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Germanium nitride (Gs#\,) powder prepared by thermal ammonolysis of Gé©examined as a
photocatalyst for overall water splitting. Nitridation of Gethder a flow of NH at temperatures higher
than 1123 K for 10 h results in production of either a single phage®&N,4 or a mixture of elemental
Ge, a-GeN4, and5-GesNg, depending on the nitridation condition$:GesN, exhibits activity for the
stoichiometric decomposition of pure water intg #hd Q under ultraviolet (UV) irradiationA > 200
nm) when loaded with nanoparticulate Ru&» a cocatalyst. Improving the crystallinity of tReGe;N,
catalyst results in greater activity for overall water splitting and markedly reduge@ldbse due to
self-decomposition by photogenerated holes.

1. Introduction nitrides are controllable by appropriate adjustment of the
preparation conditions:'” Although several researchers have
carried out high-pressure synthesis of3i&ge polymorphs
using commercial G, powder as a starting materiat
research on the preparation of #8lg powder by thermal
ammonolysis at atmospheric pressure remains relatively rare
despite the simplicity of such an approdchohnson pre-
sented a report on the preparation of;&8g powder by
nitriding Ge or Ge@ powder under Nk flow.” 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
characteristic821%1823 Therefore, investigating the rela-
tionship between the functionality and structural char-

Germanium nitride (G#,) has attracted attention as a
functional material with a range of useful properties, includ-
ing high hardnedsand dielectrié¢ and photocatalyticproper-
ties. GgN4 is a well-known polymorphic compound, of
which SgN4 is another typical example, exhibiting 3, y,
ando phases with various crystal structufe$lt is believed
that thea polymorph is a high-temperature phase that is
metastable under ambient conditions, while fhghase is a
thermodynamically stable form at low temperatures.
McMillan et al. reported thay-Ge;N4 can be obtained by
heating thex or g form at 1006-1500 K under high pressure
or reacting elemental Ge with ,Nunder high-temperature
and -pressure conditiofslt has also been claimed that
0-GesN,4 can be obtained by high-pressure treatment (24 GPa)
of the 8 form using a diamond anvil cél.
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acteristics of a material is of interest and expected to provide
useful information.

Our group has studied @, as a non-oxide photocatalyst
for overall water splitting. 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 SgM®
K4Nb6017,19 NaTaQ,ZO NaInOz,” MQszO7 (M = Ca, Sr)?z
and ZnGeQ,.?® GeN4 was presented as the first successful
example of a non-oxide photocatalyst that can achieve the
stoichiometric decomposition of pure water inte &hd Q
when modified with nanoparticulate Ry@s a cocatalyst 26 / Degree
for Hs evolutons? Sine ihi discovery the photocatalytc. e L, Foute YA et & sy e o ecing 80
properties and effects of post-treatment to enhance thea, B, Ge, and O denote diffractions a’ssignedtsze;Nm ﬂ—Gé;N4, elemental .
activity of GeN,4 have been examined in det#i However, Ge, and Ge@
the relationship between the structural characteristics and the

photocatalytic performance of @¢; has yet to be investi- function at 250 nm. The BrunaueEmmett-Teller (BET) surface
gated in detail area was measured using a BELSORP-mini instrument (BEL Japan)

. . at liquid nitrogen temperature.

In this study, GeNa is prepared from GeOpowder by 2.4. Photocatalytic ReactionsReactions were typically carried
thermal ammonolysis and the obtained products are examinecbyt in a quartz inner-irradiation-type reaction vessel connected to
as a photocatalyst for overall water splitting. The relationship a glass closed gas circulation system. A 0.3 g sample of the
between the physicochemical properties and the catalytic cocatalyst-loaded catalyst was dispersed in distilled water (360 mL),
performance of the material is discussed on the basis of theand the solution was evacuated several times to remove air
results of structural analyses. 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

2.1. Preparation of GeN,. GeN, powder was prepared by  evolved gases were analyzed by gas chromatography.
heating Ge® (Kanto Chemicals, 99.99%) powder (ca. 2 g) at
temperatures of 10731223 K under NH flow (100 mL/min). The 3. Results and Discussion

nitridation reactor was connected directly to a silicon oil bubbler, . .
and the effluent gas with entrained water generated during nitri- 3.1. Thermal Ammonolysis of GeQ. Figure 1 shows the

dation was passed into the bubbler at 393 K to prevent contamina-XRD patterns of samples prepared by nitriding Gesd
tion by water and @in air. After 5-20 h of nitridation, the sample  temperatures in the range 1678223 K for 10 h. The sample
was cooled to room temperature under MNtdw and then ground ~ Nitrided at 1073 K consisted mainly of Ge@erived from
into a powder. the starting material with a small mixing of andjs-GesN4

2.2. Modification with RuO, Nanoparticles. Nanoparticulate ~ phase. At 1123 K, the diffraction peaks assigned to &eO
RuO, was loaded as a cocatalyst according to the method describeddisappeared completely, and the obtained sample was a
previously3112+23 Briefly, the as-prepared material was immersed mixture of Ge andx- and3-GesN,. This result indicates that
in a tetrahydrofuran (THF) solution containing dissolved(®®)» NH; gas at 1123 K under the present experimental conditions
(Aldrich Chemical Co., 99%) followed by stirring at 333 K for 4 g syfficient to achieve complete transformation of Ge®
h. T_he solution was then dried under reduced pressure by heat'ngsingle phase g8-GesN, was obtained at 1173 K, suggesting
in air at 373 K.forll h toremove THF. The resulting powdgr Was ot the phase transition from- to 5-Ge;N4 takes place
finally heated in air at 673 K 1_’105 h tocqnvert the Ru_spe_mes to between 1123 and 1173 K under the present nitridation
RuG; nanoparticles. Nanoparticulate Ryitnpregnated in this way conditions. Nitridation at 1223 K resulted in production of

was loaded at a rate of 1 wt %. . L
2.3. Characterization of Catalysts.The prepared samples were elemental Ge and-GeN, with a small mixing 0f5-GeNa

studied by powder X-ray diffraction (XRD; RINT-Ultima-lll, ~ Phase attributed to decomposition of Lg?* Johnson
Rigaku; Cu Ku), scanning electron microscopy (SEM: S-4700, claimed that at 11731273 K GeQ reduces (by kderived
Hitachi), and UV-vis diffuse reflectance spectroscopy (DRS; from NHs) to Ge, Ge reacts with NiHto form GeN,, and
V-560, Jasco). Diffuse reflection spectra were converted from GesN, decomposes into elemental Ge angd’Nhe changes
reflectance to absorbance by the Kubetkéunk method, and each  in the XRD patterns with increasing temperature from 1123

Intensity / a.u.

2. Experimental Section

spectrum was normalized with respect to the Kubelkank to 1223 K are consistent with Johnson’s report. However,
the nitridation products observed in the present study after
(20) (a) Kaéo, H.; Kudc|>, AChem. Phys. Len%9)98 295, 487. (ct;) Kato, heating at 1073 K were found to consist of a small amount
H.; Kudo, A. Catal. Lett.1999 58, 153. (c) Kato, H.; Kudo, AJ. _ _ ;
Phys. Chem. R001, 105, 4285. (d) Kato, H.; Asakura, K.; Kudo, A. of a andﬁ GeN4 without gppea_rance _Of the Ge phase.
J. Am. Chem. So®003 125, 3082. Therefore, it seems that @ is obtained directly from GeD

(21) Sato, J.; Kobayashi, H.; Saito, N.; Nishiyama, H.; Inoue, JY. ituti — 2— i i i ini
Photachem. Phasbiol A Cherd003 158 130, by substituting R~ for O~ anions while maintaining the

(22) Sato, J.; Saito, N.; Nishiyama, H.; Inoue,JY Photochem. Photobiol.
A: Chem.2002 148 85. (24) (a) Dean, J. ALange’s Handbook of Chemistrg3th ed.; McGraw-

(23) Sato, J.; Kobayashi, H.; Ikarashi, K.; Saito, N.; Nishiyama, H.; Inoue, Hill: New York, 1985. (b) Lide, D. RHandbook of Chemistry and
Y. J. Phys. Chem. B004 108 4369. Physics,83rd ed.; CRC Press: Boca Raton, FL, 2002.




4094 Chem. Mater., Vol. 19, No. 16, 2007 Maeda et al.

600 2500

500+

N
[=3
[=3
o

4004

-

fe

(=3

o
n

300

-

f=3

o

o
N

2004

(S

(=3

o
I

100 e
= o |

Normalized Absorption / a.u.
Amount of evolved gases /umol
Amount of evolved gases /umol

06 1 2 3 4 5 %3 3 3 1 %
Reaction time / h Reaction time / h
T T T T T 1400 600
250 300 350 400 450 500 550 T;E: c 'g D
Wavelength / nm 3 12004 = 5004
0 3
Figure 2. UV—vis diffuse reflectance spectra for samples obtained by & 10001 @ 4001
nitriding GeQ under Nk flow for 10 h at (a) 1073, (b) 1123, (c) 1173, o 8001 - 200
and (d) 1223 K. (e) Elemental Ge powder as a reference (High Purity % 6004 %
Chemicals, Co.). H 400 3 200
. - . k] | k]
valence state of G¢ in addition to the formation process £ 200 £ 1004 P
by which GegN, is formed via elemental Ge. The nitridation § 0 § A
0 1 2 3 4 5

capacity of NH gas at 1073 K under the present experimental Reaction time / b Reastion time / h
condition is likely to be too low to reduce Ge® elemental Figure 3. Time courses of overall water splitting under UV irradiatidn (
Ge, although substitution of N for O?~ anions proceeds > 200 nm) using samples obtained by nitriding Ge@der NH; flow for

; . 10 h at (A) 1073, (B) 1123, (C) 1173, and (D) 1223 K. Reaction
Weakly while maintaining the valence state of‘Gat lower conditions: Catalyst, 0.3 g; distilled water, 360 mL; light source, high-

temperatu_res. _ pressure mercury lamp (450 W); quartz inner-irradiation-type reaction vessel.
UV —visible diffuse reflectance spectra for the same Solid circles, H; open circles, @ open triangles, N

samples are shown in Figure 2 along with the data for Ge
powder for reference. GeQthe starting material, does not  is soluble in aqueous media under ambient conditfoasd
exhibit any distinct absorption band in the wavelength range has no spectral absorption. However, the nitrided materials
presented due to its high reflectance. All of the samples exhibited simultaneous4find Q evolution from pure water
displayed two absorption bands: a sharp absorption peak inupon UV irradiation £ > 200 nm). Figure 3 shows the time
the UV region around 350 nm and a broad absorption peakcourses of water splitting for samples prepared by nitriding
extending into the visible region. The former is attributed to GeQ at various temperatures for 10 h with the RuO
the band-gap transition ¢-GesN,4, which can be confirmed =~ modification. The photocatalytic activity of the sample can
by photoexcitatiorremission measurements as reported be seen to be dependent on the nitridation temperature of
previously3a The position of the absorption in the UV region GeQ. Although appreciable Hevolution was observed in
did not undergo a significant shift regardless of nitridation all cases, the rates of,@volution were more or less smaller
temperature. Although a single phaseoeGe;N, could not than that expected from the stoichiometry. Furthermore, a
be obtained under the present experimental conditions, it canrelatively high level of N evolution was observed in the
be predicted by theoretical calculations thagnd-GesN4 reaction, indicating that the material is gradually decomposed
have similar band gap8.Therefore, the absorption edges Dy photogenerated holes. This decomposition consumes
of the prepared samples are considered to be located clos@hotogenerated holes that would otherwise be consumed in
to 350 nm, despite the material being a mixturenefand ~ the oxidation of water as described by
B-GesNy. On the other hand, the absorption in the visible
region tended to increase with nitridation temperature from 2N°*" +6h" —N, (1)
1073 to 1123 K, primarily due to the appearance of the Ge
phase (as indicated in the XRD pattern, Figure 1), which However, as the nitridation temperature of Geftreases
has a strong absorption coefficient in the visible region (up to 1173 K), the rate of Oevolution approaches the
(spectrum e). The sample nitrided at 1173 K, exhibiting a stoichiometric value and Nevolution, indicative of the self-
single $-phase, also displayed an absorption in the visible decomposition of the nitride photocatalyst, is increasingly
region, although the intensity of the absorption was weaker suppressed. Nitridation at temperatures higher than 1173 K
than for the sample nitrided at 1123 K. The sample nitrided again results in deviation of the ratio oL tb O, from the
at 1173 K (i.e.3-GesNy) is brown in color, consistent with  stoichiometric value and is accompanied by the continuous
the report of JohnsohOur previous study revealed that the evolution of N.. As a result, the highest catalytic performance
visible-light absorption 0f-Ge;N, is due to defect sites and/  for overall water splitting was obtained in the present study
or impurities, such as reduced Ge speéfgs.is therefore for the sample nitrided at 1173 K. However, the rates of
considered that the sample nitrided at 1173 K contains both H, and Q evolution over this material decreased with
impurities and/or defect sites even though it is a single phasereaction time. As elucidated in the previous study, this
of f-GesNg. degradation of activity is attributable to photoreduction of
GeQ displayed no photocatalytic activity for overall water O, collapse of the catalyst surface by elution of Ge cations,
splitting even when loaded with RuQprimarily because it

(26) Linke, W. F.Solubilities 4th ed.; D. Van Nostrand, Princeton, NJ,
(25) Molina, B.; Sansores, L. Hnt. J. Quantum Chen200Q 80, 249. 1958; Vol. I. ((A-Ir) Inorganic and Metal-Organic Compounds).
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Table 1. Total Gas Evolution afte 5 h Reaction for Samples
Prepared at Various Nitridation Temperatures d
total amount of evolved gases A l l j o A . ’\ "
after 5 h of reactiof/umol 3 [¢ h 3
© ©
nitridation tempyK H @) N Svalue = l l =
P : - : Py Az }\
1073 480 12 94 1.6 ® [p 'E
1123 2040 347 179 1.7 § o
1173 1170 510 32 1.0 £ h ME
1223 550 102 41 1.7 a
2 Nitridation for 10 h.P Data are taken from Figure 3Calculated by o | o fed o oo i ’\ a a ”
using eq 4. See text. - - — e

20 25 30 35 40 45 50 31 32 33 34 35

and degradation of the interfacial contact betweegNgand 20/ Degree 20 / Degree

the loaded Ru@nanoparticles? Figure 4. Powder XRD patterns of samples obtained by nitriding &eO
Table 1 summarizes the total evolution of gases after 5 h under NH flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d) 201 denotes

of reaction for the various samples examined in this study diffractions assigned to-GesN.

(data are from Figure 3). Photocatalytic water reduction and

oxidation reactions are expressed as follows. <

2H" + 2 —H, 2)
2H,0 + 4h" — 0O, + 4H* 3)

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

S= (evolved H)/{(evolved Q x 2) + (evolved N, x 3)}
4

WhenSis close to unity, the reduction gHand oxidation
(O; and N) products are well balanced, that is, stoichiometry
is satisfied. As listed in Table 1, th®values for samples
prepared at 1073, 1123, and 1223 K are larger than 1, while EeStumm - :
that for the sample nitrided at 1173 K is nearly equal to 1. Figure 5. SEM images of samples obtained by nltndmg Gefder NH

flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d) 20 h.
The largerS value indicates excessive;ldvolution, which
in turn implies that some of the catalyst is oxidized by peared upon nitridation for longer than 10 h after which a
photogenerated holes and/or that other oxidation productssingle phase gf-GeN, was obtained. The diffraction peaks
such as peroxide species are generated during the reactiorof 3-GesN, became stronger and narrower with increasing
It has been reported that excessévolution is sometimes  nitridation time from 5 to 15 h and then remained unchanged.
observed during overall water splittifdgf;2°>2>?4although the ~ These results indicate that crystallization of the nitridation
origin of this phenomenon has yet to be systematically product proceeds in the period from 5 to 15 h during
clarified. In the present case all samples except for that nitridation at 1173 K accompanied by structural transforma-
prepared at 1173 K consist of a complex physical mixture tion of o-GesN, into 5-GesN, between 5 and 10 h.
containing either Geg) elemental Ge, on- or -GesNy SEM images of these samples are shown in Figure 5. The
(Figure 1), precluding meaningful analysis of catalysts before sample prepared fo5 h consists of agglomerates of
and after reaction. Nevertheless, it should be noted that the200—400 nm diameter primary particles and rod-like particles
stoichiometry of reaction products was satisfied when the ca. 1um in length. The particle size increased with nitridation
single phase of-GeN,4 was used for the reaction. time up to 15 h, beyond which the particle shape underwent

3.2. Relationship between Structural Characteristics no further change. This change in particle size agrees well
and Photocatalytic Activity of GesN4. On the basis of the  with the XRD measurements. The specific surface area of

results above it is speculated that the activity ogM&efor these samples decreased gradually from 3.0 to Z:gth
the stoichiometric decomposition of pure water is dependentwith increasing nitridation time from 5 to 15 h, after which
on the density of thg phase. Therefore, nitridation of e a constant value of 2.2 4g~* was reached. This result is

at 1173 K, which was found above to produce the sifijle  consistent with the SEM observation.
phase after heating for 10 h, was conducted for a range of Figure 6 shows the U¥vis diffuse reflectance spectra
durations in order to obtain more insight into the relationship for these samples. All samples produced a sharp absorption
between the structural characteristics and photocatalyticpeak near 350 nm accompanied by a broad absorption in
activity of GeNa. the visible-light region. The absorption near 350 nm, which
Figure 4 shows the XRD patterns of samples prepared byoriginates from the band-gap transition®GeN, from N
nitriding GeQ at 1173 K for several periods. The sample 2p orbitals to hybridized Ge 4s,4p orbitdfgjid not change
nitrided fa 5 h contained3-GesN, and a small fraction of  noticeably. On the other hand, the absorption band in the
o-GesNy. The diffraction peaks assigned aeGesN, disap- visible-light region, attributable to impurities and/or defect
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in the crystallization of the material. In the nitridation period

=]

8 between 5 and 15 h, where the largest increase in activity

_§ was obtained, the XRD peak became stronger and narrower

s (Figure 4) and the particles of @¢, grew significantly

§ (Figure 5) with an accompanying decrease in the density of

T defects and structural imperfections that can act as recom-

= bination centers between photogenerated electrons and holes.

£ s This decreasing concentration of defect sites iBNGés also

2 supported by the change in the visible-light absorption band
250 300 350 400 450 500 550 in the diffuse reflectance spectrum (Figure 6). Such correla-

Wavelength / nm tion between the activity and the degree of crystallization is

Figure 6. UV—vis diffuse reflectance spectra for samples obtained by @ general trend recognized for other photocatalysts, in
nitriding GeQ under NH flow at 1173 K for (a) 5, (b) 10, (c) 15, and (d)  particular, metal oxide¥¢?123Although it has been reported
20h. that prolonged and/or high-temperature calcination of metal-
1600 1400 oxide photocatalysts can result in reduced activity, due
14001 B . . . . . 21235
00 primarily to a reduction in specific surface aréa?-23it
12001 appears that longer nitridation of ¢ has no detrimental
10004 effect on activity. This is probably because the specific
Zgg surface area does not change noticeably upon further
nitridation, as mentioned above.

400+
2001 Itis known that polymorphs of a given metal oxide display

Amount of evolved gases /umol
Amount of evolved gases /umol

O unigue photocatalytic activity/.?®In the case of overall water
Reaction time / h Reaction time / h splitting, Abe et al. reported that metal oxides expressed by
30002 30001 RsMO; and RTi,O; (R=, Gd, La; M= Nb, Ta), having

2500 different crystal structures, exhibit different photocatalytic

activities?® Unfortunately, however, the individual activity

of a- and -GesN4 for overall water splitting cannot be
compared on a similar basis sinaeGe;N, 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
Reaction time / h Reaction time / h photocatalytic activity of GgN4 for overall water splitting

Figure 7. Time courses of overall water splitting under UV irradiatidn ( is dependent on the generation of well-crystalligeghase
> 200 nm) using samples obtained by nitriding Ge@der NH flow at : P :
1173 K for (A) 5. (B) 10, (C) 15, and (D) 20 h. Reaction conditions: Vit minimized defect density.

Catalyst, 0.3 g; distilled water, 360 mL; light source, high-pressure mercury ~ The quantum efficiency for the photocatalytic reaction,
Iamp (450 W); quartz inner-irradiation-type reaction vessel. Solid circles, which is a more reliable measure of activity than the rate of
Hy; open circles, @ open triangles, N . . . o
gas evolution under a given reaction condition, could not be

sites3® weakened with increasing nitridation time from 5 to measured reliably for Rucloaded-Ge;N4 due to photore-
15 h, beyond which the spectrum remained almost un- duction of Q, a backward reaction of overall water splitting
changed. This result is similar to the previous result that high- that proceeds strongly in this reacti#iwhen the quantum
pressure treatment @-GesN, under NH gas reduces the  efficiency is measured using an external-irradiation-type
density of defects and/or impurities, resulting in weakening reaction vessel with a monochromator or xenon lamp, the
of the visible-light absorption baritd. Therefore, extended humber of gas molecules produced in the reaction becomes
annea“ng under Ngfflow is also effective for reducing the inevitably small due to the lower intensity of incident |Ight
density of defect sites and/or impurity phases. and hence the number of incident photons. In such a situation

Figure 7 shows the time courses of water splitting over the probability that evolved Os reduced by the photoge-
these GgN, catalysts when loaded with 1 wt % RwO  nerated electrons in the conduction bangiabe;N4 before
Simultaneous Kand Q evolution was achieved for all  leaving the-GesN, surface increases, causing the apparent
catalysts regardless of nitridation time. With increasing reaction rate measured by gas chromatography to be lower.
nitridation time, however, the rates ok ldnd Q evolution For non-oxide photocatalysts, it is important to discuss
approached the stoichiometric ratio, reaching a maximum the effect of self-decomposition by photogenerated holes in
for samples nitrided for 15 h or longer. The catalysts nitrided the valence band of the material since this process competes
for 15 h or longer thus provided the best photocatalytic with the water photooxidation reaction. Figure 8 shows the
performance observed in this study, and the totadihl Q time courses of plevolution for overall water splitting over
evolution ove 5 h of reaction (3.6 mmol) was substantially
greater than the amount of catalyst employed (0.3 g; 1.1 (27) (a) Sclafani, A.; Herrmann, J. M. Phys. Chem1996 100, 13655.
mmol of 5-GeNg), confirming the catalytic cycle. The (b) Abe, R.; Sayama, K.; Sugihara, Bl. Phys. Chem. B005 109,
enhanced activity of Rug&loaded GeN, with increasing 16052.

e ) : ) A ) g 3 (28) Abe, R.; Higashi, M.; Sayama, K.; Abe, Y.; Sugihara, H.Phys.
nitridation time is primarily associated with the improvement Chem. B2006 110, 2219.
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100 rate of Q evolution increases with the crystallinity of ¢
A while the rate of N evolution decreases. Our group has
previously reported that a decrease in the pH of the reactant
60- solution suppresses,Nevolution in overall water splitting
using RuQ@-loadeds-GesN, by inhibiting hydrolysis-induced
401 B deactivation in neutral or basic media, leading to enhanced
activity 3¢ In addition to such a kinetic control, N:volution
can be effectively suppressed by improving the crystallinity
0cfF— r , . , of -GeN,. It was also found that when the reaction is
0 1 2 3 4 5 .
Reaction time / h repeated after evacuation of gas phaseft@e;N, catalyst
Figure 8. Time courses of Mevolution in overall water splitting under that_ h_ad u_ndergone surfa_lc_e oxidation dU(_E toa releas_e of N
UV irradiation ¢. > 200 nm) using samples obtained by nitriding GeO  exhibits slightly lower activity than that being less oxidized.
under NH flow at 1173 K for (A) 5, (B) 10, (C) 15, and (D) 20 h. Reaction |y metal-oxide photocatalysts, high crystallinity has a positive
conditions: Catalyst, 0.3 g; distilled water, 360 mL; light source, high- . .
pressure mercury lamp (450 W); quartz inner-irradiation-type reaction vessel. eﬁec_t on '_(he rates of H_and Q evolution 'n overall water
o _ splitting since the density of defects, which frequently act
Sdlllesrf‘,e 1 I\Tho;ooxudatlgnl\cl)f 'Zor:“t% sz (Proceés 1N) and as recombination centers between photogenerated carriers,
into N (Process 2) Near the Surface gf-GesN. decreases with increasing crystallint2-2%In metal-nitride
photocatalysts, however, high crystallinity is a crucially
important factor affecting the stability of the material in
addition to promoting KHland Q evolution in overall water
splitting.

80+

20

Amount of evolved N, /pmol

H,0 4. Conclusion

p-GeNg was successfully prepared by nitriding Ge&d

B-Ge;N, 1173 K for longer than 10 h and demonstrated to be

RuO,-loaded GeN, catalysts prepared by nitridation for a photocatalytically active for the stoichiometric decomposition
range of periods (data are from Figure 7). The catalyst Of pure water. The activity of Rucloaded GeN, for this
nitrided far 5 h released Ncontinuously as the reaction reaction was shown to be dependent on the crystallinity and
progressed, indicating that self-decomposition took place density of defects in the material. As the crystallinity of
according to eq 1. However, with increasing nitridation time 5-G&Na increases, self-decomposition of the material (i.e.,
N, release from the catalyst suspension was suppressed\z release) by photogenerated holes is suppressed, contribut-
considerably. The observed Bvolution during the reaction  ing to improved efficiency of overall water splitting.
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place catalytically directly on the G¥, surface. Therefore, Acknowledgment. This work was supported by the Core
photogenerated holes to be consumed jre@lution must Research for Evolutional Science and Technology (CREST) and
migrate over a longer distance compared to those involved Solution Oriented Research for Science and Technology (SORST)
in N evolution, as illustrated in Scheme 1. As the crystal- programs of the Japan Science and Technology Corporation

holes can more readily migrate longer distances, resulting Center of Excellence (COE) and the Research and Development

in a higher likelihood that the electrons and holes will reach in a New Interdisciplinary Field Based on Nanotechnology and

the surface reaction sites without recombining. The resentMaterialS Science programs of the Ministry of Education,
9. P Science, Sports and Culture (MEXT) of Japan. K.M. gratefully

experimental results are thus considered reasonable since thﬁcknowledges the Japan Society for the Promotion of Science

(JSPS) Fellowship.
(29) Maeda, K.; Teramura, K.; Masuda, H.; Takata, T.; Saito, N.; Inoue,
Y.; Domen, K.J. Phys. Chem. BR006 110, 13107. CMO0709828




