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a b s t r a c t

Perovskite-like NaTaO3 photocatalysts, synthesized by sol–gel and solid-state methods, were loaded with
NiO co-catalyst to enhance water splitting activity under UV illumination. Activity increased significantly
with NiO loading and reached a maximum at 3 and 0.7 wt%, respectively, for the sol–gel and solid-state
synthesized NaTaO3. Beyond this point, photocatalytic activity decreased with further loading. Analysis
using X-ray diffraction, high-resolution transmission electron microscopy, and diffuse reflectance spec-
troscopy shows that the interdiffusion of Na+ and Ni2+ cations created a solid–solution transition zone
on the outer sphere of NaTaO3. For NiO contents less than 3 wt%, no NiO clusters appeared on the NaTaO3

surface, and the reduction/oxidation pretreatment did not enhance photocatalytic activity. The high
activity resulting from a low NiO loading suggests that the interdiffusion of cations heavily doped the
p-type NiO and n-type NaTaO3, reducing the depletion widths and facilitating charge transfers through
the interface barrier.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

In the field of photon energy conversion, photocatalytic water
splitting represents a viable technique for producing renewable
and clean hydrogen energy using light illumination [1,2]. To date,
numerous metal oxide semiconductor materials have been used
to catalyze water into H2 and O2, e.g., TiO2 [3–5], SrTiO3 [5], InTaO4

[6], Sr2M2O7 (M = Ta, Nb) [7], H2La2/3Ta2O7 [8], K4Nb6O17 [9], and
NaTaO3 [10–21]. Among these materials, NaTaO3 has exhibited
promising activity and stability under UV irradiation, especially
when loaded with co-catalyst. Therefore, NaTaO3 is becoming a
model compound for in-depth investigations on a variety of as-
pects of photocatalytic water splitting [22–24].

Most metal oxides are n-type semiconductors, which create a
depleted space charge region when brought into contact with
water. Because of the high electric field in the space charge region,
photogenerated holes migrate toward the interface while electrons
migrate toward the interior. In this case, a co-catalyst, which
serves as an electron trap, is needed to assist water reduction for
H2 production [25–28]. Platinum is generally used as a co-catalyst
for H2 generation [3–5]. However, a Schottky barrier typically
forms between Pt and metal oxide catalysts. When NaTaO3 is used
as a photocatalyst for water splitting, Pt does not provide sites for
effective H2 generation [8]. This may be because the Pt co-catalyst
also catalyzes the back reaction between H2 and O2 [29–32] or
ll rights reserved.

.

because it does not create a favorable interface for NaTaO3 to facil-
itate charge transfer. In contrast, NiO loading effectively introduces
active sites on NaTaO3 for water splitting [10–14].

NiO is a p-type semiconductor with a band gap energy ranging
within 3.5�4.0 eV [33]. When in contact with water, a p-type semi-
conductor forms a band that is bent to lead photogenerated elec-
trons into the aqueous phase. The p-type conductivity of NiO
results from the presence of Ni3+ ions and cationic vacancies due
to the incorporation of chemisorbed oxygen into the NiO lattice
[34–37]. The Ni3+ ions are positive holes. Because of the low con-
centration of Ni3+, NiO has a low conductivity. The conductivity
of NiO can be increased by adding an aliovalent dopant. For exam-
ple, NiO can react with alkaline oxide to form AxNi2þ

1�2xNi3þ
x O

(A = alkaline metal), which exhibits a conductivity much higher
than that of NiO [33]. Therefore, the Na+ ions in NaTaO3 may help
NaTaO3 and NiO construct an effective p/n junction [38,39], which
works as an active site for H2 evolution. However, the structure of
NiO as a co-catalyst has never been explored in detail.

On the basis of the discussion above, a detailed examination of
the structure of the NiO deposited on a photocatalyst is essential to
elucidating the charge transfer mechanism at the water/catalyst
interface. Therefore, this study investigates the crystalline frame-
work of the NiO/NaTaO3 interface using the selected area electron
diffraction technique. Based on the revealed crystalline structure,
this study proposes a band energy diagram for this p-NiO/n-Na-
TaO3 junction in an attempt to illustrate how the NiO co-catalyst
can effectively promote the activity of various oxide photocatalysts
in water splitting.

http://dx.doi.org/10.1016/j.jcat.2010.03.020
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Fig. 1. SEM images of naked NaTaO3 powders: (a) the solid-state synthesized
NaTaO3, i.e., SS; (b) the sol–gel synthesized NaTaO3, i.e., SG.

Table 1
The BET surface areas of sol–gel and solid-state synthesized NaTaO3 (SG and SS,
respectively) with different amounts of NiO loading.

NiO content in NaTaO3 (wt%) BET surface areaa (m2 g�1)

NiO/SG NiO/SS
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2. Experimental

Sol–gel and solid-state methods were used to synthesize
NaTaO3 specimens. The sol–gel synthesis method was analogous
to those reported elsewhere [17,18]. In brief, solutions of CH3COO-
Na (Nihon Shiyaku, Japan), TaCl5 (Alfa Aesar, USA), and citric acid
(C6H8O7�H2O; Riedel–de Haën, Germany) were mixed at a Na/Ta/
citric acid molar ratio of 1/1/5 to form a sol solution. The solution
was continuously stirred at 80 �C until the sol became a coagulated
gel. This gel was then calcined at 350 �C for 1 h and then at 500 �C
for 3 h to produce the sol–gel synthesized NaTaO3 product, which
was designated as SG. NaTaO3 was also synthesized following the
conventional solid-state method [17,18], in which a mixture of
Na2CO3 (Nihon Shiyaku, Japan) and Ta2O5 (Alfa Aesar, USA) pow-
ders was calcined in air at 1200 �C for 10 h. This calcination was
conducted three times with intermediate grinding at ambient tem-
perature. To compensate for volatilization loss, the amount of Na in
the precursor mixture was 5% in excess. The resulting solid-state
synthesized powder was designated as SS.

To load NiO onto the synthesized NaTaO3 catalysts (SG and SS),
1 g of NaTaO3 powder and a suitable amount of aqueous
Ni(NO3)2�6H2O (Showa, Japan) solution were mixed in a crucible.
The slurry was stirred continuously with a glass rod in a water bath
at 80 �C to evaporate the water. The dried mixture was then cal-
cined in air at 350 �C for 1 h to produce a NiO/NaTaO3 catalyst. Pre-
vious research indicates that a Ni@NiO core–shell structure is
effective as a co-catalyst for water splitting [2,30]. For comparison,
some of the prepared NiO/NaTaO3 catalysts were reduced in a H2

atmosphere at 400 �C for 2 h and subsequently oxidized in air at
200 �C for 1 h to produce catalysts deposited with Ni@NiO com-
pounds, i.e., NiOx/NaTaO3 catalysts.

The crystalline structure of the specimens was characterized by
powder X-ray diffraction (XRD) using a diffractometer (Rigaku
RINT 2100, Japan) with Cu Ka radiation (k = 1.5418 Å) at 40 kV
and 40 mA. The XRD patterns were collected at 2h angles of
20�70� at a scan rate of 4 deg min�1. The surface morphologies
and microstructures were explored with scanning electron micros-
copy (SEM; JEOL JSM-6700F, Japan) and high-resolution transmis-
sion electron microscopy (HRTEM; FEI Tecnai, G2 F20, Philips,
USA). The N2 surface area was determined with the Brunauer–Em-
met–Teller (BET) equation at �196 �C using an adsorption appara-
tus (Micromeritics ASAP 2010, USA). Diffuse reflection spectra
were measured for the specimens using an ultraviolet–visible–near
infrared (UV–Vis–NIR) spectrometer (Hitachi U-4100, Japan)
equipped with an integration sphere.

Photocatalytic reactions were conducted at ca. 25 �C in a gas-
closed inner irradiation system. The light source was a 400-W
high-pressure mercury lamp (SEN HL400EH-5, Japan). One gram
of the NaTaO3 powder was suspended in 1100 ml of pure water
by a magnetic stirrer in an inner irradiation cell made of quartz.
A jacket between the mercury lamp and the reaction chamber
was filled with flowing thermostatted cooling water. The mercury
lamp spectrum with which the reacting system was irradiated was
obtained using a photodetector (Oriel, Model 71964, USA) coupled
with a Cornerstone 130 monochromator (Oriel) having a band-
width of 10 nm. The amounts of H2 and O2 evolved were deter-
mined using gas chromatography (Hewlett–Packard 6890, USA;
molecular sieve 5A column, thermal conductivity detector, argon
carrier gas).
0 29 0.6
0.05 29 1.5
0.7 27 1.6
3 24 3.6
8 20 6.8
15 25 10

a Surface area of bulk NiO = 30 m2 g�1.
3. Results and discussion

Fig. 1 shows the SEM images of naked SG and SS NaTaO3 pow-
ders. The particle size of the SS NaTaO3 was primarily within 13
lm, as Fig. 1a indicates. Fig. 1b shows that the sol–gel method syn-
thesized a powder (SG) with particles smaller than those of SS. In
addition, the surface of SS was smooth, in contrast to the rugged
surface of SG. Because both particle size and surface roughness af-
fect the exposed area of the specimens, Table 1 shows that the
naked SG NaTaO3 had a surface area of 28 m2 g�1, much greater
than that of the SS NaTaO3.

NiO loading varied the surface roughness of these NaTaO3 pow-
ders. Table 1 shows that the surface area of NiO/SS increased with
increasing NiO content, as well as with an increase in surface
roughness. Conversely, the surface area of the NiO/SG specimens
decreased with NiO loading up to 8 wt%. The loaded NiO may have
filled the voids on the SG NaTaO3, leading to a decrease in surface
area. The greater surface area of the 15 wt% NiO/SG, relative to that
of 8 wt% NiO/SG, seems to indicate that extra NiO loading in-
creased surface roughness.
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Fig. 2 shows the XRD patterns of the naked and NiO-loaded
NaTaO3 specimens. All specimens exhibited the distinct and sharp
diffraction peaks characteristic of NaTaO3. The NiO diffraction
peaks are only apparent for specimens with a high NiO loading
(>8 wt%). This indicates that the NiO was evenly dispersed on the
NaTaO3 surface. Although the NaTaO3 peaks of SG and SS are lo-
cated at similar positions, our previous studies have identified
the crystal structures of SG and SS as monoclinic and orthorhom-
bic, respectively [17,18,40].

Stoichiometric nickel(II) oxide is a pale green solid of very low
conductivity. Alkaline metal oxides can react with nickel oxide to
form solid solutions and transform insulating NiO to semiconduct-
ing AxNi2þ

1�2xNi3þ
x O [33]. The introduction of alkaline metal ions sta-

bilizes the p-type conductivity of nickel oxide and turns it black.
This study shows that the color of the naked SG and SS was white
and that they turned gray with low degrees of NiO loading
(<3 wt%). This indicates the presence of black semiconducting nick-
el oxide in the NiO/NaTaO3 specimens. The Na+ cations might have
penetrated the framework of the deposited NiO to form a solid
solution. Crystal type analysis shows that both NiO (with a rock
salt structure) and NaTaO3 (with a perovskite-like structure) have
cubic close-packing arrays (composed of O and Na/O, respectively)
with octahedral sites fully or partially occupied by cations (Ni and
Ta, respectively). This structural similarity suggests the partial dis-
solution of NiO into NaTaO3. Previous research shows that Ni cat-
ions can diffuse into Ta2O5 easily via thermal treatment because
of the similar cationic radii [41], 0.69 and 0.64 Å for Ni and Ta,
respectively.
Fig. 2. X-ray diffraction patterns of sol–gel and solid-state synthesized NaTaO3 catalysts w
NiO contents are shown in wt%. The insets show the magnification of the diffraction pe
A detailed review of the XRD patterns and the results in this
study shows that the 2h positions of NaTaO3 peaks shift slightly to-
ward a larger 2h value with NiO loading. For example, the insets of
Fig. 2 show the position change of the peak located at ca. 22.8�. The
shift toward a larger 2h value corresponds to contraction of the Na-
TaO3 perovskite lattice as a result of structural distortion or the
replacement of some Na cations (1.02 Å) with smaller Ni cations.
The NiO/SG specimens show a more obvious shift in the diffraction
peak than the NiO/SS. This is due to the larger surface area of the
SG powder, whereby the dissolution of NiO into NaTaO3 is more
significant for NiO/SG than for NiO/SS.

Fig. 3 shows the representative HRTEM images and correspond-
ing selected area electron diffraction (SAED) patterns of the NiO/SG
catalysts. Fig. 3a shows the naked SG NaTaO3 particles, in which
the lattice fringes are visible. The interplanar spacing shown in this
figure is approximately 0.2754 nm, which corresponds to the d-
spacing of (1 0 1) planes in the monoclinic phase NaTaO3 (P2/m,
JCPDS 74-2485). The inset of Fig. 3a shows the SAED pattern, which
matches well the monoclinic NaTaO3 crystal projected along its
[0 1 0] direction. For SG powder with NiO content of 0.7 and
3 wt%, HRTEM images (Fig. 3b and c) reveal no NiO clusters. How-
ever, the dissolution of NiO into NaTaO3 obviously occurred. NiO
loading caused variations in the lattice fringes and electron diffrac-
tion patterns around the periphery of the particles. For the 3 wt%
NiO/SG catalyst, the inset of Fig. 3c shows that a thin layer of het-
erostructure was present around the particle periphery, with its
lattice fringes deviating from those of SG. To get a better perspec-
tive on the structure variation, this study uses selected area elec-
ith different amounts of NiO loading: (a) NiO/SG catalysts; (b) NiO/SS catalysts. The
ak around 22.8�.



Fig. 3. High-resolution TEM images of SG NaTaO3 catalysts with different amounts of NiO loading: (a) naked SG; (b) 0.7 wt% NiO/SG; (c) 3 wt% NiO/SG; (d) 15 wt% NiO/SG. The
insets of (a), (b), and (d) show the selected area electron diffraction patterns of NaTaO3. The inset of (c) shows the magnification of the particle periphery. The arrow in (c)
indicates the spots where electron diffraction analysis was conducted; see Fig. 4 for the results.
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tron nanobeam diffraction (SAENBD) analysis of the catalyst from
the outer sphere of influence to the interior along the direction
indicated by the arrow in Fig. 3c.

Fig. 4a–c sequentially shows the SAENBD results from the outer
sphere to the interior. The diffraction spots in the outer sphere
(Fig. 4a) are not clear. A close inspection reveals that the pattern
consists of distorted cubic NiO and distorted monoclinic NaTaO3

crystals. The d-spacing of NiO (1 1 1) planes in the pattern is
0.2552 nm, which is significantly greater than the standard value
of 0.2441 nm (Fm3m, JCPDS 75-0269). This indicates the diffusion
of Na+ into the NiO framework to form a Na/O close packing array,
which in turn creates repulsion between the Na and Ni cations to
increase the d-spacing [42,43]. On the other hand, because of NiO
Fig. 4. Selected area electron diffraction patterns of the 3 wt% NiO/SG catalyst obtained
arrow indicated in Fig. 3c.
dissolution, the (1 0 0) d-spacing of NaTaO3 decreases to a lower va-
lue of 0.3892 nm compared to the standard value of 0.3923 nm (P2/
m, JCPDS 74-2485). For the SAENBD taken from a region slightly in-
side the outer sphere (Fig. 4b), the monoclinic NaTaO3 pattern
(d100 = 0.3923 nm) is clearly apparent, accompanied by a highly dis-
torted NiO pattern with a (1 1 1) d-spacing of 0.2567 nm. For the
SAENBD taken at the interior of the catalyst, Fig. 4c shows that
the pattern completely conforms to that of standard monoclinic Na-
TaO3. This SAENBD analysis shows that the d-spacing of NaTaO3 de-
creases due to NiO dissolution into the framework. This is in good
agreement with the XRD results in Fig. 2a. The images in Fig. 3c
and the patterns in Fig. 4 demonstrate that for the 3 wt% NiO/SG
catalyst, the outer sphere of influence is in fact a transition zone
sequentially from the outer sphere to the interior, i.e., (a–c) in sequence, along the



Fig. 6. Diffuse reflectance spectra of the NaTaO3 catalysts with different amounts of
NiO loading: (a) the NiO/SG catalysts; (b) the NiO/SS catalysts. The NiO spectrum is
provided for comparison.
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characterized by an Ni (or Na) concentration gradient. With a NiO
content of 15 wt%, NiO clusters are visible on the SG surface, as
shown by the HRTEM image in Fig. 3d. The lattice fringes of the ob-
served cluster show a d-spacing of 0.209 nm, which correspond to
that of the (0 2 0) planes in the cubic phase NiO.

For the NiO/SS catalysts, NiO clusters are visible at an NiO con-
tent as low as 3 wt%. The small surface area of SS is likely respon-
sible for the agglomeration of NiO at this low content. Fig. 5a
shows the HRTEM images of the 15 wt% NiO/SS catalyst, clearly
showing NiO particles. Fig. 5b–f sequentially shows the SAED anal-
ysis conducted from the NiO to the SS interior, as indicated by the
arrow in Fig. 5a. The (0 2 2) d-spacing of NiO on the catalyst
increases when the SAED is taken from NiO toward the catalyst
interior. The SAED pattern of SS (Fig. 5f) matches well the ortho-
rhombic NaTaO3 crystal (Pcmn, JCPDS 73-0878). The (1 0 1) spacing
of orthorhombic NaTaO3 shows a decreasing trend when the anal-
ysis is taken from the catalyst interior toward the NiO cluster. This
indicates that, similarly to the NiO/SG catalysts, there is a transi-
tion zone between the exterior and interior of the NiO/SS catalysts,
and this zone has a Ni (or Na) gradient.

This study also presents diffuse reflectance UV–Vis spectro-
scopic analysis for the NiO/SG and NiO/SS catalysts. Fig. 6 shows
the absorbance spectra converted from reflection by the Kub-
elka–Munk method [44]. The absorption edges of the naked SG
and SS were similar, with values of 309 and 302 nm (4.0 and
4.1 eV), respectively. NiO loading resulted in a red shift of the
absorption edge and this shift increased with the amount of NiO.
Fig. 6 shows that with 15 wt% NiO loading, the absorption band
edge shifted to 377 and 390 nm (3.29 and 3.18 eV) for SG and SS,
respectively. Bulk NiO has an absorption edge at ca. 3.1 eV
(400 nm) and a strong absorption tail in the visible light regime.
The latter is associated with dd transitions within individual Ni2+

ions and gives NiO a pale green color [33]. Fig. 6 shows that the
absorbance spectra of NaTaO3 and NiO are different and that the
NiO/NaTaO3 catalysts gave an absorbance spectrum intermediate
between those of NiO and NaTaO3. This indicates that solid solu-
Fig. 5. High-resolution TEM image (a) and selected area electron diffraction patterns (b
patterns obtained from the NiO cluster to the catalyst interior along the arrow indicate
tions of NiO and NaTaO3 formed on the catalyst surface and agrees
with the preceding conclusions drawn by XRD and TEM analyses.
In addition, increased NiO loading intensified the gray color of
the NiO/NaTaO3 catalysts, reflecting again the penetration of Na+

into NiO to form stabilized p-type NaxNi2þ
1�2xNi3þ

x O solutions. The
–f) of the 15 wt% NiO/SS catalyst. (b–f) Sequentially show the electron diffraction
d in (a).
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lack of the absorption tail in the visible light regime for the NiO/SG
catalysts can be attributed to a higher degree of NiO dissolution
into the SG NaTaO3 (due to higher surface area) than into the SS.

Fig. 7a and b show the evolution of H2 from photocatalytic reac-
tions of the NiO/SG and NiO/SS catalysts illuminated with a mer-
cury lamp. In principle, H2 and O2 were steadily evolved in a
stoichiometric ratio of 2:1. In agreement with our previous studies
[17,18], the naked SG catalyst exhibited a much higher activity
than the naked SS due to differences in electronic characteristics
and particle size. After NiO loading, the activity of both the SS
and the SG catalysts increased significantly, indicating that the
co-catalyst NiO provided an efficient medium for H2 evolution.
Photocatalytic activity increased with the NiO content to its max-
imum and then decreased with further increases in NiO loading.
Fig. 7c summarizes the mean rates of the H2 and O2 evolutions
using the NaTaO3 catalysts with different NiO contents. The NiO/
SG catalysts exhibited a maximum H2 evolution rate of
9000 lmol h�1 g�1 at 3 wt% NiO loading, while the NiO/SS catalysts
produced a maximum H2 rate of 147 lmol h�1 g�1 at 0.7 wt% NiO.
Clearly, the SG NaTaO3 has a greater surface area than SS for dis-
persing NiO. Note that the highest reaction rates occurred when
NiO dissolved into NaTaO3, and no NiO cluster was observed by
HRTEM. This suggests that the solid solution present in the transi-
tion zone (Fig. 3c) and not NiO aggregates serves as the active site
for H2 evolution.

The present study calculated the radiant flux for light with
wavelengths less than 310 nm, which corresponds to the absorp-
tion edge of NaTaO3. The mercury lamp gave an average flux of
0.15 W cm�2 and a total power of 115 W reaching the reacting sys-
tem. In combination with the obtained irradiation spectrum, the
calculation showed that the mercury lamp irradiated the reacting
system at an incident photon rate of 284 mmol h�1. The apparent
quantum yield for H2 evolution (Fig. 7c) was calculated using the
following equation:

Quantum yield ð%Þ ¼ ½ðnumber of H2 molecules evolved

� 2Þ=ðnumber of incident photonsÞ� � 100:
Fig. 7. Timeline of photocatalytic H2 evolution from 1100 ml pure water suspended
with 1 g of the NiO/SG and NiO/SS catalysts (a and b); the dependence of the H2 and
O2 evolution rates on NiO content for the NiO/SG and NiO/SS catalysts (c).
Based on the above calculation, the 3 wt% NiO/SG catalyst,
which exhibited the greatest H2 evolution, had an apparent quan-
tum yield of 6.4%.

The influence of co-catalysts on light-driven reactions depends
on the type of heterojunction formed at the semiconductor inter-
face. Fig. 8a shows the schematic energy-level diagrams of NiO
and NaTaO3 before joining. When NiO and NaTaO3 are brought into
contact, their Fermi levels align, due to the charge transfer phe-
nomenon. In an n-type semiconductor (NaTaO3), a depletion region
forms near the junction, as Fig. 8b shows. Therefore, under illumi-
nation, the n-type NaTaO3 produces a forward-bias voltage that
causes electron diffusion across the depletion region to the p-type
NiO for H2 evolution (Fig. 8c).

To activate charge transfer across the junction at the catalyst
interface, the NiO co-catalyst is generally pretreated with H2

reduction and subsequent O2 oxidation to produce the NiO/Ni dou-
ble layer structure depicted in Fig. 9 [39]. The work functions of Ni
metal and NiO are 5.2 and 4.6 eV, respectively [45]. The alignment
of the Fermi levels after joining forms an ohmic-type contact at the
NiO/Ni interface, enabling easy charge flow across the junction. On
the other hand, the Ni/NaTaO3 contact interface forms a Schottky-
Fig. 8. Schematic energy-level diagrams of NiO and NaTaO3: (a) before joining; (b)
after joining; (c) under illumination after joining. Ec, Ev, and EF represent the energy
positions of the conduction band edge, valence band edge, and Fermi level,
respectively.



Fig. 10. The dependence of H2 and O2 evolution rates on NiO content for the
reduction/oxidation pretreated NiO/SG catalysts (i.e., the NiOx/SG catalysts).
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type barrier, with electrons accumulating on the metal side. Under
illumination, these electrons are consumed to generate H2. To
replenish electron consumption for the electronic dynamic balance
of the Schottky barrier, photogenerated electrons are continuously
injected from the bulk of the NaTaO3 toward the metal [46,47].
This is why the formation of a NiO/Ni double layer structure is ben-
eficial for H2 generation. In an attempt to further promote photo-
catalytic activity, this study also conducted the reduction/
oxidation pretreatment on the NiO/SG catalysts.

Fig. 10 illustrates the performance of the pretreated NiO/SG cat-
alysts, which are designated as NiOx/SG, under mercury lamp illu-
mination. However, this pretreatment did not improve the
photocatalytic activity of NiO/SG except for the one with the high-
est NiO content (15 wt%). The TEM image in Fig. 3d shows that NiO
aggregates are visible on the surface of the SG NaTaO3. This sug-
gests that the reduction/oxidation pretreatment is effective only
for catalysts containing NiO aggregates, as it transforms them into
a NiO/Ni double layer structure. On the other hand, the NiO/SG cat-
alysts with lower NiO contents (e.g., 3 wt%) were passivated by this
treatment. These catalysts had a high photocatalytic activity. The
solid solution forming on the outer sphere of influence must have
played an important role in promoting photocatalytic activity.

The results in Fig. 4 demonstrate the interdiffusion of Ni2+ and
Na+ at the NiO and NaTaO3 interface, forming solid solutions. Dop-
ing with cations of valence higher than that of the parent cations
may increase the charge concentration and shift the Fermi energy
level upward. The opposite is also true for doping with lower va-
lence cations [48]. Therefore, the interdiffusion of Ni2+ and Na+

can form p-doped NiO (i.e., NaxNi2þ
1�2xNi3þ

x O) and n-doped NaTaO3

(i.e., NixNa1�xTaO3) at the interface. Fig. 11 shows that the deple-
tion layers on both sides of the semiconductors become steeper
and reduce their widths because of the doping. This allows charge
carriers to tunnel through the barrier. In fact, a practical method
for forming ohmic contacts is to heavily dope the semiconductor
in the contact region [49,50]. The thickness of the doped layers
should depend on the solubility of Ni into NaTaO3 and/or Na into
NiO. NiO clusters form on the catalyst surface when the loading
amount is above the solubility limit. Based on the investigation
with HRTEM (Fig. 3c), the thickness of the p-doped NiO layer is less
than 2 nm. Such a low thickness cannot complete the band bend-
ing. However, low thickness is beneficial for effective transfer of
Fig. 11. Schematic energy-level diagrams of the NiO and NaTaO3 contact with
interdiffusion of Ni2+ and Na+ to form p-doped NiO (i.e., NaxNi2þ

1�2xNi3þ
x O) and n-

doped NaTaO3 (i.e., NixNa1�xTaO3) at the interface. Steeper band bending and
reduced depletion widths appeared at the heterojunction interface. Ec, Ev, and EF

represent the energy positions of the conduction band edge, valence band edge, and
Fermi level, respectively.

Fig. 9. Schematic energy-level diagrams of NiOx/NaTaO3 interface. An ohmic type
contact formed at the p-NiO/Ni interface, while the Ni/n-NaTaO3 contact interface
formed a Schottky-type barrier with electrons accumulating on the metal side. Ec,
Ev, and EF represent the energy positions of the conduction band edge, valence band
edge, and Fermi level, respectively.
the photogenerated electrons to the liquid phase for water
splitting.

Fig. 11 also illustrates how the solid solution layers can effec-
tively facilitate charge transfer across the NiO/NaTaO3 interface
for H2 generation. Reduction/oxidation pretreatment simply col-
lapses this structural feature, deactivating the catalysts (see the
comparison between Figs. 7c and 10). Further, note that a homo-
junction between the n-doped NaTaO3 and pristine NaTaO3 is pres-
ent in the interior of NaTaO3 even though the junction is vaguely
outlined due to the gradual decrease in Na concentration toward
the catalyst interior. Fig. 11 shows that to align the Fermi levels
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of the n-doped NaTaO3 and pristine NaTaO3, the conduction bands
must be bent to become favorable for transferring the photogener-
ated electrons from the interior to the exterior sphere. This n-dop-
ing role of Ni2+ cations explains why the activity of NaTaO3 can be
significantly promoted even with a very small amount of NiO load-
ing (0.05 wt%). The improved charge transfer must have made up
for the detrimental effect caused by heteroatom doping, which
leads to crystal distortion [51–53].

4. Conclusions

Based on HRTEM and electron diffraction analysis, this study
demonstrates that depositing the p-type co-catalyst NiO on n-type
NaTaO3 forms a solid–solution transition zone at the interface be-
tween NiO and NaTaO3 due to the interdiffusion of Ni2+ and Na+

cations. TEM analysis does not show any NiO clusters present on
the NaTaO3 surface at NiO content of less than 3 wt%. XRD analysis
also shows that this cation interdiffusion caused variations in the
crystal structure. Because the valences of the cations are different,
the interdiffusion led to p- and n-doping on NiO and NaTaO3,
respectively. This heavy doping at the interface may have reduced
the depletion widths of NiO and NaTaO3, allowing charge tunneling
through the interface barrier. As a result, the photocatalytic activ-
ity of NaTaO3 was tremendously enhanced by an NiO loading as
low as 0.05 wt%. An interior homojunction between the n-doped
NaTaO3 and pristine NaTaO3 caused favorable band bending, which
may also play a role in this activity enhancement.

The reduction/oxidation pretreatment of NiO to form an Ni@-
NiO double layer that enhances water splitting was only applicable
for catalysts with NiO clusters on the NaTaO3 surface (i.e., those
with high NiO contents). On the other hand, this pretreatment
was detrimental to the activity of the NiO/NaTaO3 catalysts with
low NiO content. This result partially explains the formation of
the solid solutions, which are resistant to NiOx formation. The
knowledge obtained from this co-catalyst structure identification
will be useful in elucidating the charge transfer mechanism, which
is a critical factor determining photocatalytic activity in water
splitting.
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