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ABSTRACT 
 
Hydrogen production capability of mesoporous C and 

N-doped TiO2 was tested under visible light.  Since the 
visible light contained small amount of UV light, the test 
was performed without/with a filter which cut UV light 
with wavelength of 420 nm or less.  It was found that the 
main contribution of hydrogen production for C and N-
doped TiO2 fired at 500oC and 600oC was probably coming 
from UV light present in visible light.  C and N-doped TiO2 
fired at 400oC absorbed both UV light and visible light 
when studied by UV-visDRS.  This sample produced 
almost the same amount of hydrogen under visible light 
without/with filter, although the amount of hydrogen was 
small. 
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1 INTRODUCTION 
 
Titanium dioxide (TiO2) is the most extensively 

investigated photocatalyst [1, 2] because it is inexpensive, 
chemically stable, and non-toxic [3].  However, because of 
its large band gap energy (3.2 eV), it can only utilize the 
UV region of the solar spectrum.  Therefore, considerable 
efforts have been made to extend the photoresponse of 
TiO2-based systems further into the visible-light region by 
using dopants [4, 5].  Anionic dopants such as carbon, 
sulfur, and nitrogen may be possible for extending the 
photocatalytic activity of TiO2 into the visible-light region 
because the related impurity states are expected to be close 
to the valence band maximum [6, 7]. 

 
Photocatalytic activity of TiO2 takes place on the 

surface of the oxide.  One way to increase the efficiency of 
photocatalysis is to increase the surface area of the oxide.  
Mesoporous materials with 3D porous structures provide 
highly porous hosts that offer easy and direct access to 
guest species, thereby facilitating inclusion or diffusion 
through the pore channels without blocking the pores.  We 
have developed a method for synthesizing highly crystalline 
mesoporous TiO2 co-doped with carbon/nitrogen [8].  In 
this method, mesoporous silicon oxide was first prepared.  
Silicon in this oxide was replaced by Ti to form 
mesoporous TiO2.  The oxide had very large surface area 

and good crystallinity. This material was expected to be 
effective for decomposing organic compounds. When the 
oxide was placed in methanol solution and two different 
UV light was exposed to the oxide [9], it was found that 
UV light with short wave length was more effective in 
producing hydrogen than UV light with longer wave length.  
In addition, mesoporous TiO2 was tested using different 
source of light [10].  Sunlight produced the most hydrogen.  
UV light produced the second most hydrogen.  The visible 
light produced less hydrogen than other light. 

 
Visible light source could include some contribution 

from UV light.  Therefore, the present study seeks to 
determine whether mesoporous C/N-doped TiO2 could be 
used to produce hydrogen gas by visible light with almost 
no contribution from UV region. 
 

2 EXPERIMENTAL 
 
In order to make mesoporous silica (tetragonal KIT-6) 

we followed the procedure developed by Kim et al. [11].  In 
the next step, Si in KIT-6 was replaced by Ti to form 
mesoporous TiO2.  In a typical synthesis of mesoporous C 
and N-doped TiO2, KIT-6 was added to ethylenediamine 
(99%, Wako Pure Chemical, Japan) and carbon tetra 
chloride (99.8%, Wako Pure Chemical, Japan).  They were 
mixed thoroughly.  To this mixture, titanium tetra 
isopropoxide (97%, Sigma-Aldrich, U. S. A.) dissolved in 
1-propanol (99.5%, Wako Pure Chemical, Japan) was 
added and the resultant mixture was heated in an oil bath at 
900C for 5h. Then, the obtained solid mixture was dried at 
1500C and ground into a fine powder.  The C and N-doped 
TiO2 composite was then heat-treated in the presence of 
nitrogen flow at 400oC, 500oC and 600oC to obtain well 
crystallized, highly ordered mesoporous C and N-doped 
TiO2: N-doped TiO2 (400), N-doped TiO2 (500), and N-
doped TiO2 (600).  The presence of C and N was confirmed 
elsewhere [8]. 

 
The powder x-ray diffraction (XRD) pattern of N-doped 

TiO2 was collected using a Rigaku diffractometer with Cu 
Kα (λ=0.154 nm) radiation.  The samples were also studied 
by diffuse reflectance spectroscopy in UV and visible light 
region (UV-Vis DRS). 
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3 RESULTS AND DISCUSSION 

romoted the 
transformation of anatase TiO  to rutile TiO . 

 
iffraction pattern of N-doped TiO2 (400), 

), and (600). 

 

.  UV-visDRS of N-doped TiO2 (400), (500), 
nd 600). 

 
Figure 1.  Hydrogen production apparatus. 
 
 

 
Figure 2.  Spectra of visible light used in this study. 

 
 
Pt was deposited on the surface of N-doped TiO2 by 

using the procedure reported by Ikuma and Bessho [12].  
Concentration of Pt was 0.003 mol of Pt per 1 mol of TiO2.  
Pt-deposited, N-doped TiO2 was placed in hydrogen 
production apparatus shown in Figure 1.  In this apparatus 
40% methanol aqueous solution was used [12].  The spectra 
of visible light used in this study are shown in Figure 2.  
The visible light has its maximum intensity at 610 nm.  
When a filter was used, UV light in the range of 420 nm or 
less was cut.  Consequently, the visible light with filter has 
almost no contribution from UV light in the range of 420 
nm or less in wavelength.  The decrease of maximum 
intensity at 610 nm, when the filter was used, is seen.  
However, this is very small and will not affect the results of 
hydrogen production very much.  The concentration of 
hydrogen produced was determined by gas chromatography. 
  

 
     The results of XRD of N-doped TiO2 are shown in 

Figure 3.  It shows that N-doped TiO2 (400) and (500) were 
anatase TiO2 and were well crystallized.  N-doped TiO2 
(600) was also well crystallized but contained some rutile 
TiO2 in addition to anatase TiO2.  Similar sample which 
was prepared by firing at 600oC in oxygen atmosphere 
contained only anatase TiO2.  Obviously the presence of 
nitrogen within TiO2 or in the atmosphere p
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     The results of UV-visDRS measurement are shown 

in Figure 4.  All samples showed strong absorption in UV 
light region.  N-doped TiO2 (600) showed almost no 
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absorption in visible light region.  N-doped TiO2 (500) 
exhibited a slight absorption in 400-550 nm region.  On the 
oth nd, N-doped TiO  (400) showed much higher 
abs

without filter.  For N-doped TiO2 (400) it 

 

Figure 5.   Amount of hydrogen produced by irradiation 
of visible light without filter. 

er ha 2

orption in visible light region. 
 
     The results of hydrogen production with Pt-deposited 

N-doped TiO2 under visible light without/with filter are 
shown in Figures 5 and 6, respectively.  Amount of 
hydrogen shown in the figure is the total amount of 
hydrogen produced between previous data point and the 
relevant point.  Each date point does not represent the 
accumulated volume of hydrogen during the entire 
irradiation time, but is the amount of hydrogen produced 
during the period of 20 to 40 h.  For N-doped TiO2 (500) 
without filter (Figure 5), hydrogen production at 40 h is the 
highest.  N-doped TiO2 (600) shows less hydrogen 
production at 40 h.  N-doped TiO2 (400) produces very 
small amount of H2 at 40 h.  When filter was used, almost 
no UV light in the range of 420 nm or less in wavelength 
was present (Figure 2).  The results of hydrogen production 
(Figure 6) are different from Figure 5.  First, amount of 
hydrogen was very small in all three samples in Figure 6.  
For N-doped TiO2 (600) hydrogen production at 40h is 
about 1/1000 of the same sample at visible light without 
filter.  For N-doped TiO2 (500), it is about 1/400 of the 
same sample 
decreased only by 1/1.6 as compared to the same sample 
without filter. 

 

 
 
Figure 6.  Amount of hydrogen produced by irradiation 

of visible light with filter. 
 
 
     Considering the fact that N-doped TiO2 (600) mainly 

absorb the light in the range of 400 nm or less (Figure 4), 
production of hydrogen in N-doped TiO2 (600) must be 
done by light in UV region; there must be almost no 
contribution from visible light in this case.  In this material, 
the existence of rutile TiO2 did not work favourably for the 
hydrogen production.  This is contrary to the performance 
of Degussa P-25 which contains about 20 % rutile TiO2 in 
addition to anatase TiO2 and is photocatalytically very 
active. 

 
Since N-doped TiO2 (500) mainly absorb the light in the 

range of 400 nm or less, the hydrogen production by this 
material must be done by light in UV region.  However, it 
produced slightly more hydrogen by visible light even when 
filter was used (Figure 6).  This may be the reflection of the 
difference in the results of UV-visDRS of N-doped TiO2 
(500) and (600) shown in Figure 4. 

 
The hydrogen production of N-doped TiO2 (400) shown 

in both Figure 5 and 6 is almost the same.  This implies that 
main contribution of N-doped TiO2 (400) was from visible 
light region.  The smaller amount of hydrogen production 
of N-doped TiO2 (400) by visible light without filter 
compared to N-doped TiO2 (500) and (600) is due to the 
fact that UV light which is the main contribution for N-
doped TiO2 (500) and (600) has higher energy than visible 
light which is the main contribution for N-doped TiO2 (400). 
 

4 CONCLUSIONS 
 
Mesoporous C and N-doped TiO2 (N-doped TiO2 (400), 

(500), and (600)) were exposed to visible light without/with 
filter.  The filter cuts the UV light with the wavelength of 
420 nm or less.  It was found that the main contribution of 
hydrogen production for N-doped TiO2 (500) and 600) is 
probably coming from UV light present in visible light.  
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Although N-doped TiO2 (600) contained small amount of 
rutile in addition to anatase TiO2, it did not produce as 
much hydrogen as N-doped TiO2 (500).  This is contrary to 
the performance of Degussa P-25. 

 
N-doped TiO2 (400) did produce small amount of 

hydrogen under both visible light with and without filter, 
because the main contribution for this material is from 
visible light region. 
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