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ABSTRACT: Perovskite-type oxynitrides offer a promising route for sustainable Precursor engineering

solar-to-hydrogen energy conversion via one-step-excitation photocatalytic overall
water splitting (OWS). However, insufficient charge carrier lifetimes and sluggish
surface reaction kinetics, stemming from inadequate control over bulk and surface
properties, have thus far limited photocatalytic efficiency. Herein, we demonstrate
that the particle size, defect states, and surface properties of BaTaO,N can be
effectively tailored by combining precursor engineering with Mg doping, thereby
enhancing its OWS activity. Mg-doped BaTaO,N nanocubes with particle sizes of
several tens of nanometers were synthesized, and a solar-to-hydrogen energy 0,
conversion efficiency an order of magnitude higher than previously reported for

BaTaO,N-based photocatalysts was achieved with optimized IrO,, and Cr,O;/Ru

loading. Mechanistic studies reveal that the dual effects of Mg, namely, passivating
bulk defects and tuning surface properties, give rise to long-lived charge carriers
and efficient transfer of these carriers to uniformly distributed cocatalyst sites. This work demonstrates that precursor engineering
combined with Mg doping enables rational bulk—surface coregulation in oxynitride photocatalysts, providing design principles for
developing efficient visible-light-driven OWS systems.
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B INTRODUCTION

Harnessing essentially inexhaustible solar energy for one-step
overall water splitting (OWS) represents a compelling strategy
for sustainable hydrogen production, simultaneously address-
ing global energy demands and environmental concerns.'
However, the efficiency of the present-day photocatalysts
capable of driving OWS, particularly in response to visible light
irradiation, is severely limited.”” Stringent requirements for
suitable band gaps and band edge positions also restrict the
number of viable visible-light-responsive photocatalysts.*”
Even when these criteria are met, rapid charge recombination
both in the bulk and at the surface still severely constrains

Barium tantalum oxynitride (BaTaO,N) is a perovskite-type
oxynitride with a narrow band gap (~1.9 €V) and a potentially
high solar-to-hydrogen energy conversion efficiency (STH
efficiency) exceeding 10%, such that this compound is a
promising visible light OWS photocatalyst.”'® Various
strategies, including aliovalent Mg>" doping based on Ta,Os
precursors and precursor engineering with amorphous Ta,Os-
3H,0,'""* have enabled visible-light-driven OWS with this
material. Nevertheless, the photocatalytic activity of BaTaO,N
remains unsatisfactory, with an STH efliciency of only 5.3 X
1079%."""* This limited performance can be at least partly
attributed to the large particles, exceeding 100 nm in size,

photocatalytic performance.” Prolonging charge carrier life-
times is therefore an essential aspect of achieving efficient
OWS, particularly for the oxygen evolution reaction (OER),
which involves intrinsically slow multistep kinetics.” Existing
research strategies typically focus on two main goals: (i) tuning
the bulk and surface structures of semiconductors to suppress
carrier recombination®® and (i) employing cocatalysts to
accelerate interfacial charge transfer and promote catalytic
processes.”” Despite these efforts, obtaining long-lived charge
carriers while minimizing recombination remains a major
challenge. This scenario underscores the importance of
developing integrated design strategies that harmonize semi-
conductor structure, surface properties and cocatalyst function.
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formed during uncontrolled particle growth that increase the
migration paths of photogenerated carriers.'” The authors’
group recently demonstrated that selecting optimal precursors,
including the use of TaS,, enables the synthesis of SrTaO,N
nanocrystals with reduced particle sizes and a high degree of
crystallinity.13 Thus, precursor engineering offers a promising
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Figure 1. Structural and morphological characterization of BaTaO,N and BaTaO,N:Mg, ;. (a) XRD patterns. (b, ¢) STEM images of (b)
BaTaO,N and (c) BaTaO,N:Mg, . (d) An ADF-STEM image and corresponding STEM-EDS elemental mapping images of Ta, Ba, N, O and Mg.
(e) A cross-sectional TEM image, (f) a SAED pattern, and (g) an HR-TEM image of a BaTaO,N:Mg,, particle.

approach to controlling photocatalyst particle size, although
identifying suitable precursors remains a challenging task.

Formation of the oxynitride phase in BaTaO,N occurs
during high-temperature ammonolysis (nitridation), a process
that is often accompanied by the generation of defects
comprising reduced Ta species and nitrogen vacancies.'”"*
Despite being widely regarded as recombination centers, the
precise structural and functional roles of these defects remain
poorly understood.'” In addition, cocatalysts are also an
important aspect of promoting interfacial charge transfer and
surface redox reactions, and both the cocatalyst metal and
deposition strategy are commonly used to optimize photo-
catalytic performance. Wang et al. demonstrated that tuning
the cocatalyst loading method enables the formation of highly
dispersed, uniformly sized Pt sites on BaTaO,N, leading to
highly efficient H, production.'> However, the effects of the
surface properties of BaTaO,N, which can be altered by
various modifications and may affect cocatalyst deposition, are
often overlooked. Consequently, the pronounced sensitivity of
BaTaO,N performance to the synthesis conditions, combined
with a limited understanding of the underlying mechanisms,
hinders the rational design of high-performance catalysts for
one-step OWS.

To address the intertwined challenges of particle over-
growth, intrinsic defect formation, and inefficient surface
charge transfer in BaTaO,N, it will be necessary to
simultaneously control particle size along with bulk and
surface characteristics while also optimizing the cocatalyst
deposition process. Although TaS, precursor engineering and

Mg doping have each been reported as effective approaches for
improving oxynitride photocatalysts, these strategies have
generally been investigated independently. Adjusting these
factors in a coordinated manner is expected to enable efficient
OWS reactions. The present work demonstrates that the use of
a combination of Ta$, barium hydroxide (Ba(OH),), a
molten salt mixture (BaCl, and NaCl), and Mg dopants as the
nitridation precursors enables the fabrication of Mg-doped
BaTaO,N:Mg (BaTaO,N:Mg) nanocrystals having an average
particle size of approximately 70 nm. Following the loading of
IrO, and Cr,0;/Ru cocatalysts, the resulting photocatalyst
exhibited an STH efficiency of 5§ X 107°% that exceeded all
values reported to date for BaTaO,N. Each component in the
precursor system played a crucial role in producing
BaTaO,N:Mg capable of OWS. In particular, doping with
Mg had multiple positive effects on the bulk and surface
properties of the BaTaO,N, as well as on the interface of this
compound with the cocatalysts.

B RESULTS AND DISCUSSION

BaTaO,N doped with Mg at Ta sites as produced in this work
is denoted herein as BaTaO,N:Mg,, where x is the Mg/Ta
molar ratio in the initial precursor mixture. BaTaO,N:Mg,
was synthesized by nitriding a mixture of Ta$S,, Ba(OH),
8H,0, BaCl,, NaCl and MgCl, powders combined in a molar
ratio of 1:2:0.25:1:0.1 under a flow of NH; at 1223 K for 3 h
(see the Methods section for details). Undoped BaTaO,N was
prepared in the identical manner but without adding the Mg
source. Analyses by X-ray photoelectron spectroscopy (XPS)
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confirmed that neither Na nor Cl was present on the
BaTaO,N:Mg,, surfaces following synthesis (Figure S1). X-
ray diffraction (XRD) patterns obtained from both undoped
BaTaO,N and BaTaO,N:Mg, samples (Figures la and S2)
could be indexed to a perovskite-type BaTaO,N structure. A
minor Ta;Ny phase was detected in all samples, regardless of
the Mg/Ta ratio, and persisted despite extensive optimization
of the Ba/Ta precursor ratio, flux type, and nitridation
temperature and duration (Figure S3). A slight shift in the
positions of the diffraction peaks toward higher angles was
observed with increasing Mg content, indicating a lattice
contraction of the BaTaO,N. This effect was attributed to the
requirement for charge compensation in association with the
substitution of Mg®" for Ta**. This occurred via the partial
replacement of N*~ ions with smaller O*” ions, leading to a
reduced lattice parameter.'®"”

BaTaO,N primarily formed large, micron-sized particles
with an average size of approximately 600 nm (Figure S4a)
that were characterized by rounded polyhedral morphologies
and smooth, curved surfaces (Figure 1b). This shape indicates
pronounced facet rounding during crystal growth. Some
particles also exhibited well-defined, near-cubic polyhedral
shapes featuring distinct flat facets and terrace-like surface
features (Figure S5). Upon doping with Mg, the particle
surfaces showed enhanced faceting and smaller, more uniform
cubic-like grains were generated with an average size on the
order of 70 nm (Figure S4b). These grains were characterized
by distinct edges and planar faces (Figure 1c). This outcome
contrasts with the results of previous work by the authors, in
which the incorporation of Mg had a negligible effect on
particle size.'" This discrepancy can possibly be ascribed to the
use of a TaS,-based precursor and to the smaller amount of
molten salt employed in this study, in contrast to the oxygen-
rich Ta,O5/BaCO; system used previously. The precursor
chemistry likely influences the nucleation pathway during
nitridation, thereby enabling Mg incorporation to more
effectively suppress grain growth and promote the formation
of smaller particles. In the present experiments, the relative
decrease in the amount of oxygen sources and the flux likely
constrained the dissolution and reprecipitation process, leading
to the formation of aggregated particles. The pronounced
effect of Mg doping suggests that doping altered the
crystallization behavior and growth kinetics during nitridation,
thereby modulating both particle size and faceting. Notably,
the reduced particle size observed after Mg doping may also
contribute to the photocatalytic performance, as smaller
particles can shorten the charge migration distance.

Elemental mapping performed by annular dark-field
scanning transmission electron microscopy (ADF-STEM) in
conjunction with energy-dispersive X-ray spectroscopy (EDS)
(Figure 1d) confirmed the homogeneous spatial distributions
of Ba, Ta, O, N and Mg throughout the particles. It is therefore
evident that uniform Mg doping was accomplished with the
absence of any surface segregation. The selected-area electron
diffraction (SAED) pattern collected from a specific region of a
cuboidal BaTaO,N:Mg, , particle (Figure le) exhibited sharp,
well-defined diffraction spots, indicating a high degree of
crystallinity (Figure 1f). The absence of diffraction rings or
spot splitting establishes that there was minimal structural
distortion in the particle, consistent with a cubic crystal
structure. Further evidence was provided by cross-sectional
high-resolution transmission electron microscopy (HR-TEM)
observations of the BaTaO,N:Mg;,, which revealed well-

aligned lattice fringes throughout the entire particle (Figure
1g), indicating high crystallinity across the bulk.

The diffuse-reflectance spectra of BaTaO,N and Ba-
TaO,N:Mg,, presented in Figure S6a, confirm that all samples
showed an onset of light absorption at 600 nm or longer
wavelengths. The slight blue shift of the absorption edge with
increasing Mg content indicated tuning of the band-edge
states.'® Variations in the Kubelka—Munk values across the
samples were also observed in the near-infrared region (above
700 nm) (Figure S6b), with the undoped BaTaO,N showing
higher values than the Mg-doped counterparts. This near-
infrared adsorption is commonly associated with light
absorption from defect-related midgap states or impurities.”'”
Therefore, the introduction of Mg evidently inhibited the
formation of defect states, with an optimal effect observed in
the case of the BaTaO,N:Mg,,. A comparison of
BaTaO,N:Mg,, specimens synthesized using different fluxes
(Figure S7) confirmed that the absorption edge was
unchanged. However, the flux-free sample exhibited a
pronounced band-tail extending from the band edge while
the flux-assisted materials showed a sharper absorption onset,
indicating reduced defect concentrations. These observations
suggest that Mg doping and the flux played complementary
roles in suppressing defect formation.

Reduced Ta species (Ta*'), the presence of which was
evaluated via the deconvolution of Ta 4f XPS spectra (Figure
S8), were the primary defects suppressed by Mg doping. The
quantitative data regarding surface Ta species derived from the
XPS peak areas (Table S1) revealed that the proportion of
Ta*" was initially decreased following Mg doping, reaching a
minimum in BaTaO,N:Mg,,, and then slightly increased at
higher Mg levels. This trend parallels the intensity of the
background absorption in the near-infrared region, which was
also minimized in the case of BaTaO,N:Mg, ;. Moreover, the
addition of Mg increased the O/Ta ratio in the bulk of the
material (Table S1). This effect further inhibited the formation
of defect states because the more electronegative O~ ions
strengthened the local crystal fields of the Ta(O,N)q
octahedra.'”'®™'® The overall Ta valence state was further
evaluated using elemental analysis to estimate the average
oxidation state of Ta in the specimens based on the total
elemental compositions. In this procedure, the BaTaO,N:Mg,
samples were assumed to contain perovskite-type oxynitride as
the main phase, accompanied by a minor amount of Ta;Nj as
an impurity, and the average Ta valence was calculated based
on charge neutrality using the experimentally determined
elemental ratios (Table S2). Based on this assumption, the
introduction of 10 mol % Mg relative to the amount of Ta
would be expected to increase the average Ta valence from
+4.97 in BaTaO,N to +5.00 in BaTaO,N:Mg,,, which is
qualitatively consistent with the XPS results. In addition to the
suppressed formation of reduced Ta species, Mg doping also
modified the surface chemical state of oxygen species. The XPS
O Is spectra acquired from the BaTaO,N and BaTaO,N:Mg
showed two main components at 529 and 531 eV,
corresponding to lattice oxygen (O®7) and surface hydroxyl
groups (OH™), respectively (Figure S9). Upon Mg doping, the
relative proportion of OH™ was increased, suggesting enhanced
surface hydrophilicity (Table S1).'®'? This effect was
corroborated by contact-angle measurements showing that
BaTaO,N:Mg,, provided a smaller contact angle than
BaTaO,N (Figure S10).
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Figure 2. (a) Ta L-edge spectra obtained from BaTaO,N and BaTaO,N:Mg,;. (b) O K-edge and (c) N K-edge XAS spectra obtained from
BaTaO,N and BaTaO,N:Mg,,. (d) EPR spectra of BaTaO,N and BaTaO,N:Mg,,. Transient decay profiles for photogenerated electrons and
holes in BaTaO,N and BaTaO,N:Mg, probed at (e) 2000 and (f) 15,400 cm™, respectively.

Changes in the chemical states of the constituent elements
of BaTaO,N induced by Mg doping were assessed by analyzing
the undoped material and BaTaO,N:Mg,, using X-ray
absorption spectroscopy (XAS). The resulting Ta K-edge
XAS data showed that the absorption edge of BaTaO,N:Mg,
was positively shifted compared with that of BaTaO,N,
confirming that changes in the valence state of TA in the
bulk material resulted from Mg incorporation (Figure 2a). The
combined XPS and XAS results established that the addition of
Mg stabilized the Ta®" state by inhibiting reduction. The O K-
edge XAS spectrum acquired from BaTaO,N contained two
distinct pre-edge features at approximately 529 and 533 eV
(Figure 2b), corresponding to excitations from the O 1s core
level to hybridized O 2p—Ta 5d t,, and e, states, respectively,
reflecting the octahedral coordination of Ta®* (5d°).”° Mg
doping shifted these features to lower energies, suggesting a
reduced oxidation state in the oxide ions. This finding was in
agreement with the evident increase in the average Ta valence
state and the stronger local crystal field experienced by O
atoms in the photocatalyst. The intensities of these peaks were
also increased, indicating enhanced ligand-field definition and
improved local structural order.”’ The higher-energy region
associated with O 2p—Ta 6sp antibonding states also showed
increased spectral weight. Hence, it appears that the degree of
covalency in Ta—O bonds was increased, in keeping with the
increased O/Ta ratios following Mg incorporation.”’ The N K-
edge XANES spectra exhibited well-resolved near-edge peaks
attributed to transitions from the N 1s core level to the Ta 5d
ty, and e, states, with broader resonances at higher energies
corresponding to N 2p—Ta 6sp hybridized states (Figure
2¢).”” Notably, the pre-edge intensity, which has been
previously linked to defect-induced localized states such as
nitrogen vacancies,””>’ was decreased following Mg doping.
This result paralleled the lower proportion of reduced Ta
species (that is, Ta*") suggested by the XPS data and the

suppression of background absorption in the near-infrared
region.23 From this trend, it is evident that Mg incorporation
affected the Ta valence state and also stabilized local Ta(O,N)4
octahedra, thereby limiting the formation of nitrogen-based
defect states.

Electron paramagnetic resonance (EPR) spectroscopy
performed at 77 K was employed to assess defects in the
materials (Figure 2d). The analysis of blanks generated
negligible signals, confirming that the observed features
originated from the oxynitrides. All samples produced weak
EPR signals at g = 2.056 + 0.001 accompanied by partially
resolved hyperfine splitting. It is unlikely that these features
were related to Ta*" species, which typically provide g values
significantly different from 2 and strong anisotropic line
broadening due to a high degree of spin—orbit coupling.”*
Instead, the observed resonance can be more reasonably
attributed to defect states associated with nitrogen vacancies.
Unpaired electrons are primarily localized at these vacancy
sites but also partially delocalized to neighboring Ta(V)
centers. These characteristics are consistent with those
previously reported for ligand-centered radical states in d°
tantalum complexes. In such states, unpaired electrons are
largely decoupled from the metal centers but still produce
weak hyperfine Ta interactions.”> Compared with BaTaO,N,
BaTaO,N:Mg;, showed a substantial reduction in nitrogen
vacancies, confirming that Mg doping played a clear role in
locally passivating defects, in agreement with the XPS and XAS
analyses.

Time-resolved absorption spectra (TAS) were acquired at
2000 and 15,400 cm™" following band gap excitation (/lpump =
480 nm, 2.58 eV) to probe changes in the charge carrier
dynamics upon Mg doping (Figure 2e and 2f). These
frequencies correspond to the signals for free or shallowly
trapped electrons and photoinduced trapped holes, respec-
tively.”® Undoped BaTaO,N exhibited the weakest TAS
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Figure 3. (a) Photocatalytic activity of BaTaO,N:Mg. Evolution of H,, O, and N, over time using BaTaO,N or BaTaO,N:Mg, ; under visible light
(A > 420 nm). (b) Data showing the OWS activity of BaTaO,N:Mg, specimens with various Mg/Ta ratios. (c) Action spectrum of
BaTaO,N:Mg,, for the OWS reaction along with the UV—vis diffuse reflectance spectrum for comparison. (d) Data from extended cycles of OWS

reactions over BaTaO,N:Mg,; under visible light (4 > 420 nm).

intensity at 2000 cm™' together with a rapid signal decay,

attributable to rapid electron trapping in deep states. These
states likely correspond to reduced Ta species and nitrogen
vacancies acting as recombination centers. Subsequent to Mg
incorporation, the TAS signals became markedly stronger and
the decay kinetics slowed, indicating suppressed carrier
recombination due to the effective passivation of deep-level
defects. BaTaO,N:Mg, ;, which contained the fewest reduced
Ta species, showed the highest electron TAS intensity and the
slowest decay. The signal related to holes at 15,400 cm™
showed a similar trend of suppressed recombination, with
BaTaO,N:Mg, s (which had the highest Mg content)
exhibiting the longest hole lifetime. These results demonstrate
that Mg doping effectively reduced the number of recombi-
nation centers, thus enhancing both electron and hole
retention. However, the optimal levels of Mg doping required
to maximize the electron and hole lifetimes differed slightly. It
should be noted that the carrier lifetimes obtained from TAS
measurements under an N, atmosphere primarily reflect charge
recombination dynamics rather than the kinetics of surface
catalytic reactions, and therefore do not necessarily indicate
the rate-determining step in the overall water splitting reaction.

After sequential modification with optimized IrO, and
Cr,03/Ru (nominally Ir 0.3 wt %, Ru 4 wt %, and Cr 4%)
(Figure s11),” BaTaO,N:Mg,; evolved both H, and O, in
photocatalytic OWS trials under visible light illumination (4 >
420 nm). These trials provided initial H, and O, evolution
rates of 16 and 5.7 umol h™', respectively (Figure 3a). While
the H,:0, molar ratio initially deviated from the expected
stoichiometric value of 2:1, this ratio gradually approached the
expected stoichiometric value over time. In contrast, BaTaO,N
was found to be inactive when applied to the OWS reaction.
Systematic variation of the Mg concentration in these
specimens demonstrated that both lower and higher Mg levels

relative to that in BaTaO,N:Mg, reduced the OWS activity,
especially in the case of lower Mg contents (Figure 3b).
Furthermore, BaTaO,N:Mg,, exhibited water splitting activity
when synthesized using KCl, RbClI or CsCl as the flux rather
than NaCl (Figure S12a), whereas the undoped samples
remained inactive regardless of the flux used (Figure S12b).
The lack of activity in the absence of Mg doping indicates that
the incorporation of this metal was the primary factor enabling
OWS activity, while the flux played a secondary role in tuning
the overall performance.

Using the optimized conditions, BaTaO,N:Mg,, provided
an apparent quantum yield (AQY) of 0.27% at 420 nm. The
onset of the AQY action spectrum was also consistent with that
of the diffuse reflectance spectrum (Figure 3c). The STH
efficiency in the initial stage of the reaction was determined to
be 5.3 X 1073%, which is approximately an order of magnitude
higher than values previously reported for BaTaO,N and Mg-
doped BaTaO,N OWS photocatalysts.'"'* The stability of
BaTaO,N:Mg,, was assessed by applying visible light to the
material for an extended duration with periodic degassing. As
shown in Figure 3d, although the activity gradually decreased
over successive cycles, likely due to minor leaching of the
surface cocatalyst, the photocatalyst continued to produce both
hydrogen and oxygen under the test conditions. The constant
binding energies observed in XPS spectra obtained from the
specimen confirmed that the chemical states of the Ta lattice
and the Ir and Ru cocatalysts remained unchanged throughout
the prolonged reaction (Figure S13a—c). Further evidence for
the robust nature of the catalyst was provided by XRD analyses
(Figure S13d) that showed no detectable changes in the
BaTaO,N:Mg,, crystal structure. Together, these data confirm
the absence of both surface chemical reactions and bulk
structural degradation during the OWS process.
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Figure 4. (a) ADF-STEM images and STEM-EDS elemental maps of a cross-sectional sample of a BaTaO,N:Mg,, specimen loaded with IrO, and
Ru/Cr,0; cocatalysts. (b) Transient decay profiles for photogenerated electrons in BaTaO,N:Mg,, probed at 2000 cm™. (c) H, and (d) O,
evolution rates for BaTaO,N, BaTaO,N:Mg,; and BaTaO,N:Mg,,; samples loaded with Ru/Cr,O; and Ir cocatalysts.

Table 1. Half-Reaction Activities of BaTaO,N:Mg,, Specimens with Various Cocatalyst Modifications

cocatalyst” activity
entry Ir (MW) Ru (IMP) H,-treated Cr (PD) HER"/umol h™" OER/pumol h™!
1 v v v v 37 79
2 - v v v 48 10
3 - v v - 24 2
4 v v v 28 160
s v - v v 0 151
6 v - v - 0 185
7 v - - - 0 14
8 - - - - 0 0

“MW, IMP, and PD denote cocatalysts loaded by microwave-assisted synthesis, impregnation, and photodeposition, respectively; H,-treated
indicates postreduction under an H, atmosphere at 250 °C. Ir, Ru, and Cr represent the corresponding metal cocatalysts loaded on the
photocatalyst, with loadings of 0.3 wt % Ir, 4.0 wt % Ru, and 4.0 wt % Cr. A check mark (\/ ) indicates the presence of the corresponding cocatalyst

or treatment. “CH,OH aq (1 > 420 nm) “AgNOj; aq (4 > 420 nm).

Cocatalysts play a crucial role in facilitating surface redox
reactions during photocatalytic OWS. Cross-sectional ADF-
STEM observations established that the IrO, and Cr,0;/Ru
cocatalysts were densely and uniformly deposited on the
BaTaO,N:Mg,, surfaces (Figure 4a), achieving a high degree
of surface coverage. EDS images also showed that Ir and Ru
uniformly covered the entire surfaces of the photocatalyst
particles. It is thought that Cr species were deposited as an
overlayer that encapsulated the Ru regions,” although the
limited magnification of the present instrumentation prevented
the direct observation of this effect.

The individual and synergistic contributions of the
cocatalysts were evaluated by assessing the half-reaction
activities of BaTaO,N:Mg,, particles loaded with different
cocatalysts. Table 1 summarizes the effects of these cocatalyst
modifications based on sequentially applying Ir (MW,
microwave), Ru (IMP, impregnation), H, reduction treatment
and Cr,0; (PD, photodeposition). The Ru-loaded samples
exhibited appreciable H, evolution activity, which was further
enhanced by Cr coloading. This effect can presumably be
attributed to improved charge transfer at the interface resulting

from the Cr,O; layer.”” In contrast, Ir loading alone showed
negligible H, evolution activity, confirming that Ru served as
the primary cocatalyst for proton reduction. Notably,
coloading both Ir and Ru significantly increased the H,
evolution rate. The Ir-loaded samples subjected to H,
reduction exhibited significantly higher O, evolution rates
compared with the materials without Ir or with unreduced Ir.
Moreover, Ru and Cr, whether loaded individually or in
combination, resulted in lower O, evolution rates. These
results strongly suggest that Ru and IrO, served as the
dominant active components for H, and O, evolution,
respectively, in the BaTaO,N:Mg;, system, in agreement
with earlier studies of comparable cocatalyst systems.”"

To further elucidate the roles of the various cocatalysts, the
effects of IrO, (after H, reduction), Ru/IrO, and Cr,O;/Ru/
IrO, as cocatalysts were examined using TAS with probing at
2000 cm™" (5000 nm, approximately 0.24 ¢V).” As shown in
Figure 4b, loading IrO, onto BaTaO,N:Mg,, increased the
electron population and prolonged the electron lifetimes
compared with the bare sample. This effect was likely due to
rapid hole capture that suppressed charge carrier recombina-
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tion. Given that electrons are readily consumed during Ag*
reduction, this is consistent with the enhanced sacrificial OER
activities. Subsequent Ru loading accelerated electron decay
beyond that of the bare BaTaO,N:Mg,, indicating rapid
electron transfer to Ru. The additional loading of Cr on the
IrO,/Ru system accelerated electron decay further, in line with
the superior H, evolution activity following this modification.

Notably, Mg incorporation not only suppressed bulk defects
but also modified the surface electronic structure and
interfacial properties of the BaTaO,N, both of which affect
photocatalytic performance. ADF-STEM observations con-
firmed that the Ru nanoparticles were more densely and
uniformly distributed on the BaTaO,N:Mg, , surfaces, whereas
the Ru species on BaTaO,N were unevenly dispersed with
signs of partial aggregation (Figure Sl4a,b). A similar trend
was observed in the case of the IrO,-loaded samples (Figure
Sl4c,d). These results suggest that Mg-induced surface
modifications facilitated cocatalyst nucleation and anchoring,
likely through improved wettability and altered surface
chemistry.””

The ability of Mg doping to simultaneously modulate both
the bulk and surface properties of BaTaO,N in a favorable
manner is of paramount importance in photocatalyst design.
Even though surface properties can be controlled through the
postloading of dopants via the surface, the bulk properties of
BaTaO,N are not fundamentally improved in this manner,
thereby failing to achieve truly enhanced photocatalytic
activity. This effect was assessed by comparing BaTaO,N:Mg,
with its surface-modified counterpart (BaTaO,N:Mg, cce)
prepared by loading MgCl, (10 mol %) onto undoped
BaTaO,N. Surface modification alone did not effectively
suppress defect-related electronic states, although it did
improve surface hydrophilicity (Figure S10). This result
provides additional evidence that the incorporation of Mg
into the bulk of the catalyst is essential for defect passivation
and electronic structure optimization (see Figure S1S5 for
details).

As shown in Figure 4c,d, BaTaO,N:Mg,, exhibited
significantly enhanced H, and O, evolution activities compared
with pristine BaTaO,N, highlighting the critical role of bulk
Mg incorporation in improving charge carrier utilization.
BaTaO,N:Mg,, ¢ also showed a pronounced increase in O,
evolution activity, reaching 200 ymol h™". This value was more
than an order of magnitude higher than that obtained for
pristine BaTaO,N and even exceeded that shown by
BaTaO,N:Mg, ;. Hence, it is evident that surface modification
with Mg facilitated hole utilization for water oxidation, likely
by increasing the surface hydrophilicity of the BaTaO,N and
optimizing the interfacial reaction environment. However, the
TAS data established that surface Mg modification had a
negligible effect on bulk electron dynamics (Figure S15f).
Furthermore, this modification did not improve the HER
activity and even led to a slight decrease, consistent with the
minimal changes observed in reduced Ta species and electron
lifetimes. Consequently, BaTaO,N:Mg,, ., did not exhibit OWS
activity under the same cocatalyst configuration (Figure S16),
despite the enhanced O, evolution performance of this
material after IrO, loading. This finding provides further
evidence that surface Mg modification alone is insufficient to
establish the electronic requirements for simultaneous H, and
O, evolution, as the unbalanced half-reaction kinetics cannot
sustain steady-state OWS. Instead, bulk Mg incorporation is
indispensable for defect passivation and for prolonged charge-

carrier lifetimes, which together enable balanced redox
processes.

B CONCLUSIONS

A rational synthesis strategy that combines precursor selection
with controlled Mg doping enabled the fabrication of cubic
BaTaO,N:Mg,, photocatalysts showing markedly enhanced
performance. Mg doping induced a morphological trans-
formation from large irregular particles to well-defined
nanocubes, while simultaneously suppressing detrimental
defects and extending carrier lifetimes. These changes
effectively promoted charge separation and migration. In
addition, the incorporation of Mg enhanced the surface
hydrophilicity, consistent with the effect of surface Mg loading.
Such surface modification is also favorable for the dispersion of
IrO, and Cr,O3/Ru cocatalysts, thereby further facilitating
charge separation, migration, and interfacial transfer. With
optimized cocatalyst loading, BaTaO,N:Mg,, provided an
STH efficiency of 5.3 X 107°% in the early stage of the OWS
reaction, nearly an order of magnitude higher than that
obtained from undoped BaTaO,N. These results highlight the
central role of Mg-induced morphology control, defect
regulation and interface engineering in oxynitride photo-
catalysts, providing general design principles for advancing
solar-driven OWS.
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