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A composite material consisting of tantalum oxynitride (TaON) and monoclinic zirconium oxide (m-ZrO;) is pre-
pared by a surface modification method as a photocatalyst with enhanced activity for H, evolution from water under
visible light (1 > 420 nm). The composite is prepared by loading particulate Ta,Os with nanoparticulate m-ZrO, fol-
lowed by nitridation at 1123 K for 15h under NH3 flow. The activity of the m-ZrO, /TaON composite for H, evolution
from aqueous methanol solution is higher than that of either m-ZrO, or TaON when loaded with nanoparticulate ruthe-
nium as a H, evolution site. The highest activity is obtained using a composite prepared with a Zr/Ta molar ratio of 0.1.
The optimized material also provides elevated activity when used as an H, evolution photocatalyst in Z-scheme overall
water splitting in combination with Pt-loaded WO3; as an O, evolution photocatalyst and an 103~ /I~ shuttle redox me-
diator. The improvement in activity is attributed to the suppression of surface defect formation by inhibiting tantalum
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reduction during nitridation.

Tantalum oxynitride (TaON)! has been studied extensively
as a visible-light-responsive photocatalyst>* and photoelec-
trode.>® In particular, this material is a promising candidate
as an overall water-splitting photocatalyst to produce clean hy-
drogen fuel, due to its suitable band-edge position’ and stabil-
ity in aqueous media® and under photoirradiation.?* However,
a major drawback of TaON as a photocatalyst is its low activ-
ity for water reduction (i.e. H, evolution),? which can be attrib-
uted in part to the inherently high defect density of TaON
and the lack of a suitable modification method to improve its
reduction behavior.” Tt is therefore important to develop a
new modification and/or preparation method that enhances
the H, evolution activity of TaON.

TaON can be obtained by heating Ta,Os powder under
flowing NHj3 at high temperatures and has a baddelyite-type
structure,'® as illustrated schematically in Figure 1. In most
cases, defects exist on both the surface and in the bulk of solid
photocatalysts, suppressing activity by acting as recombination
centers between photogenerated electrons and holes. To realize
a highly active solid photocatalyst, it is thus indispensable to
eliminate defects in the material. The general strategy adopted
to date to reduce defect density has been to increase the crys-

Figure 1. Crystal structure of TaON.

tallinity of the material by refining the preparation parame-
ters.!!=!15 However, it is difficult to control the crystallinity of
TaON by adjustment of preparation parameter alone because
TaON is an intermediate phase between Ta;Os and Ta;Ns. 2410
Although the calcination of solid photocatalysts after prepara-
tion has been demonstrated to be an effective approach for re-
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Scheme 1. Nitridation of m-ZrO,/Ta,Os composite to produce m-ZrO,/TaON while suppressing the production of reduced tanta-

lum species (defect sites) near the surface of the material.

ducing the density of defects,!”!® such post-calcination ap-

pears to be disadvantageous for TaON due to its low thermal
stability. In fact, post-calcination of TaON under O, or N,
results in a decrease in activity.® The elimination of defects
in TaON therefore remains a challenge.

Zirconia (ZrO,) and related compounds are interesting ma-
terials that have applications as electrolytes in solid oxide fuel
cells,!® as high-temperature structural ceramics,?’ and in catal-
ysis?! and photocatalysis.?>2% ZrO, has three polymorphs:
monoclinic, tetragonal, and cubic. In general, the monoclinic
form is the stable phase at room temperature. At elevated tem-
peratures (>1443K), the tetragonal phase becomes stable,
followed by the cubic phase at even higher temperatures
(>2643 K). Monoclinic ZrO, (m-ZrO,) has a band gap of
5.0eV, and display high photocatalytic activity for overall wa-
ter splitting when irradiated at ultraviolet (UV) wavelengths
(A > 200nm).? It has been reported that m-ZrO, and TaON
can form a solid solution (Zr,Ta;_,O;4,N;_,) with a baddely-
ite structure over the compositional range of 0 < x < 0.28, and
the resultant compound has been found to have a larger band
gap energy than TaON.?728

In the present study, we show a new strategy to reduce sur-
face defects on TaON using ZrO; as a “protector” through a
surface modification technique. Specifically, m-ZrO, nanopar-
ticles are dispersed on the surface of Ta,Os precursor before
nitridation, thereby protecting Ta>* cations in the TaON sur-
face from being reduced by H, (derived from disassociation
of NHj; at high temperatures) during nitridation. As has been
observed for other (oxy)nitrides such as LaTiO,N?° and
TiNxOyFZ,” the reduction of Ta>* cations in TaON during ni-
tridation generates reduced tantalum species, which can act as
recombination centers between photogenerated electrons and
holes. On the other hand, when m-ZrO, is loaded on the sur-
face of Ta,0s, tantalum cations at the interface between Ta,Os
(and/or TaON) and the loaded m-ZrO, are expected to interact

with m-ZrO, and thereby become more cationic. As a result,
the formation of reduced tantalum species on the TaON sur-
face is considered to be suppressed by prior loading with nano-
particulate m-ZrO,. The fact that the temperature required for
nitridation of ZrO, is higher than that of TaON?! is also favor-
able for taking this scenario. The above-mentioned strategy is
illustrated in Scheme 1. This paper reports on characterization
and visible-light photocatalytic activity of the thus-obtained
composite material of m-ZrO, and TaON. The composite
material becomes an active catalyst not only for H, evolution
from an aqueous methanol solution but also for overall water
splitting in Z-scheme under visible-light irradiation (14 >
420 nm), with higher activities than TaON alone.

Experimental

Preparation of Catalysts. Ta;Os loaded with nanoparticulate
m-Zr0y (m-ZrO,/Tay,Os) was prepared with a range of Zr/Ta
molar ratios as precursors for m-ZrO,/TaON composites by the
following solid-state reaction. ZrO(NOs3),-2H,0 (99%; Kanto
Chemicals) and TayOs (99.9%; High Purity Chemicals) powders
were mixed well using a small amount of methanol, and then dried
in an oven at 343 K for 1 h. The resulting powder was subsequent-
ly heated in air at 1073 K for 2h using an Al,O3 crucible. The
m-ZrO, /TaON composite material was prepared by heating the
as-prepared m-ZrO,/Ta,Os powder to 1123 K at 10 Kmin~! un-
der a flow of NH3 (20 mL mL~"). The material was heated at that
temperature for 15 h. The sample was then cooled to room temper-
ature under NHj3 flow.

For comparison, a solid solution of m-ZrO, and TaON
(Zr/Ta = 0.1 by mole) was also prepared according to previously
reported method.”® A mixed-oxide of zirconium and tantalum as
the precursor for the solid solution was prepared by the polymer-
ized complex method reported by Kakihana et al.,?? as follows. In-
itially, 7.623 g of TaCls (99.99%; High Purity Chemicals) and
0.686 g of ZrOCl, -6H,0 (98%; High Purity Chemicals) were dis-
solved in 150 mL of methanol (99.8%; Kanto Chemicals). After
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Figure 2. SEM images of samples obtained by solid-state reaction between ZrO(NOs3),+-2H,0 and Ta,;0Os in air at 1073 K for 2h
with Zr/Ta molar ratios of (a) 0 (Tay0s), (b) 0.05, (¢) 0.1, (d) 0.15, and (e) 0.2. (f) High-resolution image of (b).

complete dissolution, 30 g of ethylene glycol (EG) (99.5%; Kanto
Chemicals) and 22.8 g of anhydrous citric acid (CA) (98.0%;
Wako Pure Chemicals) were added to the solution. The solution
was then heated overnight at ca. 400K to promote esterification
between EG and CA, yielding a glassy resin. The resin was then
calcined at ca. 623 K in a mantle heater to complete decomposi-
tion. Finally, the resulting black powder was calcined on an Al,O3
plate at 923K for 2h in air, and then calcined a second time at
1073 K for 2h. The as-prepared material was nitrided in the same
manner as the composite material above. The product thus ob-
tained is referred to a m-ZrO,-TaON. For use as references in
characterization, m-ZrO, powder (99%) was used as purchased
from Kanto Chemicals, and Ta;Ns was prepared according to
the method reported in a previous paper.??

Nanoparticulate ruthenium and platinum were employed as co-
catalysts to enhance the photocatalytic activity for H, evolution.
Ruthenium-loaded m-ZrO, /TaON was prepared by an in situ pho-
todeposition method according to the method reported in previous
papers.>>24 The rate of ruthenium loading was 0.05 wt % (metallic
content). Modification of m-ZrO,/TaON with nanoparticulate
platinum was carried out by an impregnation method from an
aqueous solution containing H[PtCls], followed by heating under
an H, gas stream at 473 K for 1 h. Platinum-loaded WO; was pre-
pared as an O, evolution photocatalyst for Z-scheme overall water
splitting***3* by immersing WO3 (99.99%; High Purity Chemi-
cals) in aqueous H,[PtClg] solution, followed by calcination in
air at 823 K for 0.5h. The rate of platinum loading was 0.5 wt %
(metallic content) in both cases.

Characterization of Catalysts. The prepared samples were
studied by powder X-ray diffraction (XRD; RINT-Ultimalll,
Rigaku; CuKa), scanning electron microscopy (SEM; S-4700,
Hitachi), energy dispersive X-ray spectroscopy (EDX; Emax-
7000, Horiba), X-ray absorption fine structure (XAFS) spectrosco-
py, X-ray photoelectron spectroscopy (XPS; JPS-9000, JEOL),
and UV-visible diffuse reflectance spectroscopy (DRS; V-560,
JASCO). XAFS measurements were carried out at the BLY9A
beamline of the Photon Factory (High Energy Accelerator
Research Organization, Tsukuba, Japan) using a ring energy of
2.5GeV and stored current from 450-300mA (Proposal
No. 2007G624). The X-ray absorption spectra were measured in

transmission mode at room temperature using an Si(111) two-
crystal monochromator. Data reduction was performed using the
REX2000 program (Rigaku). The photon energies in X-ray ab-
sorption near-edge structure (XANES) spectra were corrected in
reference to copper foil (8980.3 eV) for each sample. The binding
energies determined by XPS were corrected in reference to the
C 1Is peak (284.6eV) for each sample. The Brunauer—-Emmett—
Teller (BET) surface area was measured using a BELSORP-mini
instrument (BEL Japan) at liquid nitrogen temperature.

Photocatalytic Reactions. Reactions were carried out in a
Pyrex top irradiation-type reaction vessel connected to a glass
closed gas circulation system. Photoreduction of H* to H, and
photooxidation of H,O to O, were performed separately in aque-
ous solutions containing methanol or silver nitrate as sacrificial re-
agents, respectively. For water photoreduction, 0.4 g of the cata-
lyst was dispersed in the aqueous methanol solution (80 vol %,
100mL) containing an appropriate amount of (NHa),[RuClg].
For water photooxidation, 0.4 g of the catalyst and 0.2 g of La,0O3
powder were dispersed in the aqueous silver nitrate solution
(10mM, 100 mL). La, O3 buffers the pH of the reactant solution
to pH 8-9 during the reaction.”?»? For Z-scheme overall water
splitting,* 0.1-0.2 g of Pt-loaded m-ZrO,/TaON as an H, evolu-
tion catalyst and 0.2 g of Pt-loaded WO; as an O, evolution cata-
lyst were suspended in an aqueous Nal solution (1 mM, 100 mL).
The reactant solution was then evacuated several times to remove
air completely prior to irradiation under a 300 W xenon lamp fitted
with a cutoff filter and a water filter (4 > 420 nm). The tempera-
ture of the reactant solution was maintained at room temperature
by a flow of cooling water during the reaction. The evolved gases
were analyzed by gas chromatography.

Results and Discussion

Characterization of Oxide Precursors for Nitridation.
Figure 2 shows SEM images of the samples obtained by sol-
id-state reaction between ZrO(NOj),+-2H,O and Ta,Os in air
at 1073 K for 2 h. In the calcined Ta,Os powder, primary par-
ticles of 300-500 nm in size are sintered together to form larg-
er secondary particles of 500-800 nm in size (Figure 2a). The
solid-state reaction between ZrO(NOj3),+2H,0 and Ta,Os re-
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sulted in the appearance of nanoparticles on the Ta,Os surface.
All samples containing zirconium species exhibited a relative-
ly uniform distribution of fine particles (<10 nm), which were
confirmed by EDX analysis to be zirconium species in all
cases (Figure 2f). Aggregates of the fine zirconium species
were occasionally observed (30-80 nm). The size of zirconium
species and the degree of aggregation increased with the Zr/Ta
molar ratio without affecting the particle size of Ta;0Os.
XRD analyses showed that all prepared samples exhibit the
same diffraction patterns as Ta,Os with no noticeable change
in peak position (see Supporting Information, Figure S1). No
diffraction peaks attributable to zirconium species or Zr-Ta-
mixed oxide are apparent, regardless of the Zr/Ta molar
ratio. It has been reported that ZrO(NOs3), decomposes in air
at temperatures above 973 K to give m-ZrO,,% and it was con-
firmed by the present XRD analyses that calcination of
ZrO(NOs3);+-2H,0 in air at 1073 K for 2 h results in the produc-
tion of m-ZrO, (line g, Figure S1). The zirconium species
loaded on Ta,Oj5 are therefore considered to be the monoclinic
form, although the crystalline phase could not be observed due
to the small particle size with high dispersion (Figure 2).
Homs et al. reported the development of a Zr-Ta-mixed oxide
(TaZr,.750g) upon calcination of solids prepared by a sol-gel
method using zirconium propoxide and tantalum ethoxide.3
Under the present preparation conditions, however, no such
mixed oxide was formed, probably due to heterogeneity of
the starting material (mixture of ZrO(NOs3), -2H,0 and Ta,0Os)
and/or relatively low calcination temperature (1073 K).
Structural Properties of Nitridation Products. Figure 3
shows XRD patterns of m-ZrO,/Ta,Os composite materials
with various Zr/Ta molar ratios after nitridation. Ta,0Os,
Ta3zNs, m-ZrO,-TaON solid solution, and m-ZrO, data are
shown for comparison. The samples prepared with Zr/Ta mo-
lar ratios of less than 0.1 exhibit single-phase diffraction pat-
terns indicative of a monoclinic baddelyite structure similar
to TaON and m-ZrO,. As the Zr/Ta molar ratio becomes larg-
er than 0.15, however, small peaks assignable to m-ZrO, ap-
pear (lines e and f). No peaks attributable to Ta;Os, TasNs,
or zirconium (oxy)nitride were observed for any of the pre-
pared samples. Miyake et al. reported that the nitridation of
amorphous zirconium oxide at 1173 K under NH; flow results
in the formation of zirconium oxynitride with various crystal
phases depending on the nitridation time.3! In the present
study, however, the nitridation temperature was lower than that
reported for the synthesis of zirconium oxynitride, and it was
confirmed that the nitridation of m-ZrO, at 1123 K for 15h un-
der NH; flow does not produce zirconium oxynitrides (data not
shown). The positions of the diffraction peaks of the reference
solid solution (m-ZrO,-TaON) were shifted slightly to lower
260 angles (line h) to lie between those of m-ZrQO, (line i)
and TaON (line b). This peak shift is reasonable considering
the relatively large a and b lattice constants of m-ZrO,
(a=53129A, b=52125A, ¢=5.1471 A7 compared to
TaON (a = 4.9494A, b =50166A, c=5.1642A)."° This
peak shift confirms the production of a solid solution of m-
Zr0O, and TaON by the present preparation method, as reported
previously.?”-?® No shifts in the diffraction peak positions were
observed for any of the samples prepared using the m-ZrO,/
Ta,Os composite material, regardless of the Zr/Ta molar ratio,
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Figure 3. XRD patterns of samples obtained by nitriding
m-Zr0,/Ta,05 with Zr/Ta molar ratios of (b) 0, (c)
0.05, (d) 0.1, (e) 0.15, and (f) 0.2 at 1123 K for 15 h under
NH; flow. Data for (a) TayOs, (g) TazNs, (h) m-ZrO,—
TaON solid solution, and (i) m-ZrO, are shown for refer-
ence.

indicating that the formation of a solid solution between
m-ZrO, and TaON did not take place.

The local structure of the prepared samples was studied by
XAFS. The XANES spectra for all prepared samples are iden-
tical, but differ clearly from those for the Ta,Os and Ta3Ns
references (see Supporting Information, Figure S2). This result
indicates that the local structure of the samples is very similar
to TaON, regardless of the Zr/Ta molar ratio employed in
preparation. Figure 4 shows the Fourier transforms (FTs) of
the k3-weighted Ta—Ly; edge EXAFS spectra for TaON and
the sample prepared with a Zr/Ta ratio of 0.1. The data for
the m-ZrO,-TaON solid solution is also shown for compari-
son. The peak at ca. 1.8A in the spectra is due to electron
backscattering by neighboring oxygen and nitrogen atoms,
while that at ca. 3.2 A is ascribed to metal atoms located at a
longer distance than oxygen and nitrogen atoms. The peak at
ca. 3.8A is assignable to the third shell configuration derived
from oxygen and nitrogen atoms. As can be seen, the FTs of
the EXAFS spectra are essentially identical for all samples.
However, comparison of the peak assigned to the second shell
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Figure 4. Fourier transforms of k3-weighted Ta-Ly; edge
EXAFS spectra for samples obtained by nitriding m-
710, /Tay;0Os with Zr/Ta molar ratios of (a) 0 and (b)
0.1 at 1123 K for 15h under NH;3 flow. (c) Spectrum for
m-Zr0,-TaON solid solution (shown for reference).

with that of the first shell suggests that the second shell config-
uration in the solid-solution sample (spectrum c) is weaker
than those indicated in other spectra. When m-ZrO, and TaON
form a solid solution, electron backscattering derived from the
second shell configuration should become weaker due to the
difference in atomic number between tantalum (73) and zirco-
nium (40). The relative weakness of the peak due to the second
shell configuration in the solid solution sample compared to
that for TaON therefore confirms the formation of a solid solu-
tion of m-ZrO, and TaON, consistent with the XRD analysis
(Figure 3). The sample with Zr/Ta = 0.1, on the other hand,
does not exhibit any change in the second shell peak, indicat-
ing that the incorporation of m-ZrO, into the TaON lattice is
negligible in that sample. This result is also in good agreement
with the XRD results (Figure 3).

The atomic composition and the surface valence states of
zirconium and tantalum in the prepared samples were investi-
gated by XPS. Figure 5 shows the XPS spectrum for Zr 3d in
the sample prepared with a Zr/Ta ratio of 0.1. The data for m-
71O, and the m-ZrO,-TaON solid solution are shown for com-
parison. The Zr 3ds,, photoelectron signal for m-ZrO, appears
at 182.2eV (spectrum a), in good agreement with the reported
values (182.1eV).?® The sample displays a photoelectron sig-
nal at the same binding energy as m-ZrO, (spectrum b). How-
ever, the Zr 3ds;; peak for the m-ZrO,—TaON solid solution
appears at 181.3 eV (spectrum c), that is, at lower binding en-
ergy than for m-ZrO, and the m-ZrO,/TaON sample. This
shift in binding energy indicates that the zirconium species
in the solid solution are less cationic than those in m-ZrO,,
which is attributable to the presence of nitrogen in the solid so-
lution. It therefore appears that a Zr—N bond is formed in the
solid solution. This suggestion is reasonable because each con-
stituent element of the solid solution is atomically mixed with
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Figure 5. XPS spectra for Zr 3d in (a) m-ZrO,, (b) the
sample prepared with Zr/Ta ratio of 0.1, and (c) m-
ZrO,—TaON solid solution.

the others, as indicated by the XRD and XAFS measurements
(Figures 3 and 4). Such a shift in binding energy due to a dif-
ference in bond polarity has also been observed for Ta,Os,
TaON, and Ta;Ns.”8 However, the Zr 3ds /2 peak for the pres-
ent sample is not shifted with the respect to that for m-ZrO,,
indicating that the interaction between zirconium species and
nitrogen species is not sufficiently strong to cause a peak shift,
and that the valence state of zirconium species on the surface is
close to that of m-ZrO,.

The XPS spectrum for Ta 4f in the same sample is shown in
Figure 6. The data for Ta,0Os, the m-ZrO,-TaON solid solu-
tion, and TaON (Zr/Ta = 0) are shown for comparison. As
reported previously, TaON produces a photoelectron signal
at lower binding energy (spectrum d) than Ta,Os (spectrum
a), which can be explained in terms of the difference in bond
polarities of Ta—O and Ta-N as mentioned above; that is, the
Ta-N bond is more covalent than the Ta—O bond.”® TaON
consists of TaO3N4 heptahedra in which oxygen and nitrogen
atoms are corner- and edge-shared, respectively (Figure 1),
with Ta—-N bonds in the crystal.!? The Ta 4f; /2 peaks for the
present sample (spectrum b) and the m-ZrO,—TaON solid so-
Iution (spectrum c) appear at almost the same position as
that for the TaON reference. As the interaction between
tantalum and oxygen atoms in TaON becomes stronger, the
Ta 417/, peak should shift to higher binding energies.”
However, it appears that the interaction between oxygen and
tantalum atoms in both the present sample and the solid solu-
tion is too weak to shift the XPS peak compared to that for
TaON.

Table 1 lists the surface atomic compositions for several
samples, as estimated from the areas of the corresponding
XPS peaks. The Zr/Ta surface atomic ratio in the sample pre-
pared with Zr/Ta = 0.1 (Entry 3) is larger than that in the sol-
id solution (Entry 2). As both materials should contain zirconi-
um and tantalum at the same ratio (Zr/Ta = 0.1) on average,
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Table 1. Surface Atomic Ratios of TaON, m-ZrO,-TaON Solid Solution, and m-ZrO,/TaON Composite

Entry Sample Zr/Ta atomic ratio Surface atomic ratio®
in sample Zr/Ta 0/Ta® N/Ta
1 TaON 0 — 1.92 0.84
2 m-Zr0,-TaON solid solution 0.1 0.17 1.70 0.82
3 m-Zr0,/TaON composite 0.1 0.63 2.58 0.78
4 m-ZrQ, /TaON composite 0.2 1.01 3.35 0.84
a) Estimated from corresponding XPS peak areas. b) Estimated from entire peak area of O 1s and Ta 4f.
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32 28 24 20
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Figure 6. XPS spectra for Ta 4f in (a) Ta,Os, (b) the
sample prepared with Zr/Ta ratio of 0.1, (c) m-ZrO,—
TaON solid solution, and (d) TaON (the sample prepared
with Zr/Ta ratio of 0).

the difference in the Zr/Ta surface atomic ratio is considered
to reflect differences in the distribution of each element in
the respective samples. On the basis of results above, it ap-
pears that zirconium and tantalum atoms are mixed atomically
in the solid solution, suggesting that the m-ZrO, components
are segregated to the surface in the present m-ZrO,/TaON
sample. This is supported by the characterization results. As
the Zr/Ta molar ratio employed in preparation increases from
0.1 (Entry 3) to 0.2 (Entry 4), both the Zr/Ta atomic ratio and
O/Ta atomic ratio in the composite material increase, indicat-
ing that the introduced m-ZrO, is stacked on the TaON surface
rather than mixed into the TaON crystal lattice. This is in good
agreement with the results of XRD measurements, which indi-
cate that the diffraction peaks assigned to m-ZrO, strengthen
with increasing Zr/Ta molar ratio (Figure 3). On the other
hand, the N/Ta surface atomic ratio in TaON did not change
noticeably upon modification with m-ZrO, or formation of
the solid solution with m-ZrO,.

SEM images of the nitrided m-ZrO, /Ta;Os composite sam-
ples are shown in Figure 7. As reported previously, as-pre-
pared TaON (Zr/Ta = 0) consists of primary particles of
300-500nm in size with some pores (20-30nm) and a rela-
tively smooth surface.'® The zirconium-containing samples,

on the other hand, exhibit a rough surface morphology with
no significant change in particle size with respect to the orig-
inal TaON. The morphology becomes rougher with increasing
Zr/Ta molar ratio, and for the sample prepared with the high-
est Zr/Ta ratio of 0.2, large aggregates of 50-100 nm in size
are apparent. Considering the results of the XRD, XAFS,
and XPS analyses, most of the introduced m-ZrO, is expected
to be located on the surface of the TaON particles rather than
in the bulk. Therefore, the observed morphology-roughening is
considered to result from the introduction of m-ZrO,. The spe-
cific surface area of the samples increases successively from
4.4 to 5.3m? g~ with increasing Zr/Ta molar ratio (from 0
to 0.2), consistent with the SEM observations. Previous inves-
tigations by high-resolution transmission electron microscopy
(HR-TEM) revealed that the solid-state transformation of
TayOs to TaON by reaction with NH3 is pseudomorphic and
topotactic, producing single-crystalline particles of TaON with
a porous structure from the particulate single-crystalline Ta,Os
precursor.'® Therefore, the loading of nanoparticulate m-ZrO,
onto Ta,Os particles appears to have little effect on the nitri-
dation mechanism from Ta;Os to TaON despite modification
of the surface structure.

Optical Properties of Nitridation Products. The UV-
visible diffuse reflectance spectra for the same set of samples
are shown in Figure 8. The absorption band edge of TaON
(Zr/Ta = 0) appears at ca. 520 nm and is due to electron tran-
sition from the valence band formed by the hybridization of
N 2p and O 2p orbitals to the conduction band consisting of
empty Ta 5d orbitals.?>!%3% The increase in the background
level (longer than 500 nm) of the TaON spectrum is attributa-
ble to the presence of reduced tantalum species (e.g., Ta’*t),
which suggests the presence of surface defects that can act
as recombination centers for photogenerated carriers. TaON
is synthesized by the nitridation of Ta,Os powder at 1123 K
under NH3 flow. At such high temperatures, the reductive at-
mosphere of nitridation can be expected to cause a fraction
of the Ta’" ion population on the surface of the TaON to be
reduced. Similar behavior has been observed for other oxyni-
tride-type materials, such as LaTiO,N% and TiN,COyFZ,30
which are nitrided in a similar manner to the present method.
m-ZrO, /TaON composites with Zr/Ta ratios of 0.05-0.2 ex-
hibit similar absorption profiles to that of TaON, and the posi-
tion of the absorption edge is largely unchanged from that of
TaON. Guenther and Jansen reported that the absorption edge
position of the m-ZrO,—TaON solid solution is successively
shifted to lower wavelengths with increasing m-ZrO, con-
tent.?® As the present materials are not solid solutions but com-
posites of m-ZrO, and TaON, the interaction between m-ZrO,
and TaON is expected to be too weak to shift the absorption
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Figure 7. SEM images of samples obtained by nitriding m-ZrO,/Ta,0Os with Zr/Ta molar ratios of (a) 0, (b) 0.05, (c) 0.1, and

(d) 0.2 at 1123 K for 15h under NH; flow.

-Zr/lTa=0.2
- Zr[Ta=0.15
-Zr/lTa=0.1

-Zr/Ta=0.05
- Zr/Ta=0 (TaON)

350 400 450 500 550 600 650
Wavelength / nm

Kubelka-Munk / a.u.

Figure 8. UV-visible diffuse reflectance spectra for sam-
ples obtained by nitriding m-ZrO,/Ta,Os with various
Zr/Ta molar ratios at 1123 K for 15h under NH; flow.
(Inset) Photograph of samples with Zr/Ta molar ratios
of 0 (left) and 0.1 (right).

edge of TaON to shorter wavelengths. However, minor struc-
tural mixing of m-ZrO, with TaON can be expected at the
interface since m-ZrO, and TaON possess the same mono-
clinic baddelyite structure.?’-?

An important observation to mention here is the decrease in
the background level of TaON upon modification with m-
ZrQ,, which indicates that m-ZrO, modification is effective
for suppressing the formation of reduced tantalum species dur-
ing nitridation. As mentioned above, the reduced tantalum spe-
cies are considered to be generated near the surface of the
TaON rather than in the bulk. Nitridation of the m-ZrO,/
Ta,0s composite at 1123 K causes Ta,Os to transform to
TaON while preserving the original particle size as pseudo-
morphic and topotactic process.'® The m-ZrO, itself does not

undergo nitridation. Tantalum cations at the interface between
Ta,0s (and/or TaON) and the loaded m-ZrO, are expected to
interact with m-ZrO, and thereby become more cationic. As a
result, the formation of reduced tantalum species, which can
act as recombination centers between photogenerated electrons
and holes, on the TaON surface would be suppressed by prior
loading with nanoparticulate m-ZrO,. Whereas the formation
of a solid solution between m-ZrO, and TaON results in a
blue-shift of the absorption edge of TaON,? the formation
of a composite of m-ZrO, and TaON allows the original ab-
sorption edge position of TaON (ca. 520 nm) to be maintained.
This is desirable from the viewpoint of visible-light utilization
in photocatalysis. The as-prepared TaON powder is yellowish-
green in color, while the m-ZrO,/TaON composite is brilliant
yellow (Figure 8, inset). The above-mentioned idea that the re-
duction of tantalum species in the TaON surface during nitri-
dation can be suppressed by modification with m-ZrO, seems
to contradict the result of XPS analysis, which showed that the
Ta 4f;,, peak of the composite sample appeared at the same
position as that of TaON (Figure 6). Presumably, the change
in the state of surface tantalum species between the two sam-
ples is too small to detect by XPS measurement.

On the basis of the characterization above, it is concluded
that the nitrided m-ZrO,/Ta, 05 composites are not solid solu-
tions of m-ZrO, and TaON but rather composites of m-ZrO,
and TaON with monoclinic baddelyite structure and relatively
low surface defect density.

Water Reduction and Oxidation Activity of m-ZrQO,/
TaON Composite Catalysts. Figure 9A shows the depend-
ence of the initial rate of H, evolution from aqueous methanol
solution by Ru-loaded m-ZrO,/TaON catalysts under visible
light (1 > 420nm) on the Zr/Ta molar ratio employed in
preparation of the material. Since the rate of H, evolution from
aqueous methanol solution by TaON modified with Ru is much
faster than those achieved using other noble metals such as
Pt,** we employed Ru as a cocatalyst for H, evolution by
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Figure 9. Dependence of initial rate of (A) H, evolution
from an aqueous methanol solution (80 vol %) by Ru-load-
ed m-ZrO,/TaON and (B) O, evolution from a silver ni-
trate solution (10 mM) containing 0.2 g of La,O3 by m-
ZrO,/TaON under visible light (4 > 420nm) on Zr/Ta
molar ratio of m-ZrO,/TaON composite. Reaction condi-
tions: catalyst, 0.4g; reactant solution, 100mL; light
source, xenon lamp (300 W) with cutoff filter; reaction
vessel, top inner-irradiation type.

the present photocatalysts to produce more H,, thereby making
it clear to judge the optimal Zr/Ta molar ratio. All catalysts
produced H, upon irradiation at visible wavelengths. The
rate of H, evolution increased with the Zr/Ta molar ratio to
a maximum at Zr/Ta = 0.1, beyond which the activity of
the catalysts began to decrease gradually.

The initial rate of O, evolution from aqueous silver nitrate
solution under visible light is shown as a function of the Zr/
Ta molar ratio in Figure 9B. In contrast to the case for H, evo-
lution activity, the O, evolution activity decreased gradually
with increasing Zr/Ta molar ratio, indicating that modification
of the TaON surface with m-ZrO, has a detrimental effect on
water oxidation.

The present m-ZrO,/TaON catalyst is considered to under-
go the following processes when exposed to visible light
(A > 420nm). The TaON component absorbs photon energy
greater than the band gap energy, generating electrons and
holes in the conduction and valence bands, respectively. The
conduction band electrons and valence band holes cause sur-

face chemical reactions. However, the m-ZrO, component
does not absorb photons at visible wavelengths because the
band gap (ca. 5.0eV) is too large to allow the absorption of
visible light. No gas evolution was detected over m-ZrO, when
employed as a photocatalyst under the present reaction condi-
tions. Furthermore, as the bottom of the conduction band
(—1.0V, vs. NHE at pH 0) and the top of the valence band
(+4.0V, vs. NHE at pH 0)>" of m-ZrO, are more negative
and more positive than those of TaON (conduction band edge,
—0.3V; valence band edge, +2.2 v),’ respectively, electron
transfer from the conduction band of TaON to the conduction
band of m-ZrO, and transfer of holes from the valence band of
TaON to the valence band of m-ZrO, should be energetically
unfavorable. Based on such a scenario, m-ZrO, on the TaON
surface will not take part in the charge-transfer process, even
though m-ZrO, has been reported to function as a photocata-
lyst for methanol oxidation.?® It is thus reasonable to conclude
that under visible light, surface chemical reactions take place
on the surface of the TaON component in the m-ZrO,/TaON
composite catalyst.

The introduction of m-ZrO, onto the surface of TaON ap-
pears to have at least two effects on activity; the positive effect
of the suppression of surface defect formation (see Figure 8)
related to the reduction of tantalum species under nitridation,
and the negative effect of obscuring catalytically active sites
on the TaON surface and thereby preventing TaON from par-
ticipating in chemical reactions. In the case of H, evolution
(Figure 9A), the increase in activity with increasing Zr/Ta mo-
lar ratio is attributable to the suppression of defect generation
during nitridation. On the other hand, the reduction in activity
over the compositional range of Zr/Ta = 0.1-0.2 can be as-
cribed to excess m-ZrO, coverage on the TaON surface. Nev-
ertheless, the m-ZrO,/TaON composite catalyst with Zr/Ta
molar ratio of up to 0.2 exhibits higher activity than TaON
alone. It thus appears that m-ZrO, has no detrimental effect
on activity at compositions up to Zr/Ta = 0.2. In the case
of O, evolution (Figure 9B), on the other hand, the negative
effect of the m-ZrO, component on activity is significant,
effectively overwhelming any increase in activity due to the
positive effect (reduction of surface defects).

Nakamura et al. reported that TaON has similar oxidation
ability for both water and methanol.’ It is therefore speculated
that the methanol oxidation ability of the m-ZrO,/TaON cata-
lyst will also be lower than that of TaON. If the oxidation abil-
ity of TaON for methanol oxidation by valence band holes is
reduced upon modification with m-ZrO,, water reduction by
conduction band electrons should also be hindered due to the
inefficient consumption of photogenerated holes. However,
as seen here, the activity of the present catalyst for water re-
duction is higher than that for TaON (Figure 9A). The positive
effect of m-ZrO, modification on water reduction activity may
therefore be quite large, suggesting that the surface modifica-
tion of TaON with m-ZrO; is an effective approach for enhanc-
ing the H, evolution activity of TaON. Although thermal re-
duction of metal cations in (oxy)nitrides during nitridation is
one of the serious problems in (oxy)nitride-based photocataly-
sis, the present strategy that a nitridation-stable material is em-
ployed as a “protector” may be useful for other (oxy)nitride
photocatalysts to improve activity.
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Figure 10. Time courses of H, evolution from aqueous Nal
solution using (a) Pt-loaded TaON, (b) Pt-loaded m-ZrO,/
TaON (Zr/Ta = 0.1), and (c) Pt-loaded m-ZrO,/TaON
(Zr/Ta = 0.1) with the intentional addition of NalOj
(1 mM) under visible light (4 > 420 nm). Reaction condi-
tions: catalyst, 0.1 g; cocatalyst, 0.5 wt % Pt; reactant solu-
tion, aqueous Nal solution (1 mM, 100 mL); light source,
xenon lamp (300 W) with cutoff filter; reaction vessel,
top inner-irradiation type.

Application to Z-Scheme Overall Water-Splitting
System. Our group has previously reported that the stoichio-
metric decomposition of pure water into H, and O, can be
achieved under visible light (4 > 420nm) using Pt-loaded
TaON for H, evolution and Pt-loaded WO;5 for O, evolution
in an 1037 /I~ shuttle redox-mediated system (Z-scheme over-
all water splitting).* The enhanced water reduction activity of
the m-ZrO,/TaON catalyst, as presented in the previous sec-
tion, is also expected to be observed in the Z-scheme system.
The most active of the m-ZrO,/TaON composites (Zr/Ta =
0.1 by mole) was thus examined in combination with Pt-loaded
WO; for the decomposition of pure water under visible light
(A > 420 nm). In this system, m-ZrO,/TaON is the H, evolu-
tion catalyst, and Pt-loaded WO3 is the O, evolution catalyst
and 1037 /I~ shuttle redox mediator. Photocatalytic H, evolu-
tion was first examined using aqueous Nal solution. As report-
ed previously, under visible light, Pt-loaded TaON produces
H, from an aqueous solution containing Nal as an electron
donor.* Visible-light-driven H, evolution was also observed
using Pt-loaded m-ZrO,/TaON (Zr/Ta = 0.1), as shown in
Figure 10 (curve b). The initial activity of the Pt-loaded m-
ZrO,/TaON catalyst is approximately 1.6 times higher than
that achieved using Pt-loaded TaON. However, the rate of
H, evolution using either catalyst decreases as the reaction
proceeds. This deactivation is ascribed to the backward reac-
tion (photoreduction of 103~ by photogenerated electrons),
which takes place in the conduction band of the catalyst.*
When I~ is used as an electron donor for H, evolution with
Pt-loaded TaON, 103~ is produced by the photooxidation of
I~ by valence band holes. As IO;~ is more susceptive to re-
duction than H* (103~ /I, +0.67V; H*/Hy, —0.41V vs.
NHE at pH 7), H, evolution ceases when the concentration
of 105~ reaches a certain level.*3* When the reaction was
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Figure 11. Time course of H, and O, evolution using a
mixture of Pt-loaded m-ZrO,/TaON and Pt-loaded WOj3
from aqueous Nal solution under visible light (1 >
420 nm). Data for the corresponding TaON-based system
are also shown. Reaction conditions: catalyst, 0.2g of
each; cocatalyst, 0.5wt% Pt; reactant solution, aqueous
Nal solution (1 mM, 100mL); light source, xenon lamp
(300 W) with cutoff filter; reaction vessel, top inner-irradi-
ation type. Solid circles, H, (m-ZrO,/TaON-based sys-
tem); open circles, O, (m-ZrO, /TaON-based system); sol-
id squares, H, (TaON-based system); open squares, O
(TaON-based system).

carried out in the presence of both I~ and 103~ (I mM of
each), the rate of H, evolution decreased markedly (Figure 10,
curve c), providing evidence for the above competitive model.
Similar behavior has been observed for Pt-loaded anatase-TiO,
and Pt-loaded SrTiO3 codoped with chromium and tantalum in
H, evolution from aqueous Nal solution.?*** Compared with
TaON, however, the m-ZrO,/TaON (Zr/Ta = 0.1) composite
is relatively robust with respect to the deactivation observed in
the above reaction. This result implies that the selectivity of
H* photoreduction by Pt-loaded m-ZrO,/TaON (Zr/Ta =
0.1) is better than that by Pt-loaded TaON. In contrast, no
O, evolution was observed when the Pt-loaded m-ZrO,/TaON
(Zr/Ta = 0.1) catalyst was irradiated with visible light in the
presence of 103~ (10 mM), suggesting that I~ produced by
the photoreduction of 103~ readily reacts with photogenerated
holes in the valence band of the material.* These reactivities
are desirable for H, evolution in Z-scheme overall water split-
ting using an 103~ /I~ shuttle redox mediator.>*

Finally, Pt-loaded WOs3 as a catalyst for O, evolution was
added to the aqueous solution containing Pt-loaded m-ZrO,/
TaON (Zr/Ta = 0.1) and Nal. A typical time course of H,
and O, evolution under visible light is shown in Figure 11.
Data for the TaON-based system is also shown for comparison.
The gas phase was evacuated every 8 h, and the reaction was
allowed to proceed for a total of 40h to evaluate stability. In
the initial stage of the reaction, the rate of O, evolution is
slightly lower than that expected from the stoichiometry. As
the reaction proceeds, however, the H, /O, evolution ratio be-
comes close to the stoichiometric value (H,/O, = 2). Clearly,
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the m-ZrO,/TaON-based catalytic system exhibits stable gas
evolution behavior, and achieves better performance than the
comparable TaON-based system. The total production of Hj,
and O, after 40 h was 240 umol, substantially larger than the
total amount of Nal employed as a shuttle redox mediator
(100 pmol). The simultaneous evolution of H, and O, was
not observed when one component of the system (Pt-loaded
m-ZrO, /TaON (Zr/Ta = 0.1), Pt-loaded WOs3, Nal) was ab-
sent. In addition, no gas evolution was observed without irra-
diation. These results clearly demonstrate that overall water
splitting proceeds photocatalytically according to the Z-
scheme. However, it appears that the activity realized in the
m-ZrO, /TaON system is only approximately 1.5 times higher
than that achieved using TaON, despite the promising catalytic
performance of Pt-loaded m-ZrO,/TaON in H, evolution from
aqueous Nal solution (Figure 10). It has been reported that
105~ anions in the solution, even at low concentrations, read-
ily adsorb onto the surface of Pt-loaded WOs, efficiently react-
ing with photogenerated electrons in the catalyst and thereby
achieving efficient O, evolution.>* The prompt photoreduction
of 103~ to I” on Pt-loaded WO; ensures that the concentration
of 105~ in the reactant solution remains very low during the
reaction,* effectively suppressing the photoreduction of 103~
to I” (undesirable backward reaction) on the H; evolution pho-
tocatalyst. As a result, the enhanced catalytic performance of
Pt-loaded m-ZrO,/TaON for H, evolution from aqueous Nal
solution may be obscured under the Z-scheme conditions by
the strong activity of Pt-loaded WOj3 for the reduction of 103~
to I™. Nevertheless, the higher activity of the m-ZrO,/TaON-
based system compared to the TaON-based system can be rea-
sonably attributed to the enhanced activity for water reduction
resulting from the lower density of surface defects, although
the quantum efficiency of both systems are almost comparable.
The enhancement of water reduction activity is considered
critical to developing a highly efficient Z-scheme overall wa-
ter-splitting system consisting of Pt-loaded WO3; as an O, evo-
lution catalyst and an 103~ /I~ shuttle redox mediator. Further
improvement of the activity of this system, including refine-
ment of the catalyst preparation method and reaction condi-
tions, will be published as part of future work.

Conclusion

A composite material consisting of m-ZrO, and TaON
(Zr/Ta = 0-0.2 by mole) was successfully prepared by nitrid-
ing Ta;Os loaded with nanoparticulate m-ZrO, at 1123 K for
15h under NH; flow. When loaded with appropriate noble
metals to promote H, evolution, the composite material is ac-
tive for the photocatalysis of H, evolution from aqueous meth-
anol solution and Z-scheme overall water splitting, achieving
higher activity than for TaON alone. Suppression of the gener-
ation of reduced tantalum species during nitridation is shown
to be important to enhance H, evolution activity of TaON.
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XRD patterns of samples obtained by solid-state reaction be-
tween ZrO(NOs3),-2H,0 and Ta,Os in air at 1073 K for 2 h with
different Zr/Ta molar ratios (Figure S1) and Ta-L; edge XANES
spectra for samples obtained by nitriding m-ZrO, /Ta;Os with dif-
ferent Zr/Ta molar ratios at 1123 K for 15 h under NH3 flow. This
material is available free charge on the Web at: http://www.csj.jp/
journals/bcsj/.
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