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ABSTRACT
In this work structural defects were created in P25-TiO2 nanoparticles by using hydrogen
DC plasma treatment in different temperatures and exposure times. X-Ray diffraction
measurements show that the structure of TiO2 remains unchanged after hydrogenation.
Diffuse reflectance spectroscopy measurements demonstrated that the band gap of TiO2
was not changed considerably by the hydrogenation. However, by applying the hydrogen
plasma for 40 min at a temperature of 350 °C, photocatalytic activity of TiO2
nanoparticles enhances. No more change was observed in the photocatalytic activity of the
samples with plasma exposure time more than 40 min. Photoluminescence analysis shows
the sample prepared at 350 °C has a large amount of defects created by the plasma
treatment. It seems both, structural defects and hydrogen doping in the samples are
important for more efficient photocatalytic behavior of TiO2 nanoparticles.
PACS: 82.45.Jn, 61.46.-w, 61.72.-y, 78.55.-m.

ﭼﻜﻴﺪه

اﻃﻼﻋﺎت ﻣﻘﺎﻟﻪ

DC  ﺑﺮاي اﻳﺠﺎد ﻧﻘﺺ در ﺷﺒﻜﻪ دي اﻛﺴﻴﺪ ﺗﻴﺘﺎﻧﻴﻮم ﺑﺎ روش ﭘﻼﺳﻤﺎي ﻫﻴﺪروژنTiO2-P25 در اﻳﻦ ﻣﻘﺎﻟﻪ از ﭘﻮدرﻫﺎي
 ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻓﻮﺗﻮﻛﺎﺗﺎﻟﻴﺴﺘﻲ. ﺧﺎﺻﻴﺖ ﻓﻮﺗﻮﻛﺎﺗﺎﻟﻴﺴﺘﻲ ﺑﺎ اﺳﺘﻔﺎده از ﻣﺘﻴﻠﻦ ﺑﻠﻮ اﻧﺪازه ﮔﻴﺮي ﺷﺪ.ﺑﻬﺒﻮد ﻳﺎﻓﺘﻪ اﺳﺘﻔﺎده ﻛﺮدﻳﻢ
 ﺑﻬﺘﺮﻳﻦ دﻣﺎ ﺑﺮاي ﺧﺎﺻﻴﺖ ﻓﻮﺗﻮﻛﺎﺗﺎﻟﻴﺴﺘﻲ، در ﻧﺘﺎﻳﺞ ﺗﺠﺮﺑﻲ. دﻗﻴﻘﻪ اﺳﺖ40 ﻧﺸﺎن دادﻧﺪ ﻛﻪ ﺑﻬﺘﺮﻳﻦ زﻣﺎن ﻫﻴﺪروژن دﻫﻲ
 ﺑﻴﺸﺘﺮﻳﻦ ﺗﻌﺪاد ﻗﻠﻪ ﻫﺎ ﺑﺮاي ﻧﻘﺺ ﻫﺎي ﺷﺒﻜﻪ را در اﻳﻦ دﻣﺎ ﺑﻪ دﺳﺖ داد ﻛﻪ ﻧﺸﺎنPL  آﻧﺎﻟﻴﺰ. ﺑﻪ دﺳﺖ آﻣﺪ350°C دﻣﺎي
 ﺗﻐﻴﻴﺮ ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪ اي در درﺻﺪXRD  ﻧﺘﺎﻳﺞ.ﻣﻲ دﻫﺪ در اﻳﻦ دﻣﺎ ﺑﻴﺸﺘﺮﻳﻦ درﺻﺪ ﻧﻘﺺ ﻫﺎي ﺷﺒﻜﻪ اي ﺑﻪ وﺟﻮد آﻣﺪه اﺳﺖ
. ﻧﻴﺰ ﺗﻐﻴﻴﺮي در ﮔﺎف اﻧﺮژي ﻧﺸﺎن ﻧﺪادDRS  ﻧﺘﺎﻳﺞ.ﻓﺎزﻫﺎي آﻧﺎﺗﻴﺲ و روﺗﺎﻳﻞ ﻧﺸﺎن ﻧﻤﻲ دﻫﺪ
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1 Introduction

2 Experimental details

TiO2 has attracted a great deal of attention as Fujishima
and Honda have published their research on it as a
semiconductor photoelectrode in 1972 [1]. Chemical
stability, nontoxic, low cost, and high photoactivity
properties of TiO2 are the most important factors which
make it popular. In addition, it has a high dielectric
constant and refractive index, and it is transparent in the
visible light region. TiO2 has important applications in
many fields such as: solar cells [2-4], UV sensors [5],
anode for lithium ion batteries [6], photocatalytic, and
superhydrophillic properties in self-cleaning glasses
[7,8]. Among crystal phases of TiO2, anatase structure is
the most active photocatalyst phase than the two other
natural phases; rutile and brookite. Due to the large band
gap of anatase TiO2 3.2 eV, it absorbs only the UV part
of solar radiation. In recent years many researchers have
tried to change it’s band gap energy like, doping with
elements such as La [9], Pd [10], N [11-13], hydrogen
[14-18], and also creating defects in TiO2 structure
[19,20]. Surface defects decrease recombination rate and
prolong
electron–hole
(e-h)
lifetime.
Many
investigations have been performed to recognize these
defects. According to the reported results, it seems the
dominant defects on TiO2 surface are Ti3+ and oxygen
vacancies (OV) [21,22]. Some of the methods to create
defects in the TiO2 are annealing at temperatures above
400 °C [23-26], reducing with hydrogen [22,27,28] or
CO [29], ion bombardment [26,30], and UV exposure
[31].

P25-TiO2 was used as a reference for photocatalytic
studies. It is a well-known material for its high
photoactivity; due to proper mixture of anatase and rutile
phases the separation between electrons and holes has
been optimized to enhance photocatalytic activity. The
P25 consists of approximately 80% anatase and 20%
rutile nanoparticles with about 25 nm diameter size. We
have reduced TiO2 powder using DC plasma
hydrogenation treatment. TiO2 powder was put in a boat
and placed inside the cylindrical quartz reactor under
2×10-2 Torr vacuum pressure. Then H2 gas was
introduced into the reactor with flow rate at 0.2 lit/min.
Plasma power density was about 2 W/cm2. Plasma
treatment was carried out at different temperatures and
exposure times. It was observed that the color of P25
powder changed from white to beige after
hydrogenation. This color change is due to OVs at
surface of TiO2 [33,34]. With increasing plasma
exposure time up to 40 min, the color of the samples gets
more intense. However, more than this exposure time, at
t=60 min, no change in the color of samples was
observed. Figure 1 shows the powder after 40 min
hydrogenation at temperature T =350°C.

As it was already mentioned, hydrogen is one of the
elements which can improve photocatalytic activity of
TiO2. Hydrogen in TiO2 structure can decrease the band
gap energy, or it can create defects in the structure [15].
There are some approaches to introduce hydrogen in
TiO2 structure; References [20,32] have used rf-plasma
and Ref. [19] has used thermal hydrogen treatment to
create defects in TiO2 structure and reported defects
caused to enhance photocatalytic activity. In this work
we have reduced P25-TiO2 using hydrogen DC plasma
treatment. We have used low temperatures and plasma
pressure for hydrogenation treatment, and investigated
its effects on photocatalytic activity of TiO2
nanoparticles.

Fig. 1: P25-TiO2 powder after hydrogenation at ∆t=40 min plasma
exposure time and temperature T=350 °C.

XRD (PHILIPS PW3040/60) at 40 kV and 30 mA
current was employed to TiO2 and 2θ was in the range
between 10-60°. Diffuse reflectance spectroscopy (DRS)
was used to evaluate the band gap energy (Light source:
AvaLight DH-S, vaSpec2048Tec). Photocatalytic
activity was evaluated by detecting the degradation rate
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of Metylene blue (MB); 30 mg of TiO2 was dispersed
into 30 mL of 0.001 M Metylene blue solution. A
mercury lamp was used as a UV source with an intensity
of 2.5 mW/cm2 on the sample. The suspension was
stirred constantly under the light irradiation. The mixture
was centrifuged after 10 min and the transmittance was
measured with UV-Vis spectrophotometer (RYE
UNICAN). Photoluminescent (PL) spectroscopy
(Avantes) was performed to detect surface defects, too.
The excitation source for PL spectroscopy was a 380 nm
diode source.

where A and R are the percent amount of anatase and
rutile phases, and IA and IR are the heights of the major
peaks of anatase and rutile phases, respectively. Table 1
presents the measured values. The results indicate that
after hydrogenation, the amount of anatase phase is
increased but this value is negligible. This is in
agreement with other previous reports [33,36].
Although, it can be seen that the most concentration of
anatase is created in T=350 °C, which it has more
photocatalytic activity.
Table 1: The measured values of anatase and rutile phases
concentrations for P25-TiO2 and hydrogenated P25-TiO2 under 40
min plasma treatment at different temperatures.

3 Results and discussion
We have measured the XRD spectrum for 4 samples,
including pure P25 and the hydrogenated P25 at ∆t=40
min at three different temperatures: T= 300 °C, 350 °C,
and 400 °C. Figure 2 illustrates the XRD patterns of
these samples. As this figure indicates, there is no
change in the structure and phases of TiO2 after
hydrogenation, and no additional phase is observed. This
result shows the lattice structure is preserved during the
hydrogenation process.

Sample

Anatase (%)

Rutile (%)

P25-TiO2

81

19

T=300 °C

84

16

T=350 °C

86

14

T=400 °C

83

17

DRS measurement was used to measure the optical
properties of TiO2 samples. We can evaluate the band
gap energy from DRS results. To evaluate band gap
energy Eg, we have used Kubelka-Munk function [37];
() =

As it can be seen from these figures, the band gap
energy was decreased slightly after hydrogenation of the
samples. Tables 2 and 3 illustrate the measured values of
Eg. As Tables 2 and 3 represent, there is a slight decrease
in Eg values with increasing hydrogenation exposure
time and temperature.

Using intensities of peaks and the following formulas,
the ratio of anatase and rutile phases was calculated [35];

=

0.8
+ 0.8

× 100,

1
1 + 0.8  

× 100,

(3)

where K is the absorption coefficient, S is the scattering
coefficient, R is the reflectance, and F(R) is the KubelkaMunk function. To measure Eg, the plot of (F(R)hν)1/2
vs. hν (incident photon energy) was drown. The
intersection point of the tangent line with hν axis is Eg.
Figures 3 and 4 show (F(R)hν)1/2 vs. hν for different
hydrogenation exposure times and temperatures.

Fig. 2: XRD patterns of P25-TiO2 and hydrogenated one at different
temperatures at ∆t=40 min plasma exposure time.

=

 1 − 
=
,

2

(1)
(2)
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Table 2: Band gap energy for P25-TiO2 and samples under T=350 ºC
plasma temperature with different hydrogenation exposure times.

Sample

Eg (eV)

P25-TiO2

3.19

∆t=10 min

3.14

∆t=30 min

3.12

∆t=40 min

3.10

∆t=60 min

3.06

Table 3: Band gap energy for P25-TiO2 and samples under ∆t=40
min of plasma treatment with different hydrogenation temperature.

Fig. 3: (F(R)hν)1/2 vs. photon energy for P25-TiO2 and the samples
with different hydrogenation exposure times at constant temperature
T=350 °C.

Sample

Eg (eV)

P25-TiO2

3.19

T=300 °C

3.07

T=350 °C

3.10

T=400 °C

3.06

However, when the hydrogenation exposure time has
increased to t=60 min, no change was observed in the
degradation rate. This result demonstrates that the best
hydrogenation exposure time for photocatalytic activity
of the sample is ∆t=40 min in our plasma conditions.
Fig. 4: (F(R)hν)1/2 vs. photon energy for P25-TiO2 and the samples
with different hydrogenation temperatures and constant plasma
exposure time ∆t=40 min.

However, these changes of Eg due to the plasma
treatment are not significant, which is in agreement with
another report [19].
Photocatalytic activity of hydrogen treated TiO2
nanoparticles was evaluated by degradation of MB under
UV irradiation. Figure 5 shows degradation of MB for
samples at different hydrogenation exposure times and
constant temperature T=350°C. Degradation rate of MB
has increased with increasing of hydrogenation exposure
time up to t=40 min.

Fig. 5: Photocatalytic degradation of MB for P25-TiO2 and samples
with different hydrogenation exposure times at constant temperature
T=350 ºC.
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2.26, 2.18, 2.04, and 1.85 eV, respectively). At ∆t=60
min sample, there are six peaks at λ= 520, 540, 560, 590,
620, and 685 nm (2.39, 2.30, 2.21, 2.10, 2.00, and 1.81
eV, respectively). Both of the later samples show six
peaks at wavelengths between λ=450-700 nm. Positions
of the peaks at ∆t=60 min sample showed a red shift
with respect to the peaks observed at ∆t=40 min, which
could be due to the larger particle sizes [39]. The number
of peaks did not change by increasing the hydrogenation
exposure time from 40 min to 60 min. We can conclude
that the defect concentration was not changed, so
photocatalytic activity remains constant with increasing
the hydrogenation time from 40 to 60 min. According to
the photocatalytic results we can conclude that the
hydrogenation exposure time 40 min is the optimum
time for photocatalytic activity and in time beyond it,
photocatalytic activity remains unchanged.

It may be concluded with increasing hydrogenation
exposure time more than ∆t=40 min, the amount of
defects remains constant and as a result, the
photocatalytic activity is not improved any more.
Many factors affect the photocatalytic activity that one
of them is defect. Separation of the electron–hole pair
plays a predominant role in photocatalytic reaction.
Defects can decrease the recombination rate between
electrons and holes and increase the electron-hole
lifetime, where as a result the photocatalytic activity is
increased [19]. There are some methods to trace the
defects such as PL.
Measurement of PL emission was performed to study
defects of the samples with different hydrogenation
exposure times at constant temperature T=350 °C (Fig.
6). There are two types of PL peaks. The band-band
peaks are at wavelengths about λ=380 nm [36,38], which
we have not observed. This peak was ascribed to the
emission of band gap transition. As it can be seen from
Fig. 6, P25-TiO2 shows one peak at λ=530 nm. Some
other peaks appeared after hydrogen treatment. At time
∆t=10 min sample, there are two peaks at λ=540 nm and
λ=560 nm (2.30 and 2.21 eV, respectively).

To determine the optimum temperature for
photocatalytic activity three samples were made in
different hydrogenation temperatures T=300, 350, and
400 °C at constant plasma exposure time ∆t=40 min. We
have presented photocatalytic activity of the samples at
different hydrogenation temperatures in Fig. 7.
Degradation rate of MB is increased with increasing the
hydrogenation temperature from T=300 °C to T=350 °C.
However, when the plasma temperature is increased to
T=400 °C, the degradation rate decreases. Therefore,
hydrogenation temperature T=350 °C is the optimum
temperature.

Figure 6: The PL spectra of P25-TiO2 and hydrogenated samples at
different plasma exposure times and constant temperature T=350 °C.

For hydrogenation exposure time ∆t=30 min, three
peaks at λ=520, 540, and 560 nm (2.39, 2.30, and
2.21eV,
respectively)
appeared.
TiO2
with
hydrogenation exposure time ∆t=40 min shows six peaks
at λ=520, 540, 550, 570, 610, and 670 nm (2.39, 2.30,

Fig. 7: Photocatalytic degradation of MB for P25-TiO2 and
hydrogenated samples at different temperatures and constant plasma
exposure time ∆t=40 min.
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with increasing temperature, the created defects are
transferred from the surface of TiO2 to the bulk, i.e.
surface defects intensity is decreased. The peaks in
wavelengths λ=440-570 nm (with the energy range 2.22.8 eV) are associated with the excitations due to oxygen
vacancies [38,40]. The peaks with wavelengths between
λ=670-710 nm (with the energy range 1.75-1.85 eV) are
attributed to the emission from Ti3+ defects [40]. All the
samples show peaks in wavelengths between 440-570
nm which shows that the OV defects are created in all
the samples. However, some other peaks appeared with
increasing of the plasma exposure time and temperature
up to ∆t=40 min and T=350 °C, respectively. According
to PL results, we can conclude when TiO2 is
hydrogenated, at first OV defects are created. Then with
increasing the hydrogenation exposure time to ∆t=40
min, Ti3+ peaks are also created and these defects remain
in the structure when hydrogenation time is even
increased. In hydrogenation exposure time ∆t=40 min,
the Ti3+ peak is observed as temperature is increased to
T=350 °C. When the temperature was increased to
T=400 °C, the peak corresponding to Ti3+ defects still
exists but the number of peaks corresponding to OV
defects is decreased and photocatalytic activity is
decreased. It is known that both OV and Ti3+defects play
a role in photocatalytic activity [43], but we cannot
determine exactly which of them is created in reduction
with hydrogen plasma.

The structural incompleteness due to the plasma
treatment could be relaxed more in higher temperatures
[33].
Figure 8 shows PL spectra of the P25-TiO2 and the
hydrogenated samples at different temperatures. P25TiO2 exhibits one peak at wavelength λ=530 nm (2.34
eV). P25-TiO2 at ∆t=40 min and T= 300 °C shows three
peaks at λ=540, 560, and 610 nm (2.30, 2.21, and 2.04
eV, respectively). Sample at T=350 °C shows six peaks
at λ=520, 540, 570, 590, 610, and 675 nm (2.39, 2.30,
2.18, 2.10, 2.04, and 1.84 eV, respectively). As the
temperature increases to T=400 °C the number of peaks
is decreased showing four peaks at λ=515, 540, 610, and
660 nm (2.41, 2.30, 2.04, and 1.88 eV, respectively).
The position of PL spectrum peak depends on the lattice
structure of TiO2 and concentration of defects [38,4042].

4 Conclusions
P25-TiO2 powder was reduced with DC plasma
hydrogen treatment in different plasma exposure times
and temperatures. Our results represent a significant
improvement in photocatalytic activity of the samples.
XRD results show that the structure of TiO2 was not
changed after hydrogenation. No significant change was
observed in the band gap energy using DRS spectra. An
optimum time and temperature of hydrogenation
treatment for photocatalytic activity was found at time
∆t=40 min and temperature T=350 °C. Based on PL
results, more concentration of defects is created in this
temperature. Lattice defects influence the photocatalytic
activity by increasing e-h recombination lifetime. This
could be due to the local states originated from Ti3+ and
OV defects.

Fig. 8: Photoluminescence spectra of P25-TiO2 and
hydrogenated ones at plasma exposure time ∆t=40 min and
different temperatures.

According to PL results we can conclude that the
hydrogenated P25-TiO2 sample at T=350 °C may have
the maximum amount of defects. As the temperature was
increased to T=400 °C, defects were decreased, and as a
result, photocatalytic activity was decreased. Decreasing
photocatalytic activity with increasing of hydrogenation
temperature has already been reported [19, 33]. The
defects of TiO2 decrease the recombination rate of e-h
pairs, prolong e-h pair lifetime, and therefore enhance
the photocatalytic activity. As already reported [33],
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