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ABSTRACT:

Among 600 nm-class transition metal oxynitrides, BaTaO.N with a cubic Pm3m perovskite-type
structure is promising for solar water oxidation due to its absorption of visible light up to 660 nm,
narrower bandgap (E.= 1.9 eV), appropriate valence band edge position for oxygen evolution, good
stability in concentrated alkaline solutions, and nontoxicity. However, high defect density stemmed from
long high-temperature ammonolysis limits the separation and transfer efficiency of photogenerated
charge carriers in BaTaO:N. Here, an NH; delivery system is specifically localized just above the
synthesis mixture to reduce the synthesis time and defect density of BaTaOxN by a fresh supply of more
active nitriding species and minimizing the generation of N2 and Ho. Particularly, the effects of synthesis
temperature (700-950°C), synthesis time (1-8 h), and gas composition are systematically investigated to
gain insights into the formation of single-phase BaTaO:N by solid-state reaction and flux method. Time-
dependent experiments conducted at 950°C show that single-phase BaTaO:N can be synthesized 26 h
and >4 h by solid-state reaction and flux method, respectively, revealing the advantage of flux method
over solid-state reaction in a localized NH3 delivery system. Subsequently, the separation and transfer
efficiency and kinetics of photogenerated charge carriers are studied in BaTaO>N samples.
Photoelectrochemical studies made it possible to resolve trends during visible-light-induced water
oxidation, evidencing the inverse relationship between recombination and charge transfer phenomena.
Transient absorption spectroscopy reveals that the dynamics of the photogenerated charge carriers in
both types of BaTaO:N samples are different: (i) BaTaO2N synthesized by flux method has a greater
number of holes despite the similar number of deeply trapped charge carriers and (i1) solid-state reaction
led to the formation of a higher number of free electrons in BaTaO2N. The findings demonstrate the
advantage of reducing the transfer distance of active nitriding species to the surface of the synthesis

mixture for enhancing the photoelectrochemical water oxidation of BaTaO:N at neutral pH.

KEYWORDS: BaTaO:N; Ammonolysis; Flux method; Solid-state reaction; Charge carrier dynamics;

Photoelectrochemical performance



1. INTRODUCTION

Sunlight-driven splitting of water is a potential chemical technique to directly generating green hydrogen
due to its environmental friendliness, cost-competitiveness, and technological simplicity.'* However, to
attain large-scale commercialization, photoelectrochemical water splitting requires a solar-to-hydrogen
(STH) energy conversion efficiency of more than 10%.° In comparison to the two-electron transfer
reaction (2H" + 2e~ — H») for molecular hydrogen evolution,® the sluggish kinetics of the four-electron
transfer reaction (4OH™ — 4e¢™ + 2H20 + Oy) is still an obstacle for efficient evolution of molecular
oxygen from sunlight-driven splitting of water.” Hence, it necessitates developing and applying novel
strategies for accelerating the reaction kinetics for molecular oxygen evolution of various photocatalysts
that function at longer wavelengths.

Among quaternary oxynitrides, BaTaO:N with a cubic Pm3m perovskite-type structure has been of
significant interest because of its ability to absorb visible light (< 660 nm), narrower bandgap (E;= 1.9
eV), sufficient valence band potential to drive the water oxidation reaction, good stability, and
nontoxicity.® About 18 mA-cm~ photocurrent was estimated to be yielded by BaTaO,N under AM 1.5G
sunlight,” and its water splitting reaction can proceed without applying an external bias due to the
sufficient valence band and conduction band potentials.'®!!

Earlier, molecular hydrogen and oxygen were successfully generated from sunlight-driven water splitting
over the BaZrO3;-BaTaO0:N solid solution-based photoelectrochemical cell (1.0 V applied bias vs. Pt)."?
The onset potential of the BaTaO2N photoanode fabricated by an electrophoretic deposition followed by
post-necking was successfully shifted towards more negative potentials for photoelectrochemical water
splitting (0.7 V applied bias vs. Pt)."* By applying a particle transfer technique and Co-cocatalyst
modification, a 4.2 mA-cm~2 photocurrent was achieved for the BaTaO2N photoanode at 1.2 V vs. RHE

1.'* increased the photocurrent of BaTaO>N to ~4.5 mA-cm™ at 1.2

under simulated sunlight.’ Pihosh et a
V vs. RHE under simulated sunlight by creating a core-shell heterojunction with TasNs nanorods and

modifying with FeNiOy cocatalyst. Further, a 4.6 mA-cm™2 photocurrent was yielded for BaTaO>N upon



combination with Ta,N/Ta and modification with CoOx cocatalyst at 1.2 V vs. RHE, while a 9% IPCE
(incident photon-to-current efficiency) at 600 nm was realized during simulated sunlight-driven water
oxidation reaction.'> Annealing of inactive as-synthesized BaTaO:N particles in Ar was found to be
advantageous to maximize the photocurrent to 6.5 mA-cm™ at 1.23 V vs. RHE, which showed a good
stability over 24 h (79% initial photocurrent was retained).'® Very recently, Castelli and coworkers!”
found that the theoretical overpotential of the TaO.N-(100) surface of BaTaO:N can be effectively
decreased to 0.37 V under (photo)electrochemical conditions by applying 1% tensile uniaxial strain.
Considering all the above-mentioned advantages of BaTaO>N over other metal (oxy)nitrides, further
studies are however indispensable to further enhance the efficiency and stability of BaTaO;N for the
design and manufacturing of photoelectrochemical tandem cells to meet the prerequisites for overall
water splitting.'®?° In any case, the electrochemical properties are responsible for these effects, and it is
important to study the trends in the conditions that will resolve the optoelectronic effects to understand
and guide improvements.

In general, the preparation process of BaTaO:;N includes an oxide precursor synthesis followed by

21,22

nitridation at high temperature under a flow of gaseous NH3 for an extended time,”““ generating various

bulk and surface defects. Such defects are known to hinder a separation-transfer process of photoexcited

electrons and holes due to a high recombination rate. In our previous works,*?*

we have drastically
reduced the synthesis time and defect density of BaTaO:N by applying a flux method assisted by an NH3
flow, where NH3 was supplied via flowing it from one end to the other of the horizontal tube (Figure
S1a). In such system, the transfer distance of active nitriding species (NHz, NH, N, etc.) becomes too far
from a synthesis mixture even at a high gas flow rate, maximizing the generation of N> and H before
active nitriding species reach the surface of the synthesis mixture. Consequently, an insufficient supply
of active nitriding species leads to higher defect density in BaTaO2N due to a prolonged high-temperature

ammonolysis. In this study, we specifically localize an NH3 delivery system (Figure S1b) just above the

synthesis mixture using a small-diameter gas-supplying horizontal tube to reduce the defect density of



BaTaO:N, which is generally resulted from long high-temperature ammonolysis, by a fresh supply of
more active nitriding species. Here, the effects of synthesis temperature (700-950°C), synthesis time (1-
8 h), and gas composition on the solid-state and flux synthesis of single-phase BaTaO;N are
systematically investigated. Subsequently, the separation-transfer efficiency and kinetics of photo-
induced electrons and holes of the solid-state- and flux-synthesized BaTaO;N samples are studied.

2. EXPERIMENTAL

2.1. Synthesis

In this study, solid-state reaction and flux method were applied to synthesize BaTaO-N (Figures S2a and
S2b). For the solid-state reaction, BaCO3 (>99%, Fluka) and Ta>Os (99%, Alfa Aesar) were mixed, and
KCI (>99.5% Fluka) was introduced as a flux to the above mixture (50 mol% solute concentration) for
the flux method. The well-homogenized mixture in a platinum crucible was placed just under the
localized NH3 delivery system, heated at 700-950°C (a heating rate of 500°C-h™') for 2-8 h in NH3
atmosphere (12.5 L-h™!, >99,95 %, Air Liquide), and cooled naturally in a horizontal tube furnace
(Carbolite Gero) using a SiO»-tube. Afterward, the resulting samples were collected, washed with dilute
nitric acid and water and dried at 70°C for 10 h. The BaTaOxN samples synthesized by solid-state reaction
and flux method were indicated as BTON-S and BTON-F, respectively. The BTON-S and BTON-F
samples were also subjected to annealing at 700°C for 1 h in Ar atmosphere to reduce the negative effect
of surface defects on photoelectrochemical performance16 and labeled as BTON-S(Ar) and BTON-F(Ar),
respectively. The details of characterization methods and photoelectrochemical measurements are given
in Supporting Information.

3. RESULTS AND DISCUSSION

Various synthesis parameters, such as synthesis temperature, synthesis time, gas composition, gas flow
rate, etc., significantly influence the phase purity, crystallinity, and morphology of transition metal

oxynitrides. Thus, by localizing an NHj3 delivery system right above the synthesis mixture, the effects of



synthesis temperature (700-950°C) and time (1-8 h) on the phase purity of BaTaO:N were studied. As
shown in Figures S3a and S3b, single-phase BaTaO;N with cubic perovskite structure (ICDD PDF 01-
084-1748) was obtained at 2900°C and 2950°C by solid-state reaction and flux method, respectively,
indicating the feasibility of solid-state reaction for the synthesis BaTaO>N at a lower temperature. In both
cases, impurity phases, such as BasTasO15 and Ta;Os,were simultaneously formed along with BaTaO>N
up to <900°C and <950°C due to an insufficient supply of active nitriding species (NHz(ads), NHads), N(ads),
etc.). Although the localized NH3 delivery system minimized the dissociation of NH3 into N2 and H»
before reaching and adsorbing on the synthesis mixture surface, it had less control of reaction efficiency
of NH3, which is strongly dependent on temperature and NH3 flow rate.?>->” The XRD results from time-
dependent experiments conducted at 950°C reveal that single-phase BaTaO:N can be synthesized within
=6 h and >4 h by solid-state reaction and flux method, respectively (Figures S4a and S4b), demonstrating
the advantage of flux method in reducing the synthesis time. Such discrepancy in synthesis time is
possibly stemmed from different repulsive adsorbate interactions affecting the diffusion rates of active
nitriding species.?® Previously, water-saturated NH3** and a small amount of O,** were successfully
employed to control the equilibrium between the nitridation and reoxidation reactions during the
synthesis of transition metal oxynitrides. Likewise, we have attempted to decrease the number of reduced
tantalum species and defect density in BaTaO,N by employing water-saturated NH3 (12.5 L-h™' NH3 +
H>0) and a small amount of O2(12.5 L-h™'NH3 + 1.2 L-h™' Oz and 12.5 L-h™' NH; + 0.04 L-h™ O,) in
solid-state reaction at 950°C for 10 h. As shown in Figure S5, none of these synthesis parameters led to
the formation of BaTaO,N with a lower defect density. Instead, BasTasO;s ICDD PDF 01-072-0115,
space group P3ml (no. 164), and lattice parameters: a = 5.7900 A, b =5.7900 A and ¢ = 11.7500 A)
was formed and remained the predominant phase and other minor phases, suggesting that even a small
amount of oxygen and water molecules can interrupt the N-to-O exchange during the synthesis of

BaTaO,N.
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Figure 1. X-ray diffraction patterns of BaTaO,N samples synthesized by solid-state reaction (a) and flux

method (b) with the results of the Rietveld refinement.

Rietveld refinements of the diffraction data (Figures la and 1b, Tables S1-S4) confirm the crystal
structure of BaTaO:N in space group Pm3m for both samples synthesized by solid-state reaction and flux
method at 950°C for 6 h followed by annealing at 700°C for 1 h in Ar. The site occupation factors were
thereby kept fixed (for the cations and anions) to their ideal values determined by XPS and N/O hot gas
extraction analyzer. Lattice parameters a of BTON-S(Ar) and BTON-F(Ar) are 4.11296(18) A and

4.11158(13) A, whereas unit cell volumes are 69.577(5) A3 and 69.506(4) A3, respectively. In agreement



with the previously reported lattice parameter of BaTaO:N, because of the higher nitrogen content in the
former, the lattice parameter a of BTON-S(Ar) is slightly higher than BTON-F(Ar), leading to the larger
unit cell volume.*!' Thus, BTON-F(Ar) has much higher crystallinity and larger crystallite size due to
favorable crystal growth free from mechanical and thermal strains in the completely ionized non-aqueous
high-temperature solution (flux). As Kudo and Miseki stated,*” high crystallinity is more advantageous
than a high surface area for water oxidation and reduction reactions because the recombination of
photogenerated charge carriers impedes uphill reactions. The higher crystallinity of BTON-F(Ar) is
expressed inter alia by the splitting of individual reflections due to Cu-K¢; and Cu-Kp radiation at lower
diffraction angles compared to BTON-S(Ar).

To observe the influence of synthesis methods and annealing in Ar on morphology and size, the samples
were examined by SEM. In Figure 2a, BTON-S particles with irregular shapes, unclear edges, and an
average size of 128 nm were observed. In contrast, large plate-like hexagonal crystallites with well-
developed facets, sharp edges, and an average size of 421 nm were seen along with idiomorphic
crystallites with the size of 287 nm in BTON-F (Figure 2c¢). BTON-S consists of aggregated
polycrystalline particles with massive grain boundaries stemmed from the solid-state reaction, which
may function as recombination hubs for photogenerated charge carriers.*3* Conversely, BTON-F
consists of highly crystalline and well-developed crystallites with fewer grain boundaries due to the flux
method, facilitating the transfer and separation of charge carriers during photoelectrochemical water
splitting.* Similarly, BaTaO>N synthesized using the RbCl flux suppressed charge recombination and
facilitated the transfer of photogenerated electrons to the Pt cocatalyst for efficient H> evolution due to
low density of structural defects and mid-gap states.* BaTaO,N crystallites exhibited more than two times
higher O, evolution rate due to high crystallinity, reduced surface defect density, and fewer grain
boundaries achieved by nitriding the BasTasO1s crystallites in the KCI flux.>® As shown in Figures 2b
and 2d, the particle morphology remained unchanged, but the particle size was increased to 243 nm for

BTON-S(Ar) and 432 nm for BTON-F(Ar) after annealing in Ar. The reduced surface defect density
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achieved by annealing in Ar cannot be observed in the SEM images, and the samples were further

subjected to TEM analysis.

Figure 2. SEM images of BaTaO,N samples synthesized by solid-state reaction (a,b) and flux method

(c,d) before and after thermal treatment in Ar.

To further investigate the influence of the synthesis methods on the crystalline nature and nanostructure,
the BaTaO;N samples synthesized by solid-state reaction and flux method were characterized by
transmission electron microscopy (TEM). Bright-field TEM, high-resolution TEM (HRTEM) images
and selected area electron diffraction (SAED) patterns of the samples are shown in Figure 3. Smaller
crystallites with unclear edges can be observed in the bright-field TEM images of BTON-S and BTON-
S(Ar), whereas a large plate-like hexagonal crystallite with a sharp edge can be seen in the bright-field

TEM images of BTON-F and BTON-F(Ar). In Figures 3a and 3b, the HRTEM images, taken near the



edge of the crystallites, show parallel lattice fringes with the spacing of 0.29 nm, which corresponds to
the {110} interplanar distance of BaTaO,N, with no clear defects in the observed range. The HRTEM
images in Figures 3¢ and 3d also indicate that the spacing between the adjacent lattice fringes is 0.29 nm,
which is consistent with the {110} interplanar distance of BaTaO:N. Similarly, no clear bulk and surface
defects were noted in the examined region of the crystallite, confirming the high crystallinity of the
synthesized BaTaO2N samples. This also confirms the beneficial impact of annealing in Ar, which

reduced the surface defects and improved the surface crystallinity.

Figure 3. TEM and HRTEM images and SAED patterns of BaTaO,N samples synthesized by solid-state

reaction (a,b) and flux method (c,d) before and after thermal treatment in Ar.

Random diffraction spots instead of regular diffraction spots can be observed in the SAED patterns in
Figures 3a and 3b, representing the randomly oriented crystallites of BTON-S and BTON-S(Ar). In
contrast, the highly ordered diffraction spots in the corresponding SAED patterns in Figure 3c and 3d,
taken from the [111] and [110] directions of BTON, respectively, shows that the plate-like hexagonal

crystallites of the BTON-F and BTON-F(Ar) have a well-developed single crystalline nature. The

10



observed diffraction spots can be indexed as 112, 011, 110, and 101 for BTON-F, suggesting that the
plate-like hexagonal crystallites have dominantly exposed {111} facets. The SEM and TEM results show
that the morphology and size of BaTaO:N crystallites can be readily tailored by applying different
synthesis methods. Therefore, the BTON-F and BTON-F(Ar) samples are expected to have a large lateral
area for photon absorption, a greater number of active sites for water oxidation reaction, and a short travel
distance to the surface for photogenerated charge carriers in comparison to the BTON-S and BTON-
S(Ar) samples due to their plate-like morphology and single-crystalline nature.

The UV-Vis diffuse reflectance spectra of the BaTaO>N samples are shown in Figure 4, indicating a
strong absorption in the visible range due to the electron transition from the valence band (N 2p and O

2p orbitals) to the conduction band (empty Ta 5d orbitals).*’

The onsets of light absorption of the as-
synthesized BTON-F and BTON-S are located at <660 nm. Annealing in Ar led to a slight red shift in
the absorption edges of BTON-F(Ar) and BTON-S(Ar) due to the reduction of the defect density and
improved crystallinity, resulting in a slight optical band gaps reduction. The optical band gaps estimated
using the Tauc plot method,*® with an estimated standard deviation of + 0.5 eV, are 2.01 eV for BTON-
S, 1.95 eV for BTON-S(Ar), 2.05 eV for BTON-F, and 2.00 eV for BTON-F(Ar). The optical band gaps
of BaTaO:N samples synthesized by solid-state reaction are slightly smaller than those of BaTaO>N
samples synthesized by flux method. This is attributed to the higher nitrogen-to-oxygen ratio in BTON-
S (N:0=0.44) and BTON-S(Ar) (N:0=0.46) in comparison to BTON-F (N:0=0.37) and BTON-F(Ar)
(N:0=0.34), which were measured by a hot gas extraction analyzer. Additionally, the dark-brown powder
color of BTON-S and BTON-S(Ar) also indicates the presence of higher nitrogen content and anionic
deficiencies in comparison to the reddish-brown powder color of BTON-F and BTON-F(Ar). The higher
nitrogen content led to a greater contribution of the N 2p levels to the upward shift of the valence band,
narrowing the optical band gaps slightly. Recently, Widenmeyer et al.** proposed controlling an optical

bandgap in perovskite-type Euj—,Ca,TiO3 from 2.56 eV to 2.22 eV via ammonolysis and partial Ca**

substitution, where an important contribution of the nitrogen content on adjusting the optical band was
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presented. Interestingly, no background absorption was observed in the UV-Vis diffuse reflectance
spectra of the BaTaO>N samples synthesized in this study compared with previously reported

BaTaO:N,*’ suggesting a lower concentration of optically active defects.
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Figure 4. UV-Vis diffuse reflectance spectra of BaTaO,N samples synthesized by solid-state reaction

(a) and flux method (b) before and after thermal treatment in Ar.

To further analyze the surface chemical states and compositions, the samples were characterized by X-
ray photoelectron spectroscopy (XPS). The XPS core-level spectraof Ta4fand O 1s of BTON-S, BTON-
S(Ar), BTON-F, and BTON-F(Ar) are shown in Figure 5. The Ta 4f XPS core-level spectra reveal two
doublets corresponding to the 4f7,2 and 4fs/> spin-orbit split components upon deconvolution. The peaks
observed at approximately 24.90-24.97 eV (Ta 417,2) and 26.78-27.02 eV (Ta 4fs,2) are attributed to the
Ta—N bonds in the TaON and TasNs structural units, whereas the peaks noted at approximately 25.79-
26.05 eV (Ta 4f;») and 27.69-28.07 eV (Ta 4fs) are associated with the Ta—O bond in the TaON

structural unit.*** As shown in Table S5, the peak ratio of Ta—N:Ta—O was estimated to be 0.69, 1.22,
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1.06, and 0.86 for BTON-S, BTON-S(Ar), BTON-F, and BTON-F(Ar), respectively, which is in good
agreement with the N:O ratio analyzed by a hot gas extraction analyzer. Interestingly, high-temperature
annealing in Ar partly released nitrogen from BTON-F in comparison to BTON-S.!® The oxidation state
of tantalum was confirmed to be +5, and no peaks assignable to reduced tantalum species could be found
in the XPS spectra. The O 1s XPS core-level spectra of all samples can be mainly resolved into two
Gaussian—Lorentzian components centered at 530.1-530.5 eV and 531.8-532.2 eV, which are assignable
to the lattice oxygen (Or) and oxygen vacancies or defects (Ov), respectively.* Interestingly, the O 1s
XPS core-level spectrum of BTON-F has an additional component at 533.6 eV, indicating the higher
number of chemisorbed or dissociated (Oc) oxygen species.* As shown, the intensity of the component
at 533.6 eV was reduced after annealing in Ar, suggesting the reduced number of chemisorbed or
dissociated (Oc) oxygen species. The XPS valence band spectra of all four samples in Figure S6 indicate
the relative positions of the valence band maximum edges of BTON-S, BTON-S(Ar), BTON-F, and
BTON-F(Ar) at 1.78,1.77, 1.87, and 1.80 eV, respectively. A slightly negative shift in the valence band

maximum was observed after annealing in Ar. This will be later used for comparing the band structures

estimated from photoelectrochemical measurements.
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Figure 5. Narrow-scan Ta 4f (fop) and O 1s (bottom) XPS spectra of BaTaO,N samples synthesized by

solid-state reaction (a,b) and flux method (c,d) before (a,c) and after (b,d) Ar treatment.
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The conversion of solar energy into chemical energy through the semiconductor-electrolyte interface is
influenced by multiple factors.*>*¢ The absorption of a photon by the electrode material is the first step
that generates charge carriers: holes in the valence band (VB) and electrons in the conduction band (CB).
The non-equilibrium condition changes the energy profile of the CB and VB, enabling the transfer of
photogenerated charge carriers. For n-type semiconductors, photogenerated holes in the VB promote the
oxygen evolution reaction, which is sustained by the extraction of photogenerated electrons in the CB to
the external circuit to proceed with the hydrogen evolution reaction on the secondary electrode. The
relationship between doping, structural change, and chemical composition often determines how light
interacts with semiconductor materials, originating a complex dependence of the photoelectrochemical
(PEC) response on optoelectronic properties.*’ To explore how the optoelectronic properties affect the
electrochemical behavior, the photoanodes were fabricated using the BTON-F, BTON-F(Ar), BTON-S,
and BTON-S(Ar) samples. In addition, the use of electrolytes at neutral pH suggests a safe and
convenient application by requiring fewer reagents, such as acids and bases.*** However, it is
recognized that few materials carry out the water splitting under these conditions (neutral pH) because
of losses resulted from overpotential concentration by pH gradients in large-scale operations.**™° It is
essential to obtain information about materials that function at neutral pH and to understand their
behavior for designing better applications. Therefore, the PEC studies were conducted in neutral pH
electrolyte to understand charge transfer phenomena and charge carrier recombination in the synthesized
BaTaO,N samples.*’!

Figure 6 shows the linear sweep voltammetries (LSV) and chronoamperometries (CA) of the BTON-F,
BTON-F(Ar), BTON-S, and BTON-S(Ar) photoanodes under dark and light conditions. Generally,
photocurrent is resolved under light irradiation due to the collection of photogenerated electrons,
highlighting that the recorded current is kept at much lower values and close to zero in the dark. The
current signal under light irradiation is sustained by the continuous oxidation of water on the surface of

the photoanodes.”!! In Figure 6a, it can be seen that all the fabricated electrodes exhibit comparable
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photocurrent values, and the highest photocurrent values were obtained for the BTON-F(Ar) in the full
range of applied potentials. Such behavioris caused by a charge transfer favored with high overpotentials.
Compared with the previously reported photocurrent densities of BaTaO:N,'>5? the photocurrent
densities of the BaTaO>N samples in this study are lower due to different pH values of electrolyte
solutions. It is important to mention that K3POy electrolyte (pH = 13) has been used in previous studies,
while electrolyte based on NaSO4 (pH around 7) was used in this study. Under the current conditions
explored, various additives, such as hole scavengers, can be used to further increase the photocurrent
values. The characteristic shape of the photocurrent response as a function of potential indicates that
the recombination phenomenon dominates at low overpotentials, while an exponential increase in the
photocurrent is noted at high overpotentials. Such observation is consistent with the previous report, as
it is known that the potential, where the photocurrent starts to increase over the BTON-F and BTON-S
photoanodes, is more positive than the potential of the CB.'® Figure 6b shows the photocurrent responses
of the BTON-F and BTON-S photoanodes measured under repeated light-on and light-off conditions.
Here, two aspects of relevance can be highlighted: (1) at high overpotentials, the photocurrent signal is
resolved without delay when irradiating the surfaces, and when the flux of light stops, the photocurrent
restores its value in the dark and (i1) the stationary photocurrent value under light irradiation follows the
trend: BTON-F(Ar) > BTON-F > BTON-S(Ar) > BTON-S.

Figures 6¢ and 6d show the chronoamperometries in two different potentials: 1.23 V vs. RHE and 1.6 V
vs. RHE, respectively. The photocurrents rapidly reach their stationary values, which are maintained as
a function of time, suggesting the stability of the surfaces. Again, all the fabricated BTON-F and BTON-
S photoanodes exhibit the photocurrent values in the same order of magnitude, and the BTON-F(Ar)
electrode shows the highest photocurrent value. Here, the electrodes exhibiting a stationary behavior
under the current light irradiation and an applied potential of 1.6 V vs RHE have a good stability under

the operating conditions that can be considered extreme. To ensure such stability, Figure S7 shows the
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current vs. time plot of the BTON-F(Ar) sample at different applied potentials (1.23 V vs. RHE and 1.6
V vs. RHE) under light irradiation for 900 min.

The detailed electrochemical study provides information on neutral pH electrolytic solutions, which
allow to achieve stable photocurrent values for BTON-F(Ar) (0.35 uA-cm™) and BTON-F, BTON-S(Ar),
and BTON-S (0.20 - 0.25 uA-cm™) electrodes at 1.23 V vs. RHE. For instance, the conversion efficiency
of half-cell solar energy to hydrogen (HC-STH) (Eq. 2) was previously reported to reach 0.7% at 1.0 V
vs. RHE for BaTaO>N photoanode materials.’

HC-STH =J - (Eo— E) / Piignt )
where J is the photocurrent density, Eo is the reversible potential of water oxidation (1.23 V vs. RHE),
E'is the electrode potential, and Piign 1s the irradiance. To obtain information on the photoelectrochemical
behavior (charge transfer versus recombination) of the BTON-F and BTON-S photoanodes, it is

convenient to perform experiments at potentials around 1.23 V versus RHE and then the trends will be

explored.
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Figure 6. Linear sweep voltammetry (LSV) of BaTaO;N samples: (a) dark and light condition and (b)
dark-light chopped condition. Cronoamperometry (CA) of BaTaO;N samples under dark and light

conditions: (c) 1.23 V vs. RHE and (d) 1.6 V vs. RHE.
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Although estimating the photocurrent values under visible light irradiation is important for new
applications, understanding the nature of trends and other phenomena governing the
photoelectrochemical behavior is essential to develop suitable design strategies for the successful
implementation of photoanodes. Therefore, it is important to obtain more information on
thermodynamics (e.g., the values of the energy potentials of the conduction and valence bands) and
kinetics (e.g., the transfer and deactivation processes at the electrode-electrolyte interface).

In relation to the energy values, Figure S8 shows the Mott-Schottky (MS) plots of the BTON-F and
BTON-S photoanodes. The linear variation of C2 against the potential (E) indicates the accumulation of
minority carriers in the space charge zone (SCZ) and adjusting by least squares to the MS equation:

C = [2/(e0ceoND)] (E - E - ksT/eo) 3)

where ¢ is the dielectric constant of the semiconductor, € is the vacuum permittivity, eo is the elementary
charge, kg is the Boltzmann constant, and 7 is the absolute temperature, and the values of charge carrier
density (Np) and flat band potential or Fermi level (Er) were obtained.*>*!** For n-type semiconductors,
the slope of the C2 vs. E plot is positive and Er = Ecs. Knowing that E, = Evg — Ecg, it is possible to use
the band gap value (Ey) measured experimentally by ultraviolet—visible spectroscopy to estimate the
position of each energy band of the semiconductor electrode. Figure S9 shows the energy diagrams of
BTON-F, BTON-F(Ar), BTON-S, and BTON-S(Ar), confirming that the Evg values of the BTON-F and
BTON-S photoanodes are more positive than the potential for water oxidation and the Ecp values of the
BTON-F and BTON-S photoanodes are more negative than the potential for water reduction. Although
the band gap values of the fabricated BTON-F and BTON-S photoanodes are similar, some differences
are noted in the positions of the conduction and valence bands. These differences are due to the electronic
characteristics defined from the applied synthesis methods of BaTaO.N samples. In fact, Evs, Ecs, and
the equilibrium potential change with the same trend. However, the equilibrium potential values in the
dark reflect greater variations, which can also be interpreted as mid-gap states or surface states that are

resolved from different synthesis methods. Briefly, the flux method resulted in more negative equilibrium
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potential (0.85 V for BTON-S(Ar) vs. 0.82 V for BTON-F(Ar) and 0.78 V for BTON-S vs. 0.77 V for
BTON-F), while annealing in Ar led to the shift of the equilibrium potential towards more positive values
(0.78 V for BTON-F vs. 0.82 V for BTON-F(Ar) and 0.77 V for BTON-S vs. 0.85 V for BTON-S(Ar)).
This is evident in the first zone of the open circuit potential curves, which will be discussed later. Then,
there must also be differences in the kinetic behavior to elucidate the effect of the changes in BaTaO>N
samples seemed from different synthesis methods.

Figure 7 shows the chronoamperometry profiles measured under chopped light irradiation at different
electrode potentials: equilibrium potential (around 0.8 V vs. RHE) (a), 1.23 V vs. RHE (b), and 1.6 V vs.
RHE (c). From the shape of the transient photocurrent responses, three significant aspects are revealed:
(1) the typical results of increasing the magnitude of the full transient photocurrent by increasing the
potential (comparison between Figures 7a, 7b, and 7c¢), (ii) at the equilibrium potential the trend in the
magnitude of the transient photocurrent of the BTON-F electrodes (Figure 7a) is well defined,
highlighting that for higher potentials the relative difference between the electrodes decreases (Figures
7b and 7c), and (iii) at the equilibrium potential the transient photocurrents of the BTON-F photoanodes
exhibit spikes followed by decay after light irradiation and a negative overshoot after imposing the dark
condition effect (Figure 7a), which is minimized at higher potentials. From the above aspects, we further
focus on the third aspect.

Generally, spikes and overshoots observed in the transient photocurrent response to chopped light
irradiation are interpreted as evidence for the surface recombination.*> However, during the water-
splitting reaction, it is possible that the kinetics of the electron transfer reactions are sluggish that the
concentration of minority carriers around the surface increases to very high values. This phenomenon
modifies the potential drop across the Helmholtz layer in the electrolyte, leading to “unpinning the edge
of the band”.>> Both phenomena, the recombination on the surface or slow kinetics for the water-splitting

reaction, impose severe kinetic limitations on the conversion of solar energy into photo-redox reactions
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in addition to the crystallinity, defect density, grain boundaries, and surface properties of the fabricated

photoanodes.
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Figure 7. Cronoamperometry profiles of BaTaO>N samples under chopped condition: (a) equilibrium

potential (0.8 V vs. RHE), (b) 1.23 V vs. RHE and (c) 1.6 V vs. RHE. (d) Electrochemical impedance

spectroscopy (EIS) of BaTaO;N samples: Nyquist plot 2.1 V vs. RHE.

Figure 7d shows the Nyquist plots of the BTON-F and BTON-S photoanodes in both dark and light

conditions. For the same photoanode, a semicircle signal with a smaller radius is observed under light

irradiation compared to the semicircle signal with a larger radius observed in the dark. By comparing the

semicircle signals of the fabricated photoanodes under light irradiation, it can be noted that the charge

transfer resistance at the interface between the electrolyte and the BTON-F electrodes decreases. This is

consistent with a relative increase in the efficiency of electron transfer of the fabricated photoanodes:
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BTON-F(Ar) > BTON-F > BTON-S(Ar) > BTON-S, which corresponds to the trend observed in the
LSV and CA measurements. In fact, the effects observed on the photocurrent during the oxidation of
water can be associated with the crystallinity, defect density, grain boundaries, and surface properties>®>’
of the BTON-F and BTON-S samples achieved through the proposed synthesis approach.

From the analysis of the transient potentials in the open circuit condition and perturbed by dark-light-
dark conditions, it is possible to obtain more information about the dynamic effects that deactivate the
charge carriers in addition to revealing the trends related to the crystallinity, defect density, grain
boundaries, and surface properties of the BTON-F and BTON-S photoanodes.*’ Figure 8a shows the
open circuit potential (Eoc) vs. time under dark-light-dark conditions for all photoanodes. The Eoc values
indicate the steady-state concentration of photogenerated charge carriers, and their transient reflects
interesting variations.*”® First, the Eoc starts from a stationary potential for all photoanodes, and the
main difference in the initial Eoc values is related to the variation in crystallinity, defect density, grain
boundaries, and surface properties of the fabricated photoanodes. Then, under light irradiation, the
decrease in potential defines a transient reflecting the difference between the energy profiles of the
photoanodes. Thus, corroborating the kinetic limitations discussed above from the analysis of
photocurrent transients or chronoamperometry. Finally, when the light was turned off in all systems, the
potential relaxes with relatively slow kinetics, implying that the deactivation occurs because of
phenomena that influence the energetics of the conduction and valence bands. The lifetime (t) of charge
carriers can be evaluated from the last stage of the Eoc vs. time profiles by using the following equation:
58

1 = lkgT/eo (dEoc/de) ™| 4)

Figure 8b shows the lifetime vs. open circuit potential decay plots of the photoanodes. The observed
trends between the electrodes are quite clear, indicating longer lifetimes in many potential values for the

BTON-F(Ar) photoanode. Furthermore, for all the photoanodes, it is observed that the semi-logarithmic

plot of lifetimes vs. Eoc (Figure 8b) reflects at least two phenomena that are manifested in changes of
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slopes. The first zone has a high slope and occurs at low potential values, while the second zone
encompasses the higher potentials and is clearly linear. The meeting potentials of these two trends are
0.602 V for BTON-F(Ar), 0.646 V for BTON-F, 0.625 V for BTON-S(Ar), and 0.669 V for BTON-S.
In any case, under the studied conditions, the linear variation of the lifetime with the potential (in semi-
logarithmic coordinates) turns out to be the one found in the highest proportion. The latter is consistent
with the effect of the electrode potential on the (photo)electrochemical kinetics.*® In any case, it is shown
that different synthesis methods of BaTaO2N samples led to the changes in their density of states, which,
in turn, mainly affected the kinetic properties of photoredox processes, including the recombination
processes on the surfaces of photoanodes. This clearly shows that optoelectronic and surface properties,
which dominate the carrier deactivation phenomena, can be modified by changing the synthesis method
and synthesis parameters of BaTaOxN. The effect of the electrode potential is key, which allowed solving

trends and showing the inverse relationship between recombination and charge-transfer phenomena.
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Figure 8. (a) Open circuit potential vs. time under dark—light—dark condition and (b) lifetime vs. open
circuit potential decay plot of BaTaO:N samples synthesized by solid-state reaction and flux method

before and after thermal treatment in Ar.
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Figure 9. Transient absorption spectra of BaTaO2N samples synthesized by solid-state reaction (a,b) and
flux method (c,d) before and after thermal treatment in Ar, irradiated by UV laser pulses (355 nm, 6 ns,

0.5 mJ per pulse, and 5 Hz, measured in vacuum).

Further, to gain insights into the impact of synthesis methods (solid-state reaction and flux method) in
localized NH3 delivery system on the complex nature and dynamics of photogenerated charge carriers,
including free electrons, trapped electrons, and holes, the BaTaO>N samples were comparatively
investigated by transient absorption spectroscopy (TAS)**°-%! on the femtosecond to second-time scale
to correlate with their photoelectrochemical water oxidation activities. The TA spectra of BTON-S,
BTON-S(Ar), BTON-F, and BTON-F(Ar), measured under irradiation by UV laser pulses (355 nm, 6
ns, 0.5 mJ per pulse, and 5 Hz, in vacuum), are shown in Figure 9. The TA spectra of all samples have
three similar spectral regions: (i) the intensive absorption peaks at 17000-14000 cm™ are associated with
photogenerated holes, (ii) the broad absorption peaks at 14000-4000 cm™ are assigned to the deeply
trapped electrons and/or holes at the defects, and (iii) the broad absorption peaks at below 4000 cm™ are
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ascribed to the shallowly trapped electrons and/or free electrons. Obviously, the intensity of the
absorption peaks in the first region (17000-14000 cm™), which are assigned to holes,* is increased after
annealing in Ar and varied in the following order: BTON-F(Ar) > BTON-F > BTON-S(Ar) > BTON-S.
This suggests that the flux method and annealing in Ar enabled BTON-F(Ar) to have the highest number
of photogenerated holes despite having a similar number of deeply trapped charge carriers in the near-

IR region. This is in good agreement with the PEC performance of the BaTaO;N samples.
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For the further detailed analysis of decay kinetics of photogenerated electrons and holes in the BaTaO:N
samples, the change in the intensity of a monochromatic probe light at 2000 cm™ and 15400 cm™ were
monitored as a function of time after pump pulse irradiation. In Figure 10a-d, the TA results, measured
under irradiation by UV and Vis laser pulses (355 nm and 480 nm, 6 ns, 0.5 and 5 mJ per pulse, and 5
Hz, measured in vacuum), reveal that the initial intensity of transient absorption probed at 15400 cm™'is
larger for BTON-F and BTON-F(Ar) compared with BTON-S and BTON-S(Ar), but more rapidly
decays after 10 ps. The similar two-step rapid decay in ps is also observed for the transient absorption
probed at 2000 cm™'. These results indicate that the high mobility of charge carriers in BTON-F and
BTON-F(Ar) samples accerelates the recombination after a few ps. As Kato and Yamakata® reported,
the high mobility of charge carriers could prevent the initial fast recombination but accelerate the
recombination in a slower time region since high crystallinity has dual effects (acceleration and
deceleration) depending on the time region. Therefore, the acceleration in the slower time region may
not be good for photocatalytic water splitting, but the prevention of the initial fast recombination would
be beneficial for photoelectrochemical water splitting since charge carriers can readily move out to the
outer electrodes or on the surface through the depletion layer when potential is applied. Interestingly, the
TA results, measured under irradiation by UV laser pulses (355 nm, 90 fs, 6 pJ per pulse, and 500 Hz,
measured in air) in Figure 10e show that the decay of the transient absorption probed at 15400 cm™ is
slower for BTON-F and BTON-F(Ar) compared with BTON-S and BTON-S(Ar), suggesting that the
recombination of charge carriers in fs~ps region is also prevented in the BTON-F and BTON-F(Ar)
samples due to their high crystallinity achieved by applying the flux synthesis method. The TAS results
corroborating the higher number of surviving holes and efficient transfer of photogenerated charge
carriers in the BTON-F and BTON-F(Ar) compared with BTON-S and BTON-S(Ar) are in good
agreement with the PEC performance of the synthesized BaTaOxN samples. Finally, understanding the
aforementioned kinetic limitations in stable photoanodes that function under visible light irradiation and

using inexpensive electrolytes (such as water at neutral pH) allows to advance in finding suitable
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functional materials and photoredox reaction conditions for efficient and stable green hydrogen
generation from photoelectrochemical water splitting.

4. CONCLUSIONS

We have successfully reduced the synthesis time and defect density of BaTaOxN by localizing an NHj3
delivery system just above the synthesis mixture. Using such localized NHj3 delivery system, the
generation of N> and H was significantly minimized, and more active nitriding species were supplied.
As a result, single-phase BaTaO:N with high crystallinity and low defect density was synthesized at
950°C for 26 h and >4 h by solid-state reaction and flux method, respectively, indicating the advantage
of flux method over solid-state reaction in this system. It was found that BaTaO.N synthesized by flux
method exhibited higher electron transfer characteristics than its counterpart synthesized by solid-state
reaction. Carrier deactivation phenomena limit the response and can be modified by changing the
synthesis method and synthesis parameters of BaTaO;N. The demonstrated method can potentially be
applied to the time-retrenched synthesis of other transition metal (oxy)nitrides with high crystallinity and
low defect density to enhance their solar water splitting performance.
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To reduce the synthesis time and defect density of BaTaOxN by a fresh supply of more active nitriding
species and minimizing the generation of N2 and Hz, an NHj3 delivery system was localized just above
the synthesis mixture. BaTaO2N synthesized by flux method had a greater number of holes for water

oxidation reaction compared with BaTaO2N synthesized by solid-state reaction.
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