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Abstract 

We synthesized Ce doped TiO2 (Cex-T) and tested it in the photocatalytic degradation of NOx and 

ethanol under visible light. Pristine TiO2 (T) and different dopant ratios of Ce-TiO2 (Cex-T; x=0 

to 1.0 wt%) were prepared by a water-based sol-gel method followed by spray drying. The 

successful doping of Ce in the lattice structure of TiO2 was confirmed by several characterizations 

such as X-ray diffraction (XRD), energy dispersive X-ray (EDX), Fourier transform infrared 

(FTIR), and Raman spectroscopy. All the prepared catalysts grew as spherical grains with a 

polycrystalline anatase phase. Ce0.8T revealed the lowest bandgap among all the prepared catalysts 

(2.8 eV) compared to 3.2 eV for T. The highest degradation of NOx and ethanol was attained by 

Ce0.8T (26±1 % and 23±1 %), which was 2.8 and 1.5 times the degradation by T, Furthermore, we 

proposed the photocatalytic degradation mechanism by the reactive oxidant species (ROS). 
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Photocatalysis recently emerged as a sustainable method for the degradation of recalcitrant 

compounds such as pharmaceuticals [1, 2], dyes [3, 4], perfluoroalkyl substances (PFAS) [5], and 

undesired gaseous emissions [6, 7]. The unselective nature of the reactive oxidant species (ROS) 

produced by photocatalysis leads to robust mineralization of refractory organics via different 

mechanisms [8, 9]. Currently, several families of photocatalysts compete for faster mineralization, 

higher stability, and harvesting a wider range of visible light [10]. These families include metal 

oxides [11], metal-organic frameworks (MOFs) [12], and carbonaceous-based catalysts [13]. 

Although the myriad of photocatalysts in the literature, the classical photocatalyst, TiO2, still 

attracts many researchers due to its low cost and known safety [14]. However, TiO2 is poorly active 

under visible light due to its relatively high bandgap (≈ 3.2 eV) [13]. Besides, the fast 

recombination of the photogenerated charges (i.e., electrons and holes) dissipates a considerable 

amount of energy [15].   

The heterojunction photocatalysis was proposed to tackle the aforementioned limitations by the 

hybridization of two photocatalysts with different band structures [16]. By the contact interface of 

two semiconductors, the electron-hole route is changed into a different scheme (viz., Z-scheme or 

Schottky scheme), which reduces the effective bandgap and boosts the separation of charge 

carriers [15]. However, such heterojunctions are associated with the preparation of complex 

composites that require long synthesis procedures besides the cost and toxicity concerns [1]. 

Doping metals into the lattice of TiO2 is another alternative to improve visible light absorption and 

reduce the recombination of charges [17, 18]. The doped metals add extra electronic levels in the 

wide bandgap of TiO2 facilitating the transition of electrons from the valance band to the 

conduction band by a double excitation action [19].  

Doping rare earth metals in the lattice of TiO2 has not only shown a notable red shift of light 

absorption but also the hindrance of anatase transition into rutile during the calcination at high 

temperatures [20]. Among rare earth metals, cerium (Ce) is distinguished by the abundance in 

monazite and bastnaesite by 44% and 50% respectively [21, 22]. The electronic configuration of 

Ce3+/Ce4+ (4f15d0/4f05d0) improves the electron acceptance by the reduction of electron-hole 

recombination, thereby enhancing the photostability and quantum yield [22]. Moreover, Ce doping 

generates labile oxygen vacancies (OVs) due to Ce3+/C4+ charge balance in addition to the 

relatively high mobility of bulk oxygen species, which in turn leads to a strong catalytic potential 

[23]. Recent studies reported that the photocatalytic activity of Ce doped TiO2 is dependent on Ce 



concentration, distribution of Ce in crystals, adjustable crystallinity, developed functional groups, 

and the diffusion distance of e-/h+ pairs [24-26].  

Several procedures were employed for the synthesis of Ce-TiO2 including solvothermal [22], 

hydrothermal [26], flame spray pyrolysis [27], combustion [25], sol-gel [28], and single-pot 

microemulsion [29]. The sol-gel method is distinguished by straightforward procedures with less 

cost and working under relatively low temperatures [30]. Several studies reported the synthesis of 

Ce-TiO2 nanoparticles using ethanol as a solvent in the sol-gel process [23, 24, 30], whereas the 

water-based sol-gel synthesis is scarcely reported.  

In the present study, we report for the first time the synthesis of porous Ce doped TiO2 (0-

1.0 wt. %) microspheres with narrowed bandgaps via water-based sol-gel technique followed by 

spray drying. With this novel procedure, we obtained clear regular and uniform sphere-like 

particles. Furthermore, the characterization of structural, textural, morphological, optical, and 

electronic properties confirmed the successful growth of this novel catalyst. The degradation of 

ethanol (a volatile organic compound, VOC) and NOx conversion in the gas phase were studied 

for the first time to evaluate the performance of the prepared photocatalysts. We also proposed the 

degradation mechanism and explained the role of narrowed bandgap and reduced recombination 

rate in the photocatalytic process. The results are promising for future applications of Ce-TiO2 as 

air pollution control, indoor surface coverings, gas sensors, and solar cells.           

 

2. Materials and Methods 

2.1. Chemicals 

Titanium butoxide (Ti(C4H9O)4 purum ≥ 97.0% gravimetric), cerium nitrate hexahydrate 

(Ce(NO3)3.6H2O, 99.999 %), formic acid (reagent grade ≥ 95 %) were purchased from Sigma 

Aldrich, Canada. All chemicals were used as received without further treatment.  

2.2. Catalyst preparation 

Pristine TiO2 was synthesized by the sol-gel method reported elsewhere [28]. Briefly, titanium 

butoxide (10 ml), water (30 ml), and formic acid (1 ml) were mixed for 120 min using a magnetic 

stirrer at ambient temperature. The deionized water was added dropwise to titanium butoxide 

forming a milky sol of titanium hydroxide by the polymerization and hydrolysis/condensation 

reactions, then formic acid was added drop-wisely. The sol solution was aged for gelation for 5 h 

at ambient temperature followed by spray drying using a Yamato GB-22 dryer producing hot air 



at 130 oC in a glass chamber (Diameter: 132 mm x height: 577 mm) to obtain the final TiO2 

powders. The slurry was automized with two stainless steel fluid nozzles (1.270 mm for the gas 

and 0.406 mm for the slurry), the slurry was fed to the chamber by a peristaltic pump at 3.0 mL 

min-1 under a gas flow rate of 0.3 m3 min-1. Finally, the collected dried powder was calcined at 

500 °C in a muffle furnace for 2 h with a rate of 3 oC/min to obtain the crystalline TiO2 [31-33]. 

We synthesized the Ce doped TiO2 powders using a similar procedure as for pristine TiO2, but by 

introducing the Ce precursor in water before adding it to the titanium butoxide. The weight ratios 

of Ce to TiO2 were set as 0%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% and the final products were 

denoted as T and Cex-T, where x is the Ce weight ratio. 

2.3. Characterization 

X-ray diffraction (XRD) was analyzed by (Phillips PW 1710, using high-intensity Cu Kα 

monochromatic radiation (λ = 0.15418nm)) to study the crystalline phases and determine the 

crystallite size. A Bruker Tensor 27 with OPUS data collection program (V 1.1) and DTGS 

detector was used to record the Fourier transform infrared (FTIR) spectra in the 5000-400 cm-1 

frequency range and with 1 cm-1 resolution. The calcined powder was mixed with potassium 

bromide (KBr) reference. A scanning electron microscope (SEM-JEOL JSM-7600F) acquired the 

microscopy images and energy dispersive X-ray (EDX) in order to investigate the morphology and 

elemental composition. Transmission electron microscopy (TEM) was conducted using a Phillips 

Technai G2 20TEM operated at 200 kV. The textural properties of the prepared powders were 

analysed on a Quantachrome Autosorb-1 Instrument by measuring the N2 adsorption and 

desorption isotherms at 77 K, after degassing the sample under vacuum at 200 °C for 20 h. 

Photocatalyst specific surface area and pore diameter were determined by nitrogen adsorption 

desorption isotherm using BET (Brunauer–Emmett–Teller) method (P/P0: 0.05–0.30, C constant: 

50–200) and the Barrett-Joyner-Hallender (BJH) theory was used to measure the pore diameter 

(desorption branch, P/P0: 0.15–0.995). Raman spectra at room temperature were detected by a 

Renishaw RM3000 Micro-Raman system with an excitation laser wavelength of 514 nm, 300 mW 

laser power and 10 s as exposure time and the resolution was 1 cm-1 The sample powder film on 

glass substrate was firmly pressed to have a uniform and smooth surface, during analysis different 

areas (2-3 per sample) were analyzed to be certain for the obtained Raman spectra. Elemental 

composition and valance states analysis were conducted by X-ray photoelectron spectroscopy 

(XPS) (Thermo Scientific K-alpha, USA) employing Al Kα (1486.6 eV) X-rays. First, a survey 



spectrum was recorded to identify the elements present in the sample, followed by a high-

resolution spectrum of the identified elements at pass energy of 20 eV and 0.05 eV steps. The 

Advantage (Thermo Scientific) software processed the spectrum data. Diffuse reflectance spectra 

(DRS) were obtained by a UV/Vis (Evolution 300) with attaching a Praying MantisTM diffuse 

reflection (DRIFTS) accessory in the range of 190-600 nm, taking potassium bromide (KBr) as a 

reference, then Tauc plots were used to determine the bandgap of the samples. 

2.4. Photocatalytic experiments 

The photocatalytic films were deposited by drop-casting 0.050 g of catalyst dispersed in i-propanol 

on glass plates (200 mm x 20 mm for NOx and 100 x 100 mm for ethanol). In both cases, the coated 

plates were placed at the bottom of the reactors. 

The photocatalytic degradation of NOx took place inside a 20 L Pyrex glass cylindrical reactor in 

the static gas phase under visible light irradiation [34]. The gas mixture was prepared by mixing 

NO2 with (40%-50%) humidified air. The initial inlet gas is pure NO2, which was partially 

decomposed into NO until the chemical equilibrium is established. Consequently, the 

photocatalytic reactor contained a mixture of NO and NO2 with an initial concentration of 500 ± 

50 ppb. The reactor was irradiated by a LED lamp (350 mA, 9-48 V DC, 16.8 W) with an emission 

range of 400-700 nmbn yielding an intensity of 1000 lx on the catalyst surface. The NO and NO2 

concentrations were instantaneously monitored during the reaction by an Ecotech Serinus 40NOx. 

The experiments were conducted at 25 °C for a reaction time of 180 min. The photolysis 

experiments revealed negligible degradation (< 5% in 180 min).  

The degradation of ethanol was conducted in a 5 L Pyrex glass reactor with four openings 

connected to a gas chromatograph (Agilent 3000 A Micro-GC, Santa Clara, CA, USA) for 

simultaneous monitoring of organic content, CO2, and other by-products as reported elsewhere 

[35]. The gaseous mixture in the reactor was obtained by mixing chromatographic air, humidified 

at 40% at room temperature, and a fixed amount of volatilized ethanol to obtain an initial 

concentration of 400 ppm. The reactor was equipped with a hygrometer to monitor the relative 

humidity. A similar LED lamp irradiated the coated catalyst plates by an intensity of 5200 lx. The 

ethanol was monitored during dark and photolysis tests to confirm the photocatalytic degradation 

mechanism. The inert gas was used to clean up the reactor and dispose of CO2 traces. 

  

3. Results and Discussions 



3.1 Material characterization  

The XRD patterns of control, representative Ce0.8-T are shown in Fig. 1a, while rest of the 

doped samples (Cex-T, x = 0.2, 0.4, 0.6 and 1.0 wt. %) XRD are displayed in Fig. S1 

(supplementary information). The diffractograms showed diffraction peaks at 2ϴ of 25.4o, 37.1o, 

37.9o, 38.6o, 48.2o, 54.0o, 55.2o, 62.2o, and 68.9o, which were indexed to (101), (103), (004), (112), 

(200), (105), (211), (204) and (116) crystal planes of the pure anatase phase of tetragonal TiO2 

(JCPDS No: 21-1272) in all samples, respectively. The absence of Ce peaks in the XRD patterns 

was ascribed to the low percentage in the samples. Furthermore, no peaks for cerium oxides (CeO2) 

were detected suggesting the effective doping of Ce into the lattice structure of TiO2. The ionic 

radii of Ce3+ and Ce4+ (0.103 and 0.093 nm, respectively) are larger than that of Ti4+ (0.068 nm), 

so the substitution of Ti by Ce in the TiO2 crystal lattice is limited. Therefore, a low number of 

Ce3+/Ce4+ species may penetrate the lattice, whereas the remaining dopant ions were distributed in 

the grain boundary/grain junctions [36]. XRD spectra indicated that no rutile or brookite phase 

appeared after doping, suggesting the stability of TiO2 crystal structure with doping. The average 

crystallite size of all samples (Table 1) was determined by the Scherrer’s formula (𝐷 =  
0.9 𝜆

𝛽 𝐶𝑜𝑠𝜃
, 

where λ is the X-ray wavelength, θ is the Bragg angle, and β is the full width at half maximum 

(FWHM)) taking the diffraction plane (101) of pure and Ce doped powders. No considerable 

difference was observed for the samples of Ce percentage ≤ 0.8% and all samples had an average 

crystallite size close to 40 nm. The reasons for the control size may be ascribed to: (i) the 

segregation of the Ce cations to the grain boundary, which hinders the growth of the nano 

crystallite in the nanoparticles due to the formation of Ce-O-Ti bonds or (ii) probably due to the 

Ce species adsorption on the surface of primary TiO2 particles, or (iii) the Ce ions can absorb more 

energy from its different energy levels to reduce the surface energy of titania particles, which 

slowdowns the aggregation process of the particles [22, 28]. The crystallite size of Ce1.0T increased 

to 41.0 nm, which may be imputed to the higher dopant content that reduces the uniformity of 

nanoparticles, and consequently increases the atomic attractive forces leading to the agglomeration 

of crystals in larger grains [37].  

The control size of the Cex-T (x = 0.2 – 0.8 wt. %) powders with respect to pure T was 

confirmed by the Raman analysis (Fig. 1b) with the constant full-width at half-maximum (FWHM) 

value of 9.57±0.07 at the 1-Eg (142.6 nm) peak. Moreover, in line with the XRD analysis, Raman 

results depict the pure anatase phase showing distinct representative peaks at 142.6 cm-1 (1-Eg), 



196.2 cm-1 (2-Eg), 393.3 cm-1 (B1g), 514.3 cm-1 (A1g), and 637.5 cm-1 (3-Eg). Besides, the 

sharpness and high intensity of these peaks suggest high crystallinity, which is beneficial for 

photocatalytic activity by minimizing crystalline defects. Yang et al. [38] reported that (001) 

planes in anatase TiO2 are very active due to their complete unsaturated Ti atoms and high surface 

energy (0.9 J.m−2), which further increase the adsorbability, stability, and catalytic activity. Raman 

spectroscopy determined the percentage of the exposed (001) anatase planes. The Raman peak 

intensity ratios of 1-Eg (144 cm-1) and A1g (517.4 cm-1) modes were taken into account (Fig. 1b) 

[39]. An increase to 11.7 % was observed for the Ce0.8T sample, but it was reduced with the further 

increase of the Ce percentage (Table 1).  

Table 1. Crystallite size, BET surface area, cerium surface density, percentage of [001] planes, 

and bandgap energy of the differently prepared photocatalysts. 

Sample Crystallite 

size* (nm) 

BET surface 

area* (m2/g) 

Pore dia 

(nm) 

Cesd (atom 

nm-2) 

Percentage of 

[001] planes† 

Band gap* 

(eV) 

T 12.8 12.2 1.8  6.0 3.2 

Ce0.2-T 12.7 13.7 1.7 1.5 6.3 3.18 

Ce0.4-T 12.7 13.5 2.2 2.7 6.5 3.1 

Ce0.6-T 12.6 15.2 2.6 4.1 7.6 3.0 

Ce0.8-T 12.8 16.1 2.9 5.1 7.9 2.8 

Ce1.0-T 12.5 14.5 2.3 7.0 6.8 3.0 

* The uncertainty in the; crystallite size is < 0.2 nm, surface area is < 0.5 m2/g, bandgap is < 0.3 

eV  

† Ratio of Raman vibrational modes 1-Eg (144 cm-1) / A1g (515 cm-1) 

 

In a quest for investigating the surface terminations (i.e., functionalities) of the systems of 

interest, the catalyst has been analyzed by FTIR spectroscopy (Fig. 1c). At least four spectral 

regions suggest peculiar and ubiquitous surface species: (i) a large unresolved envelope located at 

 > 3000 cm-1 due to the OH species that mutually interacted with H-bonding, for instance, those 

relative to undissociated molecular water whose spectroscopic counterpart is located at 1630 cm-

1. (ii) a sharp component is present at   3700 cm-1 due to the stretching mode of all Ti–OH 

species free from hydrogen bonding interactions [40-42]. (iii) In the 3000-2800 cm-1 spectral range 

some minor components are evident and can be ascribed to the C-H stretching vibration of 

ubiquitous hydrocarbons. (iv) In the 1500-1300 cm-1 spectral range some components are also 

present which might be ascribed to either carbonate or carboxylate surface species. These species 

may be resulted as a residue of the preparation route or due to the exposure of the powders to 



atmospheric CO2 after the calcination step. 

The optical absorption properties were examined by UV–vis DRS and the bandgaps were 

determined (Table 1) by Tauc plots (hʋ versus αhv)1/2) shown in Fig. 1d. The bandgap of TiO2 was 

reduced from 3.2 to 2.8 eV as the Ce was introduced by 0.8% wt. suggesting a broader absorption 

range. This red shift promotes the photocatalytic activity under visible light. Cerium can 

store/release oxygen through the redox shift between Ce3+/Ce4+ under reduction and oxidizing 

conditions, respectively [43]. The Ce 4f level is positioned about 2–3 eV above the valence band 

near the oxygen defect level (2.88 eV) [44]. Hence, Ce inclusion into the TiO2 lattice structure 

generates 4f (Ce3+/Ce4+) impurity bands and oxygen defect states, as vacancies, which hybridize 

to form an impurity level below the conduction band. This may result in a redshift of the doped 

nanomaterials towards longer wavelengths, and a narrower bandgap. 

 

Fig.1. (a) X-ray diffractograms of the representative pure (T) and Ce-doped (Ce0.8-T) TiO2, (b) 

Raman spectra of T and Ce0.8T (insert - Raman 1-Eg mode) powders, (c) FTIR spectra of pure (T) 

and Cex doped (x = 0.4, 0.6 and 0.8 wt. %) TiO2 (insert – the magnified image of the pointed areas 
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in the main spectra) and (d) Tauc plots of the representative (T, Ce0.4-T, Ce0.6-T andCe0.8-T) 

samples. All the powders are calcined at 500oC. 

The high-resolution SEM micrographs of the Ce0.8-T and pure T are shown in Fig. 2 (a, b) 

and Fig. S2 (supplementary information). They reveal that all the photocatalyst particles (pure and 

Ce doped) are homogenous, agglomerated, and of spherical shape. The mean size of the spheroids 

observed with SEM was 152.8 nm for Ce0.8T and 153.0 nm for T, which is bigger than the 

crystallite size (34 nm for both Cex-T and T) indicating that each particle was assembled from 

many crystals. SEM images further indicate that TiO2 primary crystallites tend to agglomerate in 

a ball-like shape with the stated experimental method dissimilar to the conventional sol-gel 

procedure that usually develops irregular shape. The SEM results are further supported by the HR-

TEM analysis (Fig. 2c,d) as the particle size did not change with Ce doping. This allows us to 

preliminary classify this Ce-TiO2 system as micrometric. It is important to evidence that upon Ce 

doping; the anatase phase is confirmed to be the only TiO2 polymorph observed (main family 

planes due to (101) [ICDD card n. 21-1272], as stated by the selected area electron diffraction 

patterns (SAED), which also further specifies the crystalline nature of the photocatalyst 

microsphere in line with XRD observations.  The elemental mapping by EDX (Fig. S3, 

supplementary information) reveals that Ce is evenly distributed through the photocatalyst sample; 

the Ce doping is also evident from Fig. 2d (insert). The excellent homogeneity of Ce in TiO2 is 

because of; the spray-dryer nozzle atomized fine uniform size droplets of the sample precursor dry 

instantaneously by stream of hot air (110 oC).    



 

Fig.2. (a, b) SEM micrographs of the calcined C0.8-T sample, TEM images of calcined (c) pure (T) 

(insert – SAED pattern), and (d) Ce0.8-T (insert – dotted region shows the presence of Ce doping) 

powders. 

The values of SBET for control T and Cex-T are illustrated in Table 1. Cex-T surface area 

slightly increased than that of T up to a Ce percentage of 0.8% wt., but the further increase of the 

Ce percentage resulted in a reduction in the surface area. The Ce0.8-T sample has the largest SBET 

(16.1 m2/g) compared to control T (12.2 m2/g) and other Cex-T samples. The BjH pore diameter 

(Table 1) slightly increased at higher Ce content up to 0.8 % but decreased at 1.0%. The increase 

of the pore size of Cex-T powders is expected to improve the diffusion of pollutant molecules, 

thereby enhancing the sorption of parent and intermediate products during the photocatalytic 

reaction [16]. The Ce surface density of each sample was determined by the equation (𝐶𝑒𝑠𝑑 =

% 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑒 ∗  𝑁𝐴

𝑆𝐵𝐸𝑇∗ 𝑀𝑀𝐶𝑒
) [26] illustrating quantity of Ce atoms per unit area distributed over the materials 

surface, where Cesd is the number of Ce atoms per square nm of material surface area, % mass of 

Ce is the nominal mass percentage of Ce doping, NA is Avogadro's number (6.022*1023), SBET is 

the surface area (nm2/g), and MMCe is the molar mass of the Ce (mol/g). As expected, the results 
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shown in Table 1 indicate that Ce surface density is dependent on SBET and Ce percentage. 

To understand the composition and chemical nature of Ce doping in TiO2 microspheres, 

the electron bonding energies of O 1s, Ti 2p, Ce 3d were investigated in reference to C 1s peak by 

XPS (Fig. 3). The spectrum of Ce0.8T (Fig. 3a) reveals the presence of all the stated elements. The 

atomic percentages of these elements were 52.0%, 32.0%, 3.0%, and 13.0% for O, Ti, Ce, and C, 

respectively. We further analyzed the XPS spectrum of the Ce0.8T by high-resolution 

deconvolution of the C (1s), O (1s), Ti (2p), and Ce (3d). In the core level XPS spectrum of C 1s, 

the dominant peak was observed at 284.2 eV (C-C), which is imputed to the adventitious carbon 

from the XPS instrument. The other peaks at 286.0 and 285.5 eV represents C-O-C and Ti-O-C 

groups. The peak at 282.5 eV may be ascribed to the chemical bonding between carbon and 

titanium [45] or the carbide formation during analysis [46]. In the high-resolution spectrum of O 

1s, the main peak at 530.2 eV is a typical of metallic oxides, which arises from the overlapping 

contributions of oxygen from TiO2 and Ti-O-Ce, but the oxygen from TiO2 is the primary 

contributor. The peaks at 531.0 and 532.0 eV are attributed to the hydroxyl groups on the material 

surface. The peaks at 528.6 and 527.3 eV are imputed to Ti-O and oxygen vacancy (Vo) [47]. From 

the Ti 2p XPS spectrum, the spin-orbit components (2p3/2 and 2p1/2) of the peak were well 

deconvoluted by three peaks. The 465.3 and 459.5 eV binding energy signifying that the Ti element 

mainly existed in the chemical state of Ti4+. The peaks at 463.3, 457.5, 455.6, and 460.1 eV are 

ascribed to the reduced Ti3+ and Ti2+ states in the TiO2 lattice [16, 48]. The reduced states may 

appear from a charge imbalance caused by the Ce ions being localized in the octahedral interstitial 

site during the annealing process. The photoelectron spectrum of Ce 3d is rather complex owing 

to the hybridization of Ce 4f and O 2p electrons. The Ce 3d core level can be attributed to the spin-

orbit split doublets states of 3d3/2 and 3d5/2. The peaks at 888.4 and 907.0 eV refer to Ce3+, The 

signals at 882.9 and 900.4 eV are due to the presence of Ce4+, whereas the peaks at 885.8 and 903.6 

eV indicate the existence of Ce [49]. The peaks at 879.4 and 899.2 eV resulted from the transfer 

of one or two electrons from O 2p filled orbit to Ce 4f empty orbital [50]. In summary, the XPS 

investigation clearly demonstrates the presence of dopant impurity level Ce3+/Ce4+, reduced states 

of Ti (Ti3+/Ti2+), and oxygen vacancy states.  

All the aforementioned characterization results indicate the successful synthesis of Cex-T 

catalysts using the water-sol-gel method and spray drying. As an ethanol-free method, the water-

sol-gel is favored as an eco-friendly procedure for TiO2 synthesis at ambient temperature without 



any deficiency in photocatalytic activity. Furthermore, the treatment by spray drying offers the 

uniform growth of the catalyst nanoparticles compared to conventional oven drying.  

 

Fig. 3. (a) XPS survey spectrum and high resolution spectra of (b) C1s, (c) O1s, (d) Ti2p, (e) 

Ce3d of the representative calcined Ce0.8-T powder. 

 

3.2 Photocatalytic Activity  

 The photocatalytic activity of the different control and doped samples was evaluated by the 

degradation of NOx and ethanol (Fig. 4) as model pollutants in the gas phase. All Cex-T samples 

showed an enhanced photocatalytic NOx reduction compared to bare TiO2. The highest NOx 

degradation was obtained by Ce0.8T and Ce1.0T (26±1 %), which is 2.8 times greater than the 

photocatalytic efficiency of T in 180 min of irradiation. Other Ce doped catalysts (Cex-T) also 

showed remarkably improved photocatalytic activity. It is also noted that this improvement was 

relative to the Ce content, which confirms the Ce role in the photocatalytic reaction. The enhanced 

photocatalytic activity is attributed to narrowed energy bandgap due to the insertion of Ce ions in 

the structure of TiO2 as confirmed by UV-DRS analysis and XPS. Furthermore, Ce ions act as an 
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electron trap wherein the photogenerated electrons on the conduction band of TiO2 can be 

transferred to Ce ion, which reduces the recombination of electron/holes charges [22]. Moreover, 

FTIR spectroscopy detected surface hydroxyl groups which convert the photogenerated holes to 

hydroxyl radicals (OH•) improving the photocatalytic activity. The greater anatase [001] planes 

improve the adsorption of the pollutant to the active catalyst surface [51]. Figure 4b depicts the 

ethanol degradation under the LED light. After 180 min of irradiation, the photocatalytic 

degradation by control T was 15±1 %, whereas all the Cex-T samples exhibited greater 

performance. The highest activity was achieved by Ce0.8T (23±1 %) whereas a slight decrease in 

the photocatalytic activity was found by Ce1.0T. Like the behavior of NOx, other Ce doped catalysts 

(Cex-T) also showed an enhanced photocatalytic activity relative to the amount of doped Ce. 

Similar observations were reported by Fan et al. [52] wherein Ce ions at higher load can play as 

recombination center instead of electron trap.  

 

Fig. 4. Visible photocatalytic activity of the prepared samples against the model pollutants (a) 

NOx and (b) ethanol decomposition in the gas phase. 

 

3.3 Proposed Mechanism 

We propose the following photogenerated charge carrier scheme based on the performed 

characterization study. Visible photoinduced electron-hole (e−/h+) pairs produced in the 

conduction band (CB) and valance band (VB) are represented by black dotted lines in Fig. 5. The 

synthesized Ce0.8-T, and Ce1.0-T, catalysts showed the highest activity for the gas phase 
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decomposition of the model pollutants NOx and ethanol under visible light in that order. The VB 

holes react with the chemisorbed water and OH groups on the catalyst surface to generate the 

hydroxyl radicals (OH•), whereas the CB electrons react with oxygen to produce superoxide anion 

radicals (O2
•-) which through a series of reactions leads to the formation of OH-, H2O2, HO• species, 

participating in the decomposition of the pollutant molecules.  

UV-vis DRS and XPS spectroscopy revealed that Ce inclusion into TiO2 results in the 

formation of Ce4+/Ce3+ impurity levels which not only reduce the bandgap but also act as a trap of 

electrons (𝐶𝑒4+ +  𝑒𝐶𝐵
−  →  𝐶𝑒3+ ;  𝐶𝑒3++ 𝑂2 𝑎𝑏𝑠  →  𝑂2

•− + 𝐶𝑒4+) to retard the recombination of 

charges. XPS analysis shows the presence of defect states; Ti3+, Ti2+ (Ti reduced states), and 

oxygen vacancies (Vo) which also promote the charge transfer and photons absorptions in the 

visible region. The Ti3+ defect level on the surface or in the bulk can suppress the photogenerated 

electron-hole pairs recombination and extend their lifetime (𝑇𝑖4+ − 𝑂𝐻 +  𝑒𝐶𝐵
−  →  𝑇𝑖3+ −

𝑂𝐻− ;  𝑇𝑖3+ − 𝑂𝐻 +  ℎ+  → 𝑇𝑖4+ − 𝑂𝐻•) [21]. The trapped electron of Ti3+ may also transfer to 

the Ce4+ resulting in the formation of Ce3+ because the electrode potential of Ti4+/Ti3+ (-0.02 V) is 

more negative than that of Ce4+/Ce3+ (1.4 V) [53]. In oxygen-rich environments with bulk Ti3+ 

defects, the excess charge can easily be withdrawn by the surface adsorbed oxygen, which could 

be diffused from the surface to the bulk via gradually filling the bulk oxygen vacancies [54]. The 

trapped conduction electrons in the oxygen vacancies (Vo) interact with the OH- acceptor level to 

produces OH• radicals [55]. Moreover, it is reported that the Ti reduced species play an important 

role in visible light absorption and the adsorption of both molecular and dissociative channels 

existing at defect levels with the charge transfer from reduced Ti [56, 57]. 

 In summary, the existence of Ce4+/Ce3+ impurity level, Ti reduced states (Ti3+/Ti2+), oxygen 

vacancies (Vo), and reduced the TiO2 band gap induced a red-shift that enhanced the photocatalytic 

activity under visible light. They also improved the trapping of the photogenerated electrons via 

inhibiting the recombination of charges as a consequence results in the formation of OH• radicals. 

It is worth noting that the abundance of surface hydroxyl groups (OH-) on the surface of TiO2 

microspheres was beneficial to photocatalytic activity.  



 

Fig. 5. Proposed mechanism illustrating the transfer pathways of the visible light-induced 

electron-hole pairs contributing towards model pollutant (NOx/ethanol) molecules decomposition.   

 

4. Conclusion 

In this study, control and Ce-doped TiO2 microsphere were successfully prepared by the sol-gel 

method with ratios of Ce to TiO2 0%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%. We introduced a novel 

eco-friendly procedure comprises an ethanol-free sol-gel method and spray drying instead of 

conventional oven drying. The resulting material possesses a stable crystallite anatase phase of 

uniform size with the inclusion of cerium dopant. The Ce-doped TiO2 catalysts were more active 

under visible light than pristine TiO2. Further, it was revealed that dopant impurity level 

(Ce3+/Ce4+), Ti reduced states (Ti3+/Ti2+), and oxygen vacancies (Vo) reduced the recombination 

of photoinduced electron-hole pairs. In summary, the defined synthesis method brings the unique 

interaction among anatase TiO2 reduced states, Ce impurity levels, and Vo species. Accordingly, 
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the NOx degradation by Ce0.8T was 2.8 times greater than pristine T. Other Ce doped catalysts 

(Cex-T) improved the photocatalytic activity relative to Ce content, and similar trends were 

observed during ethanol degradation. We suggest employing this water sol-gel method with spray 

drying for doping other metals in TiO2 structure in future studies to reduce the usage of chemicals 

and obtain more uniform nanoparticles. In addition, spray drying operation is simple, cost effective 

and has the potential to be used for the continuous synthesis of uniform structured photocatalyst 

at large scale. In summary, current study can provide theoretical and practical insight into the 

enhancement of TiO2 photocatalytic activity against volatile, toxic and hazardous gaseous 

pollutants by a lanthanide series metal doping method. 
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