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Abstract

The synthesis, characterization and photocatalytic activity of Cr’" and Ce®" co-doped
TiON (N-doped TiO,) for the degradation of humic acid in the exposure of visible light is
reported. The synthesized bimetal (Cr" + Ce’) modified TiION (Cr-Ce/TiON), with an
evaluated bandgap of 2.1 eV, exhibited enhanced spectral response in the visible region as
compared to pure and Ce’" doped TiON (Ce/TiON) . The XRD analysis revealed the
insertion of Cr’* and Ce’" in the crystal lattice along with Ti*" and N that resulted the
formation of strained TiON anatase structure with the average crystallite size of ~10 nm.
Raman analysis also supported the formation of stressed rigid structures after bimetal doping.
HRTEM confirmed the homogeneous distribution of both the doped metallic components in
the crystal lattice of TiON without the formation of surface oxides of either Cr’" or Ce*".
Electron energy loss spectroscopy (EELS) analysis revealed no change in the oxidation of
either Cr or Ce during the synthesis. The synthesized Cr-Ce/TiON catalyst exhibited
appreciable photocatalytic activity for the degradation of humic acid in the exposure of
visible light. Additionally, a noticeable mineralization of carbon rich humic acid was also
witnessed. The photocatalytic activity of the synthesized catalyst was compared with pristine

and Ce** doped TiON.

Key words: Nitrogen doped TiO;, Cr’'- doping, Ce** - doping, bimetallic doping, Humic

acid.
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Introduction

The exceptional photocatalytic activity, chemical stability, non-toxicity, solar energy
conversion, hydrogen production and numerous photocatalytic applications for environmental
remediation have brought TiO; in the limelight of material research. Despite all the attractive
features and the capability to generate highly oxidizing reactive oxygen species (ROS), its
inherent limitations such as wide band gap energy (3.2 eV) and high rate of electron-hole
recombination, confines its use as an effective photocatalyst for the widespread commercial
applications. Ever since Fujishima et. al., reported their pioneering work in 1972, many
alterations have been attempted to overcome the above-mentioned limitations of titania to
make it responsive in the visible region of the spectrum without losing its intrinsic activity,
many non-metallic dopants have been tested, but none of these exhibited a substantial red
shift in the band gap energy."* Among the non-metal modified titania, N-doped TiO, (TiON)
is the only reported effort with comparable activity in the visible region.’ The effectiveness of
nitrogen as a dopant in TiO;, was attributed to the comparative size and electronegativity of
nitrogen and oxygen atoms that resulted in the narrowing of the bandgap. Although N-doping
of Titania shifts the bandgap in the visible region, however, the doping with an anionic
constituent results in low quantum efficiency and long-term instability.* >

Recently, among the metallic dopants, Ce’” and Ce*" ions, have been reported as effective
dopants with the trapping and transfer ability and improving the quantum efficiency of
Ti0,.%"? Considering these features of Ce®" and the reduced bandgap energy of TiON, the
modification of the TiON with Ce** may result in the enhanced activity and stability,
however, no substantial red shift with substantial activity for visible light applications is
documented. It has also been reported that Cr’", as a modifier, can substantially improve the
absorption of light in the visible region, however, for large band gap TiO,, chromium as a

sole dopant exhibited detrimental effects,'> '*

whereas, chromium as a co-dopants with
nitrogen in titania exhibited an enhanced photocatalytic activity.'

Humic acids are complex fused ring organic macromolecules attached with a variety of
functional groups such as amines, amides, carboxylic, carbonyl, hydroxyl and others. The
presence of humic acids during the water treatment results in the formation of mutagenic
trihalomethane that cause membrane fouling and plugging, boost the re-growth of bacteria in

distribution systems and corrosion of pipelines.'®?' Based on the associated environmental

issues, humic acid has been the substrate of interest in adsorption,” photo-fenton,” photo-
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electrocatalytic24 and photocatalyti025'27

studies. The comparison of the photocatalytic
activity of TiO, and non-TiO, based photocatalysts for the degradation of humic acid under
various experimental conditions is compared in Table 1 %23,

Motivated by the above mentioned positive attributes of Ce-N co-doped titania and
Cr-N co-doped titania, in the current study, we synthesized a multi component Cr-Ce/TiON
nano-structured photocatalyst by a hybrid sole gel- hydrothermal technique. The optical,
structural and morphological characterization of the synthesized catalyst was performed.
Based on the environmental concerns associated, the photocatalytic efficiency of the newly
synthesized Cr-Ce/TiON was assessed for the degradation of humic acid in the visible region
(420-800 nm) using visible band pass filter and compared with TiO, (P-25), TiON and
Ce/TiON. The existence of absorption bands of humic acid at 277 nm and 370 nm was

advantageous as it ruled out the possibility of sensitization by the humic acid molecules and

the actual activity of the catalyst in the visible light exposure might be observed.

Experimental details

Synthesis of Photocatalyst

Cr-Ce/TiON nanoparticles were synthesized by adopting the hybrid sol gel-
hydrothermal technique.*® * The chemicals used for synthesis of Cr-Ce/TiON were titanium
isopropoxide (TIPO) (Sigma-Aldrich, 97%), urea (Sigma-Aldrich, 99.9%), cerium (III)
nitrate hexahydrate (Sigma-Aldrich, 99.9%), n-hexane (Sigma-Aldrich, 99.9%), chromium
(IIT) nitrate nonahydrate (Sigma-Aldrich, 99.9%), anhydrous ethanol (Merck, 99.9%), acetic
acid (Sigma-Aldrich, 99.7%). In the typical synthesis of Cr-Ce/TiON, 0.2g of cerium (III)
nitrate hexahydrate and 0.6g chromium (III) nitrate nonahydrate were dissolved in a mixture
of solvents of ethanol, acetic acid and water in 7:2:1 ratio at 10°C. The appropriate amount of
urea was added as a nitrogen source. Under vigorous stirring (1500-2000 rpm), 18.5 mL of
TIPO was added drop-wise and left for 12 h in the dark for nucleation. The suspension was
placed in an oven at 200°C temperature for 6 h in a Teflon” coated autoclave. The resultant
slurry was filtered, washed with ethanol, dried at room temperature and calcined at 400°C for
3 h in a muffle furnace at a heating rate of 1°C/min. The powder was allowed to cool at the
cooling rate of 1°C/ min till room temperature. The similar methodology was adopted for the

synthesis of TiON and Ce/TiON nanoparticles.

Characterizations of Photocatalyst
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The structural characterization of the synthesized nanoparticles was performed with
wide angle X-ray diffractometer (Philips X’Pert PRO 3040/60) equipped with Cu-Ka
radiation source in the 20 range of 10 to 80 degrees. The transmission electron microscopy
(TEM) images were recorded with Titan G* 80-300 (FEI Company, Hillsboro, USA),
operated at a primary beam energy of 300 keV, while point-to-point analysis was performed
at the same beam energy with a step of 0.235 nm. A charge-coupled device (CCD) camera
(US4000, Gatan, Inc., Pleasanton, CA) was used to record digital images. Furthermore, the
crystal structure and the morphological phases of the nanoparticles in Cr-Ce/TiON samples
were extracted by high resolution TEM (HRTEM) analysis for the confirmation of XRD
results. The elemental composition and oxidation state analysis of the components of the
bimetal doped TiON was performed by using energy filter Tridiem™ 683 (Gatan, Inc.,
Pleasanton, CA). The electron energy loss spectra (EELS) were also recorded during the
course of TEM analysis. Entire image processing of HRTEM and STEM-EELS SI datasets
were carried out in Gatan Microscopy Suite (GMS) version 1.8.3. The optical bandgaps of
the synthesized powders were evaluated by applying Kubelka-Munk transformation on the
reflectance data recorded by Jasco 570 UV-Vis diffuse reflectance spectrophotometer. The
Brunauer—-Emmett—Teller (BET) surface areas of the synthesized powders were measured by
Ny-adsorption at 77.4K using Quntachrome NovaWin 2. Prior to adsorption measurements,
the samples were degassed for 3h at the temperature of 300°C. The surface functional groups
were identified by Spectrum-1000 of Perkin—Elmer FT-IR spectrometer. The Raman shifts
were measured using a DXR Raman Microscope, Thermo Scientific, USA, equipped with
532 nm laser as the excitation source at 6mW power.

The photocatalytic activity of Cr-Ce/TiON, in comparison to pristine and Ce/TiON,
was evaluated for the degradation of humic acid in a visible light exposure. A 1000 ppm
stock solution of humic acid was prepared by dissolving 1000 mg of humic acid initially in
20 ml of 1M NaOH solution and finally diluted to 1000 ml. Photocatalytic experiments were
performed in batches. In a typical experiment, 100 ml of catalyst/humic acid suspension
containing 50 ppm humic acid and 100 mg of the synthesized catalysts, was exposed to
visible light (420-800 nm) in a cylindrical Pyrex glass reactor equipped with stirrer. The
visible light was generated by the 450-W Xenon arc lamp equipped with visible light band
pass filter. Prior to exposure, the suspension was stirred in the dark for 30 min for
establishing of adsorption-desorption equilibrium. The samples were drawn at the regular
interval of 30 min in the first 2 h and after 60 min in the final hours. After removing the

catalyst by 0.22 pm Whatman syringe filter, the samples were analysed by UV-visible

5
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spectrophotometer and TOC (Shimadzu Corporation, Japan) for the residual humic acid
concentration and carbon measurements, respectively. The fluorescence of the samples was
measured by Horiba Fluorolog®-3 Spectroflurometer. The degradation of humic acid was
calculated at 277 and 370 nm, absorption maxima of humic acid, as a function of time. Blank
experiments were also performed to evaluate the possible effects of interaction of visible

photons with humic acid.

Results and discussion

The comparison of the XRD profiles of the synthesized TiON, Ce/TiON and Cr-
Ce/TiON powders are presented in Fig. 1. The reflections due to Ce/TiON and Cr-Ce/TiON
were matched with that of pure TiON. Except for the reflection of (004) face, all the other
reflections were matched with pure TiON and appeared at 26 values of 25.62, 48.40, 54.54,
63.28, 67.68 and 74.71 degrees. As presented in the inset of Fig. 1, the reflections of (004)
face for TiON, Ce/TiON and Cr-Ce/TiON appeared at 38.04, 38.14 and 38.44 degrees,
respectively. The variation in the peak position may be attributed to the ionic radii of the
dopants involved and an indication of the formation of the stressed lattice. The Ak/ indices
corresponding to the above mentioned reflections are presented on each reflection in Fig. 1.
All the major and minor reflections of the synthesized powders were typical of TiO, (anatase,
JCPDS # 84-1286) indicating the phase purity of the synthesized powders. Additionally, the
absence of any additional reflection corresponding the formation of surface off shoots of
cerium or chromium, such as oxides also depicted the homogeneous distribution of the
dopants in the lattice of TION. The average crystalline sizes of Ce/TiON and Cr-Ce/TiON,
evaluated by applying Scherer’s relation on the most intense reflections were 10.1 nm and 9.2
nm, respectively.41

The HRTEM electron micrograph of the synthesized powder is presented in Fig. 2(A)
where the particles of almost uniform morphology are observable. The average particle size
of the synthesized Cr-Ce/TiON nanoparticle was determined by measuring the size of about
200 particles imaged with HRTEM. The measured average particle size of ~10 nm
authenticated the average crystallite size calculated from XRD measurements and confirmed
the existence of Cr-Ce/TiON nanoparticles as nano-range single crystals. As presented in Fig.
2(B), the crystal structure determination of Cr-Ce/TiON nanoparticles was performed by
applying the Fast Fourier Transformation (FFT) of the HRTEM electron micrograph

presented in Fig. 2(A). The concentric rings on the FFT of micrograph image represent the
6
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diffraction peaks observed in the XRD pattern (Fig. 1). The radii of the rings were directly
related to dj-spacing measured by applying Circular Hough Transformation (CHT) to the
FFT data.* As expected, these values of radii obtained from the analysis of FFTs are in
agreement with the diffraction pattern of Cr-Ce/TiON measured from the X-ray diffraction
technique and hence these rings can be indexed in the same way as the XRD peaks were
indexed in Fig. 1. It was noticed that d; spacing determined by both XRD and HRTEM
techniques was in good agreement with each other and confirmed the existence of Cr-
Ce/TiON in anatase crystal phase. The EF-TEM mappings of the individual components of
chromium (Cr) and cerium (Ce) doped TiON are presented in Fig. 3, where the homogeneous
distribution of all dopants throughout titania matrix was observable without any unwanted
irregular concentration of dopants.

The TEM-EELS analysis of Cr-Ce/TiON was performed for the determination of
elemental composition and the valence states of individual components. The EELS spectrum,
acquired by setting the microscope in STEM mode, is presented in Fig. 4, where the presence
of the edges due to the individual components confirms the adequate insertion of cr’, ce*
and N in TiO, matrix. The quantified atomic percentages of Ti, O, N, Cr, and Ce in Cr-
Ce/TiON were ~37.74%, ~58.89%, ~1.36%, ~0.95% and ~1.06%, respectively. The EELS
edges furnished by the individual component in Cr-Ce/TiON were identified and marked by
dotted lines in Fig. 4. The edges due to Ti and Cr were of L,; while for Ce of Mys type. The
L; edges are originated as a result of the electron transitions from the inner 2p;,, orbitals to
empty 3d orbital, whereas the L, edges originate due to the electronic transition from 2p;, to
3d orbitals. These L,; edges of 3d transition metals and Mys for 4d transition metals are
termed as “white lines”. Being a function of LS/JJ coupling, the intensity of white-lines
directly corresponds to the oxidation states of the transition metals involved. Therefore, to
determine the valence states of the metals involved in the synthesis process, the intensities of
the corresponding white-lines (Fig. 4) were extracted, normalized using the double-arc
method® and subsequently compared with the literature values. The adopted procedure
revealed +3.7, +3 and +3.3 oxidation states for Ti, Cr and Ce respectively in Cr-Ce/TiON
matrix. The oxidation state of 3.7 for Ti depicted the presence of a fraction in +3 oxidation
state in anatase phase. This effect might be due to the combinatorial effect of N and Cr as
both the dopants not only impart a negative charge to the system, but, being slightly larger in
size than Ti*" and O%, generate size oriented strain that results in the loss of oxygen from the
matrix. The oxygen vacancies generated contribute in the enhancement of spectral response

and extended lifetime of the excited states. The variation in the oxidation state of Ce and the
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retention of oxidation states by Cr is beneficial in terms of photocatalytic activity.44'46

The band gap energies of the synthesized materials (TiON, Ce/TiON and Cr-
Ce/TiON) were estimated by applying Kubelka—Munk transformation on the reflectance data

acquired by diffuse reflectance spectroscopy. The plot of [F(R) x hvj'”?

versus Av (photon
energy) for the graphical determination of the bandgaps of the synthesized powders is
presented in Fig. 5, where the band edge energies were evaluated by the extrapolation of the
linear region of the plot starting from the absorption edge.*’” From Fig. 5, the estimated band
gap energies for TiON, Ce/TiON, and Cr-Ce/TiON were 3 eV, 2.8 eV and 2.1 eV,
respectively. The systematic red shift in the band gap energies, with each modification
eventually makes Cr-Ce/TiON absorptive in the visible region of the spectrum. In the case of
Ce/TiON nanoparticles, the red shift of the band gap energy (3 eV) compared to pure titania
(3.2 eV) is purely due to nitrogen doping’. The interaction between the O* and N, being non-
metal and electronegative, results in the repositioning of the valence band at a relatively
higher energy than pure TiO,. The mutual interaction between Ti*", Ce’" in Ce/TiON further
contribute in the rearrangement of the conduction band constituted by Ti*" in TiON that
results in the enhanced absorption in visible region. The enhanced absorption of Cr-Ce/TiON
is mainly due to the insertion of additional low energy bands by Cr’" states and the effect
charge transfer from Crtto Ti* ie. 44 20—4T1gand 4A4,—4T5, d-d transition of it Yy
is also proposed that the insertion of impurity leads to the induction of interfacial bands
below the conduction band of TiO,. The charge transfer from impurity band to the
conduction band of TiO; results in the enhanced absorption under illumination.*® However, in
the current study, the smoothness of the diffuse reflectance spectra, the absence of additional
absorption edges and the appearance of the single bandgap energy for the synthesized
materials negated the formation of interfacial impurity induced bands therefore, the formation

of a single conduction band with the mutual interaction of the dopants with Ti*" is most

likely. The same can be represented pictorially as under in scheme 1.
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TiO; TiON Ce/TiON Cr-Ce/TiON
Scheme II. The plausible rearrangement of valence and conduction band in TiO, with the

insertion of N, (N + Ce*") and (N + Cr’" + Ce™™).

The FTIR spectrum of Cr-Ce/TiON in comparison to TiON and Ce/TiON was
acquired to rule out the presence of organic residues. As presented in Fig. 6(a), the broad
absorbance in the 3100-3500 cm™ region was assigned to the OH stretching vibrations,
whereas the strong band cantered at 1630 cm” was assigned to the vibrations of the surface-
adsorbed H,0O and Ti—OH bonds of Cr-Ce/TiON.”® A broad band in the range of 400900 cm”
! was assigned to Ti-O stretching and Ti—O—Ti bridging stretching modes.”’

The comparison of the Raman spectra of TiO,, TiON, Ce/TiON and Cr-Ce/TiON is
presented in Fig. 6(b). In the current study, the Raman active modes in pure TiO, (anatase)
corresponding to Bg, A}, + By and E, modes were appeared at 386.84 cm™, 502.46 cm™ and
628.75 cm™, respectively. The observed values were in good agreement with the literature
values.”® For TiON, the insertion of N in the lattice of TiO, resulted in the expected shifting
in Blg band to 380.44 cm™ depicted that the presence of N in the lattice resulted in the
increase in the rigidity of the system. The significant decrease in the intensity of the principal
Raman bands mentioned above further elaborates the decreased magnitude of these vibrations
with the insertion of Ce and Cr + Ce in Ce/TiON and Cr-Ce/TiON. This effect was again a
credible verification of the presence of doped metals in the lattice of TiO,. Additionally the
non-existence of additional bands verifies the phase purity without the formation of oxides of

the respective metals.

BET surface areas of TiON, Ce/TiON and Cr-Ce/TiON nanoparticles calculated from
the linear parts of the BET plots were 120m?/g, 137m%/g and 141m?%g, respectively. The
observed enhancement in the surface area of the synthesized Ce/TiON and Cr-Ce/TiON

compared to TiON make them more effective photo-catalysts in applications point of view.

Photocatalytic Degradation of Humic Acid

9
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In an aqueous phase photocatalytic system, the interaction of photons with the
semiconductor particles results in the generation of variety of radical and ionic species,
termed as reactive oxygen species (ROS) that either interact with the substrate or transform
into molecular species by self-interaction. The primary oxidizing species, i.e. hydroxyl (HO")
and super oxide anion radicals (O," 7) are produced as a consequence of oxidation of the
adsorbed H,O molecules and reduction of adsorbed or dissolved oxygen by the photon
generated holes (") and electrons (e), respectively. The process of formation of these

radicals can be represented by the equations below.
H,O+h, ->HO" +H"
O,+e, >0,

It is believed that the interaction of these species does not lead to the mineralization of
the organic substrates rather proceeds through the formation of intermediates.™ As
illustrated below, the intermediates produced during the initial interaction of ROS with the
substrates leading to the degradation, are further interacted by ROS for final conversion to

C02 and HQO.

HO"® + Organic substrates — Intermediates —» CO, + H,0

O3 + Organic substrates — Intermediates — CO, + H,0

We believe that the individual contribution of the ROS involved in the degradation
and mineralization process may be assessed on the basis of the pace of degradation and

mineralization (TOC removal) process.

Adsorption of the substrate at the surface of the photocatalysts is considered as an
essential parameter that determines the interaction of photon generated ROS with the
substrate molecules. In the current study, prior to the photocatalytic studies, the ability of the
catalysts to adsorb the humic acid molecules, was evaluated. As presented in Fig.7, it was
noticed that the adsorption equilibrium was attained in ~30 min of contact. The adsorption
ability of both Ce/TiON and Cr-Ce/TiON was comparable, however, significantly higher than
that of pure TiON. The higher adsorption of Ce and Cr + Ce modified TiON, as compared to

pure TiON was attributed to the significant change in the surface area after the doping. The

10

Page 10 of 31



Page 11 of 31

RSC Advances

increasing surface area of the Ce (137 mz/g) and Cr + Ce (141 mz/g) doped TiON with
increasing active sites, accommodate higher numbers of humic acid molecules compared to
pure TiON (120 m%/g).

Based on the optical properties and that of humic acid, the photocatalytic
performance of the synthesized Cr-Ce/TiON was evaluated in visible light exposure for the
degradation/mineralization of humic acid. It is important to mention here that the blank
experiments were performed to evaluate the degradation of humic acid by direct photolysis in
visible light exposure however, no decrease in concentration of humic acid was noticed. The
synthesized Cr-Ce/TiON catalysts possessed the bandgap of 2.09 eV (~593 nm) whereas the
substrate, humic acid, exhibited two strong absorption bands in the UV region centered at
~277 nm and ~370 nm with minimum absorption in the visible region that ruled out the
possibility of photon absorption by the substrate, in competition to catalyst particles and lead
to the evaluation of the photocatalytic activity exclusively by the catalyst particles. The
decrease in the concentration of the humic acid was estimated by measuring the absorbance at
270 nm and 377 nm as this band measures the total aromaticity and the aromaticity due to the

conjugation in condensed aromatic rings, respectively.’® >’

The comparison of the time-scale percentage degradation profile for the degradation
of humic acid (50 ppm) over P-25, TiON, Ce/TiON and Cr-Ce/TiON at 370 nm is presented
in Fig. 8(a), where an enhanced activity of Cr-Ce/TiON compared to pure and Ce doped
TiON is observable. Compared to ~1.2, ~8% and ~23% for P-25, pure and Ce doped TiON,
respectively, ~52% decrease in the concentrations of humic acid was noticed in the initial 30
min of visible light exposure. With respect to the absorbance at 370 nm, the ~99% removal
was observed in 240 min of exposure, whereas the maximum removal of ~11%, ~43% and
~79% was witnessed for P-25, pure and Ce doped TiON respectively, in the same period.
The rate constants (min™) for the degradation of humic acid over the three catalysts were
evaluated by applying the Langmuir-Hinshelwood kinetic model for pseudo first order
reactions. The graphical evaluation of the rate constants obtained by plotting In (C,/C) versus
the exposure time (t) is presented in Fig. 8(b). The evaluated rate constants for P-25, TiON,
Ce-TiON and Cr-Ce/TiON were 0.0005 min', 0.0023 min™, 0.0070 min"' and 0.0187 min™,
respectively, with the average correlation factor of ~0.97. The higher rate of degradation of

humic acid over bimetal (Cr, Ce) doped TiON depicted the enhanced generation of ROS.
The decrease in the total aromaticity of the humic acid was estimated by measuring
the decrease in the intensity of the absorption band at 277 nm. The percentage degradation

profile of humic acid over the catalysts under study, based on the decrease in the absorbance
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at 277 nm, is presented in Fig. 9(a), where a degradation pattern similar to that observed at
370 nm was noticed, however, the evaluated degradation with respect to the absorption at 370
nm, was significantly lower. For Cr-Ce/TiON, compared to ~52% decrease in the
concentration at 370 nm, ~13% decrease in the concentration was witnessed in the initial 30
min of exposure whereas ~91% removal was witnessed at the exposure time of 240 min.
Similarly, significantly lower rates of degradation were noticed at 277 nm compared to 370
nm. As evaluated from Fig. 9(b), the values of rate constants for TiON, Ce-TiON and Cr-
Ce/TiON were 0.0015 min™', 0.0057 min™ and 0.091 min™, respectively, with the average
correlation factor of ~0.98. Although both A,;7 and Ajzzy decreased, however, the relative
intensities of the peaks at 277 nm and 370nm (I277/1 370) increased with the illumination time
that furnished the elevated humic acid removal at 370 nm compared to 277 nm. In addition to
absorption spectra, the removal of humic acid was also monitored by fluorescence
spectroscopy. The representative fluorescence spectra showing the time scale decrease in the
intensity with the decreasing concentration of humic acid over Cr-Ce/TiON is presented in
the inset of Fig. 9(b). The peak center of the fluorescence spectrum is 436 nm and is

attributed to polycyclic aromatics consisting of seven fused rings.”

Owing to the higher bandgaps of 3.15 eV and 3.0 eV, the lower activity of P-25 and
TiON for the degradation of humic acid may be attributed to its inability to absorb the visible
photons which in turn affects the generation of ROS. Although the presence of Ce’" in
Ce/TiON significantly shifts the band gap in the visible region however a significant fraction
of photons i.e. below 2.8 eV remains non-absorptive. For Cr-Ce/TiON, the presence of Cr**
along with Ce’” in the matrix of TiON, significantly lowers the bandgap (2.09 eV) and
broadens its spectral response in the visible region compared to TiON and Ce/TiON. The
lower bandgap energy, considerably increased the absorption of photons in the visible region
that supports the significantly higher generation of reactive charge carriers for Cr-Ce/TiON.
The superior degradation of humic acid demonstrates the ability of nanostructured Cr-
Ce/TiON to transfer the charge carriers to adsorbed oxygen and H,O molecules for the
generation of ROS. Here it can be speculated that the combined presence of Cr’” and Ce*" in
the lattice of TiON induce the low energy states that facilitate the excitation of electrons in
the visible light exposure initially and finally transferred to surface Ti*" and Ti’*" states for
onward transmission to reductants. With the equal probability of the presence of Cr’" and

Ce’" at the surface, the direct transfer of excited electrons is equally probable.

12
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The comparison of the TOC removal as a function of visible light illumination time
during the degradation of humic acid over TiON, Ce/TiON and Cr-Ce/TiON nm is presented
in Fig. 10(a). The pattern of the TOC removal was similar to that observed for the
degradation, however, a significant decrease in the percentage TOC removal compared to
degradation was noticed. In the initial 30 min of exposure, the TOC removal for TiON was
negligible, whereas ~7% and 12% TOC was removed for Ce/TiON and Cr-Ce/TiON that was
significantly lower than the degradation of ~23% and 51%, respectively. For Cr-Ce/TiON,
compared to the degradation of ~99% (370 nm) and ~91% (277 nm) in 240 min of visible
light exposure, ~74% of TOC removal was witnessed. As presented in Fig. 10(b), a

substantial decrease in the rate of TOC removal compared to degradation was noticed.

The variation in the degradation rates at 277 nm and 370 nm lead to the conclusion
that humic acid is degraded in a step wise mode. The initial interaction of ROS disturbs the
conjugated structures that results in the formation of fragments with aromaticity that causes a
significant decrease in the intensity of absorption band at 370 nm. However the formation of
aromatic fragments restricts the proportional decrease in the intensity of the absorption band
at 277 nm. Once the concentration of the humic acid is decreased substantially. The ROS
interacts with the aromatic fragments formed initially that results in the decrease in the
intensity of the band at 277 nm. The TOC removal further predicted that the larger
components either aromatic or aliphatic are further subjected to oxidation till complete

mineralization. The same can be represented by the scheme II below.

The stability of the synthesized catalysts under visible light exposure was evaluated
by comparing the XRD patterns of the exposed and unexposed catalysts. No significant
change in the XRD patterns was noticed. A 3% acceptable variation in the activity of the

catalysts was observed in three repeated exposures.
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Scheme II. The plausible route of humic acid degradation and mineralization.

Conclusion

The study authenticated the suitability of the adopted procedure for the synthesis of
doped multicomponent system. The study also revealed that the bimetallic doping of TiON
not only increase the spectral response but also enhance the photocatalytic activity in the
visible region of the spectrum however, the choice of the components is important. The
enhanced photo-catalytic activity of Cr-Ce/TiON in the visible region may be attributed to
the red shift in the band gap energy and +3 oxidation state of chromium. The doping by Ce
and Cr not only increased the surface area of TiON but also enhanced the adsorption of
substrates. The catalyst also showed the excellent ability to adsorb the substrate molecules.
The rapid degradation of poly functional group containing carbon rich molecule revealed the
generation significant number of ROS under visible light illumination over Cr-Ce/TiON. The

interaction of the ROS produced under visible light illumination initially degrade the bulky

14
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humic acid molecules to smaller aromatic fragments that are further interacted by the ROS to
complete mineralization. The synthesized catalyst may be regarded as addition to the existing

photocatalysts.
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Figure Captions:

Fig. 1.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

The Comparison of the XRD patterns of Ce/TiON (black) and Cr-Cr/TiON (black)
in the range of 20 = 10° to 26 = 80°. The Ak/ indices of the corresponding reflection
are mentioned on each reflection.
(A) The HRTEM micrograph (B) The Fast Fourier Transformation (FFT) of
HRTEM micrograph of Cr and Ce doped TiON elaborating the respective hk/
indices in terms of concentric circles.

The EF-TEM images showing the mapping/distribution of the Ti, Ce, Cr, O and N
in Cr and Ce doped TiON.

The EELS spectra of Cr and Ce doped TiON showing the edges yielded by the
elctronic transitions in N, Ti, O, Cr and Ce.

The graphical evaluation of the bandgap energies of TiON, Ce/TiON and Cr-
Ce/TiON obtained by plotting (F(R) x hv)"? versus the photon energy Av.

(a) The comparison of the FTIR spectra of TION, Ce/TiON and Cr-Ce/TiON (b) the
comparison of the Raman spectra of TiO,, TION, Ce/TiON and Cr-Ce/TiON.

The comparison of the time scale adsorption (mg/g) of humic acid on TiON,
Ce/TiON and Cr-Ce/TiON in dark.

(a) The comparison of the degradation of humic acid (50 ppm) over TiON,
Ce/TiON and Cr-Ce/TiON in visible light exposure based on the decrease in the
intensity of peak in UV-visible spectra at 370 nm (b) the graphical evaluation of
the rate constants extracted by plotting In (C,/C) versus visible light exposure time.

(a) The comparison of the degradation of humic acid (50 ppm) over TiON,
Ce/TiON and Cr-Ce/TiON in visible light exposure based on the decrease in the
intensity of peak in UV-visible spectra at 277 nm (b) the graphical evaluation of
the rate constants extracted by plotting In (C,/C) versus visible light exposure time.

Fig. 10. (a) The comparison of the TOC removal of humic acid (50 ppm) over TiON,

Ce/TiON and Cr-Ce/TiON in visible light exposure (b) the C/C, plot of the TOC
removal versus visible light exposure time.
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Fig.1 The Comparison of the XRD patterns of TiON (black), Ce/TiON (red) and Cr-
Ce/TiON (blue) in the range of 20 = 10° to 20 = 80°. The Akl indices of the
corresponding reflection are mentioned on each reflection. The inset shows the
variation in the position of (004) reflection with the insertion of Ce*" and Cr* +
Ce’” in TiON matrix.
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Fig.2 (A) The HRTEM micrograph (B) The Fast Fourier Transformation (FFT) of
HRTEM micrograph of Cr and Ce doped TiON elaborating the respective Akl

indices in terms of concentric circles.
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Cr map

Fig. 3 The EF-TEM images showing the mapping/distribution of the Ti, Ce, Cr, O and N in
Cr and Ce doped TiON.
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Fig.4 The EELS spectra of Cr and Ce doped TiON showing the edges yielded by the

elctronic transitions in N, Ti, O, Cr and Ce.
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Fig. 6 (a) The comparison of the FTIR spectra of TiON, Ce/TiON and Cr-Ce/TiON (b) the
comparison of the Raman spectra of TiO,, TiION, Ce/TiON and Cr-Ce/TiON.
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Fig. 7 The comparison of the time scale adsorption (mg/g) of humic acid on TiON, Ce/TiON
and Cr-Ce/TiON in dark.
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rate constants extracted by plotting In (C,/C) versus visible light exposure time.
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(a) The comparison of the degradation of humic acid (50 ppm) over TiON,
Ce/TiON and Cr-Ce/TiON in visible light exposure based on the decrease in the
intensity of peak in UV-visible spectra at 277 nm (b) the graphical evaluation of the
rate constants extracted by plotting In (C,/C) versus visible light exposure time. The
time-scale florescence spectra recorded during the degradation of humic acid over
Cr-Ce/TiON is presented in the inset.
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Fig. 10 (a) The comparison of the TOC removal of humic acid (50 ppm) over TiON,
Ce/TiON and Cr-Ce/TiON in visible light exposure (b) the C/C, plot of the TOC
removal versus visible light exposure time
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Table 1: Comparative study on the photocatalytic degradation of Humic Acid.

S.No. Photocatalyst % Degradation/ Source References
Mineralization
1 TiO, 88% Simulated solar radiation [28]
2 TiO, 90% uv [29]
3 TiO, 95% uv [30]
4 TiO, 65% uv [31]
5 TiO, 80% uv [32]
6 TiO, 52.5-83.1% uv [33]
7 TiO, 60% uv [34]
8 TiO, 52..5% Solar Simulator [35]
9 Pt-TiO, 29.1% Solar Simulator [35]
10 W-TiO, 11.7% Solar Simulator [35]
11 Co-TiO, 8.9% Solar Simulator [35]
12 CuxO/H,-TiO, 5.8% Solar Simulator [35]
13 Fe-TiO, 5.5% Solar Simulator [35]
14 Fe-TiO,/SAC  32.54% uv [36]
15 Fe,0,/TiO, 61.58% uv [37]
16 TiO,/GAC 99.5% uv [38]
17 Ag/ZnO 100% Natural Sunlight [26]
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