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In recent years the photocatalytic water splitting used for the
generation of clean and renewable H, energy has attracted
more and more attention because of energy and environ-
mental issues. To date, many metal-oxide photocatalysts have
enabled great advances in the decomposition of water into H,
and O, under ultraviolet irradiation.!'*) Some visible-light-
driven photocatalysts have also been studied extensively,
including series of nitrides, oxynitrides, oxysulfides, and their
composites, although the quantum efficiency is still too low
for commercial use.*'” Among these, tantalum nitride
(Ta;Ns) with a band gap of 2.1eV (absorption edge at
610 nm) is considered to be one of the most promising
candidates for water splitting under visible light. Despite
intense efforts in previous works,®!""""% research on Ta;Nj
photocatalyst for solar water splitting has progressed at a slow
pace with very low H, evolution activity, and the overall water
splitting has not yet been achieved. The recombination of
photoexcited electrons and holes in the bulk material is one of
the most detrimental factors negatively impacting the photo-
catalytic activity. Another possible reason is the insitu
reverse reaction of the as-formed H, and O, to form H,O
again on the surface of the photocatalyst.

Innovation in the structure and morphology of photo-
catalytic materials is one key to enhancing the charge
separation and transfer efficiency as well as increasing the
density of reaction sites. Earlier studies have revealed that
ordered one-dimensional structures and nanocrystalline mon-
olayer structures can accelerate the separation and transfer of
photon-induced electrons and holes as well as increase the
efficiency of the process.'*') In addition, suitable cocatalysts
can improve the reduction and oxidation activities of water by
an order of magnitude or even more. So far, various noble
metals, such as Pt and Pd, have been reported to act as
effective cocatalysts for the reduction of water to form H,,
whereas some metal oxides, such as RuQO,, IrO,, and CoO,,
have performed better as cocatalysts for the oxidation of
water to form O,.!"! Therefore, loading both H, and O,
evolution cocatalysts onto the same photocatalyst should
improve the water splitting activity further, owing to the
accumulative catalytic effect and rectified charge transport.
Unfortunately, till now, few successful and reliable models of
this have been reported.’*? The cocatalysts were usually
deposited on the surface randomly. The full advantage of
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loading both reduction and oxidation sites, that is, rectified
charge separation, could not be demonstrated.

Herein, we present a novel and simple method for
preparing core/shell photocatalysts modified with spatially
separated cocatalysts to enhance their water-splitting activity.
Taking the Ta;Ns photocatalyst as an example, we show
a proof-of-concept using a SiO,/Ta;Ns core/shell photocata-
lyst loaded with Pt nanoparticles (NPs) on the inner Ta;Nj
shell surface as an electron collector and IrO, or CoO, on the
outer shell surfaces as a hole collector, respectively (see
Figure 1a). This core/shell structure with separated cocata-
lysts has at least two advantages: 1) the core/shell structure
with controllable architecture has a larger surface area and
more active sites than the bulk material, which is advanta-
geous for photocatalytic reactions, and 2) having separated
cocatalysts facilitates the separation and migration of photo-
excited electrons toward the inner and outer surfaces, thereby
decreasing recombination as well as the reverse reaction.

Owing to its simplicity and controllability of particle size
and shape, transparent spherical silica was employed as a hard
template in this study. The amorphous tantala derived from
the hydrolysis of Ta(OEt); was first coated on the surfaces of
Pt NP-loaded silica spheres to form the Ta,Os/Pt/SiO, core/
shell structure. After nitridation in ammonia gas, the Ta;Ns/
Pt/SiO, (TPS) core/shell structure was obtained. Subse-
quently, IrO, or CoO, NPs were deposited on the outer
surface of TPS as a second cocatalyst to form the final
photocatalyst (see Figure 1a and Scheme S1 in the Support-
ing Information). The SiO, cores can also be selectively
dissolved in a hot NaOH solution to fabricate Ta;Ns/Pt (TP)
hollow sphere photocatalysts. More details on the synthesis of

a)

Figure 1. a) Design principle, which involves the use of two separated
cocatalysts on the core/shell Ta;N; photocatalyst as effective charge
collectors for water splitting. b,c) SEM images of the Ta;N;/Pt/SiO,
photocatalyst with 1 wt% Pt NPs loaded between the Ta;N; shell and
SiO, core. d,e) SEM images of Ta;Ns/Pt hollow spheres from Ta;Ns/Pt/
SiO, core/shells after removal of the SiO, core in a hot NaOH
solution.
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core/shell Ta;Ns/SiO, (TS) and modification treatments are
available in the Supporting Information and Figure S1.

Figure 1b—c shows typical scanning electron microscopy
(SEM) images of as-prepared monodisperse TPS core/shell
photocatalysts. The key to prepare core/shell photocatalysts is
that the hydrolysis rate of Ta(OEt)s can be controlled by
adding a small amount of glacial acetic acid.”"! Upon
nitridation, the smooth Ta,Os shell transforms into a nano-
porous Ta;N; shell with wormhole-like structures (Figure S1).
This porosity not only increases the surface area but also
makes the reaction solution accessible to the active sites
where Pt NPs work as a H, evolution promoter. After
removing the SiO, core, monodisperse Ta;Ns hollow spheres
with a thickness of about 40 nm can be obtained, as shown in
Figure 1d-e. The successful formation of hollow spheres
confirms the high uniformity of the tantala coating on the
SiO, templates. Interestingly, as shown in Figure 1d, there
were some large holes (200-300 nm) on the surface of the
Ta;N;5 hollow spheres, originating from a thinner part of the
Ta;Ns shell. This is actually beneficial for enhancing the
exchange rate of the solution between the inside and outside
of the hollow spheres. More detailed characterization of the
core/shell photocatalysts with controllable shell thicknesses,
lower absorption background indicative of fewer defects, and
large surface areas are shown in Figure S2.

To form a core/shell photocatalyst with separated cocata-
lysts, a blue IrO, colloid (0.005-2 wt % ) was loaded on the
TPS photocatalysts by stirring them for 12 h at room temper-
ature. A cobalt oxide cocatalyst was also deposited onto the
TPS samples by an impregnation method followed by heat-
treatment in NH;. These samples were evaluated by X-ray
photoelectron spectroscopy, as shown in Figure S3 in the
Supporting Information. The peak positions were in good
agreement with those for Co*" and Co®" ions reported in the
literature.’>*! This cocatalyst is referred to as CoO, for
simplicity. To confirm the core/shell Ta;N; photocatalyst with
spatially separated cocatalysts, the morphologies of the above
samples were detected by transmission electron microscopy
(TEM) and SEM. Figure 2a shows the low-magnification
image of a cracked Ta;Nj hollow sphere with separated
cocatalysts of CoO, NPs on the outer shell surface and Pt NPs
on the inner shell surfaces. We observed in the high-
magnification images of the cracked Ta;Ns hollow sphere
that Pt NPs about 3-5 nm in diameter were loaded on the
inner shell surface (Figure2c) whereas CoO, NPs about
20 nm in diameter were loaded on the outer shell surface of
the Ta;Ns hollow sphere (Figure 2b). The CoO, NPs on the
outer surface of Ta;Ny spheres were further confirmed by the
SEM shown in Figure 2d. The high-resolution TEM
(HRTEM) image in Figure 2e reveals that the core/shell
TasNs photocatalyst and the loaded Pt cocatalyst were
crystalline. The marked lattice spacings of approximately
3.62 and 2.27 A agreed well with the (110) and (100) planes of
Ta;Ns and Pt, respectively. More HRTEM images are
presented in Figure S4.

To investigate the effect of the structure of the photo-
catalysts on their activity, the half reactions for H, and O,
evolution were tested under visible light. The representative
results were tabulated in Tables S1 and S2, respectively.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a—c) TEM images of a cracked Ta;Ns hollow sphere with
spatially-separated CoO, on the outer shell surface (b) and Pt NP
cocatalysts on the inner Ta;N; shell surface (c). d) SEM images of
core/shell Ta;N; photocatalyst with 2 wt% CoO, cocatalyst loaded on
the outer shell surface. ) HRTEM of Ta;Ns hollow sphere loading with
Pt NPs.

Figure 3a shows the time courses of H, evolution for the TP
hollow sphere, TPS core/shell, and bulk Ta;N; photocatalysts.
The average H, evolution rates in the first 5 h were calculated
to be approximately 6.6, 3.1, and 0.5 umolh™", respectively.
The core/shell or hollow sphere photocatalysts showed
a significantly enhanced performance in comparison with
bulk Ta;N5 photocatalysts owing to the large surface area and
the low density of reduced Ta species. In the core/shell TPS, Pt
still acts as a H, evolution cocatalyst despite being loaded
between the SiO, core and the Ta;Ns shell. This means that
the solution was able to infiltrate the Ta;Njs shell through the
nanopores and wormhole-like structures. Note that the
activity was further improved by removing the SiO, core
and thus exposing more Pt NPs on the inner surface of the
Ta;Njs shell to the reaction solutions. The hollow sphere Ta;Nj
photocatalysts have good stability during the H, evolution
process, as shown in Figure S5.

Figure 3b shows the time courses of H, evolution on core/
shell Ta;Ns photocatalysts loaded with separated and mixed
IrO, and Pt cocatalysts. The average H, evolution rate of TPS
was increased by approximately 50% upon loading
0.025 wt % IrO, cocatalyst on the outer surface. However,
a further increase in the IrO, loading amount to 0.5 wt%
decreased the H, evolution rate, as shown in Figure 3b and
Figure S6a. The loading location of the cocatalysts also played
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Figure 3. a) Time courses of H, evolution on TPS core/shells, TP
hollow spheres, and bulk Ta;N; photocatalysts. b) H, evolution activ-
ities on core/shell Ta;N; photocatalysts with separated and mixed Pt
and IrO, cocatalysts. Reaction conditions: 0.032 g Ta;N; catalyst;

20 mL methanol and 80 mL H,O; 300 W Xe lamp with an L42 cutoff
filter, top irradiation.

a crucial role in H, evolution. For comparison, both 1 wt % Pt
and 0.025 wt % IrO, were loaded on the outer surface of the
TS core/shell photocatalyst. As shown in Figure 3b, the
activity of the resulting sample decreased even at the optimal
loading amount of IrO,. This suggests that the photocatalytic
activity of Ta;Ns can be further improved by introducing the
core/shell structure with separated cocatalysts. The above
concept and new model of a core/shell photocatalyst with
separated cocatalysts on the inner and outer surface are thus
demonstrated to be effective.

Physically separated loading of reduction and oxidation
cocatalysts on the core/shell photocatalysts also improved the
O, evolution performance. Figure 4 shows the time courses of
O, evolution over core/shell photocatalysts with different
cocatalyst loading types, including 1 wt% CoO,-loaded TS,
1 wt% CoO,-loaded TPS, and TS photocatalysts with mixed
loading (1 wt% CoO, + 1 wt% Pt) on the outer surfaces. The
O, evolution rates in the first hour were calculated to be
approximately 202, 392, and 88 umolh™', respectively. These
results highlight the positive effect that the separated loadings
of CoO, and Pt cocatalysts have on the separation of
photoexcited electrons and holes during the O, evolution
reaction. However, the quantum efficiency was still low. The
importance of the core/shell photocatalyst with separated
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Figure 4. Time courses of O, evolution on core/shell Ta;Ns photo-
catalysts with and without spatially separated cocatalysts, using CoO,
as an O, evolution promoter. Reaction conditions: 0.032 g Ta;N;
photocatalyst; 200 mL 0.02 m AgNO; (aq.) containing 0.2 g of La,0; as
a buffer; 300 W Xe lamp with an L42 cutoff filter, top irradiation.

cocatalysts was also confirmed when IrO, was used as an
additional O, evolution promoter resulting in doubled photo-
catalytic activity as shown in Figure S6b. The loading amount
of Pt and CoO, also played an important role in the O,
evolution activity, as shown in Figure S6¢c. The core/shell
Ta;N5 photocatalyst with 1 wt % Pt on the inner shell surface
and 1 wt % CoQ, on the outer shell surface has the best water
oxidation activity in the presence of Ag™.

To clarify the effect of the Pt cocatalyst for the oxidation
of water, the O, evolution experiments using Ta;Ns/Pt hollow
spheres and unplatinized Ta;Ns hollow spheres were per-
formed, and the morphology of the sample after the reaction
were characterized by SEM (Figure S7). Ag NPs were mainly
deposited on the inner surface of Ta;Ns hollow spheres, where
the Pt NPs were loaded. However, without loading the Pt
cocatalyst, only a small amount of Ag particles with smaller
size formed as shown in Figure S7c and S7d. Clearly, it is
easier to reduce Ag NPs on a Pt-modified shell surface than
on a bare Ta;N;s surface, which indicates that the Pt cocatalyst
serves as an electron collector, promoting the oxidation of
water by enhancing the reduction of Ag* ions.

Despite the significant improvement in the photocatalytic
activity for sacrificial H, and O, evolution, the core/shell
Ta;Ns modified with spatially separated cocatalysts did not
show activity for overall water splitting in the absence of
sacrificial reagents. Charge separation based on the spatially
separated loading of cocatalysts was not sufficient likely
because of Schottky barriers at the interfaces of Ta;Ny and the
cocatalysts. In our previous study, it was found that a Schottky
barrier at the interface of an n-type GaN single crystal and Pt
particles prevented injection of photoexcited electrons from
GaN to Pt, whereas a part of the photoexcited holes could be
injected into Pt, when the potential of the n-type GaN was
more positive than the flat band potential.’ In the present
case, the absence of methanol would limit the shift in the
quasi-Fermi level of electrons under photoexcitation. As
a result, photoexcited electrons could not overcome
a Schottky barrier, recombining with holes. A similar concept
should hold regarding the behaviors of photoexcited holes in
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the presence and absence of sacrificial electron acceptors.
Accordingly, we consider that selective electron and hole
injection to H, and O, evolution cocatalysts should neces-
sitate ohmic contacts at the respective interfaces in addition
to physical separation of the cocatalysts. The step-by-step
process presented in this work will offer a shortcut to such
elaborate systems. Further investigation on core/shell photo-
catalysts and physically separated cocatalysts is in progress to
achieve overall water splitting. Note that the present study
also provides a facile and universal route to prepare a series of
core-shell and hollow sphere materials, such as TiO,, Nb,Os,
TaON, BaTaO,N, and so on, with tunable morphology,
component, and separated cocatalysts by simple sol-gel and
template approaches (Figure S8). It is also expected that the
present method can open up a new area in nanotechnology
research to prepare various heterojunction materials by this
method, which have wide applications in photocatalysts,
sensors, solar cells, electronic filters, and drug delivery
carriers.

In summary, we have demonstrated a simple method to
prepare the core/shell photocatalysts with spatially separated
cocatalysts to improve the photocatalytic activity. The result-
ing core/shell Ta;Ns; photocatalyst, the inner and outer
surfaces of which were modified with Pt and IrO, NPs,
respectively, showed significantly enhanced water reduction
and oxidation performance under visible light irradiation. The
high activity was attributed to the core/shell structure and
separated cocatalysts that assisted separation and collection
of the electrons and holes at the respective cocatalysts, owing
to active rectification of electron and hole transport. The ease
and reproducibility of this synthetic approach is expected to
extend to the production of other heterojunction photo-
catalysts with controllable morphology and components
having potential applications in areas of energy conversion
and environmental cleanup.
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