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Photocatalytic activity of gallium nitride for
producing hydrogen from water under light

irradiation
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Photocatalytic activity of powdered GaN for decomposing water into hydrogen under light
irradiation was investigated. It was found that GaN has activity for producing hydrogen from
water containing electron donors (Na;S-Na,;S0O3, CH30H) without a loading of a noble metal;
the obtained H; yield was ca. 150 umol for a 200 h-Xe lamp (300 W) irradiation. The activity was
increased by adding NaOH in the reaction solution due to the photo-etching of GaN by NaOH
and concomitant removal of the native oxide from the surface, as confirmed by XPS, XRD, and
PL measurements. The band energy scheme for GaN suggests that the conduction band edge
of GaN is positioned at 0.5 V higher than the redox potential of H/H,. This large energy
difference (overpotential) makes the photocatalytic H, evolution over GaN from water possible.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

In heterogeneous photocatalysis, electrons and holes
produced in a light-irradiated semiconductor are utilized,
respectively, for reductive and oxidative reactions;
this has been recognized as a promising less-energy-
consuming method for producing a wide variety of
valuable chemicals [1]. In particular, water-splitting
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into hydrogen and oxygen over photocatalysts under
light irradiation has been attracting much attention over
the past decades from the viewpoint of solar energy
conversion into clean hydrogen energy [2]. To date, a
large number of semiconductors, such as TiO,, SrTiOs3,
NazTi6013, BaTi409, ZI‘Oz, T3205, NaTa03, K4Nb6017,
K;La;Ti3049, CdS, ZnS, and so on, were reported to have
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activity for producing hydrogen from water [3, 4]; most
of the catalysts so far developed are metal oxide semicon-
ductors. However, their activities still remain insufficient
to practically generate hydrogen from water under sun-
light. Accordingly, extensive work is being in progress
for developing new active photocatalysts [5-8]. Under
these circumstances, some metal oxynitrides and nitrides
have recently been developed as visible-light sensitive
catalysts; for example, TiO,_xNy [9], LaTiO,N [10],
TaON [11], and TazNs [12] are active for water-splitting
because of their narrow band gaps. Thus the above find-
ings opened a new field for developing active photocata
lysts.

Here, we report photocatalytic activity of gallium
nitride (GalN) for splitting water into hydrogen. GaN is
a well-known blue-light emitting semiconductor having
wide band gap of 3.4 eV [13]. Although this wide band
gap is a drawback for splitting water under sunlight, GaN
has considerably high flat-band potential (approximately
equal to conduction band edge for n-type conductors)
[—1.5V (vs. SCE; pH = 14)] [14], which is advantageous
for reducing water because in this case photogenerated
electrons in the conduction band must have high reduc-
tion potential. Furthermore, it has been reported that
GaN has an excellent chemical stability in acid or base
solutions [15], which properties are expected to enable
continuous H; production without degradation. However,
it has recently been reported that an aqueous alkaline
solution can etch the GaN surface under illumination
[16] and in the dark [17]. The treatment is performed
for cleaning and removing surface impurities and is
thus expected to improve the photocatalytic activity of
GaN. In this study, the effect of the photo-chemical
etching of GaN on the photocatalytic activity was also
investigated. Moreover, in order to improve the light
absorption property of GaN and thus the photocatalytic
activity, doping of foreign elements into GaN was also
carried out.

2. Experimental
GaN powders used in the present study were of reagent
grade, purchased from Wako Pure Chemical Industry. In-
dium doping was carried out as follows; 0.1 g of GaN
powders were suspended in 30 mL of water containing
a designated amount of In(NO3)3;.3H,0 for 3 h, and the
above suspension was dried under vacuum. The obtained
powders were calcined at 873 K for 1 h under N, flow.
The loading of Pt on GaN was carried out by a photo-
chemical deposition method [18], in which 0.1 g of GaN
was dispersed in 30 mL of water containing Na,S (0.1 M)
and a designated amount of H,PtClg, and then the above
solution was irradiated with a 150 W Hg lamp for 1 h.
Photocatalytic H, production over GaN was carried out
in a closed gas circulation system using a 300 W Xe
lamp; 0.1 g of GaN powders were dispersed in 60 mL
of water containing Na,S (0.1 M) — Na,SO3 (0.5 M) -
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NaOH (0.1 M) or CH30H (50 vol%) in a quartz reaction
cell, into which 13.3 kPa of Ar gas was introduced after
evacuating the system. The reaction was carried out under
vigorous stirring using a magnetic stirring rod, which is
sealed by PTFE (polytetrafluoroethylene, Tefron®)). The
amount of H; evolved was analyzed using an on-line gas
chromatograph. The incident light energy from the Xe
lamp to the reactor was measured with an optical power
meter (NOVA, 2A-SH).

The surface morphology and particle size of GaN
were observed by means of scanning electron microscope
(SEM; alfha-25A, ABT) and the surface area was deter-
mined by an N, adsorption isotherm at 75 K. The dif-
fuse reflectance spectra of samples were measured using
a spectrometer (V-550, Jasco). The obtained reflectance
spectra were converted into absorption (F(R)) spectra on
the basis of the Kubelka Munk theory. The band gap was
calculated from the liner correlation between [F(R)hv]?
and hv (Tauc plot).

For photo-etching experiments, GaN powders were
treated with 60 mL of an aqueous NaOH solution (0.1 M)
for 24 h under UV light irradiation using a 150 W Hg
lamp. The photo-etching was performed under vigorous
stirring using a magnetic stirring rod coated with PTFE
in an Ar atmosphere (13.3 kPa). The surface states of
the treated GaN powders were analyzed by XPS (ESCA-
3400, Shimadzu) using an Mg Ko source. The Ga/N ratios
were estimated from the integrated area of Ga 3d, N 1 s,
and O 1 s peaks in the obtained XPS spectra, taking into
account the relative sensitivity factors (RSF). The bind-
ing energies of the spectra were referred to that of C 1 s
peak (285.0 eV). The photoluminescence properties of
the treated GaN were examined on a spectrometer (FP-
750, Jasco) at room temperature. Powder X-ray diffraction
(XRD) patterns were recorded on an X-ray diffractometer
(RINT-1000, Rigaku) with Cu Ke radiation.

3. Results and discussion

3.1. Characterization of GaN powder

Fig. 1 shows the SEM surface morphology of GaN pow-
ders used for photocatalytic reactions. The particle size
of GaN was found to be in the range of 4-20 yum and the
BET surface area was measured to be 1.04 m?/g. Fig. 2 a
shows diffuse reflectance spectrum (inset) and Tauc plot
for GaN powders. GaN is known to be a direct band gap
semiconductor. Thus the band gap was calculated to be
ca. 3.3 eV from the intercept in the energy (hv) axis for
the straight line {{[F(R)hv]? vs. hv}. This value is in rela-
tively good agreement with the reported value of 3.4 eV
for single crystalline GaN films [14].

3.2. Photocatalytic activity of GaN

Fig. 3 shows the amount of H, produced over GaN as
a function of light irradiation time. We first investigated
H; evolution over GaN in pure water but only observed
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Figure 2. Diffuse reflectance spectra (inset) and Tauc plot for (a) GaN and
(b) Ing.1 Gag 9N.

quit a low amount of hydrogen evolved (ca. 0.1 wmol for
24 h). However, when an electron donor of Na,S was used
with Na,SOj3, ca. 150 umol of H, was formed for a 24 h-
reaction. The apparent energy conversion efficiency, de-
fined as the ratio of the combustion heat of H, obtained to
the radiation energy to the reactor, was found to be 0.12%.
On the other hand, when an electron donor of CH3;OH was
used, the H, yield was significantly decreased but im-
proved to some extent by adding NaOH (0.1 M) into the
reaction solution. The above results clearly indicate that
the photocatalytic activity of GaN is largely dependent on
the electron donors used and the pH of the reaction so-
lution used. Such phenomena are frequently reported for
many photocatalytic systems and the reaction mechanism
is normally interpreted in terms of the band structure of
the photocatalyst used.

Kocha et al. reported the energetic position of the con-
duction band edge of GaN, which was dependent on the
pH of a solution as follows [14]:

Ec = —0.49 — 0.055.pH(vs. NHE) (1)

150

©

100

H, evolved (1 mol)
wn
(=)

30

Time (h)

Figure 3. The amount of H, evolved over GaN from water containing (a)
CH3O0H, (b) CH30H-NaOH, and (c) Na;S-Na;SO3-NaOH under Xe lamp
irradiation as a function of reaction time.

This pH dependence is associated with the interaction
of Ht and OH~ with the GaN surface and has been deter-
mined electrochemically by using a GaN epitaxial layer
on a (0001) sapphire substrate [14 ]. It is known that
wurtzite GaN has two polar faces along the ¢ axis, Ga-
polar (0001) and N-polar (000-1) faces, and thus the de-
pendence of the polarization-induced surface charges on
the two faces upon a pH change should be different. The
reported values may be obtained with a sample with the
Ga-polar face. Therefore, the above energetic band edge
position is only applicable to a sample with the Ga-polar
face. However, since powdered GaN must have the two
polar faces along with other non-polar faces, we tenta-
tively use the reported band edge position to estimate the
band energy scheme for GaN in the reaction solution used.
Fig. 4 shows the band energy scheme estimated on the ba-
sis of the results reported by Kocha et al. [14] together
with the redox potentials of Na,S, CH;OH, and O,/H,0 at
pH 7 and 14. This scheme shows that the conduction band
edge is ca. 0.5 V higher than the redox potential of H/H,
in natural and alkaline solutions, which means that photo-
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Figure 4. Band energy schemes for GaN in different pH solutions and redox potentials of related reactions.

generated electrons in the conduction band can react with
water to produce Hj:

2H" +2¢~ — H, )

Because the valence band edge is much lower than the
redox potentials of Na,S and CH3OH, electron donors of
Na,S and CH3OH can react with photogenerated holes in
the valence band:

28?7 +2ht — S%° 3)
CH30H + H,0 + 6hT — CO, + 6H" @

These reactions can prevent the charge-recombination
between the photogenerated electrons and holes and fa-
cilitate the reaction (2). On the other hand, the redox
potential of O,/H,0 is much lower than those of Na,S
and CH3;OH, which is probably the reason why the H;
yield over GaN in pure water was much lower than that in
water containing electron donors. In addition, the higher
H; yield was observed when Na, S was used with Na;SOs.
This is due to the regeneration of S>~ by SO3%~ [19, 20]:

S 4503 — 5,03 + 87 Q)

As shown above, the present band energy scheme can
well explain the reaction mechanism of the H, evolution
over GaN under light irradiation, although it can be ap-
plied only to the Ga-polar faces of GaN powders.

3.3. Photoetching of GaN

The obtained results showed that the photocatalytic activ-
ity of GaN was improved by adding NaOH in the reaction
solution containing electron donors. It has been reported
that an alkaline solution can electrochemically etch GaN
and remove the native oxide, Ga, O3, from the surface un-
der UV illumination [16]. Because Ga, O3 has higher band
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gap (4.8 eV) and is less active than GaN, it is expected
that the removal of the oxide from the surface is respon-
sible for the improvement in the photocatalytic activity
observed. In order to confirm the photoetching of GaN in
an alkaline solution, GaN powder was treated with NaOH
under UV irradiation, and then analyzed by XPS, XRD,
and PL.

Fig. 5 shows Ga 3d, N 1 s, and O 1 s XPS spectra of
GaN (a) before and (b) after the NaOH treatment. For
bare GaN, the Ga 3d peak can be decomposed into two
components at 20.1 eV and 21.5 eV, which are ascribable
to Ga-N and Ga—O (or Ga—OH) bondings, respectively,
though they slightly differed from the reported values for
single crystalline GaN films (Ga—N : 19.7 eV and Ga—O :
20.7 eV) [21, 22]. After the NaOH treatment, a new peak
appeared at 17.5 eV, which can be assigned as metallic
Ga or Ga dangling bond [21, 22] and the intensity of the
Ga 3d peak corresponding to the Ga-N bonding was de-
creased, suggesting the occurrence of photo-etching. The
N 1 s peak is also decomposed into two components at
397.6 eV and 398.8 eV. The former is ascribable to Ga-
N bonding, in good agreement with the reported value
(397.4 eV) [21, 22] and the later may be due to N-O or
N-N bonding. The intensity of the N 1 s peak correspond-
ing to the Ga—N bonding was increased after the NaOH
treatment, suggesting the exposure of GaN to the surface
due to the removal of the oxide. The O 1 s peak for bare
GaN is composed of two components corresponding to
Ga-0 bonding at 532.1 eV and O-H bonding at 533.5 eV
[22]. The intensity of the O 1 s peak corresponding to
the Ga-O bonding was decreased after the NaOH treat-
ment, which may result directly from the removal of the
oxide phase. We also studied the surface composition of
the elements on GaN by comparing the Ga 3d, N 1 s, C
1 s, and the O 1 s peaks in the XPS spectra. As shown in
Table I, the NaOH treatment decreased the oxygen and
gallium percentage contents and furthermore the Ga/N
ratio. Thus, as considered above, the XPS analyses re-
vealed that the UV irradiation of GaN in the presence
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Figure5. Ga3d,N 1s,and O 1s XPS spectra of GaN powders (a) before and (b) after the NaOH treatment under UV irradiation.

of hydroxyl ions resulted in the etching of GaN and the
dissolution of the oxide from the surface.

Fig. 6 shows XRD patterns of GaN (a) before and (b)
after the NaOH treatment. The reflections are indexed to
hexagonal wurtzite GaN. There is no structural change
observed after the NaOH treatment, but the peak inten-
sities were slightly increased, suggesting the removal of
the oxide or other amorphous phases from the surface.
However, the relative intensity of the 0002 reflection was
decreased after the treatment. This suggests the preferen-
tial etching of the (0001) surfaces in GaN. As mentioned
earlier, wurtzite GaN has the two polar (0001) faces that
have different surface atomic configuration, composition,
and thus chemical activity from those of other non-polar
faces. Such differences could account for the preferential
etching of the (0001) surfaces observed. In addition, the
full width at half maximum (FWHM) of the peaks al-
most remained unchanged, suggesting that no significant
change in the crystallite size occurred. SEM analyses also
showed no significant change in the particle size after the
NaOH treatment (data not shown).

Photoluminescence (PL) is known to be sensitive to
a change in surface state of semiconductor materials.
Hence, we further analyzed the surface state of GaN after
the photo-etching by PL. measurements. Fig. 7 shows pho-
toluminescence emission and excitation (inset) spectra of
GaN (a) before and (b) after the NaOH treatment. The
emission and excitation spectra were measured with ex-
citation wavelength at 320 nm and emission wavelength

TABLE I Surface composition of GaN powder treated with NaOH under
UV irradiation for 24 h

Composition GaN NaOH-treated GaN
Ga (%) 13.9 9.8
N (%) 4.7 6.3
C (%) 58.7 65.5
O (%) 22.7 18.4
Ga/N ratio 2.9 1.6
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Figure 6. XRD patterns of GaN powders (a) before and (b) after the NaOH
treatment under UV irradiation.

at 550 nm, respectively. The excitation spectra show a
single peak at 365 nm resulting from the band gap exci-
tation of GaN. On the other hand, the emission spectra
show two broad peaks centered at 390 nm and 550 nm.
The peak at 550 nm, called yellow luminescence (YL),
is ascribed to the defect related emission [23, 24]. It has
been reported that the YL emission is caused by an elec-

3531



Emission

Intensity (a. u.)

- " n . L PR " "
500 600 700 800

Wavelength (nm)
Figure 7. Photoluminescence emission and excitation (inset) spectra of
GaN powders (a) before and (b) after the NaOH treatment under UV irra-

diation. The emission and excitation spectra were obtained with excitation
wavelength at 320 nm and emission wavelength at 550 nm, respectively.

tronic transition between a shallow donor and a deep ac-
ceptor in GaN [25]. Although the origin of the YL is
still under debate, the most probable acceptor is believed
to be gallium vacancies, which are dominant native de-
fects in GaN, whereas the donor levels are associated
with nitrogen vacancies or oxygen impurities. The peak
at 390 nm can be ascribed to the near band edge re-
lated emission. This emission is very broad and shifted
to the red as compared to that observed for single crys-
talline GaN. This is presumably due to the presence of
many defects of either interface or interior in powdered
GaN, which create acceptor or donor levels within the
band gap of GaN. Furthermore, the intensity of the near
band edge emission is much lower than that of the YL
emission for powdered GaN as compared to that reported
for single crystalline GaN, which may also be due to
the low crystal quality (high defect density) of pow-
dered GaN. As shown in Fig. 6, the NaOH treatment
increased the intensity of the two emissions, implying an
increase in concentration of defects or impurities after the
photo-etching of GaN by NaOH. The XPS analyses re-
vealed that the gallium content on the surface was de-
creased after the photo-etching. Thus, it is possible that
gallium vacancies were created concomitantly with the
dissolution of the oxide from the surface as a result of
the attack of hydroxyl ions. The creation of other de-
fects should also be taken into consideration, because
gallium vacancy may be associated with the YL emis-
sion, not the near band edge emission. However, the
origin of the near band edge emission is unknown at
present.

PL measurements have also been used to study photo-
catalytic reaction mechanisms, i.e., reaction pathways of
photogenerated electrons and holes, on various systems
such as TiO, [26] and ZnO [27], because PL results from

3532

the recombination between electrons and holes, which
competes with the reaction of electrons (or holes) with
adsorbed molecules. As discussed above, the observed
increase in the emission intensity particularly for the YL
after the photo-etching suggested an increase in gallium
vacancy, which is reported to create a deep acceptor level
positioned at 0.87 eV above the valence band edge [23].
Photogenerated holes in the valence band can be trapped
at this acceptor level. The trapped electrons are still able
to react with electron donors because the redox potentials
of Na,S and CH3O0H are higher than the acceptor level
and the trapping of holes does not directly hinder the
reaction of photogenerated electrons in the conduction
band with water. Therefore, the observed increase in the
concentration of gallium vacancy may not significantly
contribute to the increase in the photocatalytic activity.
However, it is difficult at present to directly correlate the
photocatlytic activities with the photoluminescence prop-
erties of GaN because the reaction and emission pathways
of photogenerated electrons and holes are not clear yet.
Thus, further studies are necessarily to elucidate the reac-
tion mechanism of photogenerated electron/hole pairs in
GaN.

The XPS, XRD, and PL results confirmed that GaN
was etched by NaOH under illumination. Therefore, it
can be concluded that the enhancement of the activity
by adding NaOH in the reaction solution is due to the
removal of the oxide from the surface. The probable
reaction of GaN with NaOH under UV illumination is
considered to be as follows:

GaN + 60H™ + 3h"™ — GaO3™ + 3H,0 + 1/2N1(g)
(6)

The oxide on the surface is removed concomitantly
with the etching of GaN. In addition, this reaction scheme
suggests that NaOH can also act as an electron donor and
prevent the charge-recombination between the photogen-
erated electrons and holes. This effect may also contribute
to the improvement in the photocatalytic activity.

3.4. Doping of foreign elements and loading
of noble metals

This study found that GaN can split water to form Hj in
the presence of electron donors under light irradiation.
However, it is expected that GaN has low activity under
sunlight because of its wide band gap. To modify the band
gap of photocatalysts, doping a foreign element into the
photocatalysts has been tried for various systems [28-31].
Kudo et al. reported that for the Ga;_4In, O3 solid solution
system, the band gap and the photocatalytic activity for
water splitting can be varied, depending on the In content
[32]. In this study, indium was doped into GaN because it
is reported that the bandgap of InyGa;_xN can be varied
from 2.0 to 3.4 eV by changing the indium content [33].
Fig. 2 b shows the diffuse reflectance spectrum (inset) and
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Figure 8. The amount of H; evolved over (a) Ing.; Gag 9N, (b) Pt (0.1 wt%)-
Ing 1 Gag 9N, and (c) GaN calcined at 873 K. The reactions were performed
in the presence of NayS-NaySO3-NaOH under Xe lamp irradiation.

Tauc plot of GaN doped with 0.1 mol% of In. The light
absorption near the wavelength of visible light was obvi-
ously improved by the doping, which is probably due to
the formation of a new energy level in the forbidden band
of GaN. In addition, the doping decreased the band gap by
ca. 0.1 eV. However, as shown in Fig. 8, the photocatalytic
activity of GaN was significantly decreased by the doping
as compared to that of undoped GaN (calcined at 873 K).
This suggests that the newly created energy level is posi-
tioned at lower than the redox potential of Ht/H, in the
forbidden band of GaN and/or the doping creates recom-
bination centers for electron/hole pairs. Doping Ti and Ni
also gave the same results. On the other hand, loading Pt
onto the doped-GaN improved the activity, as shown in
Fig. 8 c. It has frequently been reported that a loading of
noble metals onto photocatalysts and/or a decrease of the
particles size can upgrade the activity of the photocata-
lysts. Hence, such modifications may be more promis-
ing for increasing the H, yield over GaN under light
irradiation.

4. Conclusion

We have investigated the photocatalytic activity of
powdered GaN for producing H, from water in the
presence of electron donors under Xe lamp irradia-
tion. The amount of H, evolved over GaN from wa-
ter containing Na;S-Na,SO3 and the energy conversion
efficiency were found to be 150 pumol and 0.12% for
a 24 h-reaction, respectively. The hydrogen evolution
rate was increased by adding NaOH in the reaction so-
lution. XPS and XRD analyses revealed that GaN was
photo-etched by NaOH and the native oxide layer was
removed. This is responsible for the increase in the pho-
tocatalytic activity of GaN because the oxide layer has
less photocatalytic activity. The intensity of photolumi-
nescence (PL) of GaN was increased by the photo-etching,

suggesting an increase in concentration of defects, i.e.,
gallium vacancies. However, they may have no signif-
icant effect on the photocatalytic activity for H, evo-
lution from water in the presence of electron donors.
On the other hand, doping foreign metals (In, Ti, and
Ni) into GaN resulted in a decrease in the H, evolu-
tion yield, although the light absorption of GaN was im-
proved. This study demonstrates that in spite of the low
surface area (ca. 1.0 m?/g) powdered GaN has activity for
decomposing water into H, without a loading of noble
metals.
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