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Abstract In the current study, it was found that the

physiochemical properties of TiO2 are effected with formic

acid as a chelating agent in a sol–gel process. From XRD

studies it was revealed that due to the chelation of formate

group with titanium precursor, anatase/brookite mixture of

86:14 is obtained while the control sample which has been

prepared without formic acid showed pure anatase at

400 �C. FTIR studies indicated that, the formate group

favored a monodentate mode of coordination with titanium

precursor under the effect of addition of increasing amount

of formic acid, while under the effect of increasing tita-

nium precursor content the formate group is chelated with

titanium atoms in a bidentate bridging mode. In addition,

from the FTIR study it was demonstrated that increasing

the amount of water in the hydrolysis step, a reduction in

the intensity of the carboxylate (COO-) stretches was

observed indicating that the titania formate bridging com-

plex becomes weaker, resulting in a weakened titanium gel

network structure which could readily collapse during

calcination favoring early rutile formation. Raman spec-

troscopy showed that as a result of sample composite

nature and presence of oxygen vacancies as demonstrated

by PL analysis causes the broadening and frequency

shifting of the Raman bands. Photocatalytic studies dem-

onstrated that the formic acid modified sample composed

of anatase/rutile mixture of 94:6 calcined at 600 �C show

significantly higher catalytic activity compared to the

control sample prepared under similar conditions. Kinetic

analysis show first order kinetics for the decomposition of

methylene blue, a rate constant (kapp) of 0.074 min-1 was

obtained with anatase/rutile (94:6) mixture which is even

higher than the Degussa P25 (0.067 min-1).

Keywords Sol–gel synthesis � TiO2 � Calcination

temperature � Chelating agent � Photocatalysis

Abbreviations

ART Anatase to rutile transformation temperature

D Delta represent the difference in asymmetric

(m(COO-)as) and symmetric carboxylate

(–m(COO-)s)) stretches

C Reaction concentration

Co Concentration of organic pollutant

Kapp Apparent reaction rate constant

CB Conduction band

VB Valance band

FWHM Full width at half maximum

a Absorption coefficient

Eu Urbach energy

ht Photon energy

k Wavelength

1 Introduction

The photocatalytic application of pure and composite TiO2

depends strongly on crystalline structure, composition,

crystallinity, particle size and surface defects; thus there is a

need to develop novel routes or improve existing ones for

the synthesis of TiO2 with controlled physical and chemical

properties to achieve enhanced photocatalytic activity.
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Common precursors used to synthesize TiO2 are titanium

alkoxides that can be hydrolyzed in the presence of acid

catalysts which have an effect on the rate and extent of the

hydrolysis reaction, condensation rates, particle morphol-

ogy, phase transformation and on the structure of the con-

densed product. Acid catalysts that have been investigated

in the past with titanium butoxide as precursor are HCl [1,

2], HNO3 [3, 4], H2SO4, CH3COOH [5] and H3PO4 [6].

Schaefer et al. [7] reported that the purpose of adding acid in

the peptization step is to disintegrate the large aggregates

into smaller ones by the electrostatic repulsion of charged

particles thus decreasing the crystallite size of the formed

titania particles. Yu et al. [8] reported that at high acid (HCl)

concentration, Ti–OH2
? groups are formed instead of Ti–

OH. Due to charge repulsion between the groups, dehy-

dration hardly occurs, and the TiO6 octahedra prefer to

share corners with each other, resulting in TiO2 particles

with brookite and rutile structure. Zhang et al. [6] stated that

using HNO3 instead of HCl, the obtained TiO2 particles

retain the shuttle-like morphology, but smaller particle sizes

were obtained than those obtained with HCl. Furthermore,

using H2SO4 or H3PO4 results in the formation of spherical

amorphous TiO2 at all acid concentrations. The particles

obtained with H2SO4 were uniform small spheres having a

diameter of about 40 nm; in contrast large sphere particles

having diameter of 240 nm were obtained using H3PO4.

In addition to the pH effect, organic acids can act as

chelating agents. Nguyen et al. [9] reported that chemical

modification of the metal alkoxide by using chelating

agents such as acetic acid and acetyl acetone, the final

product (TiO2–SiO2) showed high specific surface area.

Suresh et al. [10] concluded that an increase in pH causes a

decrease in the chelating effect of acetic acid with titanium

isopropoxide; as a result a weak gel network structure

forms resulting in decreased anatase-to-rutile transforma-

tion (ART) temperature. Similarly Yin et al. [11] in their

hydrothermal synthesis method explained that chelation of

citric acid with TiO6 octahedra and acidification with nitric

acid becomes the basis for rutile phase formation due to

edge sharing polycondensation between TiO6 octahedra;

increase in protonation due to nitric acid further strength-

ens the chelating phenomenon resulting in enhanced for-

mation of rutile phase.

The role of organic acids to act both as a chelating agent

and as an acid catalyst has prompted us to synthesize nano

crystalline titanium dioxide from titanium butoxide by the

sol–gel method using formic acid (CH2O2), a simple car-

boxylic acid catalyst. We now report that using formic acid

as a chelating agent, a composite mixture of anatase-

brookite can be prepared at calcination temperature below

600 �C while anatase–rutile mixture is produced at a

temperature above 600 �C. Formic acid modified TiO2

powders have low crystallite size and high Urbach energy

value compared to control samples calcined at different

temperature. In conclusive approach, the chelating effect of

this acid on the characteristics and on the photocatalytic

activity of the resulting catalysts has never been explored.

Also, not enough literature is available on the effect of

calcination temperature on the photoluminescence and

Raman properties of TiO2. The objectives of the current

paper are:

• To study the effect of chelation on the physicochemical

properties (crystalline phase and composition, particle

size and crystallinity) of TiO2 using formic acid and to

examine the effect of increase in water content

(hydrolysis step) on the chelating characteristic of

formic acid with titanium precursor to explain the early

anatase–rutile transformation phenomenon.

• To study the shift in band gap energy with respect to

TiO2 phases and calculated Urbach energy values for

the formic acid modified TiO2 powder calcined at

different temperatures.

• Photoluminescence properties and Raman spectra of

formic acid modified powder calcined at different

temperature is investigated to elucidate the variations in

these properties (PL and Raman spectra) with the

composite nature of the powder.

• Finally the photocatalytic activities of the formic acid

modified TiO2 and the control samples prepared

without employing formic acid were tested in the

photodegradation of methylene blue, methyl orange and

mixture of the two.

The binding mode of the formate group to titanium was

evaluated by performing an FTIR study. The frequencies of

asymmetric (m(COO-)as) and symmetric (m(COO-)s) car-

boxylate vibrations were determined in FTIR spectra, and

this difference, (D = m(COO-)as-m(COO-)s) was used as

a basis to find the carboxylate binding; the activities of the

prepared catalysts were evaluated by comparison with the

commercially available Degussa P25 to establish the

hypothesis for enhanced activity.

2 Experimental Materials and Methods

2.1 Catalyst Preparation

The nanoparticles of TiO2 were prepared by the sol–gel

method. Titanium butoxide (Ti(OBu)4, purum C97.0 %

gravimetric), formic acid (CH2O2, *98 %, Fluka) were

supplied by Sigma Aldrich. Anhydrous ethyl alcohol

(C2H6O) was supplied by Commercial Alcohols (Bouch-

erville, Quebec, Canada). All the chemicals were used as

received without any further purification. Reverse osmosis

water was used throughout this research.

Physicochemical Properties of TiO2 891

123



The titanium precursor, titanium butoxide (5 ml) was

dissolved in anhydrous ethyl alcohol (10 ml) followed by

the addition of formic acid (2.2 ml) and water (5 ml) under

strong magnetic stirring. The resulting solution was stirred

for 2 h, hydrolysis and polymerization reactions occurred

in the mixture which resulted into a milky sol of hydrated

titanium hydroxide. The sol solution was aged for gelation

for 6 h at ambient temperature followed by drying in oven

at 85 �C for 24 h. The dried powder or gel (pulverized to

powder) was subsequently calcined at the desired temper-

ature (400, 500, 600 and 700 �C) for 1 h in air at a heating

rate of 10 �C per min to form crystalline TiO2 nanoparti-

cles. The molar ratios were varied throughout the experi-

ment. To investigate the influence of formic acid, the

formic acid/titanium butoxide/ethyl alcohol/water molar

ratio was varied by keeping constant the titanium butoxide/

ethyl alcohol/water ratio at X:1:3:5 while the formic acid

content (X) changed from 0, 1, 2 and 3. These samples

were labeled as TFA0, TFA1, TFA2 and TFA3, respec-

tively. To investigate the influence of water on acid che-

lation, titanium butoxide/ethyl alcohol/formic acid molar

ratio was kept constant at 1:3:1 while the water content

varied from 5, 10 and 15, these samples were designated by

TW5, TW10 and TW15. Also to study the effect of titanium

butoxide on acid chelation, ethyl alcohol/formic acid/water

molar ratio remained constant at 3:1:5 while the titanium

butoxide content is varied from 1, 2 and 3, these samples

were identified by TTB1, TTB2 and TTB3, respectively.

2.2 Catalyst Characterization

The crystal structure of the prepared catalysts was examined

on a Phillips PW 1710 diffractometer using monochromatic

high intensity Cu Ka radiations (k = 0.15418 nm). The

crystallite size was calculated by taking into account the

most intense reflections (101) anatase, (121) brookite and

(110) rutile phase using the Debye–Scherrer formula. The

phase composition of the composite powders were esti-

mated by using the Zhang and Banfield equations [12]. To

evaluate the carboxylate binding mode and the presence of

different bonding vibrational frequencies, infrared spectra

was recorded on a Bruker Tensor 27 FTIR with OPUS data

collection program (V 1.1), in the energy range of

4,000–400 cm-1. The pre-calcined powder was mixed with

the reference potassium bromide (KBr). The band gaps of

the catalyst samples were calculated by using the Kubelka–

Munk function. The absorption spectrum of the catalyst

using KBr as a reference was measured on a thermo sci-

entific UV–Vis Evolution 300 spectrophotometer which is

equipped with integrated Pike technologies EasiDiff, dif-

fuse reflectance accessory in the range 190–800 nm range.

High resolution transmission electron microscope images of

the synthesized samples were obtained with Phillips CM200

TEM operated at 200 kV. Photoluminescence (PL) spectra

obtained at an excitation wavelength of 320 nm of Xe lamp

were recorded on FluroMax-2 spectrofluorometer and

Raman spectra were recorded at room temperature using a

Thermo Fisher Scientific DXR dispersive Raman spec-

trometer under solid LED 532 nm laser excitation.

The photocatalytic activity of the prepared TiO2 catalysts

was investigated for the degradation of methylene blue

(MB) and methyl orange (MO) solutions. The cylindrical

reactor contained 2.4 L aqueous solution of 6.0 mg L-1 of

the dye and 0.1 g L-1 of the prepared TiO2 powder. A

single UV light source (max. output at 254 nm, Germicidal

UVC lamp, Atlantic Ultraviolet Corp. GPH212T5L/4)

protected in a quartz sleeve was placed vertically at the

center point inside the reactor. The reactor solution under

constant magnetic stirring was bubbled continuously with

external air throughout the experiment. UV illumination

was supplied for 1 h experimental duration. A sample of

5 ml was withdrawn at regular interval, before analysis the

sample suspension was filtered to remove the photocatalyst

particles. The photocatalytic degradation of MO and MB

was followed by UV–Vis spectrophotometer by measuring

at 466 and 664 nm, respectively, the maximum absorbance

of the solution fetched every 10 min.

3 Result and Discussion

3.1 TiO2 Phase Formation, Transformation

and Crystallite Size

To evaluate the formation of TiO2 phases in the final product

by employing formic acid as an acid catalyst, the synthe-

sized powders (TFA1) were calcined at different tempera-

tures. Figure 1 shows the X-ray diffraction patterns of the

synthesized TiO2 powders calcined at 400, 500 and 550 �C.

The patterns show that at 400 and 500 �C the powders were

composite mixtures of anatase and brookite (minor phase)

while pure anatase formed at 550 �C. At 600 �C rutile

(minor phase) was obtained with the main anatase phase, and

at 700 �C rutile was the dominant phase in the calcined

powder (see Fig. 1 inset). This suggests that upon heating,

the phase transition among the TiO2 crystalline phases fol-

lows the sequence of brookite to anatase to rutile.

TiO2 brookiteð Þ ! TiO2 anataseð Þ ! TiO2ðrutileÞ

The series of powders prepared in the absence of formic

acid (TFA0) and calcined at 400, 500 and 600 �C (see Table 1)

result in the formation of anatase TiO2 while a further increase

in temperature initiates the transition of anatase to rutile. This

implies that formic acid plays a significant role in crystalline

phase formation. Brookite as a minor phase was observed in

the samples synthesized in the presence of formic acid, but its
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proportion decreases as shown in Tables 1 and 2 with an

increase in the molar ratio of formic acid or decrease in the pH

value of the solution (mole ratio of formic acid used, 1 (pH

3.5), 2 (pH 2.3) and 3 (pH 1.8), respectively). Increase in the

amount of formic acid during the hydrolysis of titanium

butoxide, enhances the proportion of protons [H?] which

results in the formation of Ti–OH2
? ions in the reacting

solution instead of Ti–OH. It may be possible that during the

polycondensation process, the Ti–OH2
? species result in

greater dehydration. As a consequence the resulting TiO6

octahedra may share corners with other octahedra thus

resulting in the formation of anatase (see Fig. 2, schematic I in

supplementary material). On the other hand, at the low con-

centration of [H?], incomplete dehydration of Ti–OH group

may occur during the polycondensation process, which means

that the TiO6 octahedra will share edges and corners and result

in the formation of brookite phase (see Fig. 2, schematic II in

supplementary material). Therefore, low molar ratio of formic

acid will hinder the rearrangement of TiO6 octahedron units

into the pure anatase phase; as a consequence the formation of

the minor brookite phase occurs. In contrast, in the absence of

formic acid during the hydrolysis step, only the addition of

water and an increase in its amount will accelerate the rear-

rangement of TiO6 octahedra units; thus the rate of crystalli-

zation and nucleation increases which favors the formation of

pure anatase phase [13].

In order to test if the above results were due to chelation

effect of formic acid and not the pH value, TiO2 powders

were prepared at the same pH values (3.5, 2.3 and 1.8) as

before by the addition of nitric acid but in the absence of

formic acid. The XRD spectra (see S1 in Supplementary

Information) show that these catalysts were composed only

of anatase phase indicating that in the synthesis process

using formic acid, it is the pH dependent chelation property

that plays a significant role in composite phase formation.

These results are in contrast to those recently obtained by

Liu et al. [14] who showed that the phase transition from

H-titanate to anatase, brookite and rutile depends on the

acid (HNO3) concentration; however it should be pointed
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Fig. 1 X-ray diffraction

patterns of sample powder

(TFA1) calcined at 400, 500,

550, (inset) 600 and 700 �C

Table 1 Effect of calcination temperature on TiO2 crystallite size

and weight fractional composition (the numbers in parentheses) in the

presence (TFA1, molar ratio of formic acid used = 1) and absence of

formic acid (TFA0)

Catalyst

powder

Calcination

temperature

(oC)

Anatase

crystallite

size (nm)

Brookite

crystallite

size (nm)

Rutile

crystallite

size (nm)

TFA1 400 6.9 (0.86) 5.8 (0.14)

500 11.5 (0.93) 4.6 (0.06)

550 22.9 (1.0)

600 26.6 (0.94) 23.1 (0.06)

700 55.2 (0.07) 55.4 (0.93)

TFA0 400 8.6 (1.0)

500 17.2 (1.0)

600 19.8 (1.0)

700 23.0 (0.26) 34.6 (0.74)
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out that Liu et al. used the hydrothermal process and a

different precursor from those used in the present work.

The effects of the concentration of formic acid and water

on ART temperature are illustrated in Tables 1 and 2. The

prepared powders were calcined at 600 �C because at this

temperature rutile phase formation occurs in the TFA1

catalyst sample (see Table 1). The factor which determines

the formation of rutile and its proportion in the final powder

is the amount of water added during the catalyst synthesis

process. Increase in molar ratio of formic acid in the pow-

ders TFA2 and TFA3 causes an improved chelation that

results in the formation of pure anatase phase (see Table 2).

From this result it is clear that an increase in the amount of

formic acid has a positive increasing effect on ART. The

increase in formic acid increases the acidity of the sol; as a

consequence it increases the chelating effect of the formate

group. This increase in chelation results in a strong gel

network and consequently delays the formation of rutile

phase at 600 �C as observed in TFA1 powder. The XRD

patterns of the catalyst powder prepared under the influence

of an increase in the amount of water in the catalyst syn-

thesis process shows the growth of rutile peaks (see Fig. S2

in Supplementary Information). Increasing the amount of

water during the hydrolysis step leads to enhanced forma-

tion of rutile phase. Increasing the water-to-precursor ratio

accelerates the hydrolysis and crystallization reactions;

primary particles aggregate to form larger secondary par-

ticles that are thermodynamically disposed to transform to

rutile; illustrate the fact that anatase to rutile transition

temperature decreases as the water content increases.

Investigating the influence of water and formic acid on

TiO2 crystallite size, we observed that increasing the amount

of water during the hydrolysis step results in the increase of

TiO2 crystallite size as shown in Table 2 whereas increasing

the molar ratio of formic acid causes a decrease in TiO2

crystallite size as presented in Tables 1 and 2. Increasing the

amount of water causes the enhanced hydrolysis of alkoxide

precursor; as a consequence a significant amount of Ti–OH

network groups which are beneficial for the formation of

TiO6 octahedra units are produced. The variation in crys-

tallite size due to the increase in molar ratio of water can be

ascribed to the freedom of TiO6 units arrangement. When

the water content is higher, the space is larger for the TiO6

octahedra units to adjust themselves [13]. Thus, the rear-

rangement of these units will be more regular and will result

in the formation of a structure with large network; therefore

the TiO2 crystallite size increases with increase in the

amount of water. In contrast an increase in the amount of

formic acid results in low crystallite size of TiO2 particles;

acid causes a decrease in the pH of the sol. As a consequence

Ti

O

OH2
+
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+

+H2O

+H2O

C = O

OH

Ti
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+
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+
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Corner sharing anatase
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OH
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O
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OH2
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+H2O

C = O
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Chelated TiO6

Corner and edge sharing brookite

Schematic I

Schematic II

Fig. 2 Proposed schematics of

anatase and brookite formation

from chelated TiO6 octahedra

Table 2 Effect of formic acid (TFAx, where molar ratio x = 2 and 3)

and water (TWx, where molar ratio x = 10 and 15) on TiO2 crystallite

size and weight fractional composition (the numbers in parentheses),

catalyst powders were calcined at 400 and 600 �C

Catalyst

powder

Calcination

temperature

(oC)

Anatase

crystallite

size (nm)

Brookite

crystallite

size (nm)

Rutile

crystallite

size (nm)

TFA2 400 7.7 (0.91) 5.6 (0.09)

TFA3 6.8 (0.97) 5.1 (0.03)

TFA2 600 24.3 (1.0)

TFA3 21.8 (1.0)

TW10 30.6 (0.87) 69.2 (0.13)

TW15 34.5 (0.87) 69.2 (0.22)
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dissolution of TiO2 particles followed by slow recrystalli-

zation of titania particles occurs [15], leading to a decrease

in crystallite size.

3.2 FTIR Spectroscopy Analysis

Figure 3a, b depicts the FTIR spectra of the powder pre-

pared under the influence of an increase in the molar ratio of

formic acid and titanium butoxide, respectively. Figure 3a

(spectrum (i)) shows the spectrum of the sample prepared

without employing formic acid (control sample, TFA0). The

broad absorption peak in the range of 2,800–3,600 cm-1 is

due to OH stretching modes from molecular water; the

intensity of this peak is lowered on adding an increasing

amount of formic acid, spectra (ii–iv). Several peaks in all

spectra in the range of 400–1,000 cm-1 are attributed to

oxygen vibration, Ti–O–Ti vibrational frequencies and Ti–

O stretches. Peaks at 1,375 and 1,465 cm-1 stands for the ds
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Fig. 3 FTIR spectra of TiO2

powder; a Influence of formic

acid—(i) TFA0 (ii) TFA1, (iii)

TFA2, and (iv) TFA3; b Effect

of titanium butoxide—(i) TTB2

and (ii) TTB3
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and das (CH3)-group of titanium butoxide adsorbed on the

surface of TiO2. The ds-CH3 peak shifted to lower wave-

number of 1,357 cm-1, which is attributed to m(COO-)s

symmetric carboxylate stretch and das(CH3) peak dimin-

ishes with the addition of formic acid. The peak at

2,360 cm-1 is unexpected and assigned to atmospheric

carbon dioxide adsorption. The peak at 1,651 cm-1 is

attributed to physically adsorbed water molecules (dH–O–H),

this peak is shifted towards lower wavenumber of

1,600 cm-1 in presence of formic acid and is attributed to

m(COO-)as asymmetric carboxylate stretch.

Formic acid belongs to carboxylic acid family, which not

only acts as an acid catalyst, but also acts as a ligand by

forming different binding complexes. The carboxylate

group has versatile coordination behaviour and for this

reason it can be binded with another metal atom through

ionic, monodentate, bidentate chelating and/or bidentate

bridging modes. To determine the mode of carboxylate

group binding to the metal atom, the difference between the

frequencies of asymmetric and symmetric carboxylate

stretches is calculated (D = m(COO-)as-m(COO-)s) [16].

In Fig. 3a, for the spectra (ii–iv), D is calculated to be

243 cm-1; this value is much higher than that of

Dsodium benzoate (139 cm-1), thus proving that the formate

group is bound to titanium atoms through monodentate

coordination (see Fig. S3—schematic I in Supplementary

Information). To investigate the effect of water on the

monodentate network structure, the amount of water is

increased in the hydrolysis step i.e. using mole ratio 10 and

15 respectively in the catalyst samples containing 1.0 mol

ratio of formic acid. The figure (not shown here) illustrates

that the peaks corresponds to monodentate formate group,

m(COO-)s and m(COO-)as become weaker in intensity

compared to OH peak at 2,800–3,600 cm-1. The increase in

the amount of water alters the pH of the solution (mole ratio

of water used, 10 (pH 4.5), 15 (pH 5.8)) as well enhances

the hydrolysis reaction and weakens the polymeric structure

of the gel. This means that chelation of the carboxylate

group is weakened as evident from the reduced intensity of

the COO- stretches, facilitating increased hydrolysis and

condensation rate and causing a reduction in ART temper-

ature which increases the fraction of rutile phase in the final

powder (see Table 2). This result illustrates that FTIR

results are in agreement with the XRD studies.

Figure 3b shows the FTIR spectra of the powders prepared

under the influence of increasing titanium butoxide amount.

The spectra show asymmetric (1,580 cm-1) and symmetric

(1,382 cm-1) carboxylate stretches. In addition, the peaks

observed at 1,234, 1,103 and 1,041 cm-1 may corresponds to

m(C–O–C) and O–CH3 group or to d(CCH)?d(CH3, CH2)

respectively. Moreover, peaks at 2,900 and 2,960 cm-1 are

assigned to asymmetric stretching vibration of CH3 group.

The calculated experimental value for the carboxylate

stretches, D = 198 cm-1, is consistent with the literature

value for ionic formate (HCOO-) = 201 cm-1 [17].

According to the guideline reported elsewhere [18], for car-

boxylate group to exists in bidentate bridging, the

D(COO-)carboxylate complex B D(COO-)sodium salt. Therefore,

the D value of 198 cm-1 indicates that the formate group

binds to a titanium center in a bidentate bridging mode under

the effect of increasing titanium butoxide (see Fig. S3—

schematic II in Supplementary Information). Due to the che-

lating nature of the formate group, it will not be easy to

dehydrate the powder upon calcination. Therefore anatase

phase is maintained at 600 �C without starting the transfor-

mation into rutile phase as occurred in the TTB1 powder (not

shown here).

3.3 Bang Gap Energies Analysis

The band gap value of the TiO2 catalysts were calculated

using diffuse reflectance spectra in conjunction with modi-

fied Kubelka–Munk (K–M) function. The bang gap values of

TFA1 and TFA0 samples calcined at different temperature

are given in Table 3; for some of the selected TiO2 samples

K–M plot ((aht)1/2 is plotted versus photon energy, ht (eV))

are shown in Fig. 4. The optical band gap was determined by

extrapolating the linear portion of the spectra until it intersect

ht axis (x-axis) at Eg. The band gap value (DEg) for TiO2

crystallite forms are: anatase (3.21 eV), brookite (3.13 eV)

and rutile (3.0 eV) [19]. Literature shows small variations in

the band gap value of TiO2 polymorphs and this difference is

being attributed to crystalline size, the impurities content,

variation in the reaction stoichiometry of the synthesis

technique and the type of electronic transitions [20]. In

addition, it may also be true that variation in absorption

spectra is dependent on the formation of composite mixture

of two or three crystalline form of titania, which are, anatase-

brookite, anatase–rutile and anatase-brookite-rutile. It is

obvious that a sample containing high percentage of anatase

or brookite the absorption onset moves towards shorter

wavelengths; in contrast, increase in rutile percentage will

shift the absorption spectrum towards longer wavelength.

Hence in broad spectrum, pure TiO2 band gap energy is a

function of particle size and for composite sample it is a

function of particle size and phase composition and surface

reconstruction during calcination.

As shown in Fig. 4 the shifting of K–M spectra towards

longer wavelength is less for the anatase-brookite in com-

parison to a composite mixture of anatase–rutile; this may be

due to the very stable nature of rutile phase. Both anatase and

brookite are metastable, and due to reversible random phase

transitions, the shift in absorption spectra for longer wave-

length is minimum. Also, the intensity of the K–M spectra for

anatase-brookite composite was higher than anatase–rutile

composite, because of multiple scattering, which implies the
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presence of large number of particles with decreased particle

size. It was observed that as the particle size increases both a

decrease in the reflectance intensity value and in the straight

portion (absorption tail) of the K–M spectra occur. The

absorption tail is also known as Urbach tail and the energy

associated with this tail is known as Urbach energy [21] and

is given by a = ao exp((ht-Eo)/Eu)), where a is the

absorption coefficient, ao and Eo are material properties, ht is

photon energy and Eu is the Urbach energy. Urbach energy

values are calculated by plotting lna versus E (ht) (see Fig.

S4 in Supplementary Information), the reciprocal of the slope

of the linear portion, gives the value of Eu. The Urbach

energy values are given in Table 3, the broadness of the

Urbach tail is the consequence of structural disorder such as

crystalline disorder due to large amount of hydroxyl groups,

oxygen defects, thermal disorder contributed by lattice pho-

nons-electron interaction and different grain boundary

defects [21]. The Urbach energy values are high for pure

anatase and composite mixture (anatase-brookite) calcined at

lower temperature due to greater crystal disorder (may be

somewhat amorphous nature and impurities), metastability

and lower crystallinity. These defects are getting minimized

with lowering of Urbach energy on the consequence of

increase in calcination temperature and in effect crystallite

phase transformation, decrease in crystal deformation

through increase in crystallinity with more order structure,

stability and particle size occurs. In general as shown in

Table 3 the formic acid modified samples (TFA1) have

higher Urbach energy value compared to TFA0, this may be

due to the chelating nature of the formic acid that resulted in

composite mixture of anatase-brookite at 400–500 �C and

anatase–rutile at 600 �C, respectively.

3.4 Transmission Electron Microscope Analysis

The bright filed TEM images of sample (TFA1) powder

calcined at 400, 600 and 700 �C are shown in Fig. 5a–c.
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Fig. 4 Kubelka–Munk (K–M) plots; full lines—TFA1 and dotted lines—TFA0 powder calcined at different temperatures

Table 3 Band gap and Urbach energy (Eu) values of the TiO2

powder synthesized in the presence of formic acid (TFA1, molar ratio

of formic acid used = 1) and in absence of formic acid (TFA0) and

calcined at different temperature

Catalyst

powder

Calcination

temperature (oC)

Band

gap (eV)

Urbach energy (meV)

(correction factor)

TFA1 400 3.13 336.9 (r2 = 0.9885)

500 3.06 136.1 (r2 = 0.9891)

550 3.01 134.1 (r2 = 0.9993)

600 2.94 129.2 (r2 = 0.9969)

700 2.81 45.6 (r2 = 0.9887)

TFA0 400 3.0 119.7 (r2 = 0.9864)

500 2.97 116.4 (r2 = 0.9804)

600 2.93 91.1 (r2 = 0.9868)

700 2.81 43.7 (r2 = 0.9806)
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An increase in temperature does not only result in the

increase of particle size but also decreases the amorphous

content; as a consequence the particles are more distinct

and crystalline in nature.

The HRTEM image of the sample (TFA0) calcined at

700 �C is presented in Fig. 5d, the figure shows that the

packing of the structural units are irregular, the particles

seem to be encapsulated indicating a cloudy aspect and

visually it is difficult to differentiate particles from each

other. Such morphology may be due to the absence of

formic acid because protons from the acid medium limit

the condensation and allow gelation, favor the formation of

more uniform and distinct crystalline particle morphology.

Moreover, XRD analysis shows that the sample is a com-

posite mixture containing 75 % rutile, the particle size of

rutile is small in comparison to TFA1 powder (see Fig. 5c)

containing 93 % rutile. Some of the rutile particles are

highlighted with dashed circles. The well-defined circles in

the SAED patterns (see Fig. S5 in Supplementary Infor-

mation) further clarify that the powder has a well defined

(a) (b)

(c) (d)

Fig. 5 TEM images of the

synthesized samples, a TFA1

calcined at 400, b 600, c and

700 �C; d TFA0 calcined at

700 �C
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crystalline morphology, the SAED results support the XRD

results (see Fig. 1).

3.5 Photoluminescence Analysis

PL analysis is a tool in providing useful information on

electronic and optical properties of TiO2 materials. Little is

known about the PL properties of TiO2 calcined at different

temperatures; therefore we attempt to explain the PL

spectra features of TFA1 (shown in Fig. 6) and TFA0 (not

shown here) powders prepared at 400–700 �C. On com-

paring the two PL spectra no observable change in peak

positioning or the appearance of any new PL peak was

recorded except variation in peak intensity and an overall

decrease in PL intensity was observed for TFA1 powder

which is prepared by employing formic acid. PL emission

is the result of electron–hole recombination, thus the

decrease in PL intensity of TFA1 powders is attributed to

the catalyst composite nature (anatase-brookite at 400 and

500 �C and anatase–rutile at 600 and 700 �C) compared to

TFA0 powders composed of pure anatase. The anatase-

brookite or anatase–rutile heterojunctions enhance charge

separation and prevent the recombination of photogener-

ated charge carriers. The PL intensity of the synthesized

powders (TFA1) was noted to decrease with the increase in

calcination temperature; our results contradict the trends

observed by Mathpal et al. [22]. In the TFA1 PL spectra

excited with 320 nm, the UV emission peak at 394 nm is

attributed to the phonon assisted indirect transmission from

the center of Brillouin zone to the edge, U3 to X1b (where U
denotes the center of Brillouin zone (BZ) and X denote the

edge) while the one at 418 nm is ascribed to the phonon

assisted indirect transition but from the edge to the center

of the Brillouin zone (X1a to U1b) [23]. The intensity of

both these peaks, 394 and 418 nm (denoted by dotted line)

are weakened in the TiO2 powder calcined at 600 and

700 �C, this may be due to the presence of rutile phase. The

sample calcined at 700 �C is composed of anatase–rutile

(1:99), the powder showed absorption spectrum in the

visible region (see Table 3) as a consequence the UV peak

at 394 nm is completely diminished. Also, the lower band

gap of the rutile nanocrystals creates energy wells that trap

electrons [24], as a result the radiatively back transferring

of photogenerated electrons from the conduction band to

the valance band is minimized. The minor emission peak at

411 nm probably originates from the radiative defects

related to oxygen vacancies. The peak at 436 nm is

attributed to self-trapped excitons localized on TiO6

octahedra and the emission peaks at 449 and 456 nm are

related to surface states (Ti–OH) [25]. Oxygen vacancies

with two or one trapped electrons (F color center or F?

color center) are assigned to the peak at 461 nm, whereas,

oxygen vacancies with two trapped electrons are

represented by the peak at 465 nm [26, 27]. The emission

peak at 471 nm may be due to band edge emission or

related to crystal defects such as oxygen vacancies or

interstitial sites in TiO2. Ti?4 ions adjacent to oxygen

vacancies (intra gap surface states) or charge transfer from

Ti?3 to oxygen anion in a TiO6 complex associated with

oxygen vacancies at the surface is attributed to the peak at

490 nm. The formation of oxygen defect states (TiO2-x)

located near the bottom of the conduction band is assigned

to the peak at 490 nm [28]. A broad emission in the range

from 500 to 550 nm is assigned to the surface states (Ti?4–

OH) and/or oxygen vacancies [29, 30]. The emission peak

at 562 nm (denoted by dotted line), only observed in the

composite sample of TiO2 calcined at 600 and 700 �C is

assigned to the existence of localized energy levels in the

forbidden energy gap. The existence of this peak is due to

the presence of rutile phase which become responsible for

the absorption red shift in TiO2 as well the decrease in the

recombination rate between the photogenerated electron

and holes.

In PL analysis we noticed that increase in calcination

temperature plays a significant role on PL characteristic

features as well on its intensity. Increase in calcination

temperature causes mainly the oxygen defect vacancies in

TiO2. The highest PL intensity was recorded for TiO2 powder

calcined at 400 �C, which may be due to the self-trapped

excitons recombination generated due to the combined effect

of oxygen vacancies and particle size. In contrast, the lowest

PL intensity was noticed for bulk TiO2 powder prepared at

600 and 700 �C; this occurs due to the increase in crystal-

linity and the composite nature of TiO2 powder, which

implies the appearance of rutile phase. The rutile phase

becomes responsible for the decrease in peak intensity at 396,

411 and 418 nm and appearance of the peak at 559 nm in the

visible region. These peaks were responsible for the UV

emission, radiative defects, back transferring of electrons

from CB to the VB as well decrease in the recombination of

electron–hole pairs; therefore on the basis of PL analysis we

believe that the composite powder will show enhanced

photocatalytic activity for the selected pollutants.

3.6 Raman Analysis

Raman spectroscopy is one of the most effective charac-

terization tools for the study of crystalline structure, phase

transformation, crystallinity and defect structure associated

with the materials. The change in Raman peaks position,

line width and shape of the Eg Raman mode are related to

phonon confinement, shape and morphology distribution of

various TiO2 nanostructures, oxygen vacancies and to

increase in temperature [22, 31]. Figure 7 illustrates the

Raman spectra of TAF1 sample powder calcined at

400–700 �C.
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The anatase phase is characterized by the tetragonal

space group of I41/amd and according to factor group

analysis anatase has six Raman active modes ((1A1g, 2B1g

and 3Eg), while rutile structure is characterized by the

tetragonal space group of P42/mnm and possess five

Raman active modes (B1g, multi-proton process, Eg, A1g

and B2g) [32]. In the present analysis, four Raman transi-

tions at Eg (143 cm-1), B1g (395 cm-1), A1g (515 cm-1)

and Eg (638 cm-1) were observed for anatase TiO2 cal-

cined at 400 and 500 �C. The B1g mode at 195 cm-1 was

observed for anatase TiO2 calcined at 600 �C, the absence

of this peak (B1g—195 cm-1) and the low Raman intensity
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indicates that amorphous nature still remain in the powder

calcined at 400 and 500 �C. All the bands assigned to

anatase phase become sharp and strong after calcination at

600 �C, this is due to the increase in crystallinity in the

sample. These results are in agreement with those of XRD.

The variation in FWHM (full width at half maximum) in

Raman bands are clearly visible, it has been observed that

with increase in calcination temperature; FWHM600 [
FWHM500 [ FWHM400, respectively.

The samples calcined at 700 �C contain rutile as the

major phase with anatase as the minor one, it shows three

Raman transition for rutile, multi-proton process

(233 cm-1), Eg (446 cm-1) and A1g (610 cm-1) and two

anatase active modes, Eg (142 cm-1) and A1g (513 cm-1).

This result clearly reveals that both anatase and rutile phase

are well preserved after calcination at 700 �C, which is

consistent with XRD patterns. Furthermore, it is notewor-

thy that the anatase strongest mode Eg (144 cm-1) starts

decreasing in intensity indicating the anatase phase starts to

transform into rutile phase, in pure anatase the value of the

ratio A1g/Eg is different from that of anatase–rutile mixture

(anatase-A1g/Eg, rutile-A1g/Eg). It is obvious that using

Raman spectroscopy the percentage of specific exposed

facets in anatase phase can be measured [32]. In the present

analysis, the difference in the Raman mode ratios (A1g/Eg)

for pure anatase and anatase–rutile mixture confirms that

the percentage of specific exposed facets of anatase is

changing into rutile TiO2 during the calcination, and that is

why the strongest Raman mode (Eg—144 cm-1) of ana-

tase decreases in intensity and the Raman modes for rutile

develop, illustrating that ART is taking place.

Figure 7 inset shows the Raman band shift and broad-

ening in Eg mode (144 cm-1) of TiO2 nanoparticles cal-

cined at 400–700 �C. It is well confirmed that crystallite

size in the nano range may affect the broadening and fre-

quency shifting of the Raman peaks due to phonon con-

finement effect [31]. The present Raman band broadening

and frequency shifting is not due to phonon confinement

because according to XRD results the particle size

increases dramatically with increase in calcination tem-

perature. The anomalous variation in the intensities of the

Raman bands, shifting towards lower wavenumber and

broadening as a function of temperature may not be

attributed to the increase in crystallite size only but may be

because of crystallinity, existence of mixed phases (ana-

tase-brookite and or anatase–rutile) and oxygen vacancies.

TEM micrographs show the particles morphology versus

increase in calcination temperature (see Fig. 5). The par-

ticles calcined at 600 �C are more compact and agglom-

erated and have high crystallinity in comparison with

particles calcined at 500 and 400 �C. Such behaviour may

also contribute towards Raman mode broadening and fre-

quency shifting. The deviation from phonon confinement

model observed in this study is attributed to crystallinity,

composite nature of the samples and more specifically to

the oxygen vacancy induced defects resulting into the

change of O/Ti ratio (oxygen stoichiometry) for the TiO2

particles calcined at various temperatures.

3.7 Photocatalytic Analysis

The photocatalytic activity of the prepared TFA1 and TFA0

powders and of Degussa P25 was studied by monitoring the

degradation of MB dye solution, as shown in Fig. 8a. At low

calcination temperature (400 �C) TFA1 show higher cata-

lytic activity than TFA0, then at 500 �C both of the catalysts

activity is approximately equal while at 600 and 700 �C

again TFA1 outperforms the TFA0 in photocatalytic activity.

This enhanced activity can be attributed to the composite

nature of the powder, high crystallinity (see Sect. 3.1), sur-

face defects, Ti?3 centers and oxygen vacancies (see Sect.

3.5). The synthesized samples follow the order of photo-

catalytic activity as: anatase–rutile (94:6) [ Degussa P25

(anatase–rutile-amorphous content (71:27:2), specific sur-

face area 50 m2 g-1, crystallite size of anatase (20.8 nm)

and rutile (30.5 nm) [33] ) [ anatase-brookite (86:14) [
anatase [ anatase–rutile (7:93). The composite powders

have shown higher activity than pure anatase due to a

decrease in recombination rate, the intimate contact between

TiO2 composite phases may enhance the separation between

photogenerated electrons and holes to be consumed in the

occurring process redox reactions [34, 35]. There must be an

optimum fraction of rutile phase in the composite mixture of

anatase–rutile, in the present case it is 6 %, further increase

in rutile fraction causes a decrease in photocatalytic activity.

Due to the large particle size of the rutile phase, the specific

surface area decreases; as a consequence the surface will

have fewer active sites for the decomposition of MB. In

addition to the decrease in surface area, rutile has lower

degree of surface hydroxyl groups which are the main hole

scavenger in the photocatalytic process. The concentration

of absorbed hydroxyl group at the catalyst surface decreases

as a consequence of rutile formation at high calcination

temperature. In comparison to rutile, the conduction band in

anatase has higher energy; thus electron transfer from the

conduction band to the adsorbed oxygen (main electron

scavenger) molecule is energetically easier at the anatase

surface than rutile surface; moreover, due to the different

crystal structure the adsorption capability of anatase for

organic dye molecule is higher than rutile [36]. PL analysis

depicts enhanced formation of oxygen vacancies, the pho-

toinduced electrons bound to the oxygen vacancies could

promote easy adsorption of O2 molecules to the catalyst

surface to generate superoxide radicals (O2
•-). The presence

of oxygen vacancies in TiO2 structure which are produced

due to increase in calcination temperature are beneficial for
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photocatalytic reactions because O2 is an active agent used in

the oxidation of organic substances. Furthermore, absorption

of electron by Ti?4 ions or oxygen vacancies on the surface

of TiO2 particles will give rise to Ti?3 centers, which are

capable of trapping electron thus retards the recombination

phenomena and improves photocatalytic activity.

Langmuir–Hinshelwood kinetics has been used to

characterize the degradation of organic pollutants in TiO2

photocatalysis [37, 38], which may be expressed as follows

(Eq. (1)).

� dC

dt
¼ kappCo ð1Þ

where, ‘‘dC/dt’’ represent the rate of change of in the

organic pollutant concentration with respect to the illumi-

nation time ‘‘t’’, ‘‘kapp’’ is the apparent first order reaction

rate constant and ‘‘Co’’ the concentration of the organic

pollutant.

Integration of the (Eq. 1 yield the following equation

Eq. 2).

� ln
Co

C

� �
¼ kappt ð2Þ

The kinetics of the photocatalytic degradation of MB is

illustrated in Fig. 8b. The plot between ln(C/Co) versus

irradiation time (t) gives a linear dependency with a cor-

relation factor R2 [ 0.95 showing pseudo first order deg-

radation kinetics for MB. Figure 8c demonstrates the

variation of the rate constant (kapp) calculated for the

decomposition of MB with TFA1 powder calcined at dif-

ferent temperature, the powder calcined at temperature

600 �C gives highest value of kapp (0.074 min-1) which is

even higher than the commercially available Degussa P25

(0.067 min-1).

To investigate further the activity of the catalyst

powder with other pollutant, we tried MO and a mixture

of MB and MO were used. Figure 9 illustrates the

activity and the insert shows the first order kinetics of the

TFA1 and TFA0 powders calcined at 600 �C and Degussa

P25 for the decomposition of MO, while the insert

demonstrates the first order kinetics of MO degradation.

Similarly, the catalyst also showed enhanced activities

for the decomposition of a mixture of MB and MO (see

S6 in Supplementary Information), it was observed that

the rate of decomposition of MO is delayed in compar-

ison to MB. This may be due to its molecular structure
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or the resistant nature of the intermediates formed, the

insert shows the UV–Vis spectrum of mixture of MO and

methylene blue.

4 Conclusions

• Anatase-brookite mixture was obtained as a result of

acid (formic acid) hydrolysis of titanium alkoxide while

in the absence of acid pure anatase TiO2 formation

occurs at 400 �C.

• Rutile fraction in the final material increases with

increase in the water content in the hydrolysis step.

This happens, because the acidity of the sol as well the

chelating effect of the formate group decreases as a

result a weakened gel network formation takes place,

consequently a decrease in ART temperature occurs.

• FTIR study showed that formic acid chelates with

titanium precursor in the monodentate coordination

mode, while under the effect of increase in titanium

butoxide content, the formate group forms bidentate

bridging linkage with titanium atoms.

• The effect of the structural transformation from anatase

to composite mixture of anatase–rutile has been

observed in the PL intensity as well in the Raman

spectra. Raman band broadening and shifting was

observed with increase in calcination temperature due

to increase in crystallinity, composite nature of the

powder and oxygen vacancy induced defects.

• Photocatalytic studies showed that the formic acid

modified sample, TFA1 (calcined at 600 �C) with an

anatase/rutile mixture of 94:6 was more effective than

Degussa P25, TFA1 (calcined at 400 �C) with anatase/

brookite mixture of 86:14, TFA1 (calcined at 550 �C) with

pure anatase and TFA1 (calcined at 700 �C) with anatase/

rutile mixture of 7:93 for the degradation of MB, showing

that composite mixture is more effective than either phase

alone. In addition, Ti?3 centers, oxygen vacancies and

increase in the degree of crystallinity due to increase in

temperature may also contribute towards enhanced activ-

ity although there is drastic increase in crystallite size. The

photocatalytic decompositions of MO and a mixture of

MB and MO were also investigated with TFA1 and TFA0

catalyst powders and compared with Degussa P25. It was

observed that MO showed decreased degradation com-

pared to MB, this may be due the resistant nature of its

molecular structure or the intermediate products formed in

the photocatalytic process.
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