) is observed to be 

14.9, 9.6 and 8.3 min for 10, 20 and 30 mg catalyst, respectively. 

Decrease in half life period ( t1/2)  with amount of the catalyst also 

indicates that the rate of reaction increases with amount of the 

catalyst. In other words, rate of photocatalytic degradation 55 

increases with increase in amount of the catalyst.  

Decrease in half life period with increase in amount of the 

catalyst is quite obvious since rate of the reaction depends upon 

extent of the adsorption which in turn depends on the amount of 

the catalyst.  60 

3.8.2 Photocatalytic degradation of Rhodamine B (Rh-B) 

The as synthesized nanostructured zinc orthotitanates were also 

employed for the photocatalytic degradation of Rh- B dye in 

aqueous medium. Variation of C/Co with time of the reaction for 

5 ppm solution using 10 mg catalyst is shown in the Fig. 17, 65 

which shows similar behaviour observed in case of AO-8. There 

is negligible decrease in concentration of the Rh-B in absence of 

catalyst (blank) indicates no degradation due to photolysis. 
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Fig. 17 Photocatalytic degradation of Rh- B using a) Ag@Zn2TiO4, b) 

Zn2TiO4 c) Co@Zn2TiO4 and   d) blank 

Effect of concentration of the Rh- B on the rate of photocatalytic 5 

degradation was studied at 2.5, 5.0 and 7.5 ppm Rh-B solution 

using 10 mg Ag@ Zn2TiO4. The variation of C/Co with time is 

shown in the Fig. 18. Half life period (t1/2) determined from the 

graph was found to be 4.4, 7.3 and 13.2 min for 2.5, 5.0 and 7.5 

ppm, respectively. In this case, rate of photocatalytic degradation 10 

also decreases with increase in concentration of the Rh-B. 

 
Fig. 18 Effect of Concentration of RH- B a) 2.5 b) 5 c) 7.5 ppm solution.

  

 Effect of the amount of catalyst on rate of photocatalytic 15 

degradation was studied for 10 and 20 mg catalyst for 5 ppm 

solution and 20 and 30 mg catalyst for 7.5 ppm  ( ESI S-7) 

solution. The effect of amount of catalyst has been studied for 7.5 

ppm in addition to 5 ppm solution since degradation of 5 ppm 

solution using 30 mg photocatalyst was too fast to measure rate 20 

of reaction. 

Rate of photocatalytic degradation observed to be increases with 

amount of the catalyst. Half life period (t1/2) determined was 7.4 

and 3.6 min for 10 and 20 mg catalyst, respectively for 5 ppm 

solution while, 4.2 and 2.8 min for 20 and 30 mg catalyst, 25 

respectively for  7.5 ppm concentration of Rh-B (ESI, S-7).   

The enhancement in degradation rate   can be rationalized in 

terms of available active sites and penetration of photo activating 

light into the suspension. The availability of active site increases 

with increase in concentration of catalyst up to certain limit.  30 

Because, at high concentration of catalyst, i) light penetration 

decreases which affect photo activated volume of suspension ii) 

deactivation of activated catalyst molecule due to collision with 

ground state molecules( Eq. 9) . Hence, decrease in rate of 

degradation at higher concentration of catalyst is quite 35 

justifiable.80 

ZOT* + ZOT →ZOT# + ZOT                       (9) 

Where * and # represents activated and deactivated molecule of 

zinc orthotitanate (ZOT) respectively.  

Therefore, an optimum amount should be employed to ensure the 40 

utmost absorption of solar light photons for efficient photo 

mineralization.29 It is observed that degradation rate decreases 

with increase in concentration of dye. As initial concentration of 

dye increases, the path length of the photon entering the solution 

decreases and at low concentration reverse effect is observed 45 

thereby increasing photon absorption by the catalyst.36,81 It is 

quite obvious that, as the initial concentration of dye increases, 

requirement of catalyst surface needed for the degradation also 

increases. Since amount of catalyst is fixed, the formation of �	.  
radicals on the surface of zinc orthotitanate is also relatively 50 

fixed. So the relative number of free radicals attacking the dye 

molecule decreases with increase in concentration of dye.82 The 

major portion of degradation occurs in the region (reacting zone) 

near to the irradiated sites because the irradiation intensity in this 

region is much higher than at the other sites.83 Hence, at higher 55 

concentration of dye, there is   decrease in rate of degradation. 80 

A photocatalytic process is based on the generation of electron 

hole pair by means of band gap radiation that can give rise to 

redox reaction with the species adsorbed on the surface of the 

catalyst. In principle, the coupling of different semiconductor 60 

oxides seems useful in order to achieve more efficient electron 

pair separation under irradiation and consequently the higher 

photocatalytic activity.36 It is reported that absolute pure phase 

Zn2TiO4 is photocatalytically inactive however coupling of 

Zn2TiO4 with ZnO shows an enhancement in photocatalytic 65 

activity. Cunwang et.al. reported that photocatalytic activity 

towards degradation of methyl orange was observed for Zn2TiO4-

ZnO composite and not for pure phase Zn2TiO4.
36 In our case 

Zn2TiO4 synthesized shows photocatalytic activity towards 

degradation of AO-8 and Rh-B. The existence of zinc 70 

orthotitanate in tetragonal phase having band gap at ~ 3.2 eV is 

responsible for photocatalytic activity. In earlier studies Borse et 

al.  reported photocatalytic activity of Zn2TiO4 having band gap 

3.11 eV.77 The existence of ZnO along with Zn2TiO4 may be also 

responsible for its photocatalytic activity. 75 

  Enhancement in photocatalytic degradation activity of dyes 

using Ag@ Zn2TiO4 with respect to undoped Zn2TiO4 is due to 

Ag metal loading on the surface of the Zn2TiO4 which promotes 

the photocatalytic degradation of dyes.76,84,85  Enhancement in 

photocatalytic activity  due to Ag  nanoparticles is because of i) 80 

additional band gap observed at 1.62 eV with broad absorption in 

the visible region 400- 700 nm ii) promotion of visible light 

absorption through surface plasmon  resonance of Ag 

nanoparticles  iii) Ability of silver to reduce the recombination by 

trapping of electrons through introduction of Fermi level  of 85 
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silver which is just below the conduction band of Zn2TiO4.
86,87 

 The rate of degradation of AO-8 and Rh-B is decreased in case 

of Co@ Zn2TiO4 despite shift in band gap towards the visible 

region (~ 2.7 eV).  Surprisingly, it is much less as compared to 

undoped Zn2TiO4. This decrease is may be due to induction of 5 

recombination site because of doping of Co+2 ions into Zn2TiO4. 

In the case of Co+2 doping, induction of recombination sites is 

more dominant under the solar irradiation. Since intensity of the 

sun light is not enough to separate the electron hole pair, so 

recombination increase thereby decrease in rate of degradation.88 10 

 

3.8.3 Photocatalytic degradation of mixture of dyes 

Photocatalytic degradation of mixture of AO-8 (5.0 ppm) and Rh-

B (5.0 ppm) was performed using 10 mg of Ag@ Zn2TiO4. These 

two dyes are not reacting with each other and hence their 15 

degradation in mixed state was performed. Graph of variation of 

C/C0 with time is shown in the Fig. 19. It’s observed that in 

mixture state, degradation rate of Rh-B is higher than AO-8. It 

means trend is same as observed in case of individual dyes.  

 20 

Fig. 19 Photocatalytic degradation of mixture of dyes:  a) Rh-B, b) AO-8  

From the half life period of degradation of dyes in individual and 

mixed state, it is clear that rate of degradation of the dyes has 

been decreased (Table 4). This is quite obvious because total 

concentration of the dye has been increased to 10 ppm. In mixed 25 

state, degradation of dye takes place in presence of other dye 

molecules which affects on rate of the reaction.  

Table 4: Order and half life period of AO-8 and Rh-B 

Sr. 

No. 
Dye 

Order (n) 
Half life period (t1/2) 

(min) 

Individual mixed Individual mixed 

01 AO-8 1.35 1.41 14.9 26.6 

02 Rh-B 1.10 1.25 7.5 23.1 

 

Marginal increase in order of reaction has been observed with 30 

respect to individual state. This indicates that Ag@Zn2TiO4 can 

be employed for photocatalytic degradation of mixed dyes.  The 

mixture of dyes affects on i) extent of light transmitted through 

solution and incident on surface of the catalyst, ii) number of 

water molecules adsorbed and  dissociated to form active species 35 

like  �	. and  �
� iii) distribution of the active species amongst 

the dye molecules. These factors are responsible for the decrease 

in rate of the degradation.  

Study of degradation of dyes in mixed state is essential in 

practical point of view, because effluent may comprise variety of 40 

pollutants. These pollutants should be degraded simultaneously 

by photocatalyst. Thus, the Ag@ Zn2TiO4 can be employed 

effectively for degradation of mixed dyes. It is noteworthy that 

such type of study has been performed for the first time. 

3.9 Kinetics study 45 

Kinetics of photocatalytic degradation of organic dyes under UV 

and visible light has been studied by many researchers. It was 

reported that photocatalytic degradation follows first order 

kinetics based on Langmuir-Hinshelwood Model.89,90 We have 

also performed kinetics calculation considering the photocatalytic 50 

dye degradation obeying pseudo first order kinetics as per 

Langmuir-Hinshelwood Model. In case of photocatalytic 

degradation of AO-8 and Rh-B, it is observed that extent of the 

degradation of the dye (C/C0) decreases with increase in 

concentration of the dye. In other words, half life period of the 55 

reaction increases with increase in concentration of the dye. As 

per the characteristics of the first order reactions, half life period 

is independent of the initial concentration of the reactant (Dye) 

according to equation 10.  

 60 

*+/
 - ../01
23

 (10) 

Our observation indicates the discrepancy between rate constant 

and order of the reaction. D Zhang et. al, reported that the 

discrepancy between first order reaction and rate constant may 

arise due to complicated mechanism.91 The complicated 65 

mechanism would be influenced by many factors such as particle 

size, phase and chemical composition, surface properties, 

intensity of light and effectiveness of charge separation.  

To investigate the apparent order of the reaction, we have 

assumed that photocatalytic degradation of dye takes place in the 70 

solution phase and not on the surface of the catalyst. So, we have 

used power rate law to determine the order of the reaction. The 

power rate law can be applied for homogenous reactions. 92 

  Kinetics of the photocatalytic degradation has been studied 

using equation 11, which is applicable for the reaction of single 75 

reactant (A → Product) 

 

45*� - � 67
68 - 9:;  (11) 

 

Where C, n and K are concentration of the reactant at time t, 80 

order of the reaction and rate constant of the reaction, 

respectively.  Order and rate constant of the reaction can be 

determined from the logarithmic form of the equation 12. 

log�4? - log9 � @ log�:?  (12) 

Slope and intercept of the graph of log (R) Vs log (C) gives order 85 

(n) and rate constant (k) of the reaction. 

Expression for half life period of the nth order reaction has been 

derived from equation 11.  
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A*+/
B; -
CDEF G

3HI

2I�+�;?
J2+�; � 1L                (13) 

 

Where, Kn is the rate constant of the nth order reaction and Co is 

the initial concentration. Equation (13) is not applicable for  n=1. 

The exercise to determine the order and rate constant of the 5 

reaction is illustrated for the photocatalytic degradation of the 40 

ml 5 ppm solution of AO-8 using 10 mg Ag@ Zn2TiO4 catalyst. 

Variation of log (R) with log (C) is shown in the Figure 20. 

 
Fig.20  Graph of  log (R)  Vs log (C) for the 5 ppm solution of AO-8 10 

using 10 mg Ag@Zn2TiO4. 

Half life period and rate constant calculated from interpreted 

order of the reaction, first order kinetics and experimental 

observations are given in Table No. 5 and 6 for AO-8 and Rh-B 

solution. 15 

Table 5: Kinetic parameters of photocatalytic degradation of AO-8 using 

Ag@Zn2TiO4 

Conc. 

of dye 
(ppm) 

Conc. 
of 

catalyst 

(mg) 

Order 

(n) 

Rate Constant 
Half  life period (t1/2) 

(min) 

Kn 

(conc1-

nmin-1) 

K1 

min-1 

nth 

order 

1st 

order 
Obs. 

05.0 

10 

1.35 0.064 0.032 15.0 21.7 14.9 

07.5 1.30 0.038 0.027 22.5 25.5 22.0 

10.0 1.22 0.013 0.010 58.1 68.2 57.0 

05.0 20 1.41 0.108 0.048 09.6 14.5 09.6 

05.0 30 1.40 0.124 0.068 08.1 10.1 08.3 

 

Order of the reaction was found to be in the range 1.2 – 1.41 for 

AO-8 and 1.1-1.2 for Rh-B. Experimentally determined rate 20 

constant and half life period of the reaction indicates that rate 

constant of reaction decreases with increase in concentration from 

2.5 to 7.5 ppm. Dependence of the rate constant of the reaction on 

the initial concentration of the reactant is characteristic property 

of the reaction having order higher than one. It is observed that 25 

half life period calculated from equation and from experimental 

observation i.e. graph of C/Co Vs time is in good agreement with 

each other. While, half life period calculated from first order 

kinetics is not in agreement with experimental value.  

Table 6: Kinetic parameters of photocatalytic degradation of Rh-B using 30 

Ag@Zn2TiO4 

Conc. 

of dye 

(ppm) 

Conc. of 

catalyst 

(mg) 

Order 
(n) 

Rate Constant 
Half  life period (t1/2 ) 

(min) 

K n 

( conc1-n  

min-1) 

nth 

order 

nth 

order 

1st 

order 
Obs.  

02.5 

10 

1.20 0.190 0.121 04.4 05.8 04.3 

05.0 1.10 0.096 0.067 07.4 10.4 07.5 

07.5 1.20 0.052 0.040 13.2 17.4 13.8 

05.0 20 1.16 0.202 0.160 03.6 04.3 03.8 

07.5 30 1.14 0.238 0.168 02.8 04.1 03.0 

07.5 20 1.16 0.159 0.108 04.2 06.4 04.3 

 
3.9.1  Mechanism of the photocatalytic degradation 

From experimental observation, it is proposed that water is 

adsorbed on the surface of the catalyst followed by formation of  35 

�	. and  �
�  radicals due to redox reaction taking place by photo 

excitation of electron under the sunlight irradiation. These photo 

generated radicals react with the dye molecule in solution state 

and degradation takes place.  In the review article on TiO2 

assisted photocatalytic degradation of azo dyes in aqueous 40 

solution demonstrated the mechanism which involves formation 

�	. and �
� radicals.91,93,94 Mechanism of photocatalytic 

degradation of dye is given below. 

 

Zn2TiO4  +hv→ Zn2TiO4 (�7��   + �M�� )     (14)45 

   

	
�	 �	�M�� →�	. �		�  (15)

   

�
	 � �7�� → �
.�  (16)

   50 

�	. 	� 		(#� → 	
� �	:�
  (17) 

 

�
.� �		. → ��	.  (18) 

  

��	. � ��	. → 	
�
 �	�
  (19)55 

  

�
.� 	� Dye	 → CO
 �		
�  (20)

   

��	. 	� dye	 → CO
 �		
  (21)

  60 

  In nut shell, the higher photocatalytic activity has been obtained 

for Ag@ Zn2TiO4 as compared to pristine Zn2TiO4 and Co@ 

Zn2TiO4. The kinetic study showed the dye degradation follows 

order of reaction in the range 1.1-1.4 with optimum concentration 

2.5 -7.5 ppm 65 

 

4 Conclusions 

We have demonstrated the synthesis of nanostructured Zn2TiO4 , 

Ag@Zn2TiO4 and Co@Zn2TiO4 by combustion method . The 

structural properties showed cubic and tetragonal mixed phases of 70 

zinc orthotitanate. The particle size was observed to be in the 

range of 10-25 nm. The optical properties showed that band gap 

can be tuned with Ag and Co to the visible region i.e. from 3.22 

to 1.67 eV. Considering the band gap in visible region, the 

photocatalytic activity of dye degradation (individual and mixed) 75 

under natural sun light has been performed with kinetic study. 

The Ag@Zn2TiO4 was found to be most efficient photocatalyst. 

The power rate law for n th order reaction in homogenous medium 
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has been employed to determine order (n), rate constant (k) and 

half life period (t1/2).The order of the reaction observed to be in 

the range of 1.1-1.41 for AO-8 and Rh–B. Half life period 

calculated from order and rate constant was observed to be in 

good agreement with experimental values. The solar photo 5 

hydrogen production was also performed using undoped and 

doped ZOT. It is noteworthy that utmost hydrogen production 

(2784 µmol/h/100 mg) was obtained using Ag@Zn2TiO4 which is 

much higher than the oxide photocatalyst reported so far. This 

catalyst may have good potential in water splitting and complex 10 

waste degradation. 
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