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ABSTRACT 

 
The potential for synthesis nitrogen-doped TiO2 system 

with various nitrogen loadings was conducted by nitridating 
“as prepared” nano-TiO2 made by a continuous 
hydrothermal flow synthesis (CHFS) process and exposing 
it to ammonia/argon atmosphere at range of temperatures 
(from 400 to 1100 oC). This process has proved to be 
simple, and nitridation reaction was easy to control. 
Products ranging from N-doped TiO2, and phase pure 
titanium nitride (TiN) were obtained at increasing heat 
treatment temperatures. Our results suggested that the TiN 
phase started forming at 800 oC. Pure phase TiN was 
obtained at 1000 oC after 5 h nitridation. A shift of the band 
gap to a lower energy and increasing absorption in the 
visible light region were observed with increasing 
calcination temperature from 400 to 700 oC. The results of 
photodegradation of methylene blue (MB) solution using 
simulated light irradiation suggested that at lower N-doping 
levels, the photocatalytic activity of TiO2 after nitrogen 
doping was greatly improved. 
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1 INTRODUCTION 
 
Recently, visible-light activated titanium dioxide 

photocatalysts have been obtained by doping anionic 
elements into the host lattice. These anionic dopant species 
were found to be better than transition-metal dopants, with 
respect to stability of the catalyst. The red shift of the band-
gap into the visible-range makes it possible to carry out a 
wide range of photocatalytic investigations under visible 
light. Asahi et al.1 reported that band-gap narrowing by 
nitrogen doping in TiO2, yields high photocatalytic 
activities under visible light. They prepared N-doped TiO2 
films by means of reactive magnetron sputtering in N2 
(40%)/ Ar gas mixture and then annealed in N2. Meanwhile, 
they synthesized N-TiO2 powders by treating anatase TiO2 
(BET surface area, 270 m2/g) in the NH3 (67%)/Ar 
atmosphere at 600 oC for 3 hours. Samples included the 

total N contents of ca. 1 at.%. Asahi et al.1 declared that the 
active sites for photocatalyst, under visible light, were due 
to the substitutional nitrogen into the oxide lattice. 
 

Nitrogen doped TiO2 was made by sputtering TiO2 in 
N2 reactive atmosphere,1 annealing TiO2 or titanium 
compounds at elevated temperature under the NH3 gas 
flow,2;3 using N-containing precursors in a sol-gel process,4 
oxidising the TiN by annealing in air,5 pulsed laser 
deposition,6 chemical vapour deposition (CVD) using 
titanium metal-organic precursors in ammonia gas,7 ion-
beam-assisted deposition (IBAD) technique using TiO2 
vapour and nitrogen ions.8 The range of doping 
concentrations reported recently for photocatalysts has been 
very narrow, generally lower than 1 at.%. However, TiO2 
with higher nitrogen load, or even titanium nitride (TiN), 
are also of interest in other applications. The common 
methods of nitride or oxynitride thin film creation are 
physical vapor deposition (PVD), reactive sputtering, 
cathodic Arc Deposition or electron beam heating and 
chemical vapor deposition(CVD), which are required to 
react with nitrogen under high-energy, vacuum conditions. 
However, these synthesis routes always involve in 
expensive apparatus and complicated synthesis process. 

 
The aim of the current work was to obtain light active 

N-doped photocatalysts by calcinations of continuous 
hydrothermal flow synthesis (CHFS) nano-TiO2 (ca. 4.8 nm 
in diameter) in ammonia/argon atmosphere. This method 
was also used to synthesize nitride nanopowders with 
different nitrogen loadings from nano-TiO2 by simply 
elevating the heating temperatures. The photocatalytic 
activity of the obtained catalysts was estimated on a basis 
of decomposition of MB solution under the light irradiation. 

 
2 EXPERIMENTAL 

 
2.1 Materials 

Titanium (IV) bis(ammonium lactato) dihydroxide (also 
called TiBALD, 50 wt% in water) was obtained from 
Sigma-Aldrich (Dorset, UK). Mixed ammonia /argon 
(60:40 vol%) gas was obtained from BOC (UK), with 
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purity quoted higher than 99%. Methylene blue (high purity, 
≥99.9%) was obtained from Acros Organics UK. All 
chemicals were used as received. 

 
2.2 Experimental methods 

The “as prepared” virgin nano-powders used for heat 
treatments were made using a continuous hydrothermal 
flow synthesis (CHFS) system (see Figure 1). For the 
synthesis of nano-TiO2, an aqueous solution of TiBALD 
(0.4 M) was pumped to meet a flow of room temperature 
water at a “Tee” junction and this mixture was brought to 
mix with a stream of superheated water at the reaction 
mixing point (a countercurrent mixer), whereupon rapid 
precipitation of crystalline anatase occurred. The slurry was 
then collected HPLC pump rates of 20, 10 and 10 mL/min 
were used for superheated water (via Pump 1), titania 
precursor (TiBALD) solution (Pump 2) and the cold water 
feed (Pump 3), respectively.  The third feed (Pump 3) was 
used in order to give inline dilution. Slurries were then 
centrifuged (5000 rpm for 60 min), washed twice, and 
freeze dried at ca. 1.33 × 10-4 MPa overnight (22 h). 
According to the mass of the dry powder, the yield was 
calculated as ca. 90 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Schematic representation of the three-pump (P1, 
P2 and P3) continuous hydrothermal flow synthesis system 
that was used to prepare nano-TiO2.  Key: P = pump, C = 
cooling, F = filter, B = back-pressure regulator, R = reactor 
 

Freeze-dried nano-TiO2 (ca. 0.5 g), synthesized by 
CHFS, was placed on a platinum plate before being 
transferred into the tube furnace. The furnace was heated 
from room temperature to a set point (this ranged from 400 
to 1100 oC over all the experiments) at rate of 10 oC/min, 
and maintained for up to 5 h. Then the furnace was allowed 
to cool down at 20 oC /min, under flowing NH3 /Ar. The 
flow rate of feeding gas was kept at ca. 200 mL/min. 
 

A 50 mL aliquot of standard MB solution was added 
into each glass beakers along with 0.01 g of the particular 
nitridated sample. The mixtures were mixed using a 
magnetic stirrer bead for 30 min in the dark to allow 

adsorption-desorption equilibrium of dye on the catalyst 
surface to be established. The photocatalytic reactors 
containing the catalyst were irradiated with light for 60 min 
periods for a total of four hours. After each period of 
illumination the absorbance of the MB was measured. The 
calculated concentrations of the MB with irradiation time 
are given for the TiO2-xNx samples. 
 
2.3 Characterizations 

Freeze-drying was performed using a Vitris Advantage 
Freeze Dryer, Model 2.0 ES, supplied by BioPharma; the 
solids were frozen in liquid nitrogen and then freeze dried 
for 22.5 h at 1.33 x 10-4 Mpa. X-ray powder diffraction 
(XRD) data were collected on a Siemens D5000 X-Ray 
diffractometer using Cu-Kα radiation (λ= 0.15418 nm). Data 
were collected over the 2θ range 20-80 º with a step size of 
0.02º and a count time of two seconds. Crystallite size was 
calculated from XRD pattern peak half-widths using the 
Scherrer equation. BET surface area measurements 
(multipoint) were performed on a Micromeritics Gemini 
analyzer. All powders were degassed at 80 °C for 2 h prior 
to BET analysis. UV-Vis absorption spectra of methylene 
blue (MB) solutions and colours of the samples were 
recorded using a PerkinElmer (Lambda 950) UV-Vis 
spectrophotometer. 

 
3 RESULTS AND DISCUSSIONS 

 
The “as prepared” TiO2 was pure phase anatase, with 

surface area ca. 290 m2/g. Identical powdered nanosized 
TiO2 samples were heat treated in NH3 /Ar gas under 
different temperatures each and then cooled to give the final 
powders. The colours of powders ranged from “off white” 
for “as prepared” nanosized TiO2, to “dark brown” for pure 
TiN that was nitridated at 1000 oC for 5 hrs at high gas flow 
rate (200 mL/min); see Figure 2. 
 
 
 
 
 
Figure 2 Photo of samples nitridation under different 
conditions: CHFS synthesized pure TiO2 power (off white) 
and TiO2 powders nitridated at different temperatures 
(ranging 400 to 1100 oC) for 5 h.  
 
3.1 Phase and morphology 
 

In the XRD data for nitridated samples (Figure 3), 
single anatase-like phases were observed on all samples 
nitridated at 600 oC and below. Rutile peaks were first 
observed at the sample nitridated at 700 oC, which 
coincided with findings reported in our previous study on 
the heat treatment of nano-TiO2 powders in air. It can be 
assumed that the presence of the nitrogen does not have any 
significant influence on the transformation temperature of 
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anatase to rutile. Distinct peaks assigned to TiN appeared in 
the XRD plot of the sample heat treated at 800°C in NH3/Ar, 
indicating that the cubic-phase TiN began to form. A small 
amount of rutile (TiO2) was also observed. Phase pure TiN 
was obtained at 1000°C after 5 h heating in NH3/Ar. 

 
 

BET surface area

Crystal size calculated by
Scherrer Equ.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3 XRD patterns take at room temperature of 
nanocrystalline TiO2 powders nitridated at different 
temperatures, in the range 400 to 1000 oC in NH3/Ar (flow 
rate of 200 mL/ min) for 5 h. 

 
The crystallite size of nitridated TiO2 samples was 

calculated from XRD pattern peak half width by applying 
the Scherrer equation and is illustrated in Figure 4. It is 
suggested that increasing the temperature generally, 
increased crystallite sizes during nitridation. Surface areas 
of all nitridated samples generally decreased with 
nitridation temperature and dwelling time in the furnace, 
from 98 m2/g (400 oC, 5 h) to 9 m2/g (1100 oC, 5 h). Figure 
4 shows the relationship between the particle size 
(calculated by BET results, based on the assumption of a 
perfect sphere), crystallite size (determined from XRD half 
peak width by application of the Scherrer equation), and the 
nitridation temperature (same dwelling time of 5 h). A 
critical temperature is observed at 900 oC; above this 
temperature, the particle size increased rapidly from 62.2 
nm (at 900 oC) to 105.7 nm (at 1100 oC). It was also found 
that powders annealed at lower gas flow rate (100 mL/min) 
at 900 oC/ 5 h, had noticeably lower surface area (15.0 nm 
vs. 16.5 nm) than those made at high rate (200 mL/min), 
which suggested the greater presence of ammonia gas could 
hinder the crystal growth of titania at some degree. This 
was also observed by Chen et al 9 and may be due to the 
adsorption of NH3 molecules which prevent active surfaces 
from contacting and agglomerating. However, NH3 
molecules will decompose when electron transfer occurs 
from surface O2- to NH3 at high temperature. Such 
hindrance is expected to be weaker (due to the 

decomposition of NH3) especially for longer dwelling times 
and higher temperatures9. It typically gave an average 
crystallite size of 79 nm and particle size (calculated by 
BET surface area assuming a sphere) of 90 nm, respectively,  
 

 
 
 

Figure 4 BET surface area and crystallite size (calculated 
from XRD by Scherrer Equation) dependence of nitridated 
powders prepared at different temperatures. 
 

UV-Vis spectra measured by diffuse reflectance of the 
samples. Applying the Kubelka-Munk model, the 
absorbances were determined and band gap edge position 
was calculated for the samples. Samples nitridated at 400, 
500, 600, and 700 oC showed the band gap absorption onset 
at 419.6, 451, 485, and 526 nm, corresponding to energy 
band gaps of 2.97, 2.75, 2.56, and 2.36 eV, respectively. 
Consequently, the optical absorption edges of these N -
doped samples shift to the lower energy region compared to 
“as prepared” pure nano-TiO2 (Eg= 3.12 eV), and the 
absorptions after nitrogen doping are stronger in the visible 
range. It is expected that nitrogen doping contributed to the 
red shift because of the narrowing of the band gap. In the 
case of catalysts nitridated at a temperature of 800 oC (at 
which phase transition start taking place), the absorption 
edge in the visible range is at 430 nm (2.89 eV). The 
samples heated at 900 oC and 1000 oC revealed broad 
absorption bands across the spectral range, that’s due to the 
dark colour of the high nitrogen loaded samples. 
 
3.2 Photocatalytic decolorization of MB 
 

The photocatalytic reactors containing catalysts were 
irradiated with visible light after 30 min stirring in the dark 
to allow the dye adsorption to reach equilibrium onto the 
catalyst’s surface. At 60 min intervals (during the 
irradiation), the light was switched off and the intensity of 
the 662 nm UV-Vis band absorbance was quickly measured 
for each sample. 
 

Samples nitridated at low temperatures (eg. 500 and 600 
oC) generally exhibited better photocatalytic activities over 
the 4 h timeframe of the experiment. (Figure 5) The 
photocatalytic activities of these yellowish catalysts are 
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even better than the high surface area starting material “as 
prepared” nano-TiO2. After partial N-doping into TiO2, the 
local structures of titanium dioxides species are altered, 
which not only improves the absorption of titania in the 
visible light region but also decreases the recombination of 
photoinduced electrons and holes. Therefore, it is 
reasonable that the photocatalytic activities of nitrogen 
doped titania are improved accordingly. By comparison the 
powder treated at 400 oC showed comparably lower 
photocatalytic degradation activity even though its surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Photocatalytic degradation of the methylene blue 
dye for TiO2 powders nitrided at different temperatures for 
5 h dwelling time, as a function of irradiation time under a 
visible-light source. Experiment was undertaken in dark for 
the first 30 min, and then irradiated in visible light. 
 
area was higher than others. There was no improvement in 
photodegradation efficiency for samples nitrided at the 
other temperatures used. For samples heated at higher 
temperatures, the decrease in surface area of samples 
resulted in less active. This is despite the fact that some of 
these samples have the highest displacement of their 
absorption radiation edges in the visible range. 
 

4 CONCLUSIONS 
 
A simple method for the synthesis of nanocrystalline 

TiO2, nitrogen-doped TiO2, and titanium nitride powder has 
been developed. In this process, TiN nanocrystalline 
powder can be obtained by the direct nitridation of 
nanocrystalline TiO2 powder for 5 h in an NH3 /Ar gas flow 
of 200 mL/min. Particle size of  TiN nanocrystalline 
powder  obtained at 1000 oC/5h is ca. 89.5 nm.  
 

Nitrogen-doped TiO2 (i.e. titanium oxynitride) 
photocatalysts with only the anatase phase and a relatively 
small crystallite size (11.4 to 51.5 nm) were obtained under 
the nitridation temperatures in the range 400 to 700 oC. 
Powders prepared at 600 oC had the best photocatalytic 

activity towards decolorization of MB under visible-light 
irradiation, even better than the “as prepared” starting TiO2 
nanopowder. The higher activity of the N-doped samples 
could be correlated with the modification in their 
absorption spectra. 
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