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Introduction

Water splitting with visible light has been studied for the
past four decades as a potential means of converting solar
energy into chemical energy in the form of H2.

[1–9] Three
proposed approaches to visible-light water splitting are illus-
trated in Scheme 1. The first (Scheme 1A) uses a single
semi ACHTUNGTRENNUNGconductor photocatalyst, which should have a suitable
thermodynamic potential for water splitting, a sufficiently
narrow band gap to harvest visible photons and stability
against photocorrosion.[5] The second (Scheme 1B) employs
two different semiconductors and a reversible donor–accept-
or pair (i.e., a shuttle redox mediator) that transfers elec-
trons from one semiconductor to the other. This system was
inspired by natural photosynthesis in green plants and is
called the Z scheme.[3,8] In this system, a wide range of visi-
ble light is available, because the energy required to drive
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each photocatalyst can be reduced. It is also possible to use
a semiconductor with only a water reduction or oxidation
potential for one side of the system. The last (Scheme 1C) is
a molecular building block approach and is somewhat simi-
lar to the second scheme.[4,9] This system is composed of
three essential components: a photon antenna and catalytic
centres for hydrogen and oxygen evolution. It should be
noted that all systems require catalysts to reduce the activa-
tion barrier for water reduction and/or oxidation. Catalysts,
usually in the form of nanoparticles (so-called co-catalysts,
especially in Scheme 1A and B), must be sufficiently active
to promote the forward reaction, but remain inactive for re-
verse reactions (e.g., water formation from H2 and O2). For
example, noble metals such as platinum and rhodium are ex-
cellent catalysts for H2 formation. However, they also func-
tion as catalysts for water formation.

Recent progress in materials chemistry has advanced the
development of such co-catalysts.[10–13] Our group attempted

to develop a new water-reduction co-catalyst for
Scheme 1A.[11–14] Among the promoters we have developed,
core–shell-structured noble-metal/Cr2O3 nanoparticles dis-
persed on a photocatalyst were studied extensively, with a
focus on their structural characteristics[11b] and functionality
as active sites for H2 evolution.[15] Based on a solid solution
of GaN and ZnO as a semiconductor for the harvest of visi-
ble photons up to 500 nm,[16] the core–shell modification en-
ables water splitting into H2 and O2 under visible light. In
this system, the backward reaction over the noble metal
(water formation from H2 and O2) is prevented by the Cr2O3

shell,[11a] because the amorphous Cr2O3 shell is permeable to
protons and evolved H2 molecules, but not to O2.

[15] This
core–shell strategy is promising because it can be applied to
other water-splitting systems, in which the suppression of
H2–O2 recombination is a common requirement. Although
this functionality is essential for a noble-metal-loaded pho-
tocatalyst to achieve overall water splitting,[11] it is not nec-
essarily required for photocatalysts loaded with metal oxide
because metal oxide co-catalysts generally exhibit negligible
catalytic activity for water formation.[14b] In some cases, how-
ever, metal oxide co-catalysts sometimes undergo degrada-
tion due to a change in the co-catalyst state by exposure to
the reactant solution, and catalyse O2 photoreduction (an-
other backward reaction of water splitting), which leads to a
decrease in activity.[14b, 17] When the loaded metal oxide
nanoparticles are covered with Cr2O3, this deactivation and
O2 photoreduction should be suppressed by a reduced acces-
sibility of the loaded metal oxides to the reactants. This idea
stimulated our investigation of the activity of a photocata-
lyst loaded with metal oxide and modified with Cr2O3 pho-
todeposits for overall water splitting.

In these core–shell co-catalysts, the physicochemical state
of the core seems to be important, because the core loaded
directly on a photocatalyst induces photogenerated electrons
from the conduction band of the photocatalyst and hosts
active sites for H2 evolution. As described in our brief
report, the water-splitting activity of GaN:ZnO modified
with noble-metal/Cr2O3 core–shell nanoparticles was im-
proved when highly dispersed noble-metal nanoparticles
were loaded on GaN:ZnO without aggregation.[13] This
result suggests that the activity of a core–shell system de-
pends primarily upon the dispersion of the employed core.
However, it is probable that other factors, such as the va-
lence state of the core, can also affect the activity.

In the present study, we examined the core component of
core–shell-structured nanoparticle co-catalysts for visible-
light water splitting. First, we report the photocatalytic activ-
ities of GaN:ZnO modified with nanoparticulate noble-
metal or metal oxide cores and Cr2O3 shells. Second, we ex-
amine the effects of the preparation conditions of the core–
shell components on activity. Finally, factors affecting the
water-splitting activity are discussed to establish guidelines
for the preparation of highly active photocatalysts.

Scheme 1. Illustrations of visible-light water splitting (C.B.= conduction
band; V.B.= valence band): A) One-step photoexcitation system with a
single semiconductor material; B) two-step water splitting with two dif-
ferent semiconductor materials and a proper shuttle redox mediator;
C) molecular building block approach with a light-harvesting antenna
molecule and catalytic centres for H2 and O2 evolution.
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Results and Discussion

Characterisation of nanoparticulate metal oxides loaded on
GaN :ZnO treated with K2CrO4 under visible light : Figure 1
shows high-resolution (HR) TEM images of NiOx-, Rh2O3-

and RuO2-loaded GaN:ZnO before and after photoreduc-
tion treatment with K2CrO4. The introduced NiOx nanopar-
ticles were 5–8 nm in size and were crystalline, as indicated
by the lattice fringes. Upon photodeposition, the size of the
nanoparticles dispersed on GaN:ZnO became larger and
more irregular in shape, and it was difficult to identify the
interface between the NiOx and the photodeposited Cr spe-
cies. Nevertheless, energy-dispersive spectroscopy (EDS)
analysis revealed that the nanoparticles after photodeposi-
tion contained both Ni and Cr, which indicated that photo-
reduction of K2CrO4 and subsequent photodeposition of Cr
species both occurred on the NiOx nanoparticles. Note that
almost no reduction of K2CrO4 on the GaN:ZnO surface oc-
curred, due primarily to the lack of adsorption sites on
GaN:ZnO.[11b] An identical tendency was observed for
Rh2O3-loaded GaN:ZnO. In contrast, core–shell-like nano-
structures were clearly observed in RuO2-loaded GaN:ZnO
after the treatment. RuO2 on GaN:ZnO formed crystalline
nanoparticles ranging from 2 to 20 nm in size, as indicated
by the clear lattice fringes, whereas the shell exhibited an
amorphous structure and produced no lattice fringes. It
should also be noted that some of the loaded RuO2 nano-
particles remained uncoated, even though a significant
amount of K2CrO4 coexisted in the reactant solution. This
indicates that some of the RuO2 nanoparticles loaded on
GaN:ZnO did not function as reduction sites for CrO4

2�

anions, while others promoted the reduction of both CrO4
2�

anions and protons. One possible explanation for this phe-
nomenon is that the uncoated RuO2 functioned as water ox-
idation sites throughout the photodeposition treatment pro-
cess. The idea that RuO2 on GaN:ZnO facilitates both
water reduction and water oxidation during photocatalytic
water splitting is supported by our previous studies.[14b,e]

The valence state of the deposited Cr species in the cata-
lysts was investigated by X-ray absorption fine structure
(XAFS) spectroscopy. Figure 2A shows the Cr K-edge X-ray
absorption near-edge structure (XANES) spectra for
GaN:ZnO modified with metal oxides after photodeposition
of Cr species. The data for Cr2O3 and K2CrO4 are shown for
comparison. The Cr near-edge spectrum for K2CrO4 exhibit-
ed a sharp pre-edge feature at approximately 5992 eV re-
sulting from dipole-forbidden 1s to 3d transitions, which was
assigned to hexavalent Cr.[18] This pre-edge feature was neg-
ligible in the spectrum of Cr2O3. The Cr K-edge spectra of
all prepared samples differed from those of K2CrO4. The
spectral region around the absorption edge and approxi-
mately 6020 eV in the samples resembled that of the Cr2O3

reference, although a small pre-edge peak assigned to hexa-
valent Cr was observed for the NiOx sample. Figure 2B
shows the Cr K-edge extended X-ray absorption fine struc-
ture (EXAFS) spectra of the same samples, along with data
for Cr2O3 and K2CrO4. The EXAFS spectra of the samples
were identical and were similar to that of Cr2O3, judging
from the appearance of the Cr–O shell at approximately
1.7 �. The relatively weak peak at approximately 2.5 �, as-
signable to the Cr-(O)-Cr shell, suggests a small size, which
was supported by TEM observations. These results indicate

Figure 1. TEM images of NiOx-, Rh2O3- and RuO2-loaded GaN:ZnO
before and after treatment with K2CrO4 at pH 7.5 under visible light.
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that the Cr species in the catalysts were deposited entirely
in the trivalent oxide form (Cr2O3), regardless of the transi-
tion-metal oxide type, although the NiOx sample contained
a small fraction of hexavalent Cr species.

Photocatalytic activity of metal oxide (core) modified
GaN :ZnO with Cr2O3 shells : Table 1 lists the photocatalytic
activities for visible-light-driven overall water splitting on
NiOx-, RuO2- and Rh2O3-loaded GaN:ZnO, before and
after photodeposition of Cr2O3. These metal oxides have
previously been reported as co-catalysts for overall water
splitting.[7,19,20] As reported previously, NiOx- and RuO2-
loaded GaN:ZnO produced H2 and O2 in stoichiometric
amounts, whereas the Rh2O3-loaded analogue exhibited
little activity.[14,21] However, upon photodeposition of Cr2O3,
the activities of these catalysts were enhanced in all cases
and the gas evolution behaviours varied more or less.
Figure 3 shows time courses of overall water splitting under
visible-light irradiation on NiOx-loaded samples, before and
after photodeposition of Cr2O3. The rates of H2 and O2 evo-
lution decreased gradually with reaction time and became
constant (7.4 mmolh�1 for H2 evolution and 3.6 mmol h�1 for
O2 evolution) in the second run. In contrast, NiOx-loaded
samples modified with Cr2O3 photodeposits produced H2

and O2 proportionally and stoichiometrically from the be-

ginning of the reaction, although an induction period was
observed in the first run, presumably due to the reduction
of remnant CrVI to CrIII, as supported by the XANES analy-
sis (Figure 2). The steady rates of gas evolution on the
Cr2O3-photodeposited catalyst were two times higher than
those observed without Cr2O3 photodeposits.

It is likely that the deactivation of the NiOx-loaded
sample was primarily due to a change in the state of NiOx

on the catalyst surface, which has been observed in some
NiO-loaded photocatalysts for overall water splitting. Kato
and Kudo reported that immersion of NiO-loaded NaTaO3

in pure water causes NiO nanoparticles to peel off or elute
as Ni(OH)2, even without irradiation, resulting in gradual

Figure 2. A) Cr K-edge XANES and B) Fourier transforms of k3-weight-
ed EXAFS spectra for Rh-loaded GaN:ZnO treated with K2CrO4 at
pH 7.5 under visible light.

Table 1. Photocatalytic activity for visible-light-driven overall water split-
ting on GaN:ZnO modified with various co-catalysts.[a]

Entry Co-catalyst Cr2O3 Activity[b] [mmol h�1]
photodeposition H2 O2

1 NiOx no 7.4 3.6
2 yes 15 7.4
3 RuO2 no 36 18
4 yes 47 24
5 Rh2O3 no 1.4 trace
6 yes 70 36
7 Rh[c] no <1 <1
8 yes 179 88
9 Pd[c] no <1 <1

10 yes 15 5.2
11 Pt[c] no <1 <1
12 yes 32 16
13 Rh[c] [d] 4.1 1.5

[a] Reaction conditions: catalyst, 0.15 g; distilled water, 370–400 mL;
light source, high-pressure mercury lamp (450 W) through an aqueous
NaNO2 solution filter to cut ultraviolet light; reaction vessel, Pyrex inner-
irradiation type. [b] Steady rate of gas evolution. [c] Metal (1.0 wt % ad-
dition) was loaded by photodeposition. [d] A mixture of Rh-loaded
GaN:ZnO with Cr2O3 treatment (0.15 g) and without this treatment
(0.15 g) was used.

Figure 3. Time courses of visible-light-driven overall water splitting on
NiOx-modified GaN:ZnO with (circles) or without K2CrO4 treatment (di-
amonds). Reaction conditions: catalyst, 0.15 g; distilled water, 370 mL;
light source, high-pressure mercury lamp (450 W) through an aqueous
NaNO2 solution filter to cut ultraviolet light; reaction vessel, Pyrex inner-
irradiation type. Solid and open symbols indicate H2 and O2, respectively.
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deactivation of the catalyst.[17] In contrast, NiOx-loaded
GaN:ZnO photodeposited with Cr2O3 produced H2 and O2

proportionally and stoichiometrically without any noticeable
deactivation as the reaction progressed, and the steady rates
of H2 and O2 evolution were higher than those without
Cr2O3 photodeposits. According to HR-TEM observations
and EDS measurements, it appeared that Cr2O3 photo-ACHTUNGTRENNUNGdeposits coated NiOx nanoparticles dispersed on GaN:ZnO.
This would help protect from deactivation of the NiOx nano-
particles, thus enhancing their activity. When we examined
the Ni K-edge XANES spectra for samples with and without
Cr2O3 photodeposition after the water-splitting reaction,
there was almost no change between the two samples (Fig-
ure S1 in the Supporting Information). Such a chemical
change during photoreaction would probably be too subtle
to detect.

The Cr2O3 photodeposition method was also found to ef-
fectively improve the activity for overall water splitting of
RuO2- and Rh2O3-loaded GaN:ZnO, as listed in Table 1, but
both RuO2 and Rh2O3 are stable in neutral aqueous solu-
tion.[22] Therefore, it is likely that the reason for this activity
improvement was not the suppression of a chemical change,
but some other factor. We have previously reported that the
photoreduction of O2 on RuO2-loaded GaN:ZnO occurs
during water splitting under visible light.[14b] As mentioned
earlier, a Cr2O3 layer on a noble metal forms a selective
proton- and H2-permeable membrane that prevents O2 pen-
etration.[15] A similar phenomenon is expected in the Cr2O3/
RuO2/GaN:ZnO system; that is, the Cr2O3 layer on RuO2

hinders the access of O2 molecules to the RuO2 surface
without blocking protons or H2 molecules, thereby improv-
ing the water-splitting activity. In fact, the rate of H2 evolu-
tion in overall water splitting over Cr2O3/RuO2/GaN:ZnO
remained almost unchanged, even in the presence of O2 gas
(30 kPa). It was also revealed that the H2 evolution activity
of Cr2O3/RuO2/GaN:ZnO from an aqueous methanol solu-
tion (O2-free condition) is slightly lower (33 mmol h�1) than
that of RuO2/GaN:ZnO (41 mmol h�1), in contrast to the
case of water splitting (Table 1). Therefore, it can be con-
cluded that the Cr2O3 shell modification has a positive effect
on water reduction by inhibiting O2 photoreduction. Un-
fortunately, it was difficult to examine the photoreduction of
O2 on Rh2O3-loaded GaN:ZnO in a similar manner to
RuO2,

[14b] because of its negligible activity for water splitting
(Table 1). Nevertheless, Rh2O3-loaded GaN:ZnO is active
for H2 evolution from aqueous methanol under visible light
(see Supporting Information Figure S2), which indicates that
Rh2O3 on GaN:ZnO functions as an H2 evolution site under
O2-free conditions. The enhancement of water-splitting ac-
tivity observed in the Rh2O3 system would thus occur by a
similar mechanism to that of the RuO2 system.

Table 1 also lists visible-light-driven water-splitting activi-
ties of Rh-photodeposited GaN:ZnO before and after pho-
todeposition of Cr2O3. As reported previously, Rh-photode-
posited GaN:ZnO exhibits little activity (entry 7), whereas
treatment of this material with Cr2O3 results in an apprecia-
ble increase in activity (entry 8).[11] The identical trend was

observed in Pd- and Pt-photodeposited GaN:ZnO (en-
tries 9–12). As mentioned in the Introduction, noble metals
act as efficient catalysts to produce H2O from H2 and O2.
Although the photoreduction of O2 also proceeds on the
surface of noble metals,[15] this marked improvement in ac-
tivity is most likely due to the suppression of water forma-
tion. This idea is further supported by the observation that
the addition of Rh-loaded GaN:ZnO powder into the active
photocatalyst (Rh-loaded GaN:ZnO with Cr2O3 photodepo-
sition) led to a significant drop in activity (entry 13). This in-
dicates that gaseous H2 and O2 molecules produced on the
active photocatalyst efficiently undergo recombination on
Rh-loaded GaN:ZnO before they escape from the reactant
suspension.

The Cr2O3-photodeposition method was thus shown to be
applicable not only to noble metals,[11] but also to metal
oxides for improving the photocatalytic activity for overall
water splitting, although an ideal core–shell-like structure,
as observed in noble-metal/Cr2O3 systems, could not be
formed. It is concluded that the mechanism by which the
Cr2O3 deposits improve the water-splitting activity depends
upon the core type. A notable feature of Table 1 is that Rh
species can function as a good core component, but the
metal oxide (Rh2O3) had a lower performance
(�70 mmol h�1 for H2 evolution, entry 6) than that of metal-
lic Rh (�180 mmol h�1 for H2 evolution, entry 8). This im-
plies that the valence state of Rh also affects the water-split-
ting activity and that metallic Rh is a superior core material.
Therefore, the effects of the preparation method of metallic
Rh nanoparticles are examined in the following section.

Water-splitting activity and structural characteristics of
GaN :ZnO modified with Rh/Cr2O3 core–shell nanoparticles :
Table 2 lists the photocatalytic activity for visible-light water
splitting on GaN:ZnO modified with Rh nanoparticles and
subsequently treated with K2CrO4 and visible light. The Rh

Table 2. Photocatalytic activity of Cr2O3/Rh/GaN:ZnO for overall water
splitting under visible-light irradiation (l>400 nm).[a]

Entry Loading method Amount of Rh Activity[b] [mmol h�1]
for Rh core added [wt %] H2 O2

1 0 0 0
2 photodeposition 0.5 131 69
3 1.0 179 88
4 1.5 150 75
5 impregnation 0.1 17 7.9
6 0.25 149 72
7 0.5 115 56
8 1.0 91 45
9 adsorption 0.5 220 109

10 1.0 336 168
11 1.5 384 191
12 2.0 378 190
13 2.5 426 213
14 3.0 390 195

[a] Reaction conditions: catalyst, 0.15 g; distilled water, 370–400 mL;
light source, high-pressure mercury lamp (450 W) through an aqueous
NaNO2 solution filter to cut ultraviolet light; reaction vessel, Pyrex inner-
irradiation type. [b] Average rates after 5 h of reaction.
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nanoparticles were introduced
onto the GaN:ZnO by photo-
deposition, impregnation or ad-
sorption, in varying amounts.
Without adding Rh, no gas evo-
lution was detected (entry 1).
However, modification of
GaN:ZnO with Rh nanoparti-
cles resulted in observable H2

and O2 evolution in a nearly
stoichiometric ratio (H2/O2�2),
which indicates that overall
water splitting occurred in all
cases. In the samples prepared
by photodeposition or impreg-
nation, a volcano-type relation-
ship was observed between the
loading amount of Rh and ac-
tivity; specifically, the activity
increased with increasing Rh
addition up to a certain level,
beyond which it began to de-
cline. On the other hand, the
rates of H2 and O2 evolution on
the samples prepared by ad-
sorption reached saturation at
approximately 400 mmolh�1 H2

and 200 mmol h�1 O2. The high-
est activity was obtained with
the sample prepared by adsorp-
tion with an Rh addition of 1.5–
3.0 wt %. Thus, adsorption was
found to be superior to photo-
deposition and impregnation
for the preparation of water-
splitting photocatalysts.

The differences in activity among the samples prepared
by means of the above three routes is expected to be attrib-
uted to the different structural characteristics of the samples.
Figure 4 shows HR-TEM images of samples prepared under
the optimal conditions for each method. As reported previ-
ously, the primary particle size of photodeposited Rh nano-
particles was 2–3 nm, but some of them aggregated to form
larger secondary particles.[11a] Samples prepared by impreg-
nation had a similar tendency. In addition to approximately
2 nm nanoparticles, agglomerates larger than 10 nm in size
were observed. In contrast to these two samples, the sample
prepared by adsorption exhibited excellent dispersion of pri-
mary Rh nanoparticles and very little aggregation was iden-
tified. The average Rh particle size on this sample was cal-
culated to be (1.9�0.6) nm (based on 200 different parti-
cles).

TEM images of the same set of samples after treatment
with K2CrO4 and visible light are shown in Figure 5. As re-
ported previously, a Cr2O3 shell with a constant thickness of
approximately 2 nm covered photodeposited Rh nanoparti-
cles on GaN:ZnO after this treatment, producing core–

shell-structured Rh/Cr2O3 nanoparticles. The Cr2O3 shell
thickness was totally independent of the dispersion of Rh,
although a given concentration of K2CrO4 was required to
afford a constant shell thickness of approximately 2 nm.[11b]

Interestingly, such a core–shell-like structure was rarely ob-
served in impregnated samples, in which featureless particles
were instead dominant. Nevertheless, energy dispersive X-
ray analysis detected the coexistence of Rh and Cr in these
featureless particles, which indicated that the photodeposi-
tion of Cr species did occur on Rh nanoparticles introduced
by impregnation. In the adsorbed samples, most nanoparti-
cles had a core–shell structure, but some irregular-shaped
shell structures were also observed. Therefore, the disper-
sion of Rh and the morphology of Cr photodeposits varied
with respect to the preparation method of the Rh nanoparti-
cles.

The valence states of Rh and Cr in the composite materi-
als were investigated by XAFS measurements. Figure 6A
shows the Rh K-edge XANES spectra for each optimised
sample. Data for an Rh foil and Rh2O3 are shown for refer-
ence. The Rh K-edge XANES spectra for the prepared sam-

Figure 4. TEM images of Rh-loaded GaN:ZnO prepared by means of different routes.

Figure 5. TEM images of Rh-loaded GaN:ZnO treated with K2CrO4 at pH 7.5 under visible light.
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ples were dissimilar to each other, indicating different va-
lence states of Rh. The position of the absorption edge of
the photodeposited sample was very close to that of the Rh
foil and the spectral shape around the absorption maximum
and at 23 260 eV were similar. This indicates that the va-
lence state of Rh in the photodeposited sample was nearly
metallic. This is further supported by Fourier transforms of
the k3-weighted EXAFS spectrum from the same sample.[11b]

The absorption-edge position of the impregnated sample
was at a slightly lower photon energy than the Rh2O3 refer-
ence, while the adsorbed sample had an absorption edge at
a position between those of the Rh foil and the Rh2O3. The
Rh K-edge XANES spectrum of the impregnated sample
was not completely consistent with that of the Rh2O3 refer-
ence, which indicates that Rh in the impregnated sample
had a valence state close to that of Rh2O3, but slightly re-
duced. Overall, the XANES analysis indicated that the va-
lence state of Rh in the composite samples prepared by dif-
ferent methods becomes closer to metallic in the order of
impregnation!adsorption!photodeposition. Furthermore,
there was no significant difference in the Rh K-edge
XANES spectra before and after K2CrO4 treatment (Fig-
ure S3 in the Supporting Information), which indicates that
the valence state of Rh was maintained throughout the
treatment process, regardless of the preparation method.

In contrast to the Rh K-edge spectra, the Cr K-edge
XANES spectra were all identical, regardless of the prepa-
ration method, as shown in Figure 6B. Although the spectral
shape of the prepared samples was not completely consis-
tent with either K2CrO4 or Cr2O3, the absorption edges were
all at the same position as that of Cr2O3. This is consistent
with the behaviour of metal oxide core systems (Figure 2).
For the photodeposited sample, it was determined by X-ray
photoelectron spectroscopy (XPS) that the positions of the
Cr 2p peaks were consistent with those of the Cr2O3 refer-ACHTUNGTRENNUNGence.[11b] Therefore, the valence state of Cr in the samples
was trivalent and was independent of the nanoparticulate
core type and morphology.

The thickness of the Cr2O3 shell was also dependent on
the pH of the solution in which the photoreduction of
K2CrO4 was conducted. As a result, the water-splitting activ-
ity of samples prepared at different pH were different (Fig-
ure S4 in the Supporting Information). When the deposition
pH ranged from 3.0 to 7.5, there was almost no change in
activity and stoichiometric H2 and O2 were produced under
visible light. As the pH decreased from 3.0 to 2.0, however,
the rates of H2 and O2 evolution both decreased significant-
ly. TEM observations showed that, in the Rh-photodeposit-
ed GaN:ZnO treated with K2CrO4 and visible light at
pH 2.0, almost no core–shell-like structure could be identi-
fied (Figure S5 in the Supporting Information), in contrast
to the sample treated at pH 7.5 (Figure 5). Nevertheless, the
yellow colour of the initial solution, which was due to
K2CrO4, disappeared completely and turned a faint dark
blue, the typical colour of CrIII sulfate. This indicates that
the photoreduction of CrVI ions occurred at this pH condi-
tion, but at this low pH the CrIII ions could not precipitate
as CrIII hydroxide or oxide. Therefore, a relatively neutral
pH is a better choice when coating nanoparticulate cores
with Cr2O3 shells.

Factors affecting the activity : Our previous brief report sug-
gested that the dispersion of Rh nanoparticles is an impor-
tant factor affecting the activity for overall water splitting
under visible light, because it determines the density of
available active surface for H2 evolution.[13] The results ob-
tained in the present study further support this idea. In fact,
the adsorbed sample with a relatively high dispersion of Rh
nanoparticle cores exhibited a higher activity than samples
prepared by photodeposition or impregnation, in which the
Rh nanoparticles were poorly dispersed (Table 2 and
Figure 4).

It is notable that there is a trade-off between the amount
of Rh added and the activity of photodeposited or impreg-
nated samples, but the activity of samples prepared by ad-
sorption saturates at a certain level of Rh addition. In im-
pregnated samples, for example, it was evident from the
SEM images that the density of the introduced Rh nanopar-
ticles on the GaN:ZnO surface increased with increasing ad-
dition of Rh, as shown in Figure 7. The colour of the pre-
pared sample was yellowish green, which turned denser with
increasing Rh addition, indicating an increased density of

Figure 6. A) Rh K- and B) Cr K-edge XANES spectra for Rh-loaded
GaN:ZnO treated with K2CrO4 at pH 7.5 under visible light.
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Rh on the GaN:ZnO. The abrupt increase in activity with
Rh addition from 0 to 0.25 wt % was therefore attributed to
an increase in the density of active sites for H2 evolution.
On the other hand, the decrease in activity at higher Rh
loadings is probably related to excess coverage of the Rh
nanoparticles deposited on GaN:ZnO, as supported by SEM
observations. Such excess loading can cause an inner-filter
effect, contributing to a decrease in activity.[23–26] Another
possibility is that electron–hole recombination on the sur-
face of the Rh catalyst, which was indicated by our recent
spectroscopic study,[27] increases at higher loading, contribu-
ting to a decrease in H2 evolution activity.

In the samples prepared by adsorption, the saturation of
activity occurred because the amount of introduced Rh
nanoparticles reached saturation at 0.3–0.4 wt % for 1.5–
3.0 wt % addition, according to inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis. There-
fore, during the loading process, Rh nanoparticles stabilised
by organic ligands are introduced onto GaN:ZnO by means
of adsorption–desorption. Specifically, hydrogen-bonding
and/or acid–base interaction between sulfonic acid groups
on the Rh nanoparticles and surface hydroxyl and amino
groups on the GaN:ZnO both play important roles. Zhang
et al. suggested the presence of N�H bonds on the surface
of GaN epilayers grown by molecular beam epitaxy on the
basis of a splitting of the N 1s photoelectron signal in their
XPS analysis.[28] Baraton and Gonsalves conducted infrared
spectroscopy analysis of GaN powder and found that GaN
has NH, NH2 and OH groups on its surface.[29] The N 1s
XPS peak of the GaN:ZnO used in the present study can
also be resolved into two peaks (Figure S6 in the Supporting
Information). The major peak is assignable to metal–nitro-
gen bonding in the lattice, whereas the minor one, which ap-
peared at higher binding energy, derives from surface N�H
bonding, according to a previous XPS study of GaN.[28]

Therefore, it is reasonable to conclude that sulfonic acid
groups on the Rh nanoparticles interact with hydroxyl and/
or amino groups on the GaN:ZnO surface by means of hy-
drogen bonding and/or acid–base interaction. This idea is
further supported by the observation that sulfonate-termi-
nated Rh nanoparticles do not adsorb onto GaN:ZnO. As a
result, the amount of Rh thus introduced onto the surface of
GaN:ZnO is limited to a certain level.

Rh species in the sample extract photogenerated electrons
from the conduction band of GaN:ZnO and host active sites
for H2 evolution.[14] Therefore, not only the dispersion of Rh
but also the valence state should be important. XANES

analysis determined that the va-
lence state of Rh in the samples
tended towards metallic in the
order of impregnation!adsorp-
tion!photodeposition, as indi-
cated by the Rh K-edge
XANES spectra (Figure 6A). A
previous study indicated that
metallic Rh is superior to the
oxidised state, both as an elec-

tron collector from GaN:ZnO and as an H2 evolution
site.[12b] As listed in Tables 1 and 2, the activity of the Rh2O3

(core) sample[30] (entry 6, Table 1) was 20 % lower than that
of the sample prepared in a similar manner but with H2-re-
duction treatment (entry 8, Table 2), thereby confirming that
metallic Rh is a better co-catalyst for H2 evolution than the
oxidised state. We also attempted to promote the reduction
of Rh species introduced by impregnation by increasing the
temperature in the treatment procedure. Unfortunately,
however, increasing the reduction temperature beyond
523 K resulted in a decrease in activity (data not shown
here). Presumably, the surface of the GaN:ZnO was dam-
aged by the treatment, because Zn2+ species in the solid sur-
face are susceptible to reduction.[16b, 31] For this reason, the
impregnation method was not effective for the loading of
Rh nanoparticles onto GaN:ZnO.

On the basis of these results, the excellent activity of the
adsorbed samples can be attributed to a high dispersion of
Rh, even though some of the Rh nanoparticles are likely to
be oxidised. It is also preferable for the Rh nanoparticle
core to be in a metallic state, but this appears to be a secon-
dary factor affecting the activity. By utilizing interactions be-
tween the organic groups on the noble-metal nanoparticles
and surface functional groups on a photocatalyst, the load-
ing of highly dispersed noble-metal nanoparticles was dem-
onstrated to be possible. Our preliminary experiments have
demonstrated that various combinations of a noble-metal
nanoparticle and a support (e.g., Au-loaded GaN:ZnO, Rh-
loaded TiO2 and so on) can be prepared with uniform dis-
persion by modifying the protecting ligands of the noble-
metal nanoparticles. These results will be published else-
where as part of our future work.

Conclusion

Photodeposition of Cr2O3 onto nanoparticulate NiOx, RuO2

and Rh2O3 dispersed on GaN:ZnO was shown to be an ef-
fective approach to improve the activity for overall water
splitting under visible light. Suppressing undesirable chemi-
cal changes of a co-catalyst and/or O2 photoreduction are
likely to contribute to this enhanced photocatalytic activity.
Therefore, Cr2O3 photodeposition can improve H2 evolution,
not only on noble metals but also on metal oxides.

The introduction of an Rh species core onto GaN:ZnO
yielded a relatively high activity for visible-light water split-
ting when coated with Cr2O3. High dispersion and non-ag-

Figure 7. SEM images of Rh-loaded GaN:ZnO prepared by impregnation, followed by H2 reduction at 523 K
for 2 h.

Chem. Eur. J. 2010, 16, 7750 – 7759 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7757

FULL PAPERCore–Shell Nanoparticles

www.chemeurj.org


gregation of the Rh nanoparticles are the most important
factors in the enhanced activity of Cr2O3/Rh/GaN:ZnO. Fur-
thermore, the morphology of the Cr2O3 photodeposits on
the Rh nanoparticles was dependent on the valence state of
the Rh and the pH of the solution in which the shell was
formed, but independent of the dispersion of Rh. The shell
thickness of the Cr2O3 photodeposited on Rh became less
uniform as the valence state of the Rh changed from metal-
lic to a trivalent oxide.

Experimental Section

Materials and reagents : GaN:ZnO solid solution semiconductor photoca-
talyst supports were prepared according to the method described previ-
ously.[16] Briefly, a mixture of Ga2O3 and ZnO powders (1.08 g Ga2O3 and
0.94 g ZnO) was heated to 1123 K under an NH3 flow (250 mL min�1).
After 15 h of nitridation, the sample was cooled to room temperature,
while maintaining the NH3 flow throughout. Elemental analysis by ICP
revealed that the material contained Ga (43.9 at %), Zn (6.4 at %), N
(41.9 at%) and O (7.9 at%).[16a] The production of GaN:ZnO was con-
firmed by powder X-ray diffraction (XRD) and energy-dispersive X-ray
(EDX) analysis. The band-gap energy of the as-obtained GaN:ZnO was
2.68 eV, as estimated from the onset of the diffuse reflectance spectrum.
The particle size was typically 200–500 nm, as indicated by scanning elec-
tron microscopy.[16b] The specific surface area determined by nitrogen ad-
sorption at 77 K was approximately 7.4 m2 g�1.[16b]

Ni ACHTUNGTRENNUNG(NO3)2·6 H2O (Kanto Chemicals, 98%), [Ru3(CO)12] (Aldrich Chemi-
cal Co., 99 %), Na3RhCl6·2H2O (Kanto Chemicals, 97 % as Rh),
Na3RhCl6·12 H2O (Mitsuwa Chemicals, 99.9 %), Rh ACHTUNGTRENNUNG(NO3)3 (Kanto Chem-
icals, 99.9 %), RhCl3 (Aldrich Chemical Co., 99.98 %), sodium 3-mercap-
to-1-propanesulfonate (Tokyo Chemical Industry Co., 80%), NaBH4

(Kanto Chemicals, 92 %) and K2CrO4 (Kanto Chemicals, 99%) were
used as precursors to prepare the core–shell-structured nanoparticles
without further purification. In measurements of XAFS and XPS spectra,
Rh2O3 (Kanto Chemicals, 99.9 %), Cr2O3 (Kanto Chemicals, 98.5 %) and
K2CrO4 were used as references.

Modification of GaN :ZnO with nanoparticulate metal oxides : Nanoparti-
culate transition-metal oxide (NiOx, RuO2 and Rh2O3) cores were loaded
onto as-prepared GaN:ZnO by impregnation.[14] For NiOx and Rh2O3,
0.3–0.4 g of GaN:ZnO powder and 3–4 mL of distilled water containing
an appropriate amount of Ni ACHTUNGTRENNUNG(NO3)2·6H2O or Rh ACHTUNGTRENNUNG(NO3)3 were placed in
an evaporating dish on a water bath. The suspension was evaporated
under constant stirring by using a glass rod until complete dryness was
reached. For NiOx loading, the impregnated catalyst was reduced by ex-
posure to H2 (20 kPa) at 573 K for 2 h and then oxidised by exposure to
O2 (10 kPa) at 473 K for 1 h in a closed gas-circulation system.[14d, 19] For
Rh2O3, the impregnated powder was heated in air at 623 K for 1 h. NiOx

and Rh2O3 were loaded at rates of 1 wt % (metallic content). In the case
of RuO2, the GaN:ZnO powder was immersed in a solution containing
dissolved [Ru3(CO)12] in tetrahydrofuran (THF), followed by stirring at
333 K for 5 h. The solution was then dried under reduced pressure by
heating in air at 373 K for 1 h to remove the THF. The resulting powder
was finally heated in air at 623 K for 1 h to convert the Ru species to
RuO2 nanoclusters.[21] The RuO2 loading achieved in this manner was
5 wt %.

Modification of GaN:ZnO with Rh nanoparticles : Modification of
GaN:ZnO powder with nanoparticulate Rh to form the core was carried
out by following three different methods—photodeposition, impregnation
and adsorption—to investigate the effects of preparation conditions on
photocatalytic activity. The preparation procedures are described below.

Photodeposition was conducted in a glass closed gas-circulation system.
The powder was immersed in distilled water (370–400 mL) containing a
given amount of Na3RhCl6. The suspension was evacuated to remove dis-
solved air completely and then irradiated with visible light for 4 h. After

being filtered and washed with pure water, the resulting powder was
dried in an oven at 343 K for 24 h.

In the impregnation method, GaN:ZnO powder (0.3–0.4 g) was im-
mersed in an aqueous solution (3–4 mL) containing different amounts of
[Rh ACHTUNGTRENNUNG(NO3)3] and placed in a water bath. After evaporating the solution to
dryness, the resulting powder was collected and heated with H2 gas
(20 kPa) at 473–623 K for 2 h in a glass closed gas-circulation system.

The adsorption method involved the preparation of nanoparticles by
liquid-phase reduction of RhCl3 in the presence of sodium 3-mercapto-1-
propanesulfonate to obtain Rh nanoparticles stabilised by organic li-
gands. An aqueous solution containing equal molar amounts (15–
90 mmol, corresponding to 0.5–3.0 wt % with respect to GaN:ZnO
powder) of RhCl3 and sodium 3-mercapto-1-propanesulfonate was pre-
pared in a conical flask and reduced by NaBH4 under air. The amount of
NaBH4 added to the solution was 10 times the amount of RhCl3 em-
ployed. The as-prepared Rh nanoparticles were (1.7�0.3) nm in size, as
reported previously.[13] After purification, H-type Amberlyst was added
to the solution to convert the terminal sulfonate groups to sulfonic acid
groups. After removal of the Amberlyst by filtration, the nanoparticles
were loaded onto the GaN:ZnO catalyst by adding the powder (0.300 g)
to the solution. After letting the solution stand for 30 min, the organic li-
gands were eliminated by calcination under vacuum at 673 K for 30 min.
Elemental analysis by X-ray fluorescence spectroscopy confirmed that
sulfur species derived from organic ligands were completely eliminated
by the calcination.

Photoreduction of CrVI to form Cr2O3 shells on nanoparticulate cores :
The formation of Cr2O3 shells on nanoparticulate cores was carried out
by photoreduction of CrVI ions in a Pyrex inner-irradiation-type reaction
vessel connected to a glass closed gas-circulation system.[11] The metal
oxide or metal-loaded sample (0.25 g) was then dispersed in aqueous
K2CrO4 solution (370–400 mL, 0.18–0.23 mm). The pH of the solution
was not adjusted (pH�7.5) unless otherwise stated. After evacuation,
the solution was exposed to visible irradiation (l>400 nm) to reduce
CrVI to CrIII. Irradiation was conducted using a 450 W high-pressure Hg
lamp (UM-452, Ushio) and a Pyrex tube filled with aqueous sodium ni-
trite solution as a filter to block ultraviolet light.[16] During visible-light ir-
radiation, H2 and O2 evolution were observed simultaneously, which indi-
cates that water splitting did occur.[11b] Visible-light irradiation was typi-
cally performed for 4–8 h, until the rates of H2 and O2 evolution become
stoichiometric; that is, overall water splitting was achieved (or, in other
words, the photoreduction of CrVI ceased).[11b] The temperature of the re-
actant solution was maintained at room temperature by a flow of cooling
water during the preparation procedure. The final product was washed
well with distilled water and dried overnight at 343 K.

Characterisation of materials : The prepared samples were studied by
HR-TEM (JEM-2010F, Jeol), SEM (S-4700, Hitachi) and XAFS. XAFS
measurements were carried out at the BL01B1 beamline of the SPring-8
synchrotron facility (Hyogo, Japan) using a ring energy of 8 GeV and a
stored current of 100 mA in top-up mode (proposal nos. 2004B0075-
NXa-np and 2007A1803) and at the BL12C and NW-10A beamlines of
the Photon Factory (High-Energy Accelerator Research Organization,
Tsukuba, Japan) using a ring energy of 2.5 GeV and a stored current of
450–300 mA (proposal nos. 2004G317, 2006G125, 2007G624, and
2008G150). The spectra were measured in transmission or fluorescence
mode at room temperature using a Si ACHTUNGTRENNUNG(111) two-crystal monochromator.
Data reduction was performed using the REX2000 program (Rigaku
Corporation). The photon energies in the XANES spectra were corrected
with reference to Cu foil (8980.3 eV).

Visible-light water-splitting reaction : Photocatalytic reactions were car-
ried out using the same experimental setup as that used for the prepara-
tion of the Rh/Cr2O3 (core–shell) nanoparticles. The reactant solution,
consisting of catalyst (0.15 g) and pure water (370–400 mL), was evacuat-
ed several times prior to reaction to ensure that no air remained in the
reaction vessel. The reactant solution was maintained at room tempera-
ture by a flow of cooling water during the reaction. The evolved gases
were analyzed by a gas chromatograph connected directly to the closed
gas-circulation system. The reproducibility of the rates of H2 and O2 evo-
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lution in this system was confirmed to be within approximately 10%
under the same reaction conditions.
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