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Hydrogenation and ammoniation of SrTiO3 (STO), a normal ultraviolet photocatalyst, were
performed by annealing STOh100i in H2 :N2 =5%:95% and NH3 , respectively, at various temperatures T . It was found that hydrogenation at T ≥900 ◦ C remarkably enhanced the UV
photocatalytic ability of STO, but the visible-light photocatalysis was still unavailable, while
ammoniation at T ≥800 ◦ C introduced the N doping, resulting in visible-light photocatalytic activity. Furthermore, when a hydrogenated STO was subjected to ammoniation, the
visible-light photocatalytic ability was nearly the same as that of the ammoniated one; but
the hydrogenation of an ammoniated one significantly enhanced visible-light photocatalysis,
indicating a synergetic effect of hydrogenation and ammoniation. Discussions and identifications have been made to analyze these results.
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found available for this purpose [12−14]. Noguchi et
al. reported that the hydrogenated TiO2 showed an
enhanced photocatalytic performance under UV lights
[12, 13]. They suggested that termination of OH groups
of the defects in TiO2 might remove recombination centers for carriers and lead to an enhanced photocatalysis.
Recently, Fábrega et al. found that the electrochemical
activity of TiO2 nanotubes could be significantly increased after hydrogenation under UV lights [14]. It is
known that ammoniation of metal oxides such as TiO2
[5] or pervoskite oxides [15] narrows the bandgap of the
oxides via substitutional N incorporations, which could
cause visible-light photocatalysis.
In this work, we studied hydrogenation and ammoniation of STOh100i, we also investigated the synergetic effects of hydrogenation that improves the efficiency of photocatalysis, and ammoniation that extends
the available wavelength range and makes visible-light
photocatalysis possible, and eventually achieves an enhanced visible-light photocatalysis.

I. INTRODUCTION

Photodecomposition of water or organic materials
by semiconductors is of potential importance in sustainable energy source development and environmental protection [1, 2]. In contrast to other semiconductors, oxide semiconductors exhibit excellent photoactivity, good stability in aqueous solution, low toxicity, and
low cost of production [1−4]. To match the redox potentials of water or other aqueous solutions, wide bandgap
oxide semiconductors such as STO and TiO2 have been
used as photocatalysts that show photoactivity only under ultraviolet (UV)-light irradiation [1−4]. Since the
UV light with <390 nm takes up only about 7% or even
less of the whole solar emission energy at the ground,
most of the solar emission energy becomes unavailable.
Up to now, many efforts have been devoted to extending the available wavelength range for photocatalysis
from UV region to visible-light one via bandgap modulation of semiconductor. Present methodologies include
metal-ion doping [3, 4], non-metal-ion doping [5−10],
and surface amorphism [11], aiming at narrowing the
bandgap or introducing intermediate defect energy levels into the bandgap of semiconductor. On the other
hand, since most of the photo-generated carriers would
recombine, resulting in low photocatalytic efficiency, it
is important to facilitate the motion of the carriers towards the surface and participate the redox reaction
rapidly there [1−4]. Hydrogenation of TiO2 has been

II. EXPERIMENTS

The starting STO samples are transparent STOh100i
from the Crystal Center of SIOM, Chinese Academy
of Science. Before hydrogenation or ammoniation, the
samples were supersonically cleaned in acetone and
deionized water in sequence and then blown dry. For
hydrogenation, the samples were annealed in the flowing
forming gas of H2 :N2 =5%:95% at various temperatures
(T , from 600 ◦ C to 1000 ◦ C) with a flow of 40 L/h, and
cooled down rapidly. For ammoniation, NH3 gas with
a flow of 30 L/h was used, and T was from 600 ◦ C to
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FIG. 1 Emission spectrum of the light source for experiments. The inset shows the diagram of experimental setup.

1000 ◦ C, too. The sample was cooled down naturally
after annealing as did in Ref.[15]. The annealing time
was 3 h for all the samples unless stated, and the lightirradiation time for photocatalysis was 20 h for all the
samples. The photocatalytic activity of STO was evaluated in terms of the absorbance change of a methylene
blue (MB) solution after photodecomposition by various samples. The initial concentration of MB in the
solution was 0.01 mmol/L. Before light irradiation, all
the samples had been placed in dark for more than 48 h.
It was found that the change in MB absorbance due to
the surface adsorption of various samples is negligible,
and the STO-loaded MB absorption spectra were exactly the same as the pure MB (not shown here). A
400 W lamp (Heraeus, Model MDQ 401SE) served as
the light source for the photocatalysis. The spectrum
of the light source is shown in Fig.1. Different filters
were combined so as to filter out unwanted lights and
select right ones for experiments.
In this work, only the lights in UV and blue regions
were used Fig.1(a). The MB would not be decomposed
under irradiations of these lights without any photocatalyst. For photodecomposition of MB, each STO sample was immersed in the MB solution that was contained
in the centrifugal tube in dark for 20 h, and then the MB
loaded with STO was exposed to the light irradiation
as illustrated in Fig.1(b). The absorption spectra were
recorded at room temperature with a UV-Vis photospectrometer (WGD-8/8A, Tianjin Gangdong). Since
the sample of STOh100i has been high-temperature anDOI:10.1088/1674-0068/25/01/86-90
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FIG. 2 (a) Absorption spectra for MB solutions. Curve
1 is for MB alone after UV irradiation, curve 2 for MB
loaded with as-received STO after UV irradiation, curve 3
for MB loaded with hydrogenated STO (T =1000 ◦ C) after
UV irradiation, and curve 4 is for MB loaded with the very
hydrogenated STO after blue-light irradiation. (b) The absorbance intensity of MB versus hydrogenation temperature.

nealed before received, high-temperature activation is
not necessary for photocatalysis experiments here. In
fact, we have annealed the as-received STO at 1000 ◦ C
in air for 1 h and the absorbance of the MB loaded
with such STO was found to be exactly the same as
that loaded with as-received STO after UV irradiation.
In order to identify the characteristics of defects, electron paramagnetic resonance (EPR) spectra were measured on Bruker ER-200D-SRC-10/12 and X-ray photoelectron spectroscopy (XPS, model Shimadzu/Kratos
AXIS Ultra) was applied to examine the surface components. To assess the change in surface area, atomic force
microscopy (AFM, model PSIA, XE-100) was used in
non-contact mode.
III. RESULTS AND DISCUSSION
A. Hydrogenation of STO

Figure 2(a) gives four typical absorption spectra of
the MB solutions after different treatments. Curve
1 stands for the MB solution alone after UV-light
(λ=365 nm) irradiation. The absorption spectrum of
the initial MB is the same as curve 1 (not shown here).
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FIG. 3 Absorption spectra for the samples of STO, STO-H2 ,
STO-H2 -NH3 , and STO-NH3 -H2 , respectively.

Curve 2 corresponds to the MB solution loaded with
as-received STO (labeled as “STO”) after UV irradiation. The UV photodecomposition of MB by the STO
is evidenced here. Curve 3 indicates that the hydrogenated STO at T =1000 ◦ C (labeled “STO-H2 ”) can
significantly enhance its UV photocatalytic activity. In
Fig.2(b), the intensity of absorbance of MB, defined as
the peak height at 660 nm, after UV photodecomposition by hydrogenated STO, has been plotted as a function of T for hydrogenation. However, hydrogenation of
STO does not yield visible-light photocatalysis as suggested by curve 4 that represents the MB loaded with
the hydrogenated STO for T =1000 ◦ C after visible-light
(λ=435 and 405 nm) irradiation.
Figure 3 gives the absorption spectra of STO and
STO-H2 , respectively. It is seen that the absorption band edge is almost identical for both, suggesting that no bandgap narrowing occurs after hydrogenation. This may explain the unavailability of visiblelight photocatalysis for STO-H2 . Two absorption structures are noticed for STO-H2 , peaking at λ=430 and
520 nm, respectively, and the absorption in the range
of λ=390−550 nm is enhanced, which indicates the existence of defect states within the bandgap of STO due
to hydrogenation. These defect states could be various oxygen-vacancy VO defects, transition metal impurities M (M represents the residual metal ions like Fe
within as-received STO) or the M-VO complex defects
which become optically activated after hydrogenation
[16]. Actually, transition metal ions such as Fe and
Al are common impurities in STO grown by Verneuil
method, typically at a level of 10−5 −10−6 [17]. The lack
of visible-light photocatalysis of the hydrogenated sample as shown in Fig.2 suggests that these defect states
do not overlap effectively with the band of STO, hence
the photo-generated carriers are not able to move to the
surface via the valence band or conduction band of STO
to fulfill the redox reaction at the surface. In fact, the
non-overlap of band explains why bandgap narrowing
does not occur after hydrogenation of STO.
The enhanced photocatalysis after hydrogenation
DOI:10.1088/1674-0068/25/01/86-90

FIG. 4 EPR spectra of various STO samples at room
temperature for (a) as-received STO, (b)−(d) STO hydrogenated at various temperatures.

could be due to passivation of dangling bonds intrinsically existing within STO. These dangling bonds tend
to attract the photo-generated carriers and hinder their
motion towards the surface. When the bonds are saturated by hydrogenation, the motion of charge carriers is promoted. Our EPR results support this suggestion. In Fig.4(a), EPR signals were observed as-received
STO, indicating the existence of dangling bonds with
unpaired electrons in the STO; hydrogenation made
the EPR signals decrease with increasing T (Fig.4
(b)−(d)) due to hydrogen passivation of these defects.
At T =1000 ◦ C the EPR signals disappeared completely
(Fig.4(d)). McCluskey et al. found that Sr vacancies
in STO can be passivated when annealing in hydrogen
at 800 ◦ C and then cooled down rapidly [18]. van de
Walle et al. reported similar results in ZnO [19].
Finally, it should be pointed that we have examined
the surface area change after hydrogenation by AFM.
It is found that the STO-H2 is slightly rougher than
the STO. After morphology measurement and surface
area calculation by the attached software, the surface
area of STO was found to be 1.0011 times that of the
geometric surface, i.e. an ideally flat and plane surface,
and that of STO-H2 was just 1.0021 times that of the
geometric one. However, in Fig.2(a), the absorbance of
MB loaded with STO after UV irradiation is 91.0% that
of pure MB, while the absorbance of MB loaded with
STO-H2 is only 42.8% that of pure MB, it is then clear
that the change in surface area is a negligible factor here
in enhanced photocatalysis.
B. Ammoniation of STO

In Fig.5(a), curve 1 stands for the absorbance of
the MB solution alone after visible-light (λ=435 and
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FIG. 6 EPR spectra of various STO samples. (a) STO-NH3 ,
(b) STO-H2 -NH3 , (c) STO-H2 , and (d) STO-NH3 -H2 .

FIG. 5 (a) Absorption spectra for MB solutions. Curves
1 and 2 stand for MB alone and loaded with ammoniated
STO at T =900 ◦ C, respectively. Curves 3 and 4 are for the
STO samples hydrogenated and ammoniated sequentially,
and treated reversly, respectively. (b) The absorbance intensity of MB at λ=660 nm versus ammoniation temperature. All the samples have been blue-light irradiated. (c)
The N1s signals of XPS for STO-NH3 and STO-NH3 -H2 ,
respectively.

405 nm) irradiation. The absorption spectrum of the
initial MB is the same as curve 1 (not shown here), indicating that these visible lights did not decompose the
MB. Curve 2 corresponds to the MB solution loaded
with the ammoniated STO at 900 ◦ C (labeled as STONH3 ) after visible-light irradiation. Visible-light photocatalysis occurs in contrast to the case of hydrogenation.
This is because ammoniation could incorporate nitrogen into the STO and the N2p derived states overlap
strongly with the maximum of the valence band of the
STO, making the bandgap narrowing [5, 15]. This has
actually been reflected in Fig.3, where the absorption
band edge of STO-NH3 shifts from 390 nm of the UV reDOI:10.1088/1674-0068/25/01/86-90

gion to about 460 nm of the blue-light one with respect
to that of STO. In Fig.5(b), the intensity of absorbance
of MB after visible-light photodecomposition by ammoniated STO versus anneal temperature T of STO has
been plotted. It is seen that ammoniation at T =900 ◦ C
of STO is most effective for visible-light photocatalysis. Figure 5(c) gives the N1s signal (about 397 eV) of
XPS from STO-NH3 . The N1s signal has been adjusted
by C1s. The signal located at about 397 eV has been
ascribed to substitutional N ions [5, 20]. The EPR result shows that after ammoniation even at T =900 ◦ C
(Fig.6(a)), the main structures of EPR signal remain,
indicating that no passivation occurs during ammoniation.
C. Synergetic effect of hydrogenation and ammoniation
of STO

We now explore the synergetic effects of hydrogenation and ammoniation. As shown by curve 3 in
Fig.5(a), which corresponds to the case of STO hydrogenated and then ammoniated (labeled as STO-H2 NH3 ), the visible-light photocatalytic activity of STOH2 -NH3 was close to that of STO-NH3 . This is because
the hydrogen passivation effect would fade away during
ammoniation, as similar to the case of Si nanocrystal
thin films, where high temperature annealing in nitrogen would expel the incorporated hydrogen and make
the passivation ineffective [21]. The EPR results of
Fig.6 (b) and (c) support this conclusion. It is seen that
in the STO-H2 -NH3 (Fig.6(b)), the EPR signal recovered as compared to the STO-H2 (Fig.6(c)). Therefore
the procedure of successive hydrogenation and ammoniation is unable to realize nitrogen doping together with
c
°2012
Chinese Physical Society

90

Chin. J. Chem. Phys., Vol. 25, No. 1

hydrogen passivation, and no synergetic effect exists.
In Fig.3 the absorption spectrum of STO-H2 -NH3 has
been given, which resembles that of STO-NH3 .
Then we examine the case of ammoniation and
then hydrogenation. The visible-light photocatalysis
is now significantly enhanced as indicated by curve 4
in Fig.5(a). In Fig.5(c), N1s signal in STO-NH3 -H2 is
also shown. This synergetic effect reveals that for the
sample of STO-NH3 -H2 , both nitrogen incorporation
due to ammoniation and passivation from hydrogenation are realized. The EPR results of Fig.6 (c) and (d)
suggest that hydrogen passivation has been achieved in
the STO-NH3 -H2 sample, as the EPR signal of STONH3 -H2 (Fig.6(d)) disappears as in the sample of STOH2 (Fig.6(c)). On the other hand, nitrogen incorporation still remains as reflected in Fig.5(c). In Fig.3
the absorption spectrum of STO-NH3 -H2 was also presented. Bandgap narrowing is observed as compared to
STO-H2 , and meanwhile the absorption in the range of
λ=390−550 nm is much enhanced as compared to both
STO-NH3 and STO-H2 -NH3 . Therefore, for the sample of STO-NH3 -H2 , the doped nitrogen is to narrow
the bandgap of STO, extend the utilizable photons and
make the visible-light photocatalysis available; meanwhile, hydrogen passivation improves the efficiency of
photogenerated charge carriers. The combination of
both shows a synergetic effect that significantly promotes the visible-light photocatalysis.
IV. CONCLUSION

Hydrogenation of STO can result in passivation of defects in the STO, which could enhance the photocatalysis via facilitating the motion of photo-generated carrier
towards the surface to participate the redox reaction
there, but the bandgap remains unchanged. Ammoniation of STO, on the other hand, can dopes N ions, which
narrows the bandgap of STO and makes visible-light
photocatalysis available. It has been found that successive hydrogenation and ammoniation of STO produces
a visible-light photocatalytic activity close to that of the
ammoniated one; however, the reverse anneal of STO
can achieve N-doping and passivation together, and significantly enhance the visible-light photocatalysis. The
synergetic effect suggests that proper combination of
different treatments of STO might make a strong and
visible-light photocatalysis possible.
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