
Dependence of Activity and Stability of Germanium Nitride Powder
for Photocatalytic Overall Water Splitting on Structural Properties

Kazuhiko Maeda,†,‡ Nobuo Saito,§ Yasunobu Inoue,§ and Kazunari Domen*,†

Department of Chemical System Engineering, The UniVersity of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan and Department of Chemistry, Nagaoka UniVersity of Technology,

Nagaoka 940-2188, Japan

ReceiVed April 10, 2007. ReVised Manuscript ReceiVed May 26, 2007

Germanium nitride (Ge3N4) powder prepared by thermal ammonolysis of GeO2 is examined as a
photocatalyst for overall water splitting. Nitridation of GeO2 under a flow of NH3 at temperatures higher
than 1123 K for 10 h results in production of either a single phase ofâ-Ge3N4 or a mixture of elemental
Ge, R-Ge3N4, andâ-Ge3N4, depending on the nitridation conditions.â-Ge3N4 exhibits activity for the
stoichiometric decomposition of pure water into H2 and O2 under ultraviolet (UV) irradiation (λ > 200
nm) when loaded with nanoparticulate RuO2 as a cocatalyst. Improving the crystallinity of theâ-Ge3N4

catalyst results in greater activity for overall water splitting and markedly reduced N2 release due to
self-decomposition by photogenerated holes.

1. Introduction

Germanium nitride (Ge3N4) has attracted attention as a
functional material with a range of useful properties, includ-
ing high hardness1 and dielectric2 and photocatalytic3 proper-
ties. Ge3N4 is a well-known polymorphic compound, of
which Si3N4 is another typical example, exhibitingR, â, γ,
andδ phases with various crystal structures.4-6 It is believed
that theR polymorph is a high-temperature phase that is
metastable under ambient conditions, while theâ phase is a
thermodynamically stable form at low temperatures.
McMillan et al. reported thatγ-Ge3N4 can be obtained by
heating theR or â form at 1000-1500 K under high pressure
or reacting elemental Ge with N2 under high-temperature
and -pressure conditions.6 It has also been claimed that
δ-Ge3N4 can be obtained by high-pressure treatment (24 GPa)
of the â form using a diamond anvil cell.6

Particulate metal nitrides including Ge3N4 can be readily
obtained by thermal ammonolysis of the corresponding
precursor, and the physicochemical properties of metal

nitrides are controllable by appropriate adjustment of the
preparation conditions.7-17 Although several researchers have
carried out high-pressure synthesis of Ge3N4 polymorphs
using commercial Ge3N4 powder as a starting material,4-6

research on the preparation of Ge3N4 powder by thermal
ammonolysis at atmospheric pressure remains relatively rare
despite the simplicity of such an approach.7 Johnson pre-
sented a report on the preparation of Ge3N4 powder by
nitriding Ge or GeO2 powder under NH3 flow.7 However,
systematic study on the relationship between the preparation
conditions and the physicochemical properties of the products
has yet to be undertaken. In general, the functionality of a
given material is strongly dependent on the structural
characteristics.3b,15,18-23 Therefore, investigating the rela-
tionship between the functionality and structural char-
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acteristics of a material is of interest and expected to provide
useful information.

Our group has studied Ge3N4 as a non-oxide photocatalyst
for overall water splitting.3 Although much research on active
photocatalysts for overall water splitting has been conducted
over the past three decades, attention has been devoted almost
exclusively to certain metal oxides such as SrTiO3,18

K4Nb6O17,19 NaTaO3,20 NaInO2,21 M2Sb2O7 (M ) Ca, Sr),22

and Zn2GeO4.23 Ge3N4 was presented as the first successful
example of a non-oxide photocatalyst that can achieve the
stoichiometric decomposition of pure water into H2 and O2

when modified with nanoparticulate RuO2 as a cocatalyst
for H2 evolution.3a Since this discovery, the photocatalytic
properties and effects of post-treatment to enhance the
activity of Ge3N4 have been examined in detail.3b,cHowever,
the relationship between the structural characteristics and the
photocatalytic performance of Ge3N4 has yet to be investi-
gated in detail.

In this study, Ge3N4 is prepared from GeO2 powder by
thermal ammonolysis and the obtained products are examined
as a photocatalyst for overall water splitting. The relationship
between the physicochemical properties and the catalytic
performance of the material is discussed on the basis of the
results of structural analyses.

2. Experimental Section

2.1. Preparation of Ge3N4. Ge3N4 powder was prepared by
heating GeO2 (Kanto Chemicals, 99.99%) powder (ca. 2 g) at
temperatures of 1073-1223 K under NH3 flow (100 mL/min). The
nitridation reactor was connected directly to a silicon oil bubbler,
and the effluent gas with entrained water generated during nitri-
dation was passed into the bubbler at 393 K to prevent contamina-
tion by water and O2 in air. After 5-20 h of nitridation, the sample
was cooled to room temperature under NH3 flow and then ground
into a powder.

2.2. Modification with RuO2 Nanoparticles. Nanoparticulate
RuO2 was loaded as a cocatalyst according to the method described
previously.3,11,21-23 Briefly, the as-prepared material was immersed
in a tetrahydrofuran (THF) solution containing dissolved Ru3(CO)12

(Aldrich Chemical Co., 99%) followed by stirring at 333 K for 4
h. The solution was then dried under reduced pressure by heating
in air at 373 K for 1 h toremove THF. The resulting powder was
finally heated in air at 673 K for 5 h to convert the Ru species to
RuO2 nanoparticles. Nanoparticulate RuO2 impregnated in this way
was loaded at a rate of 1 wt %.

2.3. Characterization of Catalysts.The prepared samples were
studied by powder X-ray diffraction (XRD; RINT-Ultima-III,
Rigaku; Cu KR), scanning electron microscopy (SEM; S-4700,
Hitachi), and UV-vis diffuse reflectance spectroscopy (DRS;
V-560, Jasco). Diffuse reflection spectra were converted from
reflectance to absorbance by the Kubelka-Munk method, and each
spectrum was normalized with respect to the Kubelka-Munk

function at 250 nm. The Brunauer-Emmett-Teller (BET) surface
area was measured using a BELSORP-mini instrument (BEL Japan)
at liquid nitrogen temperature.

2.4. Photocatalytic Reactions.Reactions were typically carried
out in a quartz inner-irradiation-type reaction vessel connected to
a glass closed gas circulation system. A 0.3 g sample of the
cocatalyst-loaded catalyst was dispersed in distilled water (360 mL),
and the solution was evacuated several times to remove air
completely. The cell was then irradiated at wavelengths longer than
200 nm using a 450 W high-pressure Hg lamp (UM-452, Ushio).
The temperature of the reactant solution was maintained at room
temperature by a flow of cooling water during the reaction. The
evolved gases were analyzed by gas chromatography.

3. Results and Discussion

3.1. Thermal Ammonolysis of GeO2. Figure 1 shows the
XRD patterns of samples prepared by nitriding GeO2 at
temperatures in the range 1073-1223 K for 10 h. The sample
nitrided at 1073 K consisted mainly of GeO2 derived from
the starting material with a small mixing ofR- andâ-Ge3N4

phase. At 1123 K, the diffraction peaks assigned to GeO2

disappeared completely, and the obtained sample was a
mixture of Ge andR- andâ-Ge3N4. This result indicates that
NH3 gas at 1123 K under the present experimental conditions
is sufficient to achieve complete transformation of GeO2. A
single phase ofâ-Ge3N4 was obtained at 1173 K, suggesting
that the phase transition fromR- to â-Ge3N4 takes place
between 1123 and 1173 K under the present nitridation
conditions. Nitridation at 1223 K resulted in production of
elemental Ge andR-Ge3N4 with a small mixing ofâ-Ge3N4

phase attributed to decomposition of Ge3N4.24 Johnson
claimed that at 1173-1273 K GeO2 reduces (by H2 derived
from NH3) to Ge, Ge reacts with NH3 to form Ge3N4, and
Ge3N4 decomposes into elemental Ge and N2.7 The changes
in the XRD patterns with increasing temperature from 1123
to 1223 K are consistent with Johnson’s report. However,
the nitridation products observed in the present study after
heating at 1073 K were found to consist of a small amount
of R- and â-Ge3N4 without appearance of the Ge phase.
Therefore, it seems that Ge3N4 is obtained directly from GeO2
by substituting N3- for O2- anions while maintaining the
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Figure 1. Powder XRD patterns of samples obtained by nitriding GeO2

under NH3 flow for 10 h at (a) 1073, (b) 1123, (c) 1173, and (d) 1223 K.
R, â, Ge, and O denote diffractions assigned toR-Ge3N4, â-Ge3N4, elemental
Ge, and GeO2.
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valence state of Ge4+ in addition to the formation process
by which Ge3N4 is formed via elemental Ge. The nitridation
capacity of NH3 gas at 1073 K under the present experimental
condition is likely to be too low to reduce GeO2 to elemental
Ge, although substitution of N3- for O2- anions proceeds
weakly while maintaining the valence state of Ge4+ at lower
temperatures.

UV-visible diffuse reflectance spectra for the same
samples are shown in Figure 2 along with the data for Ge
powder for reference. GeO2, the starting material, does not
exhibit any distinct absorption band in the wavelength range
presented due to its high reflectance. All of the samples
displayed two absorption bands: a sharp absorption peak in
the UV region around 350 nm and a broad absorption peak
extending into the visible region. The former is attributed to
the band-gap transition ofâ-Ge3N4, which can be confirmed
by photoexcitation-emission measurements as reported
previously.3a The position of the absorption in the UV region
did not undergo a significant shift regardless of nitridation
temperature. Although a single phase ofR-Ge3N4 could not
be obtained under the present experimental conditions, it can
be predicted by theoretical calculations thatR- andâ-Ge3N4

have similar band gaps.25 Therefore, the absorption edges
of the prepared samples are considered to be located close
to 350 nm, despite the material being a mixture ofR- and
â-Ge3N4. On the other hand, the absorption in the visible
region tended to increase with nitridation temperature from
1073 to 1123 K, primarily due to the appearance of the Ge
phase (as indicated in the XRD pattern, Figure 1), which
has a strong absorption coefficient in the visible region
(spectrum e). The sample nitrided at 1173 K, exhibiting a
single â-phase, also displayed an absorption in the visible
region, although the intensity of the absorption was weaker
than for the sample nitrided at 1123 K. The sample nitrided
at 1173 K (i.e.,â-Ge3N4) is brown in color, consistent with
the report of Johnson.7 Our previous study revealed that the
visible-light absorption ofâ-Ge3N4 is due to defect sites and/
or impurities, such as reduced Ge species.3b It is therefore
considered that the sample nitrided at 1173 K contains
impurities and/or defect sites even though it is a single phase
of â-Ge3N4.

GeO2 displayed no photocatalytic activity for overall water
splitting even when loaded with RuO2, primarily because it

is soluble in aqueous media under ambient conditions26 and
has no spectral absorption. However, the nitrided materials
exhibited simultaneous H2 and O2 evolution from pure water
upon UV irradiation (λ > 200 nm). Figure 3 shows the time
courses of water splitting for samples prepared by nitriding
GeO2 at various temperatures for 10 h with the RuO2

modification. The photocatalytic activity of the sample can
be seen to be dependent on the nitridation temperature of
GeO2. Although appreciable H2 evolution was observed in
all cases, the rates of O2 evolution were more or less smaller
than that expected from the stoichiometry. Furthermore, a
relatively high level of N2 evolution was observed in the
reaction, indicating that the material is gradually decomposed
by photogenerated holes. This decomposition consumes
photogenerated holes that would otherwise be consumed in
the oxidation of water as described by

However, as the nitridation temperature of GeO2 increases
(up to 1173 K), the rate of O2 evolution approaches the
stoichiometric value and N2 evolution, indicative of the self-
decomposition of the nitride photocatalyst, is increasingly
suppressed. Nitridation at temperatures higher than 1173 K
again results in deviation of the ratio of H2 to O2 from the
stoichiometric value and is accompanied by the continuous
evolution of N2. As a result, the highest catalytic performance
for overall water splitting was obtained in the present study
for the sample nitrided at 1173 K. However, the rates of
both H2 and O2 evolution over this material decreased with
reaction time. As elucidated in the previous study, this
degradation of activity is attributable to photoreduction of
O2, collapse of the catalyst surface by elution of Ge cations,
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Figure 2. UV-vis diffuse reflectance spectra for samples obtained by
nitriding GeO2 under NH3 flow for 10 h at (a) 1073, (b) 1123, (c) 1173,
and (d) 1223 K. (e) Elemental Ge powder as a reference (High Purity
Chemicals, Co.).

Figure 3. Time courses of overall water splitting under UV irradiation (λ
> 200 nm) using samples obtained by nitriding GeO2 under NH3 flow for
10 h at (A) 1073, (B) 1123, (C) 1173, and (D) 1223 K. Reaction
conditions: Catalyst, 0.3 g; distilled water, 360 mL; light source, high-
pressure mercury lamp (450 W); quartz inner-irradiation-type reaction vessel.
Solid circles, H2; open circles, O2; open triangles, N2.

2N3- + 6h+ f N2 (1)
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and degradation of the interfacial contact between Ge3N4 and
the loaded RuO2 nanoparticles.3c

Table 1 summarizes the total evolution of gases after 5 h
of reaction for the various samples examined in this study
(data are from Figure 3). Photocatalytic water reduction and
oxidation reactions are expressed as follows.

On the basis of the eqs 1-3, the stoichiometry of the reaction
products is evaluated by the relation

WhenS is close to unity, the reduction (H2) and oxidation
(O2 and N2) products are well balanced, that is, stoichiometry
is satisfied. As listed in Table 1, theS values for samples
prepared at 1073, 1123, and 1223 K are larger than 1, while
that for the sample nitrided at 1173 K is nearly equal to 1.
The largerS value indicates excessive H2 evolution, which
in turn implies that some of the catalyst is oxidized by
photogenerated holes and/or that other oxidation products
such as peroxide species are generated during the reaction.
It has been reported that excess H2 evolution is sometimes
observed during overall water splitting,20a,20c,21,22although the
origin of this phenomenon has yet to be systematically
clarified. In the present case all samples except for that
prepared at 1173 K consist of a complex physical mixture
containing either GeO2, elemental Ge, orR- or â-Ge3N4

(Figure 1), precluding meaningful analysis of catalysts before
and after reaction. Nevertheless, it should be noted that the
stoichiometry of reaction products was satisfied when the
single phase ofâ-Ge3N4 was used for the reaction.

3.2. Relationship between Structural Characteristics
and Photocatalytic Activity of Ge3N4. On the basis of the
results above it is speculated that the activity of Ge3N4 for
the stoichiometric decomposition of pure water is dependent
on the density of theâ phase. Therefore, nitridation of Ge3N4

at 1173 K, which was found above to produce the singleâ
phase after heating for 10 h, was conducted for a range of
durations in order to obtain more insight into the relationship
between the structural characteristics and photocatalytic
activity of Ge3N4.

Figure 4 shows the XRD patterns of samples prepared by
nitriding GeO2 at 1173 K for several periods. The sample
nitrided for 5 h containedâ-Ge3N4 and a small fraction of
R-Ge3N4. The diffraction peaks assigned toR-Ge3N4 disap-

peared upon nitridation for longer than 10 h after which a
single phase ofâ-Ge3N4 was obtained. The diffraction peaks
of â-Ge3N4 became stronger and narrower with increasing
nitridation time from 5 to 15 h and then remained unchanged.
These results indicate that crystallization of the nitridation
product proceeds in the period from 5 to 15 h during
nitridation at 1173 K accompanied by structural transforma-
tion of R-Ge3N4 into â-Ge3N4 between 5 and 10 h.

SEM images of these samples are shown in Figure 5. The
sample prepared for 5 h consists of agglomerates of
200-400 nm diameter primary particles and rod-like particles
ca. 1µm in length. The particle size increased with nitridation
time up to 15 h, beyond which the particle shape underwent
no further change. This change in particle size agrees well
with the XRD measurements. The specific surface area of
these samples decreased gradually from 3.0 to 2.2 m2‚g-1

with increasing nitridation time from 5 to 15 h, after which
a constant value of 2.2 m2‚g-1 was reached. This result is
consistent with the SEM observation.

Figure 6 shows the UV-vis diffuse reflectance spectra
for these samples. All samples produced a sharp absorption
peak near 350 nm accompanied by a broad absorption in
the visible-light region. The absorption near 350 nm, which
originates from the band-gap transition ofâ-Ge3N4 from N
2p orbitals to hybridized Ge 4s,4p orbitals,3a did not change
noticeably. On the other hand, the absorption band in the
visible-light region, attributable to impurities and/or defect

Table 1. Total Gas Evolution after 5 h Reaction for Samples
Prepared at Various Nitridation Temperatures

total amount of evolved gases
after 5 h of reactionb/µmol

nitridation temp.a/K H2 O2 N2 Svaluec

1073 480 12 94 1.6
1123 2040 347 179 1.7
1173 1170 510 32 1.0
1223 550 102 41 1.7

a Nitridation for 10 h.b Data are taken from Figure 3.c Calculated by
using eq 4. See text.

2H+ + 2e- f H2 (2)

2H2O + 4h+ f O2 + 4H+ (3)

S) (evolved H2)/{(evolved O2 × 2) + (evolved N2 × 3)}
(4)

Figure 4. Powder XRD patterns of samples obtained by nitriding GeO2

under NH3 flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d) 20 h.R denotes
diffractions assigned toR-Ge3N4.

Figure 5. SEM images of samples obtained by nitriding GeO2 under NH3

flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d) 20 h.
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sites,3b weakened with increasing nitridation time from 5 to
15 h, beyond which the spectrum remained almost un-
changed. This result is similar to the previous result that high-
pressure treatment ofâ-Ge3N4 under NH3 gas reduces the
density of defects and/or impurities, resulting in weakening
of the visible-light absorption band.3b Therefore, extended
annealing under NH3 flow is also effective for reducing the
density of defect sites and/or impurity phases.

Figure 7 shows the time courses of water splitting over
these Ge3N4 catalysts when loaded with 1 wt % RuO2.
Simultaneous H2 and O2 evolution was achieved for all
catalysts regardless of nitridation time. With increasing
nitridation time, however, the rates of H2 and O2 evolution
approached the stoichiometric ratio, reaching a maximum
for samples nitrided for 15 h or longer. The catalysts nitrided
for 15 h or longer thus provided the best photocatalytic
performance observed in this study, and the total H2 and O2

evolution over 5 h of reaction (3.6 mmol) was substantially
greater than the amount of catalyst employed (0.3 g; 1.1
mmol of â-Ge3N4), confirming the catalytic cycle. The
enhanced activity of RuO2-loaded Ge3N4 with increasing
nitridation time is primarily associated with the improvement

in the crystallization of the material. In the nitridation period
between 5 and 15 h, where the largest increase in activity
was obtained, the XRD peak became stronger and narrower
(Figure 4) and the particles of Ge3N4 grew significantly
(Figure 5) with an accompanying decrease in the density of
defects and structural imperfections that can act as recom-
bination centers between photogenerated electrons and holes.
This decreasing concentration of defect sites in Ge3N4 is also
supported by the change in the visible-light absorption band
in the diffuse reflectance spectrum (Figure 6). Such correla-
tion between the activity and the degree of crystallization is
a general trend recognized for other photocatalysts, in
particular, metal oxides.18c,21,23Although it has been reported
that prolonged and/or high-temperature calcination of metal-
oxide photocatalysts can result in reduced activity, due
primarily to a reduction in specific surface area,18c,21,23 it
appears that longer nitridation of Ge3N4 has no detrimental
effect on activity. This is probably because the specific
surface area does not change noticeably upon further
nitridation, as mentioned above.

It is known that polymorphs of a given metal oxide display
unique photocatalytic activity.27,28In the case of overall water
splitting, Abe et al. reported that metal oxides expressed by
R3MO7 and R2Ti2O7 (R ) Y, Gd, La; M ) Nb, Ta), having
different crystal structures, exhibit different photocatalytic
activities.28 Unfortunately, however, the individual activity
of R- and â-Ge3N4 for overall water splitting cannot be
compared on a similar basis sinceR-Ge3N4 is a metastable
phase and thus difficult to prepare as a single phase, at least
under the present experimental conditions. Nevertheless, on
the basis of the above results it can be concluded that the
photocatalytic activity of Ge3N4 for overall water splitting
is dependent on the generation of well-crystallizedâ-phase
with minimized defect density.

The quantum efficiency for the photocatalytic reaction,
which is a more reliable measure of activity than the rate of
gas evolution under a given reaction condition, could not be
measured reliably for RuO2-loadedâ-Ge3N4 due to photore-
duction of O2, a backward reaction of overall water splitting
that proceeds strongly in this reaction.3c When the quantum
efficiency is measured using an external-irradiation-type
reaction vessel with a monochromator or xenon lamp, the
number of gas molecules produced in the reaction becomes
inevitably small due to the lower intensity of incident light
and hence the number of incident photons. In such a situation
the probability that evolved O2 is reduced by the photoge-
nerated electrons in the conduction band ofâ-Ge3N4 before
leaving theâ-Ge3N4 surface increases, causing the apparent
reaction rate measured by gas chromatography to be lower.

For non-oxide photocatalysts, it is important to discuss
the effect of self-decomposition by photogenerated holes in
the valence band of the material since this process competes
with the water photooxidation reaction. Figure 8 shows the
time courses of N2 evolution for overall water splitting over

(27) (a) Sclafani, A.; Herrmann, J. M.J. Phys. Chem.1996, 100, 13655.
(b) Abe, R.; Sayama, K.; Sugihara, H.J. Phys. Chem. B2005, 109,
16052.

(28) Abe, R.; Higashi, M.; Sayama, K.; Abe, Y.; Sugihara, H.J. Phys.
Chem. B2006, 110, 2219.

Figure 6. UV-vis diffuse reflectance spectra for samples obtained by
nitriding GeO2 under NH3 flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d)
20 h.

Figure 7. Time courses of overall water splitting under UV irradiation (λ
> 200 nm) using samples obtained by nitriding GeO2 under NH3 flow at
1173 K for (A) 5, (B) 10, (C) 15, and (D) 20 h. Reaction conditions:
Catalyst, 0.3 g; distilled water, 360 mL; light source, high-pressure mercury
lamp (450 W); quartz inner-irradiation-type reaction vessel. Solid circles,
H2; open circles, O2; open triangles, N2.
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RuO2-loaded Ge3N4 catalysts prepared by nitridation for a
range of periods (data are from Figure 7). The catalyst
nitrided for 5 h released N2 continuously as the reaction
progressed, indicating that self-decomposition took place
according to eq 1. However, with increasing nitridation time
N2 release from the catalyst suspension was suppressed
considerably. The observed N2 evolution during the reaction
occurs near the catalyst surface,29 while O2 evolution takes
place catalytically directly on the Ge3N4 surface. Therefore,
photogenerated holes to be consumed in O2 evolution must
migrate over a longer distance compared to those involved
in N2 evolution, as illustrated in Scheme 1. As the crystal-
linity of Ge3N4 improves, the photogenerated electrons and
holes can more readily migrate longer distances, resulting
in a higher likelihood that the electrons and holes will reach
the surface reaction sites without recombining. The present
experimental results are thus considered reasonable since the

rate of O2 evolution increases with the crystallinity of Ge3N4

while the rate of N2 evolution decreases. Our group has
previously reported that a decrease in the pH of the reactant
solution suppresses N2 evolution in overall water splitting
using RuO2-loadedâ-Ge3N4 by inhibiting hydrolysis-induced
deactivation in neutral or basic media, leading to enhanced
activity.3c In addition to such a kinetic control, N2 evolution
can be effectively suppressed by improving the crystallinity
of â-Ge3N4. It was also found that when the reaction is
repeated after evacuation of gas phase, theâ-Ge3N4 catalyst
that had undergone surface oxidation due to a release of N2

exhibits slightly lower activity than that being less oxidized.
In metal-oxide photocatalysts, high crystallinity has a positive
effect on the rates of H2 and O2 evolution in overall water
splitting since the density of defects, which frequently act
as recombination centers between photogenerated carriers,
decreases with increasing crystallinity.18c,21,23In metal-nitride
photocatalysts, however, high crystallinity is a crucially
important factor affecting the stability of the material in
addition to promoting H2 and O2 evolution in overall water
splitting.

4. Conclusion

â-Ge3N4 was successfully prepared by nitriding GeO2 at
1173 K for longer than 10 h and demonstrated to be
photocatalytically active for the stoichiometric decomposition
of pure water. The activity of RuO2-loaded Ge3N4 for this
reaction was shown to be dependent on the crystallinity and
density of defects in the material. As the crystallinity of
â-Ge3N4 increases, self-decomposition of the material (i.e.,
N2 release) by photogenerated holes is suppressed, contribut-
ing to improved efficiency of overall water splitting.
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Figure 8. Time courses of N2 evolution in overall water splitting under
UV irradiation (λ > 200 nm) using samples obtained by nitriding GeO2

under NH3 flow at 1173 K for (A) 5, (B) 10, (C) 15, and (D) 20 h. Reaction
conditions: Catalyst, 0.3 g; distilled water, 360 mL; light source, high-
pressure mercury lamp (450 W); quartz inner-irradiation-type reaction vessel.

Scheme 1. Photooxidation of H2O into O2 (Process 1) and
N3- into N2 (Process 2) Near the Surface ofâ-Ge3N4
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