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Microwave hydrothermal-assisted sol-gel method was employed to synthesize the Fe doped TiO
2
 photocatalyst. The

morphological analysis suggests anatase phase nanoparticles of ~20 nm with an S
BET

 area of 283.99 m
2

/g. The doping of Fe

ions in TiO
2
 created oxygen vacancies and Ti

3+

 species as revealed through the XPS analysis. The reduction of the band gap

(3.1 to 2.8 eV) is occurred by doping effect. The as-prepared photocatalyst was applied for removal of NOx under solar light

irradiation. The doping of Fe in TiO
2
 facilitates 75!% of NOx oxidation efficiency which is more than two-fold enhancement

than the TiO
2
 photocatalyst. The possible reason of enhancement is associated with high surface area, oxygen vacancy, and

reduction of the band gap. Also, the low production of toxic intermediates, NO
2
 gas, is further confirmed by Combustion Ion

Chromatography. The mechanism related NOx oxidation by the doped photocatalyst is explained in this study. 

Key!words: Fe doped TiO
2
, Microwave hydrothermal, Sol-gel; DeNOx, NO

2
 inhibition.

Introduction 

Since the last decade traces of oxides of nitrogen

(NO + NO2 = NOx) had been found responsible for

atmospheric environmental problems. NOx is part of

the gaseous pollutants that receives major attention due

to the hazardous impact it has on human health and the

environment [1, 2]. The primary route of NOx to enter

the atmosphere is from the emission of vehicles and

combustion in industries. Although removal and

prevention treatments are in practice, the removal of

NOx is not successfully achieved. One of the major

concerns of these treatments is the production of toxic

intermediates such as NO2 gas [3, 4]. Hence, new

eradication methods need to be considered for the

effective oxidation of NO.

Photocatalysis is a relatively cheap and novel

technique for the decomposition of contaminants in

aqueous and gaseous media. The process goes from

charge separation to the charge consumption on redox

reactions. In general, an electron is excited from the

valence band to the conduction band leaving a hole

behind. Then, the photoinduced holes can be easily

captured by chemisorbed surface hydroxyl to produce

hydroxyl radical group OH
•
, while the electrons can be

trapped by adsorbed O2 to produce superoxide radical

ion O2

•
 [5, 6].

Titanium dioxide (TiO2) has been found to be a good

catalyzer because it is chemically stable and ecologically

benign. TiO2 exists in three important polymorphs,

rutile, anatase, and brookite but is generally accepted

that anatase exhibits a higher photocatalytic activity.

The band-gap of TiO2 anatase is of 3.2 eV. Thus, it is

exclusively active for UV light, about 3 % of the solar

spectrum. Such disadvantage requires the re-engineering

of the band-gap structure to increase the photoactivity

of TiO2 [7, 8].

Different methods have been suggested to reduce the

band gap of TiO2. However, partly substitution of Ti with

a transitional metal ion such as Cr, Mn, Cu, Ag, and Fe

has proved to have higher photocatalytic activity under

visible light owing to a band gap narrowing [9-14].

Among the dopants, Fe shows to be adequate due to

the similarities in ionic radii (Fe
3+
: 0.64 Å and Ti

4+
:

0.68 Å), which allow effective incorporation in the

TiO2 structure. Furthermore, the energy levels Fe
2+
/Fe

3+

can act as electron traps due to the similarity to Ti
3+
/

Ti
4+ 
[15, 16]. 

In the present work, Fe-doped TiO2 was synthesized

by a hydrothermal-assisted sol-gel method. Different

concentrations of Fe-doped TiO2 have been prepared

and investigated for their photocatalytic performance

on the gaseous media. The designed photocatalyst

possesses a perfect combination of electronic and

structural properties that facilitate the adsorption of NO

gas while inhibiting the production of toxic intermediates

such as NO2. 
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Experimental Procedure

Synthesis of the photocatalyst 

Titanium (IV) Isopropoxide (Ti[OCH(CH3)2]4, Mw =

284.22), and Iron Nitrate (Fe(NO3)3·9H2O, Mw =

404.00) were purchased from Sigma Aldrich. The

materials were analytical grade and used without any

further purification. TiO2 was prepared using a sol-gel

hydrothermal-assisted method. First, a required amount of

alkoxide was dropped into a solution of distilled water

and ethanol for a period of 120 min. The molar ratio

was 1:3:8 (alkoxide/ethanol/water). Subsequently, the

solution was loaded into microwave irradiation for 240

min at 150 W. Finally, the product was washed with

distilled water and dried. The method was revised and

modified from previous works [17, 18]. For the Fe-

doped TiO2, a desired amount of Fe(NO3)3·9H2O was

mixed in the ethanol and water to form molar

concentrations of 2, 3, and 4 mole %. The rest of the

procedure was followed as mentioned above. The

samples were labeled as TF2, TF3, and TF4 respectively.

Characterization method

The crystal phase was determined by X-Ray

diffraction using a spectrometer Rigaku D/mas-2200

HR with a CuKα radiation, at a scan ratio of 4ᵒ/min.

The crystal size was obtained according to the Scherrer

formula. Morphological studies were carried out using

Field-Emission Scanning Electron Microscopy (FESEM,

JEOL-2010). Later, High-Resolution Transmittance

Electron Microscopy (HRTEM, JEOL, JIEM-2100F) was

utilized to investigate the crystal structure. The Brunauer-

Emmett-Teller (BET) surface area (SBET) and pore size

distribution were collected from a micrometric ASAP

2020 nitrogen adsorption apparatus. The chemical

composition was studied from X-Ray Photoelectron

Spectroscopy (XPS) by an XR5 gun -500 µm at 15 kV/

150 w. To understand the molecular bonds, Raman

spectroscopy was performed using confocal µ-Raman

System (LabRAM HR800, 532 nm laser). The optical

properties were measured using DRS UV-vis absorption

spectra using a JASCO, V-570 spectrophotometer.

While the indirect band-gap was calculated by the

Kubelka-Munk Function.

Photocatalytic measurement

The photocatalytic activity was measured by the

removal of NOx gases. An apparatus Horiba APNA-

370 was used to monitor the NOx flow. A solar

simulator from ABET technologies with a full range

wavelength was used as the light source. The experiment

was executed with 0.05 g of catalyst dissolved in

acetone and evenly dispersed in a sample dish of 50

mm of diameter. After dried, the sample dish was

supported in the middle of the reactor. The experiment

was fixed in a continuous NO flow to form an initial

concentration of ~400 parts per billion (ppb) of NO,

~30 ppb of NO2, and a relative humidity of ~50%.

After a flow stabilization and an adsorption-desorption

period of 30 min, the sample was irradiated for 60 min.

Measurements were taken at certain intervals of time.

Finally, the NO3

−

 formation over the catalyzer after

used was measured by Combustion Ion Chromatograph

(ICS 3000, Dionex).

Results and Discussion

Characterization of the catalyst 

Fig. 1 shows XRD patterns of the samples TiO2,

TF2, TF3, and TF4. According to the JCPDS card no.

21-1272, all samples show the representative peaks of

anatase phase. The Fe-doped samples present broadening

of (101) peak with the decreased peak intensity. This

can be attributed to distortions provoked by the

addition of foreign ions (Fe) [19]. The ions of iron

interact with the TiO2 alkoxide precursor in the sol

step. Later, during the gelation, the Fe ions are able to

incorporate in the TiO2 lattice. The incorporation

happens through the substitution of some Ti ions by Fe

ions. The substitution is possible as a result of the

similar ionic radii [20, 21]. Additionally, the Debye-

Scherrer formula (d = 0.9λ/β cosθ) was used to determine

the size of the crystal. TiO2 counts with crystallite size

of ~12.5 nm, while the samples TF2, TF3, and TF4 are

of 8.7, 5, and 7 nm, respectively. The reasons for

reduction in crystallite size in samples TF2, TF3, and

TF4 are associated with introduction of Fe ions that

inhibit the grain growth as well as fast crystallization

process [22]. In addition, the low crystallite size of TF3

is related with optimal doping amount of Fe ions in

TiO2 lattice. Furthermore, the crystallite size of TF4 is

increased due to exceed of doping level.

The FESEM images from TF2, TF3, and TF4 samples

are presented in Fig. 2a, 2b, and 2c, respectively. All

the samples consist of irregular sponge-like particles.

However, the addition of Fe species produced a reduction

Fig. 1. XRD spectra of the as-synthetized samples.
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on the crystal size and increment of agglomerations.

The sample TF4 counts with the highest degree of

agglomeration. This is attributed to the accelerated

nucleation provoked by the addition of Fe ions that

makes the higher saturation resulting smaller crystal

size [22]. The nucleation and crystal growth rate show

to be dependent on the seed characteristics. This is, the

samples with low saturation of TiO2 and Fe ions (TiO2

and TF2), the crystal nucleation follows a “primary

mechanism”. The primary mechanism happens when

the solute aggregates overcome the critical size, and the

nucleus remains as a crystallite. On the other hand, the

supersaturated solutions (TF3 and TF4) have a crystal

nucleation through the “second mechanism”. This last

mechanism is the formation of small particles by the

reduction of crystals via breaking mechanisms; abrasion,

attrition and fracture [23]. 

Fig. 3 reveals the TEM elemental mapping of the

samples TiO2 (Fig. 3a, 3b, and 3c) and TF3 (Fig. 3d, 3e,

3f, and 3g). It is confirmed an elemental composition

of Titanium and Oxygen in TiO2. The sample TF3

counts with an elemental composition of Titanium,

Oxygen, and Iron. Additionally, HRTEM images (Fig.

4) show that TiO2 (Fig. 4a) and TF3 (Fig. 4b) have a d-

spacing of 0.35 nm, which corresponds to the crystal

phase anatase of the plane (101) [7]. It is easy to see

that the lattice parameters of the doped-sample remains

as the plain TiO2. This is explain by the similarities of

ionic radii found in the Ti ions and Fe ions. Thus, any

substitution of Fe ion will keep the same lattice spacing

in the crystallite [9]. The same polymorph was confirmed

by the solid phase crystallization (SPC) in the anatase

phase. This is consistent with the XRD analysis. 

Fig. 5 shows the N2 absorption-desorption isotherms

of the TiO2 and TF3. The surface area, obtained by the

BET method, of TiO2 and TF3 samples are 104 m
2
/g

and 283.99 m
2
/g, respectively. The isotherms represent

the relation of N2 adsorbed vs the relative pressure,

which exhibit the fluid-wall interaction and the stability

of fluids confined in a pore. According to the IUPAC

Fig. 2. FESEM images of the samples: (a) TF2, (b) TF3, and (c) TF4.

Fig. 3. TEM elemental mapping composition of the samples TiO
2
 (a-c), and TF3 (d-g).



Enhancement of NOx photo-oxidation by Fe-doped TiO
2
 nanoparticles 225

classification, the shapes of the hysteresis loops are of

the type H1 for TiO2 and H3 for TF3 samples. The

materials with H1 type are associated with porous

structure with narrow distribution of pores. Differently,

the Isotherms of type-3 are described by materials with

plate-like agglomerations forming slit-shaped pores

arrangement [24]. The huge increment of surface area

and pore volume are related to the reduction of the

crystal size [25]. Furthermore, the corresponding BJH

pore volume distribution were 0.196 cm
3
/g and 0.20

cm
3
/g for TiO2 and TF3, respectively, which is

consistent with the FESEM images.

X-ray photoelectron spectroscopy was utilized to

investigate the surface elemental composition of TiO2

and TF3 samples (Fig. 6). Analysis of the Ti 2p peaks

revealed a doublet splitting orbital of Ti 2p1/2 and Ti

2p3/2. After a deconvolution, Ti 2p3/2 at 459.5 eV and

465.3 eV are assigned to the Ti
4+
 state of TiO2.

Fig. 5. N
2
 adsorption-desorption isotherms of the samples TiO

2

and TF3.

Fig. 4. TEM, HRTEM images and SPD patterns of the samples: (a-c) TiO
2
 and (d-f) TF3.
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However, the sample TF3 (Fig. 6c) presents the Ti
4+

state at 459.2 and 465 eV, and an extra peak

corresponding to the Ti
3+
 state at 457.8 eV. It is

suggested that the new state arises from the substitution

of Ti
4+
 by Fe

3+
 ion. Hence, charge neutrality requires

the formation of Ti interstitials of the lower valance

[26]. Fig. 6b and 6d show the corresponding O 1s

spectra. The two fitted peaks are assigned to the lattice

oxygen atoms in the TiO2 crystal. The peak at 530.8 eV

on TiO2 and 530.7 eV on TF3 are originated from the

O-Ti and Fe-O bonds (OL). The small second peak at

531.6 eV (also, 531.4 eV for TF3) might be originated

from the hydroxyl groups and chemisorbed species

(Oc) [27]. Additionally, analysis on Fe 2p was performed

to confirm the effective doping (Fig. 6e). The plot

exposes the binding energy of 2p3/2 at 709.1 for Fe
2+

and 710.5 for Fe
3+
. This information suggests the

presence of bonds of the type Fe-O-Fe and Ti-O-Fe

[28]. The survey spectra confirm the Ti, O, and Fe

elements in the samples (Fig. 6f). In addition, the XPS

suggests the existence of Ti
4+
, Ti

3+
,
 
O, Fe

2+
, and Fe

3+

species in the samples. 

Fig. 7 presents the Raman spectra of the as-prepared

samples. The active vibrational modes were observed

at 137.64 cm
-1
 (Eg), 391.6 cm

-1
 (B1g), 507.5 cm

-1
 (A1g),

and 632 cm
-1
 (E2g). All active modes are attributed to

the anatase phase [29]. This information is consistent

with the XRD results shown in Fig. 1. Nonetheless, it

is evident that the intensity of the vibrational bond is

decreased in the doped samples, and that is strongly

dependent on the doping amount. These results can be

Fig. 6. XPS curves of Ti 2p, O 1s, and Fe 2p from the samples TiO
2
 (a-b) and TF3 (c-e) image f shows the surveys of same both samples. 

Fig. 7. Raman spectra of the as-prepared samples.
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interpreted by the change of equilibrium in the lattice

parameters, due to the substitution of Ti
4+
 by Fe

3+
. This

is, the difference in charge produces the enlargement

and contraction of the crystal lattice leading to a

decrease in the intensity of the peaks [30]. These

results are in good accordance with the XPS analysis

(Fig. 6).

Optical properties were analyzed by DRS UV-Vis

absorption. Fig. 8 presents the spectra corresponding to

the as-synthesized samples. It is observed that the light

absorption by samples lies in the UV region. However,

the Fe-doped samples present an extra absorption peak

at 500 to 600 nm (yellow color region). The change of

coloration is related with the Jahn-teller split (
2
T2 → 

2
E)

electronic transitions. This transition is derived from

the Ti
3+
 centers [31]. The visible light absorption range

corresponds to the coloration of the powders. Later, the

optical band-gap was obtained by the study of Kubelka-

Munk Function [(αhν)
2
 vs hν], as shown in Fig. 8

(inset). Pure TiO2 counts with a band gap of 3.1 eV.

Likewise, TF2, TF3, and TF4 own bandgaps of 3.1,

2.7, and 2.6 eV, respectively. Hence, it is assumed that

the Fe-doping decreases the band gap energy due to the

new energy levels introduced by Fe ions between

valance and conduction band [32]. To confirm this

assumption, valance band-XPS analysis were performed.

Fig. 9 shows the XPS valance band curves corresponding

to TiO2 (Fig. 9a) and TF3 (Fig. 9b). Additionally, the
Fig. 8. UV-vis DRS UV absorption curves from the synthetized

samples. Inset the corresponding Kubelka-Munk plots. 

Fig. 9. VB-XPS plots along their suggested band-edge of the samples TiO
2
 and TF3.
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proposed band edges on basis of the VB-XPS and the

Kubelka-Munk information are shown. It is clear that

the band gap of TF3 is reduced in comparison to TiO2.

Also, the band edge of TF3 manifests a new energy

level observed at 0.9 eV above the valance band edge.

The new level can be attributed to the unoccupied Ti
3+

states formed by the introduction of Fe (III) and Fe (II)

species [33]. 

Photocatalytic activity 

Fig. 10 shows the oxidation process of the gaseous

pollutant (NO) by the samples in presence of simulated

solar light. The first 30 min corresponds to the DeNOx

activity of the samples under dark conditions. After the

light is turned on, an immediate decrease of NO is

obtained until reaching concentration of ~70 % from

the initial concentration. However, after the first 5 min,

the samples TiO2 and TF1 present an increased

production of the NO2, with above 2 times the initial

concentration. The samples TF3 and TF4 show a

different behavior, and after the first minutes of

oxidation, NO2 preserves a steady concentration of ~50

% of the initial value. Hence, the photo-oxidation

efficiencies of TiO2, TF2, TF3, and TF4 samples over

DeNOx are 36 %, 40 %, 75 %, and 72 %, respectively.

The results suggest that TF3 sample has better NOx

oxidation tendency than others. The small particle size

of ~10 nm with the large surface area of 283.99 m
2
/g

and a great amount of active sites are ascribed to the

higher efficiency of TF3 sample. In the other words,

the enhancement of NOx oxidation by Fe-doped TiO2

is associated with low recombination of e
−

/h
+
 pairs due

to the modification of the physicochemical and optical

properties of the catalyst nanoparticles. The photocatalytic

oxidation of NOx is attributed to the direct reaction

with the radicals of type OH
·
 and O2

−•
. Fig. 11 describes

the proposed deNOx mechanism. The main process

undergoes three sub-states (NO → NO2 → HNO3 →

NO3

−

). The oxidation of NO can happen through the

adsorption of O2

¯
 and transformation of NO3

-
. Also, it

can be achieved through the adsorption of the hydroxyl

radicals (OH
•
) and transformation into NO2 and then

NO3

− 
[34-36]. To support this information, Combustion

Ion Chromatography studies were performed to confirm

the production of NO3

−

 ions at the catalyst surface. TF3

sample had the major production of 5346.4 µg/L

followed by TF4 with 3909.2 µg/L, then TF2 with

414.9 µg/L and TiO2 of 315.4 µg/L. These results are

in good accordance with the degradation pathways in

Fig. 10, where TF3 shows the lowest production of the

toxic intermediate NO2, followed by TF4, then TF2

and finally TiO2. 

Fig. 10. DeNOx patterns of the samples TiO
2
, TF2, TF3, and TF4. 
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Conclusions

The Fe doped TiO2 samples were synthesized by a

microwave hydrothermal-assited sol-gel process. The

studies revealed the presence of anatase phase in the

synthesized TiO2 samples. The nanoparticles were

successfully applied for the photocatalytic NOx removal.

The TiO2 doped with 3 mol% of Fe has shown an

excellent performance to remove 75 % of NOx within

60 min without the production of the harmful NO2

Intermediate. The outstanding performance is attributed

to the modification on the physicochemical and optical

properties of the catalyst by Fe doping. Moreover, the

small particle size of ~10 nm promoted the large

surface area of 283.99 m
2
/g and a great amount of

active sites. The changes in the chemical composition

give rise to oxygen vacancies that act as e
−

/h
+
 trappers

to produce active radicals. Added to this, the addition

of Fe ions into the structure improved the light

harvesting with a narrow bandgap of 2.8 eV. Hence, the

study suggests that the Fe-doped TiO2 nanoparticles via

microwave hydrothermal-assisted sol-gel method can

be a potential alternative for effective removal of NOx.
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