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Visible light-induced Photocatalytic Activity of High Surface Area 
N-doped Two-dimensional (2-D) TiO2 Sheets 

A. Nikhil, G. S. Anjusree, Shantikumar V Nair and A. Sreekumaran Nair*

TiO2 being a wide band-gap material offers photocatalytic activity only in 

the UV region. The effects of simultaneously improving the surface area 

and nitrogen doping on the visible light–assisted photocatalytic activity of 

titanate-derived two-dimensional 2-D sheets of TiO2 has been 

investigated. Results indicate a remarkable efficiency in the photocatalytic 

degradation of methyl orange in aqueous environment when compared to 

undoped 2-D TiO2 sheets. 

The semiconductor photocatalysis have drawn much attention 

over the past few decades due to its desirable electronic 

structure, light absorption properties, charge transport 

characteristics and excitions life time
1
. Among the many 

players
2
, TiO2 has been widely investigated for its non-toxicity, 

inexpensiveness, good stability under illumination in most 

environments and desired surface chemistry
3
.  As a result, it is 

also been used for application in solar energy conversion
4
, 

photodegradation of organic pollutants in water
5
, self-cleaning 

coatings
6
, storage devices (supercapacitors and batteries), and 

sensors
7
. Various morphologies of TiO2 have been widely 

explored for photocatalysis such as nanoparticles (zero-

dimensional, 0-D) and 1-D nanostructures such as nanofibers, 

wires and nanorods
8a,b,c

.Though the 1-D nanostructures have 

several merits such as strong light scattering, semi-directional 

electron transport and higher electron diffusion coefficient, 

they suffer from low internal surface area which might affect 

the effective adsorption of contaminants on the surface of the 

TiO2 and hence the photocatalytic degradation efficiency. An 

in-depth investigation of the literature presented to us the 

prospects of adopting the titanate route for enhancing the 

surface area of TiO2
9a,b

. Titanate route is one of the versatile 

methods for improving the surface area of TiO2 under the 

action of NaOH. Compared to 1-D nanostructures
10,11,12

,2-D 

nanostructures would have better surface area (because of 

their layered nature) but very few reports exist on 2-D 

nanostructures of TiO2 for photocatalysis
13,14,15

.The 

mechanism of photocatalysis by TiO2 is relatively well 

established:TiO2 being a wide band-gap material, absorbs UV 

radiation from the light source and produces pair of electrons 

and holes. The electrons react with oxygen molecules to form 

super oxide anions and the positive holes react with the water 

molecules to form hydrogen molecules and hydroxyl radicals. 

These hydroxyl radicals (●OH) play a major role in degrading 

the pollutant by photocatalytic oxidation reaction. Also, it is 

reported that the formation rate of ●OH is higher in anatase 

TiO2 when compared to other semiconductors
16,17

. However, 

TiO2 can show photoactivity only in the UV region (absorption 

onset at 380 nm) which accounts only for ~4% of the solar 

spectrum and thus the photocatalytic efficiency with pure TiO2 

will be low. A fascinating method by which the absorption 

spectrum of TiO2 can be shifted from UV to visible region is 

doping. Doping of metals
18,19,20,21

,non-metals
22,23,24,25

and Co 

doping
26,27

with two or more metals or non-metals is an 

effective way of promoting absorption of visible light photons 

(~ 46% of the solar spectrum)and this methodology also 

provides the pathway for reducing the electron-hole 

recombination as reported in the literature
28

. 

 

 Electrospinning technique is one of the most commercially 

viable techniques for fabricating 1-D structures such as 

nanowires, nanotubes, nanorods, nanofibers
29a,b 

etc. However, 

as mentioned previously in the introduction, the electrospun 

1-D nanostructures suffer from low internal surface areas and 

hence their photocatalytic efficiency is limited. We have 

adopted the titanate route to restructure the 1-D TiO2 into 2-D 

TiO2 which takes care of the surface area issue. The 1-D TiO2–

SiO2 composite obtained from electrospinning was converted 

into 2-D TiO2 by the titanate route which involves in-situ 

etching of SiO2 and as well as chemically transforming the 1-D 

TiO2 into Na2Ti3O7 (a layered material) further subsequent 

conversion of the Na2Ti3O7 into TiO2 by retaining the 

morphology as that of the Na2Ti3O7 was obtained by 

acidification and low temperature sintering (180 ⁰C). Urea was 

used as the N source during the electrospinning 
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process to ensure N doping on the TiO2 2-D sheets. Thus in the 

present work we report a facile method to synthesize 2-D 

TiO2nanosheets via titanate route along with N doping which 

has the combined effect of both high surface area and 

enhanced absorption in the visible region. A comparison of the 

photocatalytic activity of the N-doped 2-D sheets with un-

doped 2-D sheets has shown that N doped 2-D TiO2 sheets 

showed superior photocatalytic activity in the visible region. 

 

The powder XRD was performed by an X’pert pro PAN 

Analytical instrument operated at a current of 30 mA and a 

voltage of 40 kV (the data interval was 0.03⁰). The scanning 

electron Microscopy was performed by JSM 6490 LA (JEOL-

Tokyo, Japan) machine at an operating voltage of 15 kV. A thin 

film of gold was sputtered on the samples using a sputter 

coating machine (JEOL-Tokyo, Japan). Raman spectroscopy 

was done using a Witec Confocal Raman-300 AR instrument 

with an excitation laser of 488 nm and a power of 0.6 µW. UV-

visible spectra of the thin films of TiO2 (in diffuse-reflectance 

mode) were measured by a Varian-Cary 5000 spectrometer 

and UV-visible absorption spectra of the methyl orange were 

measured using a UV-1800 Shimadzu double beam 

spectrophotometer. High-resolution Transmission Electron 

Microscopy (HR-TEM) (SEI Tecnai G230) was also carried out 

for characterizing the materials. The photocatalytic activity 

was measured under an illumination of 1 Sun (AM 1.5G) using 

a solar simulator (Newport, Oriel class A). 

 

The N-doped TiO2fibers were prepared as follows: A solution 

was made by dissolving 1 g of PVP (polyvinylpyrrolidone) and  

 

 

 

0.07 g of Urea (7 wt. %) in 14mL methanol (Aldrich). The 

solution was stirred for 12 h followed by the addition of 4 mL 

acetic acid, 1.75 mL of titanium (IV) isopropoxide (Aldrich) and 

0.25 mL of tetraethoxysilane (Alfa Aesar). The solution was 

electrospun using a climate-controlled electrospinning unit 

(IME technologies, Netherlands) maintaining the humidity 

level at ~ 50% inside the electrospinning chamber. The 

operating conditions were a voltage of 25 kV and a flow-rate of 

1 mL/h. The distance between the needle-tip and the static 

collector was kept at about 15 cm and the as-spun 

nanocomposite (N-TiO2-SiO2-PVP) was collected in the 

aluminium foil wrapped on the static collector. In order to 

degrade the polymer, the composite was annealed at 450 ⁰C 

for 3 h resulting in the formation of white flakes. About 600 

mg of the annealed N-TiO2-SiO2 composite nanofibers were 

treated with 5M NaOH (in water) at 180 ⁰C for 24 h in a Teflon-

lined steel autoclave to chemically convert the nanocomposite 

into titanates with the in-situ etching of SiO2. A fluffy white 

precipitate obtained as a result of the chemical reaction was 

washed repeatedly with Millipore water to neutralise the pH 

to 7. The sodium titanate was then treated with dil. HCl (0.1 M 

ACS, ISO Reag.) for 24 h and further washed repeatedly with 

Millipore water and dried at 180 ⁰C for 30 min. The drying 

process was carried out to convert the sodium titanate into N-

TiO2 through hydrogen titanate. The Na2Ti3O7 and the final 

TiO2 were characterized by spectroscopy and microscopy, 

respectively. 

 

Fig. 1A shows the SEM image of as-spun N-TiO2-SiO2-PVP fibers 

which were found to be smooth and continuous with  

Fig. 1 (A) As-spun N-TiO2-SiO2-PVP composite fibers  (B) N-TiO2-SiO2fibers formed after annealing at 450 ⁰C  (C) Lattice resolved 

TEM image of N-TiO2-SiO2 composite (D) XRD spectra of  N-TiO2- SiO2 composite. 
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diameters ranging from 140-260 nm. Fig. 1B indicates the 

sintered nanofibers at 450 ⁰C (for 3h) having diameter ranging 

from 93-124 nm. The decrease in the fiber diameter is due to 

the polymer degradation. Also it is evident from Fig. 1B that 

the introduction of SiO2 into the TiO2 matrix resulted in some 

of the nanofibers losing their continuous fiber morphology. 

Fig. 1C shows the lattice-resolved TEM image of TiO2-SiO2 

composite indicating the TiO2 fringes corresponding to 0.35 

nm implying the anatase nature of TiO2.The lattice 

corresponding to SiO2 was absent which depicts its amorphous 

nature which is further evident from the powder XRD 

spectrum showing the prominent peaks of anatase TiO2
30 

alone 

(Fig. 1D). Elemental mapping was carried out using EDS and 

the presence of N, Ti, O, and Si in the composite was 

confirmed and is shown in the (ESI-1‡). The material was 

further characterized by XPS to examine the elemental 

composition and oxidation state of elements. The N1s and Si 

peaks in high-resolution spectrum were centred at 399.95 eV 

and 101.95 eV, respectively (ESI-3 & 4‡). Further, the binding 

energy of Ti2p were de-convoluted in two peaks at 458.65 eV 

and 464.15 eV respectively, which correspond to the spin-orbit 

coupling of 5.76 eV
35 

(ESI-5‡). In addition, the oxygen O1s peak 

(ESI-2‡) can be de-convoluted into two peaks at 529.95 eV and 

532.45 eV, respectively, which show the presence of Ti-O-Ti 

and Ti-O-Si bonds and thus implying the incorporation of SiO2 

in the TiO2 matrix
31

. The BET surface area of the N-TiO2-SiO2 

composite fibers was 36 m
2
/g. 

 

The N-TiO2-SiO2 composite on reaction with alkali lead to the 

formation of layered morphology of sodium titanate 

 

 

 

(Na2Ti3O7). The SEM image of the Na2Ti3O7 is shown in Fig. 2A. 

The sheet-like structure of the titanates is evident from the 

TEM image in Fig. 2B and the inset shows a selected area 

electron diffraction (SAED) pattern of the Na2Ti3O7 which is in 

good agreement with the XRD pattern. The high-resolution 

image in Fig. 2C shows the spacing between individual layers of  

Na2Ti3O7 as 0.8 nm
32

. The powder XRD spectrum of titanate in 

Fig. 2D shows a strong peak around 2=10⁰ confirming the 

formation of sodium titanate which is the characteristic (100) 

diffraction peak of the sodium titanates
33

. Elemental mapping 

was carried out using EDS and the presence of N, Ti, O, Na in 

composite was confirmed (ESI-6‡). The high-resolution spectra 

of Ti2p 3/2 and Ti2p ½ are centred at 456.65 and 462.85 eV, 

respectively, (ESI-7‡), implying that Ti exist in a different 

chemical environment than that of TiO2. Further, the binding 

energy of Na at 1068.7 eV confirms the formation of Ti-O-Na 

bond
44

 (ESI-8‡). The single peak of O1s (ESI-9‡) at 528.25 eV 

shows the Ti-O-Ti bond
36 

and N1s peak been centred at 396.95 

eV (ESI-10‡). 

 

Fig. 3A & 3B shows, respectively, the large area and magnified 

SEM image of sheet-like N-doped 2-D TiO2 obtained after 

acidification and low temperature sintering (180⁰C) of sodium 

titanates. Fig. 3C shows the high-resolution TEM image of N-

doped 2-D TiO2 sheet ranging size from 41-67 nm in breadth 

and 145-164 nm in length and the inset shows the SAED 

pattern having discrete rings indicating the polycrystalline 

nature of the TiO2. Fig. 3D shows the lattice-resolved TEM 

image of the prepared sample with a lattice spacing of 0.35 nm  

 

Fig. 2 (A) SEM image of sheet-like structure of N-Na2Ti3O7 (B) TEM image of sheet- like structure of N-Na2Ti3O7 (C) Lattice-resolved 

TEM image of N-Na2Ti3O7 (D) XRD spectra of N-Na2Ti3O7.  
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which corresponds to the (101) lattice orientation of the 

anatase TiO2. A comparison of the SEM and TEM images 

reveals that the dimensions of the 2-D sheets were in the 

range of 2-4 µm in length and 278-440 nm in breadth. The UV–

Vis diffuse reflectance spectrum (Fig. 4A) was taken for the 

doped and undoped 2-D TiO2 annealed at 450 ⁰C and 

apparently the N-doping has extended the absorbance from 

UV to the visible region (from 395.33 nm to 412.92 nm, 

respectively). The band-gap of N doped TiO2 was calculated 

(from UV-Vis spectrum) and found to be 3.0 eV. The red-shift 

in the absorption edge suggests that the increased absorption 

can be related to the presence of N in the sample. The peaks in 

the XRD pattern of doped and undoped TiO2 in Fig. 4B confirms 

the anatase phase where the prominent peaks shows its 

crystalline nature which is shown in the spectrum itself and it 

was found that the peak positions are same and no extra peaks  

 

 

were observed confirming the structure has not changed after 

the dopant has been added. This might be due to the low 

amount of nitrogen been doped that cannot be detected by 

XRD. Further to investigate the effect of N doping on the 

structure of TiO2, the Raman spectrum of N- TiO2 was carried 

out and the peaks in the Fig. 4C corresponding to 153, 392, 

516 and 638 cm
-1

, respectively, can be attributed to the 

predominance of anatase phase structure. The Raman peaks at 

153 and 638 cm
-1 

represents Eg vibrational mode and the peak 

at 392 and 516 cm
-1 

corresponds to Bg1 and Ag1 vibrational 

mode
37

. The Raman shift pattern for doped and undoped TiO2 

was found to be identical and the result indicates that the 

nitrogen doping has insignificant effect on the structure of 

TiO2. However on comparing the lowest frequency peak at 153 

cm
-1

 of un-doped 2-D TiO2 sheets with N-doped 2-D TiO2 

sheets, it is observed  

Fig. 4 (A) DRS spectra for N-TiO2 (B) XRD spectra for doped and undoped TiO2 (C) Raman spectra for doped 

and undoped TiO2(D) XPS spectra for N1s. 

Fig. 3 (A) SEM image of sheet like structure of N-TiO2 at lower magnification (B) SEM image of sheet like structure of N-TiO2 at 

higher magnification (C)HR-TEM mage of N- TiO2 and the inset SAED(D)Lattice resolved TEM image of N-TiO2. 
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that the width and the intensity of this peak is increased 

(Shown in the inset) indicating that the crystallinity has been 

enhanced after nitrogen doping which is consistent with the 

XRD results. XPS measurements were carried out in order to 

confirm the substitution of oxygen atoms by nitrogen in the 

TiO2.  

 

From earlier reports
34

 it is has been observed that different 

chemical states have been assigned for N in TiO2 with varying 

binding energies ranging from 397ev to 403 eV and the 

variation in these states strongly depends upon the 

preparation technique and the precursor used. As per the 

earlier reports
38,39

 the formation of Ti-N bond which is the 

characteristic of N-doped TiO2 is centred around 395-397 eV. 

In addition to it, reports
40,41

 on adsorbed NH3on TiO2 suggest 

the characteristic values of binding energy around 398-399 eV. 

Some reports mention on the presence of NOx molecules on 

TiO2 for which the binding energy value is more than 403 eV
40

. 

However, Inthe present case, the observed binding energy 

peak of N1s was at 400.25 eV (Fig. 4D) suggesting the 

formation of O-Ti-N bond as summarized by Wang et.al
42

 with 

an atomic concentration of 0.34% and has oxidation state of 

N
3-

. In the case of Ti2p (ESI-11‡) two peaks were observed at 

458.61 and 464.26 eV, respectively, which are attributed to 

Ti2p3/2 and Ti2p½ indicating that the Ti remains in the 

octahedral environment. Further Ti2p core levels were 

compared for doped and undoped samples; we observed that, 

there were no prominent shifts observed and the peak 

positions were similar confirming that there is no change in 

the chemical nature of titanium
43

. Similarly the O1s (ESI-12‡) 

could be de-convoluted into two peaks, the peak at 529.95 eV 

corresponds to the Ti-O bond whereas the other peak at 

532.45 eV corresponds to the surface hydroxyl groups. The  

 

 

 

 

O1s level (ESI 14‡) of doped and undoped sample indicate the 

presence of O
2-

 attached to Ti
4+

 at 529.95 eV and 529.35 eV 

respectively
45

. The BET surface area of the N-TiO2 2D sheets 

was 110 m
2
/g. 

 

A model pollutant methyl orange (MO) was selected and the 

photodegradation of MO (32.72 mg/L) was quantified by 

measuring its degradation rates under white light in the 

presence of N–doped 2-D TiO2 sheets (30 mg). The solution 

was stirred in dark for 30 min before irradiation to obtain 

equilibrium of MO on N-doped 2-D TiO2 sheets. The 

unabsorbed MO was taken as the initial concentration to 

estimate the photocatalytic efficiency. Fig. 5A & 5C show the 

photocatalytic activity of N-doped 2-D TiO2 and un-doped 2-D 

TiO2 indicated by the sequential colour reduction of MO for 

every 1 h and for the confirmation of photocatalytic activity 

the absorption spectra was recorded. From Fig. 5B & 5D, it was  

found that the photocatalytic activity of N-doped 2-D TiO2 

sheets was better having a rate constant of 0.45 (h
-1

) when 

compared to undoped 2-D TiO2 (BET surface area of 104 m
2
/g) 

having a rate constant of 0.32 (h
-1

). As the doped and undoped 

TiO2 were synthesized and processed under similar reaction 

conditions (as both have nearly same BET surface areas), we 

believe that the increase in the photocatalytic activity of the N-

doped 2-D TiO2compared to the un-doped TiO2 resulted mostly 

from the nitrogen doping.  

 

In conclusion, a highly anisotropic nitrogen-doped 2-D TiO2 

sheets were successfully synthesized from electrospun TiO2-

SiO2 composite nanofibers. UV-VIS DRS measurements showed 

the presence of small amount of nitrogen in the catalyst giving 

rise to a higher visible absorption. The photocatalytic activity 

of nitrogen-doped 2-D TiO2 sheet for the degradation of 

Fig.5(A) Photodegradation of MO by N-doped 2-D TiO2 sheets (B) rate of reaction for N-TiO2 2-D sheets (C) 

photodegradation of MO un-doped TiO2 2-D sheets (D) rate of reaction of undoped N-TiO2 2-D sheets.  
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Methyl Orange was compared to undoped TiO2 2-D sheets.  

The study showed the N-doped TiO2 2-D sheets showed an 

increased photocatalytic activity when compared to undoped 

TiO2. Such an improvement in photocatalytic activity is due to 

the effect of N-doping of TiO2 which might have introduced 

additional energy levels in the band-gap thus effectively 

improving its electronic structure to absorb light in the visible 

region.  
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