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Overall water splitting using a heterogeneous photocatalyst is Table 1. Results of Elemental Analyses

an attractive solution to supply clean and recyclable hydrogen Nitridation condition

energy. A number of photocatalysts have been proposed, and some femp  tme  NH; flow rate Elements (atom %)

have achieved high quantum efficiencieldowever, most of the sample (K) (h) (mL/min) Ga Zn N 0

photocatalysts proposed to date consist of metal oxides and work »a 1123 20 250 467 34 448 52

only in the ultraviolet region. At present, there is a lack of suitable pa 1123 15 250 439 64 419 79

materials with sufficiently small band gap, an appropriate band gap C* 1123 5 500 383 133 327 157
GaN(HMy 1123 30 250 476 d 454 7.0

position for overall water splitting, and the stability necessary for

) L - . . GaN(reff 489 d 50.6 0.5
practical applications. In general, efficient photocatalytic materials
contain either transition-metal cations with &edectronic config- aPprepared from G®s and ZnO (GaOz:ZnO = 1:2).b Prepared from
uration (e.g., T and T&") or typical metal cations with 8 Ga0s. © Supplied by Mitsubishi Chemical C8No data.

electronic configuration (e.g., ¥h and Sri*) as principal cation

components, the empty d or sp orbitals of which form the bottom |i|
of the conduction bands3 The tops of the valence bands of metal e lll [ N =
oxide photocatalysts with%l or dl>-metal cations usually consist 319, :
of O2p orbitals, which are located at abet® eV or higher versus 8 E— — ] %
NHE and, as such, produce a band gap too wide to absorb visible g‘ c ul T N 2
light.4 8 8
The authors reported that some (oxy)nitrides containifig d ELU L - g
transition-metal cations, such aszNg, TaON, and LaTiGN, are a l| Ll N <
potential photocatalytic materials that meet the three requirements 20 30 40 50 60 70 8031 32 33 300 350 400 450 500 550 600
mentioned above.” However, overall water splitting using such 20 (Degree) Wavelength (nm)

(oxy)nitrides has yet to be accomplished, presumably due to high figure 1. (A) Powder XRD pattern and (B) UV visible diffuse reflectance
defect densities in these materials. Recently, we also reported thatspectra: (a) GaN (ref), (b) GaN:ZnO (Zn 3.4 atom %), (c) GaN:ZnO (Zn

p-block typical metal nitride,3-GesNs, combined with Ru@ 6.4 atom %), (d) GaN:ZnO (zn 13.3 atom %), and (€) ZnO.
nanoparticles functions as a photocatalyst for overall water splitting. lattice parameters (GaNa = b = 0.319,c = 0.519 nm. ZnO:a
The genuine band gap energy®GeN, is about 3.8 eV, which = b = 0.325,c = 0.521 nm).6.17

works only under ultraviolet light. Nitridation of a mixture of GgOz; (High Purity Chemicals,

This paper reports on a new type of oxynitride with a unique 99.9%) and ZnO (Kanto Chemicals, 99%) powders (1.08 g of
composition and structure: a solid solution of GaN and ZnO with G&0s3, 0.94 g of ZnO) under NEiflow (100—500 mL/min flow
a wurtzite-type structure, classified as a material containfg d rate) at 1123 K for 520 h resulted in a yellow powder. The
typical metal cations. A photocatalyst prepared using this new elemental analysis of typical samples and a GaN reference is shown
material achieves water splitting intg ldnd Q under visible light in Table 1. In all samples, the ratios of Gato N and Zn to O were
irradiation. close to 1. Figure 1A shows the powder X-ray diffraction (XRD)

GaN has a band gap of about 3.4 eV and has been studiedpatterns of samples with different compositions, along with GaN
extensively for application in light-emitting diodes and laser and ZnO data for comparison. All samples exhibit single-phase
diodes?1°GaN has been examined as a photoelectrode, and it hasdiffraction patterns indicative of the wurtzite structure similar to
been confirmed to have the potential for overall water splitting under the GaN and ZnO precursors. The position of the d(100) diffraction
UV irradiation+-13Zn0 is also a well-known material with a band ~ Peak shifted to lower angles {® with increasing Zn and O
gap of 3.2 eV and is being examined as light-emitting diode and concentrations.

gas sensorg:15Both materials have wurtzite structures with similar Figure 1B shows the U¥visible diffuse reflectance spectra of
several samples. GaN(ref) prepared from elemental Ga has a long

tail in the visible region, which is considered to be attributable to

8 The University of Tokyo.

:Tokyo Institute of Technology. remnant Ga. The absorption edge shifts to longer wavelengths with
| I'z'l‘j‘%i?]'fﬁ Hﬂ:‘égg%’/ g§ gﬁfgﬁgg"gg& the Arts increasing Zn and O content in the sample. The samples have band
UCurrent address: Kyoto Institute of Technology. gaps smaller than those of the GaN- and ZnO-only materials and
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Figure 2. Time courses of overall water splitting under (A) UV irradiation
and (B) visible irradiation on RufGaN:ZnO (sample B; see Table 1).
Catalyst (0.3 g); an aqueous solution adjusted to pH 3 48Q4(390 cn?);
light source, high-pressure mercury lamp (450 W); inner irradiation-type
reaction vessel made of Pyrex®)(Hz; (O) Oz; (A) Na.

are estimated to be roughly 2.58 eV for the sample with 0.13
(see Table 1) based on the YVisible diffuse reflectance spectrum.

Density functional theory (DFT) calculations indicate that the
bottom of the conduction band for GaN:ZnO is mainly composed
of 4s and 4p orbitals of Ga, while the top of the valence band
consists of N2p orbitals followed by Zn3d orbitals. The presence
of Zn3d and N2p electrons in the upper valence band proviees p
repulsion for the valence band maximum, which results in narrowing
the band gap?

On the basis of the characterization above, it is concluded that
the samples prepared from the Ga and ZnO mixture under
ammonia flow are solid solutions of GaN and ZnO. Therefore, the

It is known that Q evolution occurs over ZnO when employed
as a photoanode for water oxidation in a photoelectrochemical cell,
and that the ZnO degrades as a redliltherefore, the origin of ©
evolution over the present catalyst was examined by conducting
the photocatalytic reaction in a mixture o$¥0 and H80 (H,60/
H,180 = 8.6). It was confirmed that the ratio #10/*€0 in evolved
0, (1%0,, %080, and 180,) matched this value of 8.6 within
experimental error£0.1) over reaction for 16 h, and no differences
could be identified in the XRD patterns of the samples before and
after the reaction. Furthermore, inductively coupled plasma mass
spectrometry confirmed that the solution contained no Zn cations
after the reaction. These results indicate that GaN:ZnO functions
as a stable visible-light-driven photocatalyst for the overall cleavage
of water.

The relatively low quantum efficiency achieved in the present
study can be attributed to the high defect density in GaN:ZnO, and
the performance of this catalyst can thus be expected to be improved
by refining the preparation method. It also appears possible to
extend the absorption edge by changing the composition of the
(oxy)nitride materials. The present study, therefore, clearly dem-
onstrated the high potential of (oxy)nitrides for overall water
splitting using solar energy, which opens the possibility of new
non-oxide-type photocatalysts for the solar energy conversion.
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ideal composition of the present samples can be expressed asor Evolutional Science and Technology (CREST) and Solution

(Ga—xZny)(N1-xOy), although the real compositions are somewhat
deviated from the ideal one, as shown in Table 1. In this paper,
they are termed GaN:ZnO for simplicity. A similar type of solid
solution is that between $i, and AbO3, (Sk—xAly)(N4—xOx), which
is well-known as “SiAION"19

The photocatalytic activity of the as-prepared GaN:ZnO for
overall water splitting was negligible. However, the modification
of GaN:ZnO with RuQ@ according to our previous methttesulted
in clearly observable Hand Q evolution. This modification
involved the deposition of RuOnanoparticles on the surface of
the GaN:ZnO as Kevolution site$. On the other hand, both GaN
and ZnO showed no activity for overall water splitting. The
photocatalytic performance of the Re{@aded GaN:ZnO was
found to be strongly dependent on the pH of the aqueous solution.
The activity increased as the pH decreased from pH 7, passing
through a maximum at pH 3, and then decreasing. In general, (oxy)-
nitride materials have an inherent instability in basic media but are
stable in acidic media. As a result, the highest activity was obtained
at pH 3. Below pH 3, the surface of the catalyst was not completely
stable. A typical time course of +and Q evolution over Ru@(5
wt %)/GaN:ZnO (sample B, Table 1) at pH 3 is shown in Figure
2. Figure 2A shows the time course of Binhd Q evolution under
irradiation from a high-pressure mercury lamp (450 W) via a Pyrex
glass tube A > 300 nm). B and Q evolved steadily and
stoichiometrically with no M evolution. After filtering the UV by
filling the tube with NaNQ solution to pass only visible lighti(
> 400 nm), stoichiometric H and GQ evolution was again
confirmed, as shown in Figure 2B. It is considered that in this
experiment an emission of a high-pressure mercury lamp at 436
nm mainly contributes to the reaction. It was also confirmed that
by using a Xe lamp (300 W) irradiation, the GaN:ZnO photocatalyst

works at the wavelength as long as 460 nm. The average apparent

qguantum efficiency in the range of 36@80 nm was calculated to
be 0.14% by using a Si photodiode.
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