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Green Microwave Switching from Oxygen Rich Yellow Anatase to 

Oxygen Vacancy Rich Black Anatase TiO2 Solar Photocatalyst 

Using Mn (II) as ‘Anatase Phase Purifier’ †  

Sanjay G. Ullattil, Pradeepan Periyat
*
 

Green and rapid microwave syntheses of ‘Yellow oxygen rich’ (YAT-150) and ‘Black oxygen vacancy rich’ (BAT-150) anatase 

TiO2 nanoparticles are reported for the first time. YAT-150 was synthesized using titanium (IV) butoxide and water as only 

precursors. The in situ precursor modification by Mn (II) acetate switched the anatase TiO2 from YAT-150 to BAT-150. The 

entry of Mn
2+

 into the crystal lattice of anatase TiO2 paved the way to peak texturing in the existing peak orientations 

along with origin of three new anatase TiO2 peaks in (103), (213) and (105) directions. As synthesized ultra-small (~5 nm) 

yellow and black anatase TiO2 nanoparticles were found to be two fold and four fold photoactive than the commercially 

available photocatalyst Degussa-P25 under sunlight illumination.     

 

Introduction 

TiO2 is one of the most investigated materials around the 

world owing to its extraordinary chemical stability, low toxicity 

and wide band gap energy, enables it to serve as an 

unambiguously accepted remarkable smart material for the 

contemporary society.
1
 Among the three phases, anatase, 

rutile and brookite of TiO2, anatase is the most important key 

player that leads to successful environmental and 

technological applications such as in photocatalysis,
2
 dye 

sensitized solar cells,
3
 electrochromic displays

4
 and self-

cleaning fabrics.
5
 However, anatase TiO2 fails to absorb the 

entire spectrum of natural sunlight that consists of 5% UV 

(200-400 nm), 43% visible (400-700 nm) and 52% of infrared 

(700-2500 nm) regions
6
 due to its higher band gap energy 3.2 

eV corresponding to 388 nm. Metal doping was successfully 

put into effect for increasing absorption maxima and thereby 

developing efficient photocatalysis.
7
 However, this strategy 

affected the phase purity of anatase by forming secondary 

impurities (e.g. Al2TiO5, CeTi4O24 and Ce2Ti2O7) which has 

limited its photocatalytic efficiency.
8 

 Since the drawbacks of 

metal doping have been proposed, non-metal doping has got a 

much more attention which has broadened the absorption 

range from UV to visible region and simultaneous decrease in 

band gap energy. However, this method required expensive 

chemicals, templates for structure direction and harsh 

chemical/heat treatment for the removal of template to 

obtain pure TiO2 phase.
9
 

 

 

Hence synthesizing TiO2 as a sunlight harvester that can 

absorb the entire solar spectrum from UV to IR region by a 

rapid strategy is still unknown. If TiO2 is in an oxygen vacancy 

rich environment, a substantial positive absorption shift 

occurs, that can facilitate absorption even at IR region. 

Consequently the colour of TiO2 will be obviously black.
10,11 

Very recently oxygen richness and oxygen vacancy richness in 

TiO2 have found the impetus for inducing optical properties 

and thereby reinforcing effective photocatalysis.
10-13

 However, 

the use of oxygen rich chemicals such as H2O2 and high 

temperature implementation can’t notably alter the oxygen 

richness in anatase TiO2 nanocrystals.
13

 For certain, inducing 

oxygen vacancy richness (Ti
3+ 

doping) in such an oxygen rich 

environment is extremely difficult. In this study we are 

introducing for the first time a clean, cost effective and eco-

friendly microwave synthesis of such a ‘yellow oxygen rich’ 

(YAT-150) and ‘black oxygen vacancy rich’ (BAT-150) anatase 

TiO2 nanoparticles which can effectively absorb energy from 

UV to IR region of the solar spectrum by in situ modification of 

the precursor titanium butoxide using Mn (II) acetate as an 

‘anatase phase purifier’ within a five minute reaction time. 

Experimental 

Materials. Titanium (IV) butoxide, 97% (Sigma-aldrich), 

isopropanol, extra pure, AR (Merck), manganese acetate 

tetrahydrate, extra pure, AR (Sisco Research Laboratories, 

India), methylene blue (Qualigens, India) were used as 
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received without further purification. In all reactions deionized 

water was used.  

 

Synthetic Procedure. For the synthesis of BAT-150 titanium 

butoxide, 0.2 M (6.8g) was dissolved in 100 mL isopropanol 

under room temperature. The above solution was stirred at 

1200 rpm for 10 minutes and 0.02 M manganous acetate 

solution (0.2451 g in 50 ml water) was added in small quantity 

(5 mL) for hydrolysis and doping simultaneously. Stirring was 

continued for further 30 minutes under same conditions. The 

reaction mixture obtained was subjected to microwave 

irradiation for 5 minutes at 150 °C with 1200 rpm using Anton 

Paar monowave-300 microwave synthesis reactor. The 

reaction mixture was then cooled to 55 °C. For YAT-150 

synthesis, 50 ml water was alone added by replacing 10% 

manganese acetate solution. Both the samples were dried at 

80 °C. The samples were named as YAT-150 (anatase sample 

which is yellow coloured) and BAT-150 (Mn
2+

 modified anatase 

sample which is black coloured). A schematic illustration of the 

synthetic procedure is shown in Figure 1.  

 

Photocatalysis. 0.01599 g of methylene blue (10
-4

 M) was made 

up to 500 mL in a standard flask to get an intense blue 

coloured dye solution. 50 mL of the prepared methylene blue 

dye solution was taken in a beaker. Added 0.1g of the TiO2 

nanoparticles to the dye solution prior to the dark adsorption 

analysis. 

 

Dark Adsorption Analysis. To assess the extent of dye 

adsorption and to remove the error due to initial adsorption 

effect, the dye solution was mixed with the photocatalyst and 

it was stirred for 2 hrs in the UV photoreactor in the absence 

of light. The UV-Vis absorption spectra of methylene blue 

before and after were recorded. There is no noticeable change 

in absorption value of MB in presence of YAT-150 and BAT-150 

whereas Degussa-P25 has shown a decrease in absorption 

value (Figure S1). This step can eliminate any error due to 

initial adsorption effect. After stirring, it was irradiated under 

direct sunlight/UV illumination with constant stirring. The 

degradation was monitored by taking 3 ml aliquots at certain 

time intervals. To eliminate the error due to scattering the 

solution taken were centrifuged for 30 minutes prior to the 

photocatalytic activity measurements. 

 

Characterization. The yellow and black anatase TiO2 samples 

were characterized using XRD, FTIR spectroscopy, UV-Visible 

spectroscopy, XPS, SEM and TEM. X-ray diffraction patterns 

was recorded using Rigaku diffractometer in the diffraction 

angle range 2θ = 20-70° using Cu-Kα radiation. The UV-Visible 

absorbance spectra were obtained from Jasco-V-550-UV/VIS 

spectrophotometer and FTIR spectra measurements were 

done using Jasco-FT/IR-4100 spectrophotometer. XPS was 

recorded with Axis Ultra Kratos Analytical, UK with Al-Kα 

(1486.6 eV) source. Particle morphologies were examined by 

SEM and TEM using Hitachi-Su field emission scanning electron 

microscope and JEOL/JEM 2100 transmission electron 

microscope respectively. 

The photocatalytic measurements were carried out using 

LZC-4X-Luzchem photoreactor with UV light intensity 600 lux 

and for the solar photocatalysis, the natural sunlight was 

found to be of 50,000-70000 lux intensity. The standard 

measurement  of sunlight intensity
14

 was performed using 

Lutron, LX-107HA lux meter at Calicut University Campus, 

Kerala, India (Altitude: 11° 7′ 34″ North 75° 53′ 25″ East, Time: 

11.00-12.30, Temperature: 26 ± 1 °C) on 1
st

 July 2015. The 

dissolved oxygen concentration (DOC) in dye solution were 

calculated using EUTECH, Cyberscan DO 110 Dissolved Oxygen 

Meter.  

Results and Discussion 

In order to architect the light harvesters, oxygen rich 

yellow anatase TiO2 (YAT-150) and oxygen vacancy rich black 

anatase TiO2 (BAT-150), a sol-gel assisted microwave technique 

was designed, which is schematically represented in Figure 1. 

As the Figure 1 depicts, the in situ Mn (II) modification led the 

path to black anatase TiO2 at a temperature 150 °C whereas 

the oxygen rich anatase TiO2 (YAT-150) was obtained without 

using Mn (II). Both the samples have shown a glittering 

behaviour (Digital photographs of anatase TiO2 samples, S2).  

 

X ray Diffraction. The X-ray diffraction patterns (Figure 2) of 

YAT-150 and BAT-150 confirms the formation of anatase TiO2 

(JCPDS 75-1537) and from Figure 2B the overall anatase peak 

texturing along all directions with respect to YAT-150 (Figure 

2A) is observed. Interestingly two new anatase peaks along 

(103) and (213) directions are originated in BAT-150, those are 

unseen in YAT-150. These new high intense peaks along (103) 

and (213) planes proved the higher phase purity of black 

anatase TiO2. Thus Mn
2+

 incorporation (also evident from 

absorbance spectra and XPS) into the anatase crystal lattice 

has directed towards the origin of these new anatase peaks 

along with peak texturing. Since the ionic radius of Mn
2+ 

(0.83 

A°)
 15

 is greater than that of anatase Ti
4+

 (0.74 A°),
16

 Mn
2+

 

forced to withdraw lattice oxygen leading to oxygen vacancies. 

This would have definitely contributed towards the in situ 

location of Mn
2+

 into the lattice site of anatase TiO2 paved the 

way to oxygen vacancy richness. Although Mn
2+

 is larger in size 

than Ti
4+

, the incorporation was confirmed by the positive shift 

occurred in the XRD pattern after Mn
2+

 modification (inset of 

figure 2). Furthermore the (211) peak of YAT-150 disappeared 

and a high index anatase (105) peak was generated on account 

of the synergistic effects of thermodynamic and kinetic factors 

which controls the crystal nucleation.
17

 The Mn
2+

 modification 

tend to lower the Gibbs free energy on (105) orientation 

specifically, and thus stabilizes the distinct atomic 

configuration along (105) plane.
17

  

 

FTIR Spectroscopy. FTIR spectra (Figure 3) shows a broad band 

around 550 cm
-1

 for both oxygen rich and oxygen deficient 

anatase TiO2. The assigned peaks for Ti-O-Ti and Mn-O 

stretching vibrations are usually present at 500 and 794 cm
-1 

18,19
 respectively which are masked within the broad band 

present in the range 400-900 cm
-1

.
 
 The Ti-OH vibrations are 
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generally present at 740 and 670 cm
-1

 may also be merged 

within the same broad band.
20

 The bands at 3410 and 1631 

cm
-1

 are due to -OH stretching and bending vibration.
21

 The 

peak at  

1440 cm
-1

 could be ascribed to the stretching vibration of 

surface adsorbed CO2.
22

 A noticeable peak is also present at 

1020 cm
-1

 is the characteristic peak of δ -(Ti-OH) deformation 

and this peak is more intense for BAT-150, showing the highly 

deformed crystal lattice of BAT-150.
23 

 

UV-Visible Absorption Spectroscopy and Tauc Plot. For YAT-

150, the wavelength cut-off was found to be 520 nm (Figure 

4B) whereas the absorption of BAT-150 (Figure 4C) is beyond 

the near IR (NIR) region. The former is due to oxygen richness 

and the latter is obviously because of the origin of oxygen 

vacancy richness with Ti
3+

 doping arose due to Mn
2+

 

modification. These absorption features have definitely 

provided a positive contribution towards the higher 

photocatalytic efficiency of TiO2 nanoparticles that have been 

synthesized. As compared to these, the standard Degussa-P25 

photocatalyst has wavelength cut-off in the UV region (Figure 

4A). The presence of absorption humps for BAT-150 in the 

range of 362-385 nm and 530-680 nm were associated with d-

d electronic transitions of Mn
2+

 in the octahedral 

environment.
24

 The absorption in the narrower range 360-385 

nm is assigned to 6A1g(S) → 4Eg (D) and 4A1g → 4T2g(D) 

transitions 4A1g→ 4T1g(G) transition reveals the incorporation 

of Mn
2+

 alone into the TiO2 lattice.
24

 In Tauc plot (Figure 5) the 

band gap energy for YAT-150 is 3.02 eV which abruptly 

decreased to 1.72 eV for BAT-150, which is attributed to the 

high reduction capability of Mn
2+

 which has introduced defects 

into the crystal lattice of TiO2 directed towards the ultra-

narrowed band gap. The reducing agent Mn
2+

 enters into the 

oxygen rich anatase titania, YAT-150 and accept the excess 

oxygen cloud leading to BAT-150, the Ti
3+

 doped black anatase 

titania. 

 

XPS Analysis. XPS analysis of YAT-150 (Figure 6A) shows that 

Ti2p3/2 and Ti2p1/2 peaks are at 460.05 and 465.65 eV. These 

values are reduced to 457.65 and 462.65 eV respectively for 

BAT-150. For YAT-150, Ti2p3/2 peak at 460.05 eV is obviously 

due to oxygen richness present in the sample
12

 whereas for 

BAT-150 the same peak is negatively shifted to 457.65 eV 

attributes the oxygen vacancy richness (Ti
3+ 

doping). In the 

Mn2p spectrum (Figure 6B), where the binding energy peaks 

are observed at 640.55, 644.14, 651.95 eV and a satellite peak 

at 646.95 eV shows the evidence for Mn
2+

 doping alone into 

the crystal lattice of BAT-150.
25

 Presence of these peaks 

establishes the responsibility for the negative peak shifting 

occurred for Ti2p3/2 towards 457.65 eV in BAT-150 and also 

confirms the Ti
3+

 doped oxygen vacancy rich environment.
26

 

Simultaneously the oxidation state of Ti approaches to +3 from 

+4 (Ti
4+

→ Ti
3+

). In the O1s XPS, the highest binding energy peak 

corresponding to Ti-O-Ti at 531.35 eV of YAT-150, is negatively 

shifted to 528.65 eV for BAT-150, which is attributed to the 

change in oxygen environment
13, 27

 as shown in Figure 6C. The 

peak at 533.85 and 535.85 eV for YAT-150 proved the 

presence of Ti-OH and OH due to surface adsorbed water 

molecule respectively. For BAT-150, these peaks are shifted to 

531.15 and 532.85 eV.
28,29

 The splitting between Ti2p3/2 and 

Ti2p1/2 is found to be 5.6 eV for YAT-150 which could be 

assigned that TiO2 is in the anatase phase.
30 

After Mn
2+

 

modification the peak separation was decreased to 5 eV which 

could be assigned to the peak texturing, peak formation and 

the band gap reduction occurred within Ti
3+

 doped black 

anatase TiO2 (BAT-150).  

The band gap narrowing occurred due to the 

transformation from YAT-150 to BAT-150 (from 3.02 to 1.72 

eV) as discussed earlier under absorption spectroscopy is due 

to the mid gap band generation and which is revealed from 

XPS analysis. Mid gap band states are either above the valence 

band (VB) or below the conduction band (CB). These mid band 

states will overlap with the respective band (VB or CB) leading 

to the reduction in band gap energy.11 Here the valence band 

edge is observed at 2.01 eV and 4.15 eV for YAT-150 and BAT-

150, below the Fermi energy confirms the substantial upward 

binding shift of 2.14 eV by introducing oxygen vacancy richness 

and simultaneous Ti
3+

 doping into the oxygen rich environment 

(Figure 7). Since the optical band gap of YAT-150 is 3.02 eV, the 

conduction band minimum would occur at -1.01 eV as 

depicted in the DOS diagram (Figure 8). From Figure 8, the 

oxygen vacancy rich TiO2 (BAT-150) displays a conduction band 

minimum at 2.43 eV. The increase in VB maximum is due to 

the increased oxygen vacancy richness. The degree of oxygen 

richness is diminished here, which is evident from the XPS 

spectra i.e. the VB maximum colossally increased from 2.01 eV 

to 4.15 eV (from YAT-150 to BAT-150). These features can be 

easily perceived from DOS diagram. 

 

TEM Analysis. The particle size of YAT-150 and BAT-150 are in 

the nanometer range and is confirmed from TEM studies 

(Figure 9A and 9B). The TEM studies revealed that both YAT-

150 and BAT-150 are ultra-small nanoparticles having size 

around 5 nm. No considerable change in size and shape is 

observed due to variation in oxygen concentration. The 

HRTEM images are also displayed here (Figure 9C and Figure 

9D) and the fringe spacing (d) of YAT-150 and BAT-150 were 

found to be 0.340 and 0.339 nm respectively, which are 

exactly in correct agreement with that of (101) plane of 

anatase TiO2 standard data (JCPDS 75-1537).
31

 The 

corresponding SAED patterns were also displayed inset to 

show the sharp diffraction pattern and high anatase phase 

purity. 

 

Photocatalysis. In order to examine the photocatalytic activity 

of YAT-150 and BAT-150, methylene blue dye degradation 

measurements were carried out both under natural sunlight 

and UV light are shown in Figure 10. The absorption spectra of 

methylene blue shows two peaks at 614 and 662 nm (The UV-

Visible absorption spectra for degradation for all samples 

including Degussa-P25 are shown in Figure S6 & S7) which 

could be assigned to methylene blue dimer and monomer 

peak respectively.
32

 The photocatalysis under natural sunlight 

was performed using YAT-150, BAT-150 and Degussa-P25. The 
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results have projected a captivating outlook for YAT-150 and 

BAT-150 that have been synthesized by sol-gel assisted 

microwave strategy. The photodegradation of the dye 

occurred within 40 and 20 minutes for YAT-150 and BAT-150 

respectively, whereas the commercially available Degussa-P25 

photocatalyst has completed the catalytic process by taking 

more than 90 minutes. 

Generally the photooxidation of methylene blue dye occurs 

under aerobic conditions, where the amount of dissolved 

oxygen is sufficient to enhance the photocatalytic process 

along with the photocatalysts by trapping the electrons that 

are formed by the photoexcitation of the valence band of TiO2. 

The photooxidation reaction under aerobic conditions can be 

described by the following equation.
33,34 

 

MB + 25/2 O2 → HCl + H2SO4 + 3 HNO3 + 16 CO2 + 6 H2O   (1) 

 

Besides the oxidation process, demethylation process can 

also be occur during dye degradation.
35

 In the present work, all 

the photocatalytic measurements were carried out in presence 

of air to supply sufficient molecular oxygen. The dissolved 

oxygen concentration (DOC) measurements have been done 

and the average DOC values during the photocatalytic 

processes were shown in Table 1. This higher concentration of 

dissolved oxygen in the photocatalytic reaction mixture would 

have undoubtedly paved the way to enhance the 

photocatalytic efficiency by trapping the conduction band 

electron leading to the formation of super oxide radicals (O2ˉ•) 

by reduction. The so formed super oxide (O2ˉ•) and hydroxyl 

(OH•) radicals that has been formed due to the reaction 

between water and the hole generated at the TiO2 valence 

band jointly facilitate the photo destruction of the methylene 

blue dye.
36 

These photocatalytic aspects confirmed the remarkable 

activity of both YAT-150 and BAT-150. BAT-150 is twice active 

than that of YAT-150. In addition to this, the photocatalytic 

activity of YAT-150 and BAT-150 were found to be 2-fold and 

4-fold active to that of Degussa-P25 photocatalyst. In presence 

of UV illumination, YAT-150 has performed photodegradation 

within 210 minutes whereas BAT-150 have taken only 180 

minutes. However, Degussa-P25 have shown the highest 

photocatalytic activity under UV light owing to its wide area 

absorption under UV region and the mixed phase behaviour. 

The higher adsorption capability of Degussa-P25 as compared 

to YAT-150 and BAT-150 (Figure S1) facilitated higher 

photocatalytic efficiency of Degussa-P25 under UV irradiation. 

Degussa-P25 contains 75% anatase and 25% rutile phases and 

its high photocatalytic activity has been reported 

elsewhere.
37,38

 BAT-150 has utilized the first 60 minutes for 

monomer-dimer equilibration (decrease in monomer peak 

alone) and thereafter the degradation was jointly concerted 

(The UV-Visible absorption spectra of dye degradation, Figure. 

S6.B). The dimerization may facilitate the hazardous activity 

inhibition of toxic active sites. Obviously, the active sites of 

organic pollutants are initially restrained by keeping dimerized 

moieties prior to degradation. For certain, the degradation was 

performed within 120 minutes. A hypsochromic shift is 

observed in all the catalytic processes, which is attributed to 

N- demethylation (Figure S6 & S7).
32

 

Conclusion 

 A green and rapid sol-gel assisted microwave strategy is 

established for the synthesis of oxygen rich yellow anatase 

TiO2 and Ti
3+

 doped oxygen vacancy rich black anatase TiO2. As 

synthesized black and yellow anatase TiO2 nanoparticles were 

characterized by XRD, TEM, XPS, FTIR and UV-VIS 

spectroscopy. XRD studies revealed the origin of new anatase 

peaks along (103), (213) and (105) direction with peak 

texturing in black anatase TiO2 as compared to the yellow 

coloured anatase TiO2. The anatase phase pure yellow and 

black TiO2 nanoparticles were of ultra-small size (~5 nm) 

confirmed by TEM analysis. XPS studies evidently 

demonstrated the occurrence of a large upward binding shift 

of 2.14 eV as the anatase TiO2 changed its environment from 

oxygen richness to oxygen vacancy richness. These yellow and 

black anatase TiO2 nanoparticles were employed as solar 

photocatalysts and compared their activity with commercially 

available Degussa-P25. The photocatalytic efficiencies of 

yellow and black anatase TiO2 were two-fold and four-fold 

active than the commercially available photocatalyst, Degussa-

P25. 
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Green Microwave Switching from Oxygen Rich Yellow Anatase 

to Oxygen Vacancy Rich Black Anatase TiO2 Solar Photocatalyst 

Using Mn (II) as ‘Anatase Phase Purifier’ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic illustration of the synthesis of yellow and black anatase TiO2 
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Figure 2. X ray diffraction pattern of A) YAT-150 and B) BAT-150. (Inset shows the peak shift and peak intensity 

variation (A) before and (B) after Mn
2+

 reduction) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. FTIR spectra of A) YAT-150 and B) BAT-150. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.UV-Visible absorption spectra of A) Degussa-P25 B) YAT-150 and C) BAT-150. 
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Figure 5. Tauc plot of A) YAT-150 and B) BAT-150 
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Figure 6. XPS spectra of A) Ti2p of YAT-150 and BAT-150 B) Mn2p of BAT-150 C) O1s of YAT-150 and BAT-150. 
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Figure 7. The Valence band spectra of A) YAT-150 and B) BAT-150. 

 

 

Figure 8. Density of States (DOS) for A) YAT-150 and B) BAT-150. 
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Figure 9. TEM images of A) YAT-150, B) BAT-150 and HRTEM images of C) YAT-150 D) BAT-150. 

 

 

 

 

 

 

Table 1. Dissolved Oxygen Concentration in the MB dye solution during photocatalysis (mg/L)  

 

YAT – 150 BAT – 150 Degussa – P25 

UV SUNLIGHT UV SUNLIGHT UV SUNLIGHT 

5.42 5.37 5.65 5.43 5.96 4.95 
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Figure 10. Photodegradation plot of methylene blue dye degradation under sunlight and UV light using A) No catalyst 

B) Degussa- P25, C) YAT-150 and D) BAT-150. 
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