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Abstract 

The photodegradation of diclofenac from aqueous medium under UV-A light condition has 

been essayed using co-doped with manganese and silver TiO2 catalysts. X-ray diffraction, 

Raman spectroscopy, Scanning electron microscopy, Transmission electron microscopy, High 

resolution transmission electron microscopy, Energy dispersive X-ray, N2 adsorption-

desorption measurements at 77 K, UV-Visible diffuse reflectance, X-ray photoelectron 

spectroscopy and photoluminescence analyses were used to characterize the materials. A high 

surface specific area of 165 m2/g, low band gap energy (2.7 eV) and effective charge separation 

were obtained for the 0.5%Ag-0.6%Mn/TiO2 photocatalyst. The results of the photocatalytic 

experiments showed that co-doping improved the photocatalytic activity of TiO2. In particular, 

TiO2 co-doped with 0.6 mol% Mn and 0.5 mol% Ag exhibited the maximum diclofenac removal 

(86%) after 4 h under UV-A light irradiation. The photodegradation rates followed a first order 

kinetics according to the Langmuir-Hinshelwood model, being the highest apparent rate of 

0.0064 min-1. The photocatalytic performance appears as related to the specific surface area, 

the low optical band gap energy, the creation of surface oxygen vacancies and the efficient 

separation of photogenerated electron-hole pairs. 
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1. Introduction 

With the rapid development of industrialization and urbanization, the environmental pollution 

has become a critical worldwide issue, particularly in water pollution due to the influx of 

emerging organic contaminants such as pesticides, endocrine disrupting chemicals, 

pharmaceutical compounds and synthetic dyes into environmental matrices [1-2]. Various 

materials have been developed, such as ZnO, Co3O4, La2O3 and CeO2 to tackle this problem and 

remove the highly toxic pollutants [3-8]. Among them, titanium dioxide has been widely 

investigated as an effective catalyst because of its chemical stability, non-toxicity and high 

oxidizing abilities for the photocatalytic degradation of various recalcitrant organic compounds 

[9-11]. However, the low quantum yield and rapid electron-hole recombination limit the 

efficiency of titania, which has motivated the development of different solutions in order to 

overcome these limitations. Recent studies have shown that the modification of the TiO2 by 

different dopants is an efficient method to enhance its photocatalytic performance [12-17]. For 

example, Kasinathan et al. revealed that the addition of Ce improves the photocatalytic activity 

of TiO2 for the photodegradation of Rhodamine B [18]. Bakar et al. reported that S-doped TiO2 

nanorods exhibited higher activity for visible light degradation of methylene blue in aqueous 

solution compared to undoped TiO2, which was mainly ascribed to the efficient separation of 

photogenerated charge carriers and the strong visible light absorption [19]. Silver has received 

attention as a significant dopant to favor the performance of TiO2 due to its localized surface 

plasmon resonance [20-21]. The most commonly ascribed effect of silver as a dopant is its 

ability to act as a reservoir of photoelectrons, which leads to hamper the charge recombination 

rate, and hence enhances the photocatalytic activity [22]. Additionally, manganese has also 

proved as a great potential dopant to improve the photoresponse of titania by creating Fermi 

levels into its forbidden gap. And thus, enhancing the visible light absorption and also 

restricting the recombination process [23-24].  

Furthermore, co-doping is considered a promising approach to ameliorate the photocatalytic 

properties of TiO2. This could significantly reduce its band-gap energy and extend the lifetime 

of the photogenerated charge carriers due to the synergistic effects of the dopants [25-29]. 

Martiullah et al. have described one-pot hydrothermal method to prepare TiO2 co-doped with 



3 
 

silver and vanadium. They reported that Ag-V/TiO2 exhibited the best activity in the 

decomposition of methylene blue under visible light compared to monodoped or undoped TiO2 

[30]. 1 wt% Ag and 0.25 wt% Mg co-doped TiO2 synthesized via impregnation method 

provided improved visible light absorption and photocatalytic response in the degradation and 

mineralization of Acid red 27 due to the synergistic effect of silver and magnesium [31]. Lu et 

al. stated that the highest photoactivity of co-doped TiO2 with Mn and N was due to a 

combination of the electron trap effect of Mn, oxygen vacancies and N doping [32]. 

In this work, we have used manganese and silver as effective co-dopants for enhancing the 

photocatalytic properties of TiO2 on diclofenac removal under UV-A light irradiation. 

Diclofenac (DCF) is an anti-inflammatory pharmaceutical drug, considered as one of the major 

pharmaceutical water pollutants due to its toxic properties [33]. We have prepared Mn-Ag co-

doped TiO2 photocatalysts by a simple sol-gel route and studied the co-doping effect of 

manganese and silver on the structural, textural, optical, morphological and photocatalytic 

features of TiO2. 

2. Experimental  

 

2.1.Chemicals reagents  

Titanium (IV) isopropoxide (99%), manganese (II) nitrate hexahydrate (Mn(NO3)2·6H2O) and 

silver nitrate (AgNO3) were supplied from Sigma-Aldrich Company and were used as received. 

Absolute ethanol (Merck) was employed as solvent. Ethylacetoacetate (Fluka) and nitric acid 

(Sharlab) were added during the sol-gel route. Diclofenac sodium salt (DCF) (98%) was 

obtained from Sigma-Aldrich and Milli-Q water (Millipore, conductivity of 18.2 MΩ·cm at 

25°C and 1 ppb TOC) was used throughout the whole photocatalytic experiments. 

2.2.Preparation of the photocatalyst  

Silver-manganese co-doping on TiO2 nanoparticles was accomplished by a sol-gel method 

under supercritical conditions of ethanol. Appropriate amounts of silver nitrate (between 0.25 

and 2 mol%) and a fix amount of manganese nitrate (0.6 mol%) were dissolved in 12.5 mL of 

absolute ethanol. After addition of 1.6 mL of ethylacetoacetate, 3.8 mL of titanium (IV) 

isopropoxide was added to the solution. The reaction mixture was stirred at room temperature 

for 30 min. Then, 1.25 mL of nitric acid (0.1 mol. L-1) was added dropwise to the solution for 

hydrolysis and condensation reactions, and the obtained mixture was kept under stirring until 

gel formation. The resulting gel was dried under supercritical conditions of ethanol (T = 243°C, 
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P = 63 bar) in an autoclave and calcined under oxygen at 500 °C for 3 h in a tubular furnace. 

Pure and monometallic TiO2 were also prepared following the same route.  

2.3.Materials characterization    

The X-ray diffraction analyses were performed using a XPERT-PRO (PW3040/60) 

diffractometer equipped with a Cu-Kα radiation source (λ = 0.154 nm) in scanning range of 20-

80°. High Score Plus software was used to estimate the crystallographic parameters. The 

average crystallite sizes were estimated by the Debye-Scherrer equation using the most intense 

peak at 2θ = 25.4°. Raman spectra were recorded with a LabRam HR instrument (Horiba Jobin-

Yvon) in the range of 100-1000 cm-1 at 20 °C with spectral resolution of 4 cm-1. A 514 nm Ar-

Kr 2018-RM laser and a CCD detector cooled at -75 °C were used. The average power at the 

surface of materials was set at 1 mW. Scanning electron microscopy (SEM) imaging was 

recorded on a QUANTA FEI 200 FEG-ESEM. Transmission Electron Microscopy (TEM) and 

High-Resolution TEM (HR-TEM) methods were employed to analyze the microstructure of the 

synthesized catalysts. TEM images were obtained using a JEOL 1210 TEM operating at 120 

kV. HR-TEM and HAAD-STEM were carried out with a FEI TECNAI F20 S/TEM instrument 

equipped with a field emission electron source operated at 200 kV equipped with an energy 

dispersive X-ray (EDX) analyzer for element characterization. The samples for TEM and HR-

TEM analysis were dispersed by sonication in n-hexane and then were dropped onto copper 

TEM grids. N2 adsorption-desorption isotherms at 77 K were performed using an automatic 

Micromeritics ASAP 2020 analyzer. The specific surface areas measurements were estimated 

using the Brunauer-Emmett-Teller (BET) method and the pore size distribution was determined 

from the desorption branch of the isotherm applying the Barrett-Joyner-Halenda (BJH) formula. 

X-ray photoelectron spectroscopy (XPS) studies were performed using a SPECS system 

equipped with an Al anode XR50 source operating at 150 mW and a Phoibos 150 MCD-9 

detector. The pass energy of the hemispherical analyzer was set at 25 eV and the energy step 

was set at 0.1 eV. All the binding energy (BE) values were referenced to the C1s peak located 

at 284.8 eV as a reference standard. Diffuse reflectance analyses were obtained using a 

Shimadzu UV-Vis 1700 spectrophotometer in the scan range of 200-800 nm for band gap 

energy measurements. 

Photoluminescence (PL) spectra were conducted on a Perkin–Elmer-Lambda LS 45 

Fluorescence spectrometer using a xenon lamp as the excitation source with a wavelength of 

320 nm.   
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2.4.Photocatalytic activity 

Photocatalytic performances of the photocatalysts were assessed in the degradation of 

diclofenac under UV-A light irradiation. Photocatalytic experiments were carried out at room 

temperature, natural pH and the stirring was set at 500 rpm. An appropriate amount of the 

photocatalyst was suspended in 100 mL aqueous solution of diclofenac in a Pyrex photoreactor. 

The mixture was magnetically stirred in darkness (60 min) to reach adsorption-desorption 

equilibrium prior to irradiation. Subsequently, the solution was irradiated with a UV-A lamp 

(30 W, λmax = 365 nm), at a distance which was fixed in order to maintain an irradiation of 3.2 

mW/cm2, which was measured with a radiometer equipped with a UV-A detector (PMA/2110). 

During the photocatalytic test, aliquots of the suspension were withdrawn at regular time 

intervals, filtered (nylon filter of 0.22 µm), and analyzed using a SHIMADZU UV-3600 

spectrophotometer at a wavelength of 276 nm which is the maximum diclofenac absorbance in 

the visible region. The diclofenac degradation was calculated as follow: 

          𝐷𝑖𝑐𝑙𝑜𝑓𝑒𝑛𝑎𝑐 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) = (𝐴𝑏𝑠(0) −  𝐴𝑏𝑠(𝑡))/ 𝐴𝑏𝑠(0) × 100                    [1] 

Where Abs (0) and Abs (t) are the initial absorbance of DCF solution and the absorbance after 

irradiation at a specific reaction time (t), respectively.  

3. Results and discussion 

3.1.Characterization results 

X-ray diffraction study was performed in order to determine the crystalline composition and 

crystallite sizes of the prepared materials. Fig. 1 shows the X-ray diffraction profiles of the as-

synthesized powders calcined at 500 °C. The XRD patterns clearly indicated that the broad 

diffraction peaks at 25.3°, 37.9°, 48.1°, 54.0°, 55.2°, 62.8° and 68.8° matched well to (101), 

(004), (200), (105), (211), (204) and (116) crystal planes of pure anatase TiO2 phase (JCPDS 

No. 21-1272) [22]. No noticeable metal diffraction peaks corresponding to the presence of 

manganese and silver were detected in the X-ray diffractograms due to the low loading of the 

dopants. No significant variations in the lattice parameters for the doped and co-doped catalysts 

were observed compared to pure TiO2 (Table 1) indicating that the dopants were distributed 

onto the surface rather than diffuse into the TiO2 lattice.   

The results in Table 1 also show that the average crystallite size of TiO2 does not change 

significantly after doping and co-doping.  
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Fig. 2 represents the Raman spectra of the analyzed photocatalysts, showing the characteristic 

anatase peaks at 149, 197, 400, 521 and 644 cm-1, which correspond to the active vibrational 

modes E1g, E2g, B1g, A1g/B1g and Eg, respectively [26]. There are no obvious additional Raman 

peaks, indicating that the doping and the co-doping do not apparently alter the crystal structure 

of TiO2, which is in accordance to the XRD observations. 

SEM and TEM analyses were used to examine the morphology and particle size of the 

photocatalysts. Representative SEM micrographs of TiO2, 0.6%Mn/TiO2, 1%Ag/TiO2, 

0.5%Ag-0.6%Mn/TiO2 and 2%Ag-0.6%Mn/TiO2 are shown in Fig. 3. It is deduced that all the 

photocatalysts exhibit similar morphologies and the addition of the dopants did not alter the 

morphology of TiO2. The TEM micrographs demonstrated that the as prepared samples were 

fairly well homogenous with spherical particles (Fig. 4) and the average particle sizes varied in 

the range of 9-12 nm. The HR-TEM images show the existence of well resolved lattice fringes 

with an interplanar spacing of 0.35 nm corresponding to the (101) plane of anatase TiO2. 

HAADF-STEM images of 0.5%Ag-0.6%Mn/TiO2 and 2%Ag-0.6%Mn/TiO2 (Fig. 4) show the 

presence of bright spots with an average particle size in the range of 2-5 nm, indicating the 

presence of metal nanoparticles onto the TiO2 surface. 

Nitrogen adsorption-desorption isotherms at 77 K and Barrett-Joyner-Halenda (BJH) pore size 

distribution curves of the calcined solids are shown in Fig. 5. According to IUPAC 

classification, all the solids display type IV profiles with hysteresis loops characteristic of 

bottle-type pore structure with narrow neck and wide bodies, indicating that the powders 

synthesized by sol-gel method have a mesoporous structure [34]. The BJH curves show that all 

the photocatalysts were homogeneous with monomodal pore size distribution. It was observed 

that the peak pore size of co-doped samples shifts to lower values when the Ag content 

increased. This observation might be due to the decrease of intra-particles pore size [35]. The 

highest SBET value (165 m2/g) and large pore volume (0.47 cm3/g) are observed for the co-doped 

sample with 0.6 mol% Mn and 0.5 mol% Ag (Table 1). Large surface areas and high pore 

volumes are beneficial for pollutant adsorption and mass transport during the photocataytic 

reaction, respectively [36].  

X-ray photoelectron spectroscopy was used to detect the presence of manganese and silver at 

the TiO2 surface and investigate their oxidation states. The XPS survey spectra of 0.5%Ag-

0.6%Mn/TiO2 and 2%Ag-0.6%Mn/TiO2 photocatalysts showed the existence of Ti, O, C, Mn 

and Ag (Fig. 6 and 7). The presence of carbon species is due to adventitious carbon. A higher 

value of Ag/Ti ratio in XPS respect to EDX indicates a high dispersion of Ag particles on the 
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TiO2 surface (Table 2). Nevertheless, in the case of Mn/Ti the differences are not so high, 

suggesting that we have almost the same manganese content integrated into TiO2 lattice and 

dispersed on the surface. The XP spectra of Ti consist of two spin-orbit doublet peaks for Ti 

2p3/2 and Ti 2p1/2 centered at 458.5 and 464.2 eV, respectively (Fig. 6 (b) and 7 (b)), which are 

characteristic of Ti4+ in tetragonal structure [37]. The O 1s peak located at 529.8 eV is assigned 

to the lattice oxygen of TiO2 (Fig. 6 (c) and 7 (c)). The Mn 2p spectra (Fig. 6 (d) and 7 (d)) 

were broad and showed the contribution of several oxidation states, likely Mn4+ and Mn3+.  

In all cases, the Ag 3d peaks were identified at 367.5 and 373.5 eV and assigned to Ag 3d5/2 

and Ag 3d3/2 states, respectively [30, 38].  

In order to investigate the co-doping effect with manganese and silver on the optical response 

of the synthesized photocatalysts a set of UV-Visible analyses were performed as shown in Fig. 

8. Bulk TiO2 displayed an intense broad absorption peak in the UV region due to the charge 

transfer from lower valence band (Vb) to higher conduction band (Cb) [39]. Upon manganese 

and silver addition, there is a pronounced bathochromic shift of the optical absorption edge 

towards the visible region due to the change in the electronic band structure of TiO2, especially 

for the co-doped samples. This red shift phenomenon suggests the existence of a strong contact 

between TiO2 and the metal dopants. Moreover, the 0.6%Mn/TiO2 and the co-doped samples 

show the existence of a new broad absorption band in the visible region, which can be assigned 

to the Surface Plasmon Resonance (SPR) effect of metallic species [40, 38].  

The optical band gap energies (Eg) of the samples are calculated from Tauc plot and compiled 

in Table (1) [41]. The band gap energy of TiO2 decreased significantly with Mn and Ag doping. 

This effect is related to the formation of Fermi levels within the band gap of TiO2 [36]. The 

0.5%Ag-0.6%Mn/TiO2 photocatalyst showed a strong visible light absorption due to the 

synergistic effect from SPR of metallic Mn and Ag species. Therefore, it is expected that 

0.5%Ag-0.6%Mn/TiO2 should possess the highest photocatalytic efficiency. 

It is well known that an effective charge separation is quite crucial in the photocatalytic 

processes. Photoluminescence (PL) analyses were done to detect the defects and evaluate the 

separation, transfer and migration of the photogenerated electrons and holes in the TiO2 

semiconductor, since PL signals arise from the charge recombination. PL spectra of the as 

elaborated samples are depicted in Fig. 9. The main broad emission peaks appeared at 386, 418, 

485 and 530 nm. Following previous reports in the literature, the peak at 386 nm is ascribed to 

surface defects on TiO2 [39]. The emission peak at 418 nm is originated from the bulk 



8 
 

recombination of photo-produced charge carriers into the TiO2 lattice and the blue-green 

emission band at 485 nm is owing to the charge transfer from Ti3+ to oxygen anion in TiO6
2- 

octahedral complex associated with oxygen vacancies [42]. The peak at 530 nm is assigned to 

the recombination of the surface oxygen vacancies with trapped electrons [43].  

The co-existence of dopants favors the formation of surface oxygen vacancies that can act as 

efficient electron scavengers and prevents the recombination process. It was observed that co-

doping leads to quench the intensity of photoluminescence emission of TiO2. The intensity 

significantly decreased with co-doping compared to that of the bare and monodoped TiO2. The 

lowest emission intensity was observed with 0.5%Ag-0.6%Mn/TiO2 photocatalyst, which 

indicates the effective charge separation due to the synergistic effect of manganese and silver 

nanoparticles on the catalyst surface, thereby, resulting in an enhanced DCF photodegradation.  

3.2.Photocatalytic studies 

Evaluation of photocatalytic efficiency  

The performance of the different photocatalysts was examined for the degradation of diclofenac 

(DCF). The photocatalytic degradation of DCF can be adjusted to a first-order kinetics as 

represented in Fig. 10.b. The apparent rate constant measurements were estimated according to 

Equation 2 [44]: 

                                                    Ln
[DCF](t)

[DCF](0)
= -Kapp t                                                    [2] 

where Kapp (min-1) is the pseudo-first order rate constant, [DCF](0) is the concentration of 

diclofenac at t = 0 and [DCF](t) is the concentration at various interval times. The value of Kapp 

was determined from the slope of the plot of Ln([DCF](0)/[DCF](t)) vs. time. 

Our experimental results show high DCF removal efficiencies with the as-elaborated 

photocatalysts (Fig. 10). It can be seen that the co-doping has a significant influence on the 

catalytic performance, being the best degradation efficiency of about 86% obtained when using 

the 0.5%Ag-0.6%Mn/TiO2 photocatalyst, with an apparent rate constant of 0.0064 min-1 after 

4 h under UV-A light irradiation.   

Based on the characterization results, the high activity of 0.5%Ag-0.6%Mn/TiO2 sample is 

mainly associated to its large surface area and the strong visible light absorption related to the 

reduction of the band gap as shown by UV-Vis analyses. In addition, the good dispersion of 

metal dopants on the catalyst surface as confirmed by XPS and the presence of surface oxygen 
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vacancies prevents the recombination process and hence ameliorates the photocatalytic 

performance. 

Effect of initial DCF concentration 

It is known that photodegradation efficiency is affected by the initial pollutant concentration. 

The effect of initial DCF concentration on the degradation of diclofenac was investigated at 

various concentrations (10, 15 and 20 mg/L) at a fixed catalyst loading (50 mg/L) (Figure 11.a). 

The optimum DCF concentration was found to be 10 mg/L and a further increase in the initial 

DCF concentration lead to a lower initial rate. The reason of the decrease in the degradation 

rate can be ascribed to a low absorption of photons by the photocatalyst due to the increased 

number of DCF molecules, which hamper the production of hydroxyl radicals and decrease the 

degradation efficiency [45]. The classical Langmuir-Hinshelwood (L-H) kinetic model can be 

used to describe the photocatalytic rate of diclofenac (Equation 3) [46]: 

                                          𝑉 0 = −
𝑑𝐶

𝑑𝑡
 =  k

 [DCF]0Kp 

1+[DCF]0 Kp 
                                                     [3]             

where V0 is the initial rate of degradation (mg L-1 min-1), [DCF]0 is the initial concentration 

(mg L-1), k is the reaction rate constant, and Kp is the adsorption equilibrium constant of 

pollutant. At low initial concentration, the L-H equation can be simplified to a first order kinetic 

model: 

                                                     
1

𝑉0
 =  =

1

𝑘
+

 1 

[DCF]0 kKp 
                                                   [4]                                                 

From the slope and the intercept of the straight line obtained by plotting the reciprocal rate 

against the reciprocal initial concentration (Fig. 11.b) Kp and k were calculated to be 964.2 L 

mg-1 and 8.04·10-3 mg L-1min-1, respectively. 

Effect of catalyst concentration 

The influence of the amount of photocatalyst on the degradation of diclofenac was studied in 

the range of 20-200 mg/L and the results are shown in Fig. 12. The rate of degradation increases 

when increasing the catalyst loading up to 50 mg/L, and then decreases at higher photocatalyst 

loading values than 100 mg/L. According to Selvaraj et al. [47] the increase of photocatalyst 

loading increases the number of absorbed photons, which obviously improves the 

photocatalytic process. However, at high amount of catalyst, the opacity of the solution results 

in light scattering, which restricts the light penetration and thus lowers the photocatalytic 

activity [48].  
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4. Possible photocatalytic mechanism 

It is known that heterogeneous photocatalysis is an interfacial process and a well dispersion of 

dopant ions on the semiconductor surface promotes the charge separation, thereby yielding an 

enhanced catalytic properties of the catalyst for the oxidation of organic pollutants.  

Scheme 1 shows a possible photocatalytic mechanism for the degradation of diclofenac over 

0.5%Ag-0.6%Mn/TiO2 catalyst. 

Foremost, the photocatalytic reaction was initiated by irradiation of the catalyst surface with 

UV-A light that generates the photo-excited electron and hole pairs.  

Ag-Mn/TiO2  +  hυ            Ag-Mn/TiO2  (e
-
(Cb)

  +  h+
(Vb)) 

Then, the dopant ions can act as significant trapping centers and can separately trap the 

photoinduced e-/h+, which facilitates the charge separation. 

Ag0 + h+
(Vb)            Ag+ 

Mn3++ h+
(Vb)            Mn4+ 

Ag+ + e-
(Cb)             Ag0 

Mn4+ + e-
(Cb)             Mn3+ 

Additionally, the reactive species such as O2
-. and ·OH play pivotal roles in the 

photodecomposition of contaminants. Indeed, the oxygen reduction allows the formation of 

superoxide anion radicals (O2
-.), which further react with water molecules producing 

hydroperoxyl radicals (HOO.) and hydroxyl ions (OH-). While, the hydroxyl radicals (.OH) 

were generated by the reaction of positive holes with H2O or OH-.  

e-
(CB)  +  O2            O2

-. 

O2
-.  +  H2O             HOO.  + OH-     

 H2O(ads)  +  h+
( Vb)             H

+  +  .OH      

 OH-
(ads)  +  h+

(Vb)            .OH     

The hydroxyl radical (.OH) is deemed to be one of the highly reactive oxidants and it is 

responsible for the photodegradation of pollutants during photocatalytic process. 
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5. Catalyst reusability  

The renewable photocatalytic activity of the photocatalyst is considered one of the most 

important factors for the cost effectiveness of the process.  

In order to confirm the reusability of the 0.5%Ag-0.6%Mn/TiO2 photocatalyst for the DCF 

removal, photocatalytic recycling was performed four times with the recovered photocatalyst 

after each use (Figure 13.a). It is found that the performance of the photocatalyst after four 

cycles retains a high activity for DCF removal, indicating that it can be reused several times 

without a severe loss in its photocatalytic performance. The XRD pattern of 0.5%Ag-

0.6%Mn/TiO2 photocatalyst (Figure 13.b) after the third photocatalytic reaction demonstrated 

that there is no structural change. These results confirm the high activity and stability of the 

catalyst.  

6. Conclusions 

We have observed that co-doping TiO2 with manganese and silver results in an efficient 

photocatalyst for the photodegradation of diclofenac under UV-A light irradiation. The 

materials were synthesized in a single step and calcined under oxygen. They exhibited only 

pure anatase phase and high specific surface areas. The UV-Vis absorption analysis 

demonstrated that co-doping gave a distinct absorption band in the visible region and reduced 

the band gap of TiO2. The photoluminescence observations revealed a good dispersion of metal 

dopants on the surface of TiO2 and the presence of surface oxygen vacancies, which prevented 

charge recombination and, therefore, improved the photocatalytic activity. A considerable 

enhancement of the photocatalytic properties of TiO2 was observed due to the co-existence of 

Mn and Ag species. Under optimum conditions (10 mgDCF /L and 50 mgcat /L), TiO2 co-doped 

with 0.6 mol% Mn and 0.5 mol% Ag showed the highest photocatalytic response with 86% 

diclofenac degradation after 4 h of UV-A light irradiation. The high performance of the 

photocatalyst is ascribed to the synergistic effect between Ag and Mn, the low band gap energy 

and the effective charge carriers separation.   
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Table 1: Structural parameters, textural properties and band gap energies of the catalysts. 

 

 

 

Table 2: 

Surface 

(by XPS) 

and Bulk 

(by EDX) 

chemical 

analyses. 

 

 

 

 

 

 

 

 

     Lattice parameters    

Samples 

Specific 

surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Average 

Pore 

size ( Å) 

XRD 

Crystallite 

size (nm) 

a=b (Å)  (c) (Å) 

Unit 

cell 

volume 

(Å3) 

Density, 

ρ 

(g/cm3) 

Band 

gap, Eg 

(eV) 

TiO2 134.9 0.36 87.1 10.2 3.780 9.510 135.8 3.40 3.3 

0.6Mn/TiO2 140.2 0.41 97.5 9.2 3.776 9.486 135.2 3.92 3.0 

1Ag/TiO2 132.7 0.36 77.5 10.2 3.789 9.537 136.9 3.88 3.2 

0.25Ag.Mn 159.4 0.44 85.2 8.5 3.783 9.497 135.9 3.25 2.8 

0.5Ag.Mn 165.0 0.47 92.3 9.2 3.784 9.514 136.2 3.89 2.7 

1Ag-Mn 124.4 0.35 82.9 14.6 3.784 9.512 136.2 3.89 3.1 

2Ag-Mn 124.0 0.35 88.5 11.6 3.782 9.502 135.9 3.90 2.9 

  XPS EDX 

Samples  Atom Atomic %   Ag/Ti Mn/Ti Atomic % 

0.5%Ag-0.6%Mn/TiO2 

O 49.6  

 

0.017 

 

 

0.007 

 

Ti 19.0 98.2 

Mn 0.1 1.1 

Ag 0.3 0.6 

2%Ag-0.6%Mn/TiO2 

O 57.4  

 

0.075 

 

 

0.007 

 

Ti 22.9 97.1 

Mn 0.1 0.7 

Ag 1.7 2.0 
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Fig. 1. XRD patterns of the as prepared catalysts. 
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Fig. 2. Raman spectra of TiO2, 0.5%Ag-0.6%Mn/TiO2 and 2%Ag-0.6%Mn/TiO2 samples. 

 



21 
 

 

Fig. 3. SEM micrographs of a) TiO2, b) 0.6%Mn/TiO2, c) 1%Ag/TiO2, d) 0.5%Ag-

0.6%Mn/TiO2 and e) 2%Ag-0.6%Mn/TiO2 catalysts. 
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Fig. 4. TEM images of a) 0.5%Ag-0.6%Mn/TiO2 and b) 2%Ag-0.6%Mn/TiO2, HR-TEM 

images of c) 0.5%Ag-0.6%Mn/TiO2 and d) 2%Ag-0.6%Mn/TiO2. HAADF-STEM images of 

e) 0.5%Ag-0.6%Mn/TiO2 and f) 2%Ag-0.6%Mn/TiO2. 
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Fig. 5. (a) N2 adsorption-desorption isotherms of the various samples, (b) BJH pore size 

distributions. 
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Fig. 6. XPS spectra of 0.5%Ag-0.6%Mn/TiO2 (a) survey spectrum (b) Ti 2p spectrum (c) O 

1s spectrum (d) Mn 2p spectrum (e) Ag 3d spectrum. 
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Fig. 7. XPS spectra of 2%Ag-0.6%Mn/TiO2 (a) survey spectrum (b) Ti 2p spectrum (c) O 1s 

spectrum (d) Mn 2p spectrum (e) Ag 3d spectrum. 

  

 

 

 



26 
 

Fig. 8. (a) UV-visible reflectance spectra and (b) energies band gap of the various samples. 
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                        Fig. 9. Photoluminescence spectra of the photocatalysts. 
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Fig. 10. (a) Photocatalytic response of the catalysts on the DCF degradation, (b)Time-

dependent DCF solution over 0.5%Ag-0.6%Mn/TiO2 under UV-A light irradiation (c) Pseudo-

First order degradation kinetics of diclofenac and the inset shows the apparent rate constants in 

the conditions, [DCF] = 10 mg/L, mcat = 50 mg/L, pHDCF ≈ 6 and λ = 365 nm. 
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Fig. 11. (a) Effect of initial DCF concentration on the removal of DCF, (b) Plot showing the 

linear variation of reciprocal initial rates against reciprocal of initial concentration, mCat = 50 

mg/L, pHDCF ≈ 6 and λ = 365 nm. 
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Fig. 12. Effect of catalyst loading on the removal of DCF, [DCF] = 10 mg/L, pHDCF ≈ 6, λ = 

365 nm. 
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Scheme 1: Possible photocatalytic mechanism for the photodegradation of diclofenac over 

0.5%Ag-0.6%Mn/TiO2 catalyst. 
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Fig. 13. (a) Stability test over 0.5%Ag-0.6%Mn/TiO2 catalyst for degradation of DCF.         (b) 

XRD patterns of 0.5%Ag-0.6%Mn/TiO2 catalyst before and after reaction. 

 

 


