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Structure sensitive photocatalytic 
reduction of nitroarenes over TiO2
Swapna Challagulla1, Kartick Tarafder2, Ramakrishnan Ganesan1 & Sounak Roy1

It is a subject of exploration whether the phase pure anatase or rutile TiO2 or the band alignment 
due to the heterojunctions in the two polymorphs of TiO2 plays the determining role in efficacy of a 
photocatalytic reaction. In this work, the phase pure anatase and rutile TiO2 have been explored for 
photocatalytic nitroarenes reduction to understand the role of surface structures and band alignment 
towards the reduction mechanism. The conduction band of synthesized anatase TiO2 has been found 
to be more populated with electrons of higher energy than that of synthesized rutile. This has given the 
anatase an edge towards photocatalytic reduction of nitroarenes over rutile TiO2. The other factors like 
adsorption of the reactants and the proton generation did not play any decisive role in catalytic efficacy.

Understanding the relationship between the surface structure of solid materials and their catalytic reactivity has 
wide interest and applications in surface science and catalysis. Unlike dark-catalysis, reaction sensitivity to the 
structure in photocatalysis is not only limited to the efficiency of adsorption of reactants over the particular sur-
face, but also influenced by factors like generation of photoelectrons, their diffusion to the surface, electron-hole 
recombination, position of conduction band and transfer of the conduction band electrons to the reactants etc. 
TiO2 is the most widely used photocatalyst because of its chemically stable and biologically benign nature1–4. The 
two polymorphic crystal structures of TiO2, anatase and rutile are commonly used in photocatalysis, while pure 
brookite is cumbersome to prepare, and amorphous TiO2 has no photocatalytic activity5. Not only the anatase 
TiO2 is believed to be a better photocatalytic material than rutile6, but also the different crystallographic orienta-
tions of the same material exhibit different activities7–10. However, the lacuna on explaining the structure sensitive 
TiO2 reactivity is still a topic of debate. The structure sensitivity can be explained crystallographically as anatase 
TiO2 is constituted with about 90% exposed (101) and rutile with (110) facets. The difference in efficiency of pho-
tocatalysis between rutile and anatase could be due to these different exposed surfaces11–15. The bandgap (Eg) of 
TiO2 is also crucially responsible for its electronic structure and Eg of rutile is slightly smaller than that of anatase 
TiO2

16, 17. The general consensus over the conduction band position of the two polymorphs are arguable as the 
electrochemical impedance analyses established the conduction band of anatase lies 0.2 eV above that of rutile18–21 
while, the photoemission measurements have reported the reverse trend22–24. This band alignment, would play a 
significant role on transferring the photogenerated electrons from anatase and rutile to the reactants. Despite the 
intensive study of TiO2, there is no generally accepted explanation for the differences of photocatalytic activity or 
mechanism of different polymorphs or surface orientations.

Therefore, we took up this project to probe the role of different polymorphic structures of TiO2 over a 
well-regarded photocatalytic reaction: abatement of nitroarenes. The nitroarenes are extensively used in the 
chemical industries as explosives, pesticides, solvents etc., and are also generated from the production, storage, 
and demilitarization of munitions25–28. The nitroarenes are carcinogenic, genotoxic, endocrine disruptor chemi-
cals to human beings and also responsible for diseases like methaemoglobinaemia29. Due to these various noxious 
effects of nitroarenes, many researchers are prompted to focus on photocatalytic abatement of nitroarenes by 
TiO2

27, 28, 30–32. The reduction of nitroarenes would valorize the harmful pollutants into important industrial inter-
mediates, as functionalized aminoarenes are widely used for the synthesis of dyes, fine chemicals, agrochemicals, 
and pharmaceuticals33–37.

Nitroarenes photoreduction over TiO2 is a 6-electron process, which utilizes the photoexcited electrons from 
the conduction band and protons from a suitable source. The overall stoichiometric reaction can be expressed as 
follows: − + + → − ++ −Ar NO H e Ar NH H O6 6 2CB2 2 2 . TiO2 polymorphs with different exposed facets would 
adsorb the nitroarenes with different magnitudes at optimized orientation23, 38. The photogenerated electrons in 
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the conduction band would move downhill to the available molecular orbitals of nitroarenes for the smooth 
reduction reaction39–41. Therefore, the adsorption of nitroarenes, the position of conduction band minima with 
respect to the reduction potential of nitroarenes, number of photogenerated electrons over the catalysts, rate of 
electron-hole recombination, and proton transfer are the crucial parameters to introspect the mechanistic details 
of nitroarenes photoreduction over a particular exposed facet of TiO2. Here, we report structure sensitive photo-
catalytic reduction of nitroarenes over two polymorphs of TiO2 semiconductors. Phase pure anatase was synthe-
sized by solution combustion method, whereas, rutile was synthesized by polymerizable sol-gel route. Both the 
catalysts were structurally, morphologically and electronically characterized before studying their photocatalytic 
performances of nitroarenes reduction. The catalytic mechanism was understood from the surface structure and 
the electronic band structure.

Methods
Synthesis and characterization.  Anatase TiO2 was synthesized by the low temperature initiated, 
self-propagating, single step solution combustion method using glycine as fuel42–44. As a Ti-precursor, TiO(NO3)2 
was prepared by hydrolyzing titanium (IV) isopropoxide followed by digesting with conc. HNO3. The oxidizing 
valency of TiO(NO3)2 (−10) was stoichiometrically balanced with the total reducing valency of glycine (+9) to 
release the maximum energy. Therefore, in a typical synthesis, 1 g of TiO(NO3)2 solution was mixed with 0.442 g 
of glycine in a 300 mL borosilicate dish and combusted at 450 °C in a pre-heated muffle furnace. The solution 
boiled with frothing and foaming with concomitant dehydration. At the point of complete dehydration, the redox 
mixture ignites yielding a voluminous finely dispersed solid product. After complete combustion, the obtained 
anatase TiO2 powders were scraped off and grounded using mortar and pestle. The rutile TiO2 was synthesized 
by the polymerizable sol–gel method45–48. In a typical synthesis, 1.92 g of titanium (IV) isopropoxide was mixed 
with 2.34 mL of methacrylic acid in 1:4 molar ratio in an inert atmosphere to obtain methacrylate substituted 
titanium complex. To this, 0.5 mL of 10% solution of benzoyl peroxide in acetone was added to initiate the free 
radical polymerization. The resultant mixture was polymerized at 125 °C for 1 h and finally calcined at 550 °C for 
4 h to obtain rutile TiO2.

The synthesized catalysts were structurally characterized with Rigaku Ultima IV X-ray diffractometer using 
Cu Kα source at a scan rate of 1° min−1. UniRAM 3300 Raman microscope with an incident laser wavelength 
of 532 nm was used to measure the Raman spectra of the synthesized catalysts. The surface morphology of 
the synthesized catalysts were studied with field emission scanning electron microscope (FE-SEM, Carl-Zeiss 
ULTRA-55). The valance band edges of TiO2 in both anatase and rutile were measured using X-ray photoelectron 
spectrometer (XPS, FEI, PHI 5000 Versa Prob II) with Al Kα radiation. The band gap of anatase and rutile TiO2 
was measured with the help of JASCO V-670 UV-visible spectrophotometer. The current generation as a function 
of applied voltage under UV light exposure was measured by Keithley 2450 source measure unit.

Adsorption and catalysis.  To study the adsorption isotherm, batch adsorption experiments were car-
ried out in dark with both the catalysts, where the catalyst amount was kept constant at 10 mg, and 20 mL of 
2, 4, 6, 8 and 10 mg/L of nitroarenes were used. The solutions were stirred in dark for 2 h and the aliquots were 
drawn in regular time interval, centrifuged and the concentrations were measured with UV-visible spectro-
photometer (JASCO V-650). The obtained data were attempted to fit with Langmuir and Freundlich isotherms. 
First-principles density functional theory (DFT) calculations were also performed to investigate the adsorption 
of nitroarenes on both TiO2 surfaces using the full-potential Vienna ab-initio simulation package (VASP)49, 50. 
The applied exchange–correlation functional was the GGA in the Perdew and Wang (PW91) parametrization51. 
Projector augmented wave potentials were used52, 53 and the wave functions were expanded in the plane wave 
basis with a kinetic energy cutoff of 500 eV. In the simulations, the forces on each of the atoms were calculated 
using the Hellmann-Feynman theorem, and were subsequently used to perform a conjugate gradient structural 
relaxation. The structural optimizations were continued until the forces on the atoms converged to less than 
1 meV/Å. This optimization has been completely carried through for all combinations of nitroarenes absorbed on 
anatase and rutile TiO2 surfaces.

A cylindrical shaped batch photoreactor fitted with a 125 W medium pressure mercury vapor lamp of max-
imum intensity of emission at 365 nm (from SAIC India Ltd) was used for the photocatalytic reduction of 
nitroarenes in aerobic and anaerobic conditions. Water was circulated around the lamp to prevent the IR radiation 
and also to maintain the reaction at constant room temperature. For the photoreductions, 50 mg of TiO2 catalyst 
was added to 50 ppm of nitroarenes in a 100 mL solvent mixture of 75:25 water-methanol. The reaction mixture 
was stirred in dark for 30 min to reach the adsorption-desorption equilibrium before illumination of the light. 
After the onset of the photoreaction, 2 mL of aliquot was collected in regular time intervals and the reaction pro-
gress was monitored by UV-visible spectrophotometer (JASCO V-650) and gas chromatograph (Shimadzu GC 
2010 plus) equipped with EB-1 column and FID detector. The hydrogen production over the catalysts was also 
performed in the same batch photoreactor and was monitored using online gas chromatograph (DGA I, Mayura 
Analytical Private Limited, India) equipped with Haysep-A and Molecular Sieve columns and TCD detector.

Electrocatalytic reductions of nitrobenzene were performed by cyclic voltammetry (CV) with a computer con-
trolled potentiostat (AUTOLAB PGSTAT302N, Metrohm Autolab B.V). A conventional three-electrode arrange-
ment was employed, a platinum electrode as a counter electrode, an Ag/AgCl electrode as a reference electrode, 
and the working electrode was made by pelletizing 100 mg of anatase and rutile TiO2 with 30 wt % of graphitic 
carbon in a customized glass jacket. Na2SO4 (0.1 M) in a 100 mL solvent mixture of 75:25 water-methanol contain-
ing 100 mg/L of nitrobenzene were used as electrolyte. Argon was purged for 20 min to remove the dissolved oxy-
gen and all the experiments were carried out at room temperature. The potential was varied from 0.5 V to −2.0 V 
at a scan rate of 20 mV/s to measure the reduction potential of nitrobenzene by cyclic voltammetry method.
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Results and Discussion
X-ray diffraction (XRD) patterns in Fig. 1a and b represents the formation of phase pure tetragonal anatase 
(JCPDS: 89-4921; SG: I41/amd) and rutile TiO2 (JCPDS: 89–6975; SG:P42/mnm) synthesized by the solution 
combustion and polymerizable sol-gel approaches, respectively. The cell parameters of anatase were obtained to 
be a/b = 3.7794 Å and c = 9.4984 Å, and for rutile a/b = 4.5847 Å and c = 2.9557 Å (from refinement in Figure S1 
in SI). The anatase showed a broader peak width than the rutile and the crystallite sizes of anatase and rutile 
calculated using Scherrer method from the (101) of anatase and (110) of rutile were 15.0 and 31.2 nm, respec-
tively. As seen from the XRD, (101) of anatase and (110) of rutile are the highest intense peaks, thus it could be 
assumed that these are the mostly exposed facets of the materials for any catalytic reaction. Figure 2 also reveals 
the structural information from Raman spectroscopy. Four characteristic Raman active modes of anatase TiO2 
with symmetries Eg, B1g, A1g and Eg were observed at 134, 382, 500, and 618 cm−1, respectively. These characteris-
tic vibrational frequencies and their intensity ratios confirmed the phase pure anatase TiO2

54. On the other hand, 
the rutile TiO2 exhibited characteristic stretching peaks at 140, 430, and 590 cm−1 that correspond to the sym-
metries of B1g, Eg, and A1g, respectively55. In addition, another characteristic broad compound vibrational peak 
at 230 cm−1 aroused from the multiple phonon scattering processes was also clearly observed56. These XRD and 
Raman analyses confirm the formation of phase pure anatase and rutile TiO2.

The size, shape and surface morphology of the synthesized anatase and rutile TiO2 materials were studied 
using FE-SEM and represented in Fig. 3. The anatase TiO2 synthesized by the combustion method was found to 
possess sub-micron particles that appear to be consisted of a few fused spheres. The high magnification imaging 
revealed the presence of dense nanocrystalline domains at the surface. The rutile TiO2 synthesized by the polym-
erizable sol-gel approach was found to be irregular rock like particles having large variation in size with the range 
of few to 100 microns. The high magnification imaging of these particles revealed the presence of nanocrystalline 
domains, however, the surface was found to be relatively smoother when compared to anatase.

The electronic information of the materials were obtained from the core level photoelectron spectra of Ti(2p) 
and valance band region of anatase and rutile TiO2 (plotted in Fig. 4a and b, respectively). The presence of Ti4+ 
is confirmed as Ti(2p3/2) and Ti(2p1/2) peaks were observed at 458.75 and 464.4 eV for anatase, and at 458.71 eV 
and 464.5 eV for rutile TiO2, respectively. The intensity of valance band spectra largely coincides with the density 
of state at each energy level and the valance band maxima is largely equal to binding energy when the intensity 
begins to increase. Apparently evident from Fig. 4b, the intensity of binding energy start increasing at 3.0 eV for 
anatase and 2.92 eV for rutile, concluding that the valance band maxima is lowered by 0.08 eV in anatase than that 
of rutile. The Tauc plot (Fig. 4c) was obtained from the diffuse reflectance spectra of anatase and rutile TiO2 (in 
Figure S2 in SI) and anatase was found to be having higher band gap (3.47 eV) than that of rutile (3.18 eV). The 
wide band gap of anatase and rutile TiO2 has also been reported previously16, 57–59. The valence and conducting 
bands of TiO2 are majorly constituted of O(2p) and Ti(3d), respectively. The different Ti-Ti and Ti-O distances 

Figure 1.  XRD patterns of (a) anatase, and (b) rutile TiO2. The unit cells are drawn in inset with the lattice 
parameters obtained from Rietveld refinement. The major reflecting plane of each polymorph is highlighted.

http://S1
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in the anatase and rutile structure may lead to different electronic configuration, resulting in small variation in 
the band gap. The Ti 2p3/2 core line and the valence band maxima of anatase and rutile obtained directly from 
XPS were clubbed with the band gap obtained from Tauc plot and shown in Fig. 4d. As seen from the figure, the 
valence band maxima of rutile is slightly positioned above than that of anatase, however, the conduction band 
minima of anatase is 0.21 eV above than that of rutile. This concludes that the photo generated electrons in ana-
tase are of higher energy and these along with protons from alcohol can efficiently reduce nitrobenzene.

Both, anatase and rutile were explored for photocatalytic reduction of nitrobenzene under inert atmosphere in 
presence of methanol as the hole scavenger and plotted in Fig. 5a. In all the photocatalytic reduction experiments, 
the nitrobenzene was incubated with the catalyst in dark for 30 min to equilibrate the adsorption/desorption 
process before the light was turned on. As seen in Fig. 5a, the anatase TiO2 has reduced nitrobenzene completely 
to aniline within 30 min after the light was turned on, while the rutile even after 2 h of light exposure could only 
reduce 80% of nitrobenzene. Rate of nitrobenzene reduction over anatase was found to be 1.43 × 10−2 mmol L−1 
g−1 s−1, whereas the rate was 1.78 × 10−3 mmol L−1 g−1 s−1 over rutile TiO2. The catalytic progress of the reaction 

Figure 2.  Raman spectra of (a) anatase, and (b) rutile TiO2.

Figure 3.  FE-SEM images of anatase (A–C), and rutile TiO2 (D–F) at different magnifications.
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Figure 4.  (a) The core level photoelectron spectra of Ti(2p), (b) valance band regions, (c) Tauc plot, and (d) 
schematic of XPS alignment with band gap obtained from Tauc plot of anatase and rutile TiO2. ΔEV and ΔEC 
are the valance band offsets and conduction band offsets, respectively and ΔECL core level offset between the 
Ti(2p3/2) core levels. EVBM and ECBM are the positions of the valance and conduction band, respectively and Eg is 
band gap obtained from Tauc plot.

Figure 5.  Photocatalytic reduction of (a) nitrobenzene, (b) 2-nitrotoluene, and (c) 2-fluoro-nitrobenzene 
under anaerobic conditions.
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was probed with GC (Figure S3 in SI). The nitrobenzene peak at 4.45 min gradually decreased with the formation 
of the aniline peak at 3.5 min. There was a formation of phenylhydroxylamine intermediate over anatase, how-
ever rutile TiO2 did not show this intermediate. The different mechanistic pathways could have been an influ-
encing parameter in the catalytic activity of anatase and rutile TiO2. The catalytic reaction was also monitored 
by time dependent UV−visible spectroscopy (Figure S4 in the SI), where a gradual decrease in the intensity of 
the characteristic absorbance peak of nitrobenzene at 267 nm was observed, along with the development of new 
absorbance peaks at 230 and 280 nm corresponding to the formation of aniline. An attempt of nitrobenzene 
reduction over anatase and rutile TiO2 was also made in aerobic condition. The photoreduction profile under 
aerobic and anaerobic conditions over anatase was almost identical, whereas, the photoreduction under aerobic 
condition was highly suppressed over rutile (plotted in Figure S5 in SI). Further exploration was carried out to 
understand the effect of electron donating and withdrawing groups on the photocatalytic catalytic reduction of 
nitrobenzene over anatase and rutile TiO2. The anatase TiO2 again outperformed the rutile one in photoreduc-
tion of 2-nitrotoluene as well as 2-fluoro-nitrobenzene (Fig. 5b and c). No intermediate was detected for any of 
the photoreductions. Interestingly, over both anatase and rutile, the rate of the photoreduction followed the fol-
lowing trend: 2-fluoro-nitrobenzene >nitrobenzene >2-nitrotoluene (Figure S6 in the SI). We can assume that 
the photogenerated electrons from the conduction band of anatase or rutile may move downhill to the available 
antibonding orbitals of nitroarenes for reduction. As it was observed that the photogenerated electrons in ana-
tase are of higher energy, they may easily reduce the nitroarenes compared to the rutile TiO2. Further, due to the 
presence of the electron donating group in the ring, this electron hopping may not be as facile as it could be due 
to the presence of an electron withdrawing group. Therefore, the rate of photoreduction was found higher over 
2-fluoro-nitrobenzene than that of 2-nitrotoluene.

To probe it further, electrochemical reduction of nitrobenzene was carried out on anatase and rutile TiO2 and 
plotted in Fig. 6a. The first voltammetric wave at −0.38 V vs. Ag/AgCl (−0.16 V vs. NHE) was observed over the 
materials followed by a second peak at −0.80 V vs. Ag/AgCl (−0.58 V vs. NHE) (Figure S7a–c in SI shows the 
CV with the electrolyte and with and without nitrobenzene by using anatase and rutile TiO2 electrode shows the 
CV with graphite electrode)60. It may be concluded that the electrochemical reduction of nitrobenzene happens 
in two steps over both the catalysts61–63, and there is no difference in electro catalytic reduction efficiency over 
the two catalysts as the reduction potentials appear in the same position. It must be noted that the reduction 
potentials are negative than the hydrogen reduction potential and are very close to the conduction band minima 
of anatase and rutile. The complete reduction potential of nitrobenzene obtained from CV is aligned with the 
valence and conduction band energetics of anatase and rutile TiO2 obtained through XPS and Tauc plot (Fig. 6b). 
In the figure, we have represented the valence and conduction band energetics on the absolute vacuum scale cou-
pled with the normal hydrogen electrode (NHE). It is known that electrons can only be transferred between those 
energetic states in the semiconductor and the reactant that are approximately at the same energy level. As it is 
evident from the figure that the conduction band energy minima of anatase (−0.47 V) is slightly positioned above 
than that of rutile (−0.26 V), the electron movement from the conduction band of anatase to nitrobenzene would 
be more facile. The electrochemical reduction of the substituted nitroarenes revealed the reduction potentials of 
2-nitrotoluene and 2-fluoro-nitrobenzene to be −0.66 and −0.53 V (vs. NHE), respectively (Figure S7c, in SI). 
As the reduction potential of electron donating 2-nitrotoluene is placed above that of nitrobenzene (−0.58 V vs. 
NHE), its reduction is more challenging, which has also been observed from the photocatalytic experiments. On 
the contrary, the reduction potential of electron withdrawing 2-fluoro-nitrobenzene being placed in a favorable 
position, its reduction is found to be facile.

The higher position of conduction electron may not be the only reason for higher catalytic efficiency of ana-
tase TiO2 over rutile, but adsorption can also play the pivotal role as it is commonly an essential first step in any 
heterogeneous photocatalysis. Therefore, we investigated the dark adsorption efficiency of the three nitroarenes 
over anatase and rutile TiO2. The amount of nitroarenes adsorbed over unit weight of TiO2 (qe/mg g−1) is plotted 

Figure 6.  (a) Cyclic voltammetric study for electrochemical reduction of nitrobenzene over anatase, and rutile 
TiO2, and (b) Schematic illustration of energetics of nitrobenzene reduction over anatase, and rutile TiO2.
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against the amount of nitroarenes remaining in the bulk solution at equilibrium (Ce/mg L−1) and was attempted to 
fit with Langmuir and Freundlich isotherms. The experimental observations indicates that the nitroarenes could 
get adsorbed on to anatase and rutile TiO2 according to the Freundlich isotherm model (Fig. 7) and the value of 
regression coefficient for the adsorption model was closed to unity (Table 1). To our surprise, all the nitroarenes 
were better adsorbed over rutile than anatase TiO2 and the relative adsorption capacity was higher almost by 
an order of magnitude (vide Freundlich exponent, KF in Table 1). Independently, we have also performed the 
nitroarenes adsorption from First-principles DFT calculations. As evident from XRD, (101) and (110) are the 
most exposed facets of anatase and rutile, respectively, nitroarenes were adsorbed over these constructed surfaces 
(Fig. 8) and the computed adsorption energies are given in Table 2. For all the nitroarenes the adsorption energy 
minima are almost twice over rutile (110) compared to anatase (101). This is corroborating our experimental 
adsorption results. Therefore, it can be concluded that though nitroarenes adsorption over rutile is higher but it 

Figure 7.  Freundlich adsorption isotherm model for (a) nitrobenzene, (b) 2-nitrotoluene, and (c) 2-fluoro-
nitrobenzene anatase and rutile TiO2. The equilibrium concentration (qe) of nitroarenes was calculated by 
using following equation: qe = (C0−Ce)V/W, where C0 and Ce are initial and final concentrations of nitroarenes 
(mg/L), V is amount of solution (L) and W is weight of catalyst (g).

Nitroarenes

KF (mg1-1/n g−1 L1/n) n R2

Anatase Rutile Anatase Rutile Anatase Rutile

Nitrobenzene 0.285 1.379 0.783 1.554 0.963 0.992

2-nitrotoluene 0.174 3.356 0.570 1.617 0.974 0.982

2-fluoro- nitrobenzene 0.179 1.912 0.541 1.085 0.993 0.993

Table 1.  The relative adsorption capacity (KF) was obtained from Freundlich adsorption isotherm, log qe = log 
KF + 1/n (log Ce), where qe is the equilibrium concentration of nitroarenes, Ce is final concentrations of 
nitroarenes, n is intensity of adsorption, and R2 is the regression coefficient.

Figure 8.  Adsorption of nitrobenzene over (a) constructed (101) anatase, and (b) (110) rutile surfaces of TiO2.

Nitroarenes

Adsorption Energy (meV)

Anatase (101) Rutile (110)

Nitrobenzene 257 383

2-nitrotoluene 194 409

2-fluoro- nitrobenzene 259 502

Table 2.  The computed adsorption energies of nitroarenes over (101) of anatase, and (110) of rutile TiO2. The 
adsorption energies correspond to the stabilization energy of the nitroparenes over the constructed surface.
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does not play any favorable role in their photoreduction. Interestingly, the optimum distances of nitrobenzene 
over anatase (101) and rutile (110) corresponding to the minimal energy were found to be 2.237 Å and 2.917 Å, 
respectively. The closer proximity of nitrobenzene to the (101) of anatase may facilitate the conduction electron 
hopping from the surface to the adsorbate.

The stepwise photocatalytic reduction mechanism could be described as follows:

TiO e h (1)CB VB2 → +− +

+ → ++ +CH OH h HCHO H (2)VB3

− + + → − ++ −Ar NO H e Ar NH H O6 6 2 (3)CB2 2 2

e h Recombination (4)CB VB+ →− −

Methanol was used in the reaction medium to minimize the step 4. Methanol can act as a hole scavenger and 
upon oxidation produces protons, which in turn reduce nitroarenes along with the photogenerated electrons 
(step 3). Therefore, the efficiency of electron and proton generation (steps 1 and 2) over the catalysts may also be 
the determining factors in nitroarenes reduction. The photo production of hydrogen over anatase and rutile was 
carried out to compare the proton generation efficiencies over both the materials. Figure 9 compares the hydro-
gen production, which reveals that initially there was no difference, however with advent of time anatase yielded 
only ~64% higher amount of hydrogen than rutile. It must be noted that the rate of nitrobenzene reduction 
over anatase was higher by an order of magnitude than that of rutile, which indicates that the proton generation  

Figure 9.  Photocatalytic hydrogen production over (a) anatase, and (b) rutile TiO2.

Figure 10.  The current generation as a function of applied voltage under UV light exposure over (a) anatase, 
and (b) rutile TiO2.
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(step 2) is not directly influencing the efficiency of nitrobenzene reduction. On the other hand, different electrical 
conductivity behavior of the phases under light exposure could determine the availability of the photogenerated 
electrons. The current generation as a function of applied voltage under UV light exposure was studied with 
both the catalysts and the results are plotted in Fig. 10. It is evident from the figure that the current observed in 
anatase is significantly higher compared to rutile. The higher current generation in anatase could be due to (i) 
more electron-hole generation, and/or (ii) lesser electron-hole recombination. To probe this further, we have 
additionally performed the photoluminescence (PL) spectroscopy with both the catalysts and the spectra (plotted 
in Figure S8) shows higher peak intensity of rutile than that of anatase TiO2. Generally, the lower PL intensity sig-
nifies lower electron-hole recombination. The observation from PL can claim lower electron-hole recombination 
in anatase than that in rutile TiO2. The higher number of photogenerated electrons in the conduction band of 
anatase may facilitate rapid nitroarenes reduction.

Conclusion
The phase pure anatase and rutile TiO2 were produced by solution combustion and polymerizable sol-gel syn-
theses, respectively. Both the catalysts were studied for nitroarenes reduction and anatase was found to be out-
performing the rutile. The phase dependent nitroarenes reduction has been investigated through (i) energetics of 
conduction band minima, (ii) adsorption efficiency, (iii) reduction potential of adsorbed nitroarenes, (iv) proton 
generation, and (v) photo generation of electrons over both anatase and rutile TiO2. The proton generation and 
reduction potential of nitrobenzene over both the catalysts was comparable. The nitroarenes adsorption over 
rutile was an order of magnitude higher than anatase. Thus the proton generation and adsorption did not play 
any significant role in the higher reduction efficiency of anatase. Interestingly, the position of conduction band 
minima of anatase was found to be 0.21 eV higher than that of rutile and also it was observed that the photo 
generated electrons in the conduction band of anatase are more in number than rutile. The greater flux of high 
energy electrons in anatase therefore favored the nitroarene reduction than rutile. This study may pave the path 
on exploring the energetics of a structure dependent photocatalytic reaction.

References
	 1.	 Fujishima, A. Electrochemical photolysis of water at a semiconductor electrode. Nature 238, 37–38 (1972).
	 2.	 Lang, X., Ma, W., Chen, C., Ji, H. & Zhao, J. Selective aerobic oxidation mediated by TiO2 photocatalysis. Acc. Chem.Res. 47, 355–363 

(2013).
	 3.	 Hong, Y. et al. Biosynthesized bimetallic Au–Pd nanoparticles supported on TiO2 for solvent-free oxidation of benzyl alcohol. ACS 

Sust. Chem. Eng. 2, 1752–1759 (2014).
	 4.	 Chen, C., Ma, W. & Zhao, J. Semiconductor-mediated photodegradation of pollutants under visible-light irradiation. Chem. Soc. Rev. 

39, 4206–4219 (2010).
	 5.	 Kumar, S. G. & Rao, K. K. Polymorphic phase transition among the titania crystal structures using a solution-based approach: from 

precursor chemistry to nucleation process. Nanoscale 6, 11574–11632 (2014).
	 6.	 Liu, L., Zhao, H., Andino, J. M. & Li, Y. Photocatalytic CO2 reduction with H2O on TiO2 nanocrystals: Comparison of anatase, rutile, 

and brookite polymorphs and exploration of surface chemistry. ACS Catal. 2, 1817–1828 (2012).
	 7.	 Morris Hotsenpiller, P., Bolt, J., Farneth, W., Lowekamp, J. & Rohrer, G. Orientation dependence of photochemical reactions on TiO2 

surfaces. J. Phy. Chem. B 102, 3216–3226 (1998).
	 8.	 Lowekamp, J., Rohrer, G., Morris Hotsenpiller, P., Bolt, J. & Farneth, W. Anisotropic photochemical reactivity of bulk TiO2 crystals. 

J. Phy. Chem. B 102, 7323–7327 (1998).
	 9.	 Ohno, T., Sarukawa, K. & Matsumura, M. Crystal faces of rutile and anatase TiO2 particles and their roles in photocatalytic reactions. 

New J. Chem. 26, 1167–1170 (2002).
	10.	 Yamamoto, Y., Nakajima, K., Ohsawa, T., Matsumoto, Y. & Koinuma, H. Preparation of atomically smooth TiO2 single crystal 

surfaces and their photochemical property. Japanese J. Appl. Phy. 44, L511 (2005).
	11.	 Yu, J., Low, J., Xiao, W., Zhou, P. & Jaroniec, M. Enhanced photocatalytic CO2-reduction activity of anatase TiO2 by coexposed {001} 

and {101} facets. J. Am.Chem. Soc. 136, 8839–8842 (2014).
	12.	 Ye, L. et al. Synthesis of anatase TiO2 nanocrystals with {101}, {001} or {010} single facets of 90% level exposure and liquid-phase 

photocatalytic reduction and oxidation activity orders. J. Mater. Chem. A 1, 10532–10537 (2013).
	13.	 Yang, Z. et al. Factors influencing the photocatalytic activity of rutile TiO2 nanorods with different aspect ratios for dye degradation 

and Cr (VI) photoreduction. Phy. Chem. Chem. Phy. 17, 18670–18676 (2015).
	14.	 Zhang, Q. et al. The dependence of photocatalytic activity on the selective and nonselective deposition of noble metal cocatalysts on 

the facets of rutile TiO2. J. Catal. 337, 36–44 (2016).
	15.	 Zhao, W.-N. & Liu, Z.-P. Mechanism and active site of photocatalytic water splitting on titania in aqueous surroundings. Chem. Sci. 

5, 2256–2264 (2014).
	16.	 Tang, H., Levy, F., Berger, H. & Schmid, P. Urbach tail of anatase TiO2. Phy. Rev. B 52, 7771 (1995).
	17.	 Amtout, A. & Leonelli, R. Optical properties of rutile near its fundamental band gap. Phy. Rev. B 51, 6842 (1995).
	18.	 Kavan, L., Grätzel, M., Gilbert, S., Klemenz, C. & Scheel, H. Electrochemical and photoelectrochemical investigation of single-

crystal anatase. J. Am.Chem. Soc. 118, 6716–6723 (1996).
	19.	 Kawahara, T. et al. A patterned TiO2 (anatase)/TiO2 (rutile) bilayer‐type photocatalyst: effect of the anatase/rutile junction on the 

photocatalytic activity. Angew. Chem. 114, 2935–2937 (2002).
	20.	 Miyagi, T., Kamei, M., Mitsuhashi, T., Ishigaki, T. & Yamazaki, A. Charge separation at the rutile/anatase interface: a dominant factor 

of photocatalytic activity. Chem. Phy. Lett. 390, 399–402 (2004).
	21.	 Nakajima, H., Mori, T., Shen, Q. & Toyoda, T. Photoluminescence study of mixtures of anatase and rutile TiO2 nanoparticles: 

influence of charge transfer between the nanoparticles on their photoluminescence excitation bands. Chem. Phy. Lett. 409, 81–84 
(2005).

	22.	 Xiong, G. et al. Photoemission electron microscopy of TiO2 anatase films embedded with rutile nanocrystals. Adv. Funct. Mater. 17, 
2133 (2007).

	23.	 Xu, Y. & Schoonen, M. A. The absolute energy positions of conduction and valence bands of selected semiconducting minerals. Am. 
Mineral. 85, 543–556 (2000).

	24.	 Scanlon, D. O. et al. Band alignment of rutile and anatase TiO2. Nature Mater. 12, 798–801 (2013).
	25.	 Spanggord, R. J., Gibson, B. W., Keck, R. G., Thomas, D. W. & Barkley, J. J. Effluent analysis of wastewater generated in the 

manufacture of 2,4,6-trinitrotoluene. 1. Characterization study. Environ. Sci. Technol. 16, 229–232 (1982).

http://S8


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 8783  | DOI:10.1038/s41598-017-08599-2

	26.	 Makarova, O. V. et al. Surface modification of TiO2 nanoparticles for photochemical reduction of nitrobenzene. Environ. Sci. 
Technol. 34, 4797–4803 (2000).

	27.	 Wang, W.-K. et al. Synthesis of Pt-loaded self-interspersed anatase TiO2 with a large fraction of (001) facets for efficient 
photocatalytic nitrobenzene degradation. ACS Appl. Mater. Interfaces 7, 20349–20359 (2015).

	28.	 Tada, H., Ishida, T., Takao, A. & Ito, S. Drastic enhancement of TiO2-photocatalyzed reduction of nitrobenzene by loading Ag 
clusters. Langmuir 20, 7898–7900 (2004).

	29.	 Hernandez-Gordillo, A., Obregón, S., Paraguay-Delgado, F. & Rodríguez-González, V. Effective photoreduction of a nitroaromatic 
environmental endocrine disruptor by AgNPs functionalized on nanocrystalline TiO2. RSC Adv. 5, 15194–15197 (2015).

	30.	 Nagaveni, K., Sivalingam, G., Hegde, M. & Madras, G. Photocatalytic degradation of organic compounds over combustion-
synthesized nano-TiO2. Environ. Sci. Technol. 38, 1600–1604 (2004).

	31.	 Malengreaux, C. M., Pirard, S. L., Bartlett, J. R. & Heinrichs, B. Kinetic study of 4-nitrophenol photocatalytic degradation over a Zn2+ 
doped TiO2 catalyst prepared through an environmentally friendly aqueous sol–gel process. Chem. Eng. J. 245, 180–190 (2014).

	32.	 Tayade, R. J., Kulkarni, R. G. & Jasra, R. V. Photocatalytic Degradation of Aqueous Nitrobenzene by Nanocrystalline TiO2. Ind. Eng. 
Chem. Res. 45, 922–927, doi:10.1021/ie051060m (2006).

	33.	 Blaser, H.-U. A golden boost to an old reaction. Science-New York Then Washington 313, 312 (2006).
	34.	 Corma, A. & Serna, P. Chemoselective hydrogenation of nitro compounds with supported gold catalysts. Science 313, 332–334 

(2006).
	35.	 Bamoniri, A., Mirjalili, B. B. F. & Moshtael-Arani, N. Environmentally green approach to synthesize azo dyes based on 1-naphthol 

using nano BF3· SiO2 under solvent-free conditions. Green Chem. Lett. Rev. 7, 393–403 (2014).
	36.	 Dale, D. J. et al. The chemical development of the commercial route to sildenafil: a case history. Org. Process Res. Dev. 4, 17–22 (2000).
	37.	 Brickner, S. J. et al. Synthesis and antibacterial activity of U-100592 and U-100766, two oxazolidinone antibacterial agents for the 

potential treatment of multidrug-resistant gram-positive bacterial infections. J. Med. Chem. 39, 673–679 (1996).
	38.	 Ferry, J. L. & Glaze, W. H. Photocatalytic reduction of nitro organics over illuminated titanium dioxide: role of the TiO2 surface. 

Langmuir 14, 3551–3555 (1998).
	39.	 Gao, S., Wang, W., Ni, Y., Lu, C. & Xu, Z. Facet-dependent photocatalytic mechanisms of anatase TiO2: A new sight on the self-

adjusted surface heterojunction. J. Alloys Compd. 647, 981–988 (2015).
	40.	 Ferry, J. L. & Glaze, W. H. Photocatalytic reduction of nitroorganics over illuminated titanium dioxide: Electron transfer between 

excited-state TiO2 and nitroaromatics. J. Phy. Chem. B 102, 2239–2244 (1998).
	41.	 Liu, C. et al. Enhancing the Photocatalytic Activity of Anatase TiO2 by Improving the Specific Facet‐Induced Spontaneous 

Separation of Photogenerated Electrons and Holes. Chem. An Asian J. 8, 282–289 (2013).
	42.	 Roy, S., Hegde, M., Ravishankar, N. & Madras, G. Creation of redox adsorption sites by Pd2+ ion substitution in nanoTiO2 for high 

photocatalytic activity of CO oxidation, NO reduction, and NO decomposition. J. Phy. Chem. C 111, 8153–8160 (2007).
	43.	 Roy, S., Marimuthu, A., Hegde, M. & Madras, G. High rates of CO and hydrocarbon oxidation and NO reduction by CO over 

Ti0.99Pd0.01O1.99. Appl. Catal. B Environ. 73, 300–310 (2007).
	44.	 Varma, A., Mukasyan, A. S., Rogachev, A. S. & Manukyan, K. V. Solution combustion synthesis of nanoscale materials. Chem. Rev. 

116, 14493–14586, doi:10.1021/acs.chemrev.6b00279 (2016).
	45.	 Nagarjuna, R., Roy, S. & Ganesan, R. Polymerizable sol–gel precursor mediated synthesis of TiO2 supported zeolite-4A and its 

photodegradation of methylene blue. Microporous Mesoporous Mater. 211, 1–8 (2015).
	46.	 Challagulla, S., Nagarjuna, R., Ganesan, R. & Roy, S. Role of solvents on photocatalytic reduction of nitroarenes by sol–gel 

synthesized TiO2/zeolite-4A. J. Porous Mater. 22, 1105–1110 (2015).
	47.	 Challagulla, S., Nagarjuna, R., Ganesan, R. & Roy, S. Acrylate-based polymerizable sol–gel synthesis of magnetically recoverable 

TiO2 supported Fe3O4 for Cr (VI) photoreduction in aerobic atmosphere. ACS Sust. Chem. Eng. 4, 974–982 (2016).
	48.	 Nagarjuna, R., Challagulla, S., Alla, N., Ganesan, R. & Roy, S. Synthesis and characterization of reduced-graphene oxide/TiO2/

Zeolite-4A: A bifunctional nanocomposite for abatement of methylene blue. Mater. Design 86, 621–626 (2015).
	49.	 Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phy. Rev. B 47, 558 (1993).
	50.	 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phy. Rev. 

B 54, 11169 (1996).
	51.	 Perdew, J. P. et al. Atoms, molecules, solids, and surfaces: Applications of the generalized gradient approximation for exchange and 

correlation. Phy. Rev. B 46, 6671 (1992).
	52.	 Blöchl, P. E. Projector augmented-wave method. Phy. Rev. B 50, 17953 (1994).
	53.	 Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phy. Rev. B 59, 1758 (1999).
	54.	 Su, W. et al. Surface phases of TiO2 nanoparticles studied by UV Raman spectroscopy and FT-IR spectroscopy. J. Phy. Chem. C 112, 

7710–7716 (2008).
	55.	 Tamilselvan, V., Yuvaraj, D., Kumar, R. R. & Rao, K. N. Growth of rutile TiO2 nanorods on TiO2 seed layer deposited by electron 

beam evaporation. Appl. Surf. Sci. 258, 4283–4287 (2012).
	56.	 Ma, H. et al. Raman study of phase transformation of TiO2 rutile single crystal irradiated by infrared femtosecond laser. Appl. Surf. 

Sci. 253, 7497–7500 (2007).
	57.	 Linsebigler, A. L., Lu, G. & Yates, J. T. Jr. Photocatalysis on TiO2 surfaces: principles, mechanisms, and selected results. Chem. Rev. 

95, 735–758 (1995).
	58.	 Hossain, F. M., Sheppard, L., Nowotny, J. & Murch, G. E. Optical properties of anatase and rutile titanium dioxide: Ab initio 

calculations for pure and anion-doped material. J. Phy. Chem. Solids 69, 1820–1828 (2008).
	59.	 Zhang, Y., Tang, Z.-R., Fu, X. & Xu, Y.-J. TiO2− graphene nanocomposites for gas-phase photocatalytic degradation of volatile 

aromatic pollutant: is TiO2− graphene truly different from other TiO2− carbon composite materials? ACS Nano 4, 7303–7314 
(2010).

	60.	 Liu, C., Zhang, A.-Y., Pei, D.-N. & Yu, H.-Q. Efficient electrochemical reduction of nitrobenzene by defect-engineered TiO2–x single 
crystals. Environ. Sci. Technol. 50, 5234–5242 (2016).

	61.	 Li, Y.-P., Cao, H.-B., Liu, C.-M. & Zhang, Y. Electrochemical reduction of nitrobenzene at carbon nanotube electrode. J. Hazard. 
Mater. 148, 158–163 (2007).

	62.	 Smith, W. H. & Bard, A. J. Electrochemical reactions of organic compounds in liquid ammonia. II. Nitrobenzene and nitrosobenzene. 
J. Am. Chem. Soc 97, 5203–5210 (1975).

	63.	 Silvester, D. S., Wain, A. J., Aldous, L., Hardacre, C. & Compton, R. G. Electrochemical reduction of nitrobenzene and 4-nitrophenol 
in the room temperature ionic liquid [C4 dmim][N(Tf)2]. J. Electroanal. Chem. 596, 131–140 (2006).

Acknowledgements
SR and RG thank the Department of Science & Technology (SERB/F/825/2014-15 and SERB/F/4864/2013-14) 
for the financial aid. The authors also thank Department of Science and Technology – fund for improvement of 
science and technology infrastructure (DST FIST; SR/FST/CSI-240/2012). SR thanks BITS Pilani Hyderabad 
Campus for the financial assistance under “Additional Competitive Research Grant”.

http://dx.doi.org/10.1021/ie051060m
http://dx.doi.org/10.1021/acs.chemrev.6b00279


www.nature.com/scientificreports/

1 1Scientific Reports | 7: 8783  | DOI:10.1038/s41598-017-08599-2

Author Contributions
R.G. and S.R. conceived the idea and designed the experiments. S.C. and K.T performed the experiments and 
computational calculations, respectively. S.C., K.T., R.G. and S.R. analyzed the data. The figures were prepared by 
S.C., R.G. and S.R. wrote the main manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08599-2
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-08492-y
http://creativecommons.org/licenses/by/4.0/

	Structure sensitive photocatalytic reduction of nitroarenes over TiO2

	Methods

	Synthesis and characterization. 
	Adsorption and catalysis. 

	Results and Discussion

	Conclusion

	Acknowledgements

	Figure 1 XRD patterns of (a) anatase, and (b) rutile TiO2.
	Figure 2 Raman spectra of (a) anatase, and (b) rutile TiO2.
	Figure 3 FE-SEM images of anatase (A–C), and rutile TiO2 (D–F) at different magnifications.
	Figure 4 (a) The core level photoelectron spectra of Ti(2p), (b) valance band regions, (c) Tauc plot, and (d) schematic of XPS alignment with band gap obtained from Tauc plot of anatase and rutile TiO2.
	Figure 5 Photocatalytic reduction of (a) nitrobenzene, (b) 2-nitrotoluene, and (c) 2-fluoro-nitrobenzene under anaerobic conditions.
	Figure 6 (a) Cyclic voltammetric study for electrochemical reduction of nitrobenzene over anatase, and rutile TiO2, and (b) Schematic illustration of energetics of nitrobenzene reduction over anatase, and rutile TiO2.
	Figure 7 Freundlich adsorption isotherm model for (a) nitrobenzene, (b) 2-nitrotoluene, and (c) 2-fluoro-nitrobenzene anatase and rutile TiO2.
	Figure 8 Adsorption of nitrobenzene over (a) constructed (101) anatase, and (b) (110) rutile surfaces of TiO2.
	Figure 9 Photocatalytic hydrogen production over (a) anatase, and (b) rutile TiO2.
	Figure 10 The current generation as a function of applied voltage under UV light exposure over (a) anatase, and (b) rutile TiO2.
	Table 1 The relative adsorption capacity (KF) was obtained from Freundlich adsorption isotherm, log qe = log KF + 1/n (log Ce), where qe is the equilibrium concentration of nitroarenes, Ce is final concentrations of nitroarenes, n is intensity of adsorpti
	Table 2 The computed adsorption energies of nitroarenes over (101) of anatase, and (110) of rutile TiO2.




