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ABSTRACT: Ta**-doped Ba,Bi, ,Ta, O (0.2 < x < 0.8) double
perovskites are synthesized by a soft chemical sol—gel method. X-
ray diffraction (XRD) results show the formation of a double
perovskite structure. Systematic shifts of Bragg diffraction peaks to
larger angles confirm the incorporation of increasing amounts of
Ta> dopant ions in the Ba,Bi,O4 (BBO) crystal lattice. The optical
absorption spectra and Tauc plots reveal a monotonic increase of
the optical band gaps for Ba,Bi,_,Ta,O4 (0.2 < x < 0.8) from 1.5
to 2.3 eV. Photoelectrochemical (PEC) and electrochemical tests
signify the advantages of doping Ta’* in improving the photo-
electrode resistance to electrochemical corrosion. Highly reversible
ambipolar photocurrents are observed for photoelectrodes with x
> 0.4 that can be further enhanced by anodic or cathodic poling
treatment for facilitated interface photocharge injection. Ba,Bi, ¢Ta,,O4 photoelectrodes exhibit both the highest cathodic
photocurrent of 65.5 A cm™ at 0 Vi with an onset potential of 1.43 Vyyyp, and the highest anodic photocurrent of 37 A cm™ at
2 Vpyp with an onset potential of 1.03 Vgpyy among other Ta’* containing counterpart samples. The deteriorating PEC
photocurrents of photoelectrodes with x > 0.5 are the result of both inferior light absorption ability due to large band gaps and lower
charge carrier concentrations due to defect compensation. The understanding and control of this switchable-photocurrent
phenomenon by doping strategies are significant to further tailor the electronic band structure for compatible homojunctions of
BBO-based double perovskites.
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1. INTRODUCTION

Double perovskite semiconductor oxides A,B,Oy are a family
of potentially attractive materials with compositional flexibility
from A-site or B-site cation modulation, precise control of the
optical light absorption capability, and the electronic structure

interaction of the Bi’* 6s* lone pair electrons and the O 2p
orbitals, and a low conduction band minimum (CBM), which
is determined by the empty low energy Bi** 6s orbitals.”'""*
Recently, it was found that band gap modulation by transition
metal Nb°* ion doping in the B-sites slightly increases the

for solar energy conversion applications." The Ba,Bi,Og
(BBO) double perovskite system has been intensively
investigated as a functional visible light responsive catalytic
material.”~* Compositional engineering by cation doping plays
a significant role in the modification of the crystal structure, the
electronic band structure, and the subsequent photocatalytic
activity.>° It is believed that the B-site cations in the BBO
double perovskite predominantly determine the electronic
band structure and the physical properties, while the A-site
cations contribute electrons for attaining charge neutrality.”*
The B-site cations in the BBO double perovskite parent
compound are a mixed valence of Bi** and Bi** in a 1:1 ratio
due to charge disproportionation. The [BiOg4] octahedra are in
an expanded and compressed alternating arrangement that is
the result of a commensurate charge density wave (CDW)
distortion caused by O—Bi bond displacement.”'® The
electronic band structure of BBO has been commonly
known for a high valence band maximum (VBM), which is
ascribed to the filled strong antibonding states between the

© 2024 The Authors. Published by
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electronic band gap compared to the undoped BBO.*'
Beneficial optical light absorption properties and enhanced
material electrochemical stability make the Nb**-doped BBO
an excellent candidate material for photoelectrochemical
(PEC) water splitting devices.>' "

In contrast to the parallel work of doping with group 3
element La at B-sites,'* Ta and Nb are both group 5 elements,
with an identical number of valence electrons in the outer shell,
and share similar chemical and physical properties."> Since Ta
and Nb are on different rows, the Ta>*([Xe]4f'*5d%s°) ion has
an inner electronic configuration that is similar to the
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Bi**([Xe] 4£*5d'°6s°6p°) and is different from the Nb**([Kr]-
4d°5s°) core electronic structure. In addition, the Ta%* ionic
radius with the coordination number of 6 for a [TaOg]
octahedron is 0.64 A, which is close to the Bi®* ionic radius in
the [BiOg4) octahedron, 0.76 A, indicating good compatibility
for a stable Ta**-doped BBO double perovskite structure.'®
Earlier research has shown that the Ba,BiTaO, (BBTO)
double perovskite is a transparent p-type semiconductor
material with a low valence band effective mass and a high
hole mobility due to the spatially expanded Bi 6s-orbital
hybridization with the O 2p-orbitals."’ Attempts to decrease
the optical band gap and enhance the transport properties of
BBTO by K* doping improved the hole mobility from 21 cm”
V757! to 30 ecm? V7! s7'. However, a negligible conductivity
and a low charge carrier concentration on the order of around
10" cm™ hinder its application for efficient optoelectronics,
either in the application of transparent electronics such as
touch screens and thin film solar cells, or in the application of
visible-li%ht active hole transporting material for solar water
splitting."”'® The cause of poor conductivity and low carrier
concentration is deemed to be related to strong hole-killing
defect charge com}l)ensation, i.e., oxygen vacancies and Ta on
Bi antisites (Tag). '

It has been postulated that one beneficial way to mitigate the
charge compensation effect in BBTO double perovskites for
high charge carrier density is to increase the Bi content in the
compound.'® However, the Bi-rich compound BBO possesses
a small optical band gap and an inefficient charge mobility." "'
Its inferior PEC water splitting performance correlates with the
instability of the material surface.'”'? Here in this work, a
systematic study of the chemical composition of
Ba,Bi, ,Ta,0s (x = 0.2, 0.4, 0.5, 0.6, and 0.8) double
perovskites is performed. Photoelectrodes are prepared to
inspect and clarify the interrelationships between the
modulation of the crystal structure of the material, the
electronic band structure, and the behavior as a PEC
photoelectrode for water oxidation or proton reduction in a
laboratory setup, under calibrated 1 sun illumination.
Ba,Bi, ,Ta, 04 (x = 0.2, 0.4, 0.5, 0.6, and 0.8) all crystallize
in a double perovskite structure. Smaller grain sizes are formed
when doping more Ta>* ions. The optical band gap increases
from 1.5 to 2.3 eV as the Ta-doping content increases. The
electrochemical instability of Ba,Bi; ¢Ta,,0O4 photoelectrodes
is a major issue, while highly reversible ambipolar photo-
currents are observed for photoelectrodes with x > 0.4. This
intriguing polarizable behavior could be ascribed to the space
charge polarization caused by the accumulated charge carriers
in the grain boundaries,””*" or stem from the orientational
crystal domain and domain wall effects,”” which could vastly
expand its application, e.g., not only to the protection overlayer
and the visible-light responsive hole transporting layer for a
homojunction structure with the La**-doped BBO system for
solar water splitting,'* but also to fulfill a demand for
photocurrent-switchable optoelectronic devices.””**

2. METHODS

2.1. Precursor Solution Preparation. The cation molar
ratios of starting reagents were calculated based on the double
perovskite formula Ba,Bi, ,Ta O4 (x = 0.2, 0.4, 0.5, 0.6, and
0.8). For materials synthesis, existing procedures were
adapted'” by using Schlenk techniques for making homoge-
neous precursor solutions. Ba(CH;COO), (ACS reagent
grade, Supelco.), Bi(CH;COO); (>99.99%, Sigma-Aldrich),

Ta(OC,H;)s (99.98%, Sigma-Aldrich), glacial acetic acid
(>99.99%, Sigma-Aldrich), anhydrous 2-methoxyethanol
(99.8%, Sigma-Aldrich), and acetylacetone (>99.5%, Sigma-
Aldrich) were used as received.

S mmol Ba(CH;COO), and (5-2.5x) mmol Bi-
(CH,;COO0), were kept in vacuum (107> mbar) in the Schlenk
bottle for 10 min, followed by purging with dried N,. Then 5
mL of glacial acetic acid and 5 mL of anhydrous 2-
methoxyethanol were injected into the bottle with a syringe.
A small amount, 1 mL, of acetylacetone was added to reduce
the sensitivity of metal salts to hydrolysis due to its chelating
function.”® The mixture was stirred for 10 min at room
temperature before elevating the temperature to 70 °C with
consistent magnetic stirring for 1 h. When the mixed solution
cooled down to room temperature, (2.5x) mmol Ta(OC,Hjy);
was then added and the whole solution was stirred for 1h to
generate the precursor solution.

2.2, Perovskite Photoelectrode Preparations. Fluo-
rine-doped tin oxide (FTO) coated glass (Sigma-Aldrich, TEC
7) was used as the conductive substrate for the photo-
electrodes. FTO slides were ultrasonically cleaned with
acetone, 2-propanol, and ethanol for 15 min. Before spin
coating, the FTO glasses were thoroughly rinsed with Milli-Q
water and dried in compressed air. Spin coating of the
precursor solution on the substrate was carried out in ambient
air with a rotation rate of 3500 rpm for 30 s. The precursor
sample slides were then transferred into a muffle furnace at 550
°C for 1 h and quenched in the air. The spin coating and
annealing process were repeated 4 times, with the last round of
sample slides cooled naturally in the furnace. To validate the
improvement of electrochemical stability by incorporation of
Ta®* ions in the crystal lattice, the undoped BBO perovskite
electrodes were fabricated in the same workflow for reference.

2.3. Material Characterization. The crystal structure and
phase composition of samples were characterized by X-ray
powder diffraction (XRD) (PANalytical SR 5161). The optical
absorbance spectrum of the photoelectrode was measured with
a UV—vis spectrometer (Agilent, Cary 60). Surface morphol-
ogies were characterized by scanning electron microscopy
(SEM) (Apreo). The photoelectrochemical performance was
tested using an electrochemical potentiostat (Metrohm,
Autolab/PGSTAT 128N) connected to a standard three-
electrode cell with a quartz window under the illumination of
an AM 1.5G solar simulator (Enlitech, SS-FS—3A) equipped
with a 300 W Xe lamp (Enlitech, VE1558). An Ag/AgCl (1 M
KCl) electrode and a Pt spiral wire were employed as the
reference electrode and counter electrode, respectively. A
buffer solution containing 0.1 M Na,HPO, and 0.1 M
NaH,PO, was used as the testing electrolyte (pH =~ 6.75)
(Consort P901). The illumination intensity of the solar
simulator was calibrated to 100 mW c¢m ™2 by using a standard
solar cell (Enli/SRC2020, SRC-00149) and a Keithley 2400
source meter. All PEC measurements of the sample electrodes
were performed in a front-illumination configuration with a
fixed working-electrode geometric surface area of 0.7854 cm ™.
The scan rate for linear sweep voltammetry (LSV) was kept
constant at 10 mV s~! with irradiation periods of 12 s (6 s on
and 6 s off). The scan rate for cyclic voltammetry (CV)
measurements was 50 mV s™'. Electrochemical impedance
spectroscopy (EIS) measurements were performed via the
embedded FRA 32 M module (Metrohm, Autolab/PGSTAT
128N) using a 4-electrode measuring cell. The potentiostat
signals at high frequencies (>10 kHz) were stabilized by
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Figure 1. (a) XRD patterns of Ta-incorporated Ba,Bi,_,Ta,O4 (0.2 < x < 0.8) double perovskite series photoelectrodes with simulated reflections
of BBTO in space group R3?* indicated in green bars and (b) detailed enlargement XRD patterns; schematic unit cell structures of (c)
Ba,Bi, 3Tay,0, and (d) Ba,Bi; ,Ta, 3O, where green balls represent A-site Ba** ions, purple balls in purple octahedrons represent Bl-site Bi** ions,
purple balls in yellow octahedrons represent shared B2-site Bi** ions, yellow balls represent shared B2-site Ta>* ions, and red balls represent O*~

ions.

connecting a 1 yF capacitor and a second Pt wire.”® EIS data
were recorded over a frequency range from 0.1 Hz to 100 kHz
with an amplitude of 10 mV under open circuit potential
(OCP) condition. Mott—Schottky (M—S) spectra were
obtained in the reverse biased potential window of —0.225
Virug to 0.3 Vg in the dark with an amplitude of 10 mV and a
frequency of 3 kHz. The scan measurements started from
potentials more cathodic than the OCP, and scanning was
ended several hundred millivolts before approaching OCP."
Potential scales versus Ag/AgCl (VAg/AgCl) were converted to
potential scales versus the reversible hydrogen electrode
(V(I;I;%) via the Nernst equation Vyyg = Vag/agal + 0.059*pH
+0.23.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Film Morphologies. The
crystal structures of photoelectrode samples with varying Ta-
incorporation concentrations were characterized by X-ray
powder diffraction. Diffraction from the bare substrate FTO
was also measured as the background reference. All thin film
photoelectrodes Ba,Bi,_,Ta, O with Ta-incorporation concen-
tration from x = 0.2 to x = 0.8, as shown in Figure 1a, exhibit
the double perovskite structure. The room temperature crystal
structure of BBTO, with B2-sites fully occupied by Ta’*, has
previously been resolved and confirmed by Wallwork et al.”’
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and Zhou and Kennedy.”> By controlling the dopant
concentration of Ta>* ions in Ba,Bi, Ta O, a systematic
and slight shift in diffraction peaks to lower angles is observed
from sample x = 0.8 to x = 0.2. This shift correlates with the
monotonic increase in the average B-site cation radii, from
0.847 A for x = 0.8 to 0.883 A for x = 0.2 as listed in Table S1,
and is clearly illustrated in Figure 1. The parental BBTO

22,27
as

adopts thombohedral symmetry in the space group R3,
indicated by the green bars in Figure la. A recent report has
further verified that the double perovskite Ba,Bi; ,Ta O, with
B2-sites partially occupied by Ta*', also adopts the same space
group R3.”® However, the space group change from
monoclinic of BBO to rhombohedral of BBTO is outside the
scope of the current investigation. The well-defined character-
istic peaks of the Ba,Bi,_,Ta, O (0.2 < x < 0.8) in Figure la at
around 20.7°, 29.3°, and 42.1° match well with the allowed R3
reflections shown at the bottom. A minor secondary phase of
BaCOj; was detected for the Ba,Bi, ,Ta,3O¢ sample, indicating
that pure single phases of high Ta-doping content samples are
difficult to obtain when the sample is exposed to air during
preparation.””*” Systematic perovskite tolerance factor calcu-
(ra+10)
V2 (s +10)
where r, is the ionic radius of the A site cation, ry is the
average ionic radius of B site cations, and rg is the ionic radius

lations based on the equation t = are carried out,

https://doi.org/10.1021/acs.jpcc.4c01309
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Figure 2. SEM surface morphologies of Ba,Bi,_,Ta, O (0.2 < x < 0.8) double perovskite thin films for (a) x = 0.2, (b) x = 0.4, (c) x = 0.5, (d) x =

0.6, (e) x = 0.8, and (f) average grain sizes.

of the O~ anion. The calculated t values display a monotonous
increase in a range from 0.932 to 0.947 for double perovskite
samples Ba,Bi, ,Ta, 04 (0.2 < x < 0.8) from x = 0.2 to x = 0.8.
The octahedral factors p = ry/ro show a decreasing trend with
the increase of Ta concentration resulting in a range of 0.631>
4 > 0.60S. Tolerance factor and octahedral factor calculation
results are listed in Table S1. From the perspective of
perovskite design rules, the above calculated tolerance factors t
and octahedral factors p all allow the formation of stable
perovskite structures with small lattice distortions.*"**

From the detailed enlargement patterns in Figure 1b, it is
obvious that a varying Ta-incorporation concentration in the
crystal structure slightly shifts the double perovskite character-
istic peaks. The strongest double perovskite characteristic
peaks at 28.8° < 26 < 29.3° shift to higher diffraction angles
with lower intensities as the Ta concentration is increased.
This is because the B-site Bi*" has a larger ionic radius of 0.76
A compared to 0.64 A for Ta>*, which leads to smaller lattice
parameters and interplanar crystal spacing when adding more
Ta®" dopant ions. The lattice microstrain fields surrounding
the lattice dislocation defects accompanying the introduced
Ta®" could also possibly shift the Bragg diffraction peaks if the
strain is uniform.>® Hence, the characteristic shift of the main
peaks is in accordance with the systematic changes in the
crystal structure and demonstrates the successful intercalation
of the Ta%" ions. The unit cell evolution from Ba,Bi,; ¢Ta,,04
to Ba,Bi, ,Tay 3O was illustrated in Figure lc,d with the Bi**
site occupancy changing from 0.8 to 0.2. In addition, the full
width at half-maximum (FWHM) of the characteristic
reflection peak adjacent to 20 & 29° increases for increasing
Ta concentration (Figure 1b). This could be the result of the

formation of smaller crystalline domains based on the

expression of the Scherrer equation D=%, where D is the
cos

ordered crystallite size perpendicular to the lattice planes under
diffraction analysis, K is the Scherrer constant, 4 = 1.54 A is the
wavelength of the X-ray beam used, B is the FWHM of the
peak in radians, and @ is the Bragg angle.”* The diffraction peak
broadening was also reported to be related to domain wall
effects in the high Ta content sample of BBTO,”” where crystal
domains were separated by domain walls to accommodate
local crystal strain when crystallites are formed. The gradual
peak broadening with an increasing Ta concentration from 0.2
to 0.8 could also be partially related to this feature. In addition,
the diffraction from double perovskites Ba,Bi,_,Ta,O, (0.2 < x
< 0.8) results in the characteristic peaks at around 51°—52°.
The diffraction peak from sample x = 0.2 is adjacent to and
overlaps with the FTO signal at 20 = S51°. With the gradual
increase in Ta®" concentration, the double perovskite
diffraction peaks gradually shift to higher angles, with larger
differences from the FTO peak at 20 = 51° and forming visible
shoulder signals in sample x = 0.4 and x = 0.5 in Figure la.
However, the shoulder peaks for samples x = 0.6 and x = 0.8
appear to be increasingly flat due to the increasing peak
broadening effects.

Surface structure and morphologies of double perovskite
photoelectrodes Ba,Bi, ,Ta,O¢ (0.2 < x < 0.8) were
characterized by SEM images. As shown in Figure 2a, the
photoelectrode Ba,Bi; gTa,,04 has a rough surface and is
microstructured. Submicron grains with a size of around 283
nm are stacked together, and abundant voids are formed
between the grains. In contrast, photoelectrodes
Ba,Bi, ¢Tay40¢, Ba,Bi; sTags0s Ba,Bi; 4Tay404 and

https://doi.org/10.1021/acs.jpcc.4c01309
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Figure 3. (a) Optical absorption and (b) direct Tauc-plot of Ta-incorporated Ba,Bi,_,Ta, O, (0.2 < x < 0.8) double perovskite thin films grown on

the FTO substrate.

Ba,Bi;,TaygO; in Figure 2b—e all show a uniform close-
packed morphology. To validate the small grain sizes, SEM
images collected at a high resolution are displayed in Figure S1.
The statistical averages of the component grain sizes reveal a
decreasing trend, from 46 to 30 nm, when increasing the Ta
concentration from 0.4 to 0.8 (Figure 2f). The decrease in
apparent grain size with raising Ta concentration is in line with
the observed XRD peak broadening in Figure 1b.

3.2. Optical Absorption Properties of Film Photo-
electrodes. The optical properties of Ba,Bi,_,Ta, 04 (0.2 < x
< 0.8) double perovskite series photoelectrodes are shown in
Figure 3a. All sample photoelectrode absorbance data are
represented after FTO baseline subtraction. Among the
photoelectrodes, Ba,Bi, 3Ta,,0 exhibits the broadest absorp-
tion spectrum, with an absorption maximum in the visible light
range at around 600 nm and a cutoff wavelength at around 830
nm. Sample photoelectrodes Ba,Bi; ¢Tay;,O4 and
Ba,Bi; ;TaysO4 also both show a broad absorption peak in
the visible light range, with absorption cutoff wavelengths of
700 and 650 nm, respectively. In contrast, when increasing the
Ta content to 0.6 or 0.8, the absorption in the visible light
region sharply decreases to very low levels. This observation is
in line with the variation in sample colors, as shown in Figure
S2a. Sample Ba,Bi, gTay,04 and Ba,Bi, 4Ta(,O4 are almost
black, Ba,Bi, ;Ta, O is dark brown, while Ba,Bi, ;Ta, 404 and
Ba,Bi,; ,Tay 3O are light brown. The ability to absorb light and
the optical color change with increasing Ta concentration in
the sample series correlate with changes in the electronic band
structures. As has been calculated from the Tauc-plot in Figure
3b, the optical band gaps for Ba,Bi,_,Ta,O4 (0.2 < x < 0.8)
photoelectrodes show values of 1.5 eV, 1.76 €V, 1.92 eV, 2.25
eV, and 2.3 eV for sample series from low Ta concentration
Ba,Bi, 3Tay,04 to high Ta concentration Ba,Bi, ;Ta,3O4.

For further comparison, the optical property of the undoped
BBO is depicted in Figure S2b, where a large visible light
absorption peak centered at around 650 nm with the
absorption edge at around 850 nm shows up, indicating an
optical band gap of 1.48 eV. In addition, the high Ta content
material Ba,Bi; j,5Tay 47504 and the transparent semiconductor
BBTO were both reported with wider band gaps of 2.56 eV'®
and 3.2 eV,'" respectively, than the obtained 2.3 eV for the
above as-prepared Ba,Bi;,Ta;3O¢ The experimental optical
band gaps are monotonically raising from 1.5 to 2.3 eV for the
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sample series Ba,Bi, ,Ta,O4 (02 < x < 0.8) and are well
within the band gap limits of the earlier reports.'”'® The
correlation between the Ta incorporation concentration in
BBO-based double perovskites and the optical properties could
be explained by the systematic changes in the electronic band
structures. The electronic structure has been considered to be
related to the interaction between B-site Bi electronic states
and O 2p states, while the A-site Ba showed negligible
electronic effect, confirming the inactive nature of this site.'”
Ordered B-site local charge disproportionation of Bi** and Bi**
and the oxygen breathing mode for the Bi—O CDW
distortions in the crystal lattice leads to band splitting in the
electronic structure involving the Bi*" 6s” states, the Bi** 65
states, and the O 2p states and thus the formation of two sub-
bands in the pure compound BBO.”** The filled antibonding
states that are the result of strong hybridization interaction
between Bi’* 6s lone pair states and O 2p states form the
VBM, while the unoccupied Bi** 6s orbitals form the
CBM.”'"*® With the substitution of Ta®* ions for constituent
Bi** ions in the lattice, Ta>* Sd empty orbitals with high energy
contribute to the conduction band (CB) and diminish the
contribution from the low energy Bi** 6s empty orbitals, thus
lifting the CBM to higher energy levels and enlarging the
bandgap. In this regard, modulation of the electronic band
structure by increasing the Ta-incorporation concentration in
BBO would progressively increase the band gaps to large
values, which is well in line with the experimental results in
Figure 3.

3.3. PEC Properties of Film Photoelectrodes. Photo-
electrochemical and electrochemical experiments were carried
out to analyze the PEC performance of the as-prepared series
of photoelectrodes. The low Ta-incorporation concentration
Ba,Bi, gTa,,04 photoelectrode undergoes electrochemical
corrosion, which can be partially suppressed by adding more
Ta. In Figure S3a, only negligible photon-responsive current is
obtained at the potential range from 0.8 to 1.3 Vyyg for low Ta
incorporation Ba,Bi; sTa;,04 A giant electrochemical reduc-
tion peak centered at around 0.5 Vg and the following steep
polarization reduction slope at lower potentials could be
ascribed to reduction reactions of the Bi ions present in the
system. As has been further confirmed by the electrochemical
cyclic voltammetry (CV) patterns of the undoped BBO
photoelectrode in the dark, the first CV scan depicted detailed
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Figure 4. PEC measurements of Ba,Bi, 4Ta,,O¢ photoelectrodes in 0.1 M

sodium phosphate electrolyte (pH =~ 6.75): (a) OCP pattern before

reverse bias and (c) LSV curves with reverse bias under intermittent illumination; (b) OCP pattern before forward bias and (d) LSV curves with
forward bias under intermittent AM 1.5G illumination; (e) energy diagrams under reverse potential scan scheme with anodic treatment (in the

upper green frame) and under forward potential scan with cathodic treatment (in the lower magenta frame); E,:

o+ induced polarization field;

electrons are represented in green solid balls and holes are represented in red hollow balls; (f) a simplified p-type photoelectrode/electrolyte
interface structure in thermal equilibrium in dark condition (upper panel) and the corresponding potential profile (lower panel) given with respect
to the flat band situation; €: built-in electric field vector near the semiconductor surface, IHP: inner Helmholtz plane, OHP: outer Helmholtz plane,
0, net excess charge in the photoelectrode space charge region; 6,: net excess charge in the electrolyte; A¢g: electrostatic inner potential scale
change of a condensed phase (the semiconductor or the electrolyte); E.: conduction band energy; E,: valence band energy; Eg: Fermi level energy.

reduction information in Figure S3b. Besides the main
reduction peak at 0.5 Vyyg, a reduction shoulder at around
0.75 Vg and a small reduction peak at around 1.2 Vg occur
first. This broad cathodic peak at around 1.2 Vyyp could be
attributed to a thermodynamically facile reduction of Bi** to

Bi* (Es+ e Vgug)- The subsequent reduction shoulder at

0.75 Vpye and the main reduction peak at 0.5 Vyyg could be
related to the reduction of Bi*" to Bi** (Elgi4+ /Bi3+=1.59 Vsue)

and possibly a combination process involving two electrons
overall Bi*" to Bi®* (E§i5+/Bi3+=1.8 Vgyp) conversion, as
indicated by the large reduction peak area for a large amount
of charges transferred.”” The steep reduction slope at around
0.2 Vyyg to increasingly cathodic potentials in both Figure S3
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ab could be due to further complex reduction reactions of Bi**
species.

Vivier and coworkers have discussed the Bi** electro-
chemical reduction mechanisms.>® The reduction mechanisms
first involved an adsorption process where adsorbed ionic Bi**

species were reduced into Bi(® (E§13+/Bi(0)=0.3 Vgue) and would

cause a weak cathodic signal. The main cathodic processes
were based on the stepwise reduction of solvated Bi** ions into
Bi* (EQ.: /g =02 Vguz) and concomitant Bi®), which resulted

in the strong cathodic signal observed at around 0.2 Vgy to
lower potentials.””** These two reduction processes were
further confirmed by the occurrence of two oxidation peaks at
around 0.4 Vg and 0.6 Vg in the reverse oxidation scan,”

https://doi.org/10.1021/acs.jpcc.4c01309
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which are highly consistent with the two reoxidation processes
in Figure S3b. In contrast to the undesirable characteristics of
Bi-rich compounds prone to electrochemical reduction,
incorporating Ta ions in the lattice is hypothesized to be
beneficial for improving the stability of the material since the
redox potentials of Ta-containing species are lower than Bi-
containing species.”” The strong electrochemical parasitic
corrosion reactions for undoped BBO and low Ta-incorpo-
rated Ba,Bi, ¢Ta,,04 photoelectrodes indicate the necessity for
further increasing Ta concentration than x = 0.2 in the BBO-
based double perovskite compounds.

PEC performances of Ba,Bi;¢Ta;,O4 photoelectrodes in
neutral electrolyte are shown in Figure 4. The dark OCP values
of Ba,Bi, 4Tay,0¢ photoelectrodes are around 1.16 Vpyp and
are the result of thermal equilibrium for electron transfer
between the semiconductor photoelectrode Fermi level, Ep,
and the redox electron energy level, Ep on from the
contactin§ electrolyte side at the semiconductor/electrolyte
interface.” The Ej of the semiconductor photoelectrode can
also be affected by nonideal electrode factors such as surface
states in the thermal equilibrium process.*” The OCP in an
electrochemical cell is a good approximation of the potential
difference between the Ep of the majority charge carriers in the
semiconductor photoelectrode and the potential of the
reference electrode (RE).*' A change in OCP, AOCP, from
its initial value in the dark to the OCP under light illumination,
reflects the energy level change of the semiconductor Eg.
Strong light responses of AOCP around 65 mV under
intermittent 100 mW cm™2 illumination are observed for the
Ba,Bi; 4Ta,,04 photoelectrode in Figure 4ab. The positive
shift of the OCP under illumination is in good agreement with
the p-type conductivity.'"'> As illustrated in Figure 4f, at
equilibrium excess negative charges o, residing in the
semiconductor space charge region (SCR) leads to a built-in
electric field € pointing toward the semiconductor bulk, and
the semiconductor surface energy bands bend down toward
the electrolyte. The expression of Eg for the majority charges
(h*) of a p-type semiconductor photoelectrode is presented in
the Supporting Information. As a result of the spatial
distribution of excess charges o, and o, the potential drop
Ag across the electrode/electrolyte interface would start from
a negative potential, whose magnitude would decrease to zero
at the interface with a potential offset A¢.. On the electrolyte
side, the A¢, changes the sign and increase the potential from
the interface double layer area by a potential drop of A¢y to a
steady value in the bulk electrolyte by a potential drop of Agy,,
respectively,”* as shown in Figure 4f. When applying 100 mW
cm™? irradiation on this junction, photon excited e~ and h*
pairs in the semiconductor are separated in opposite directions
by the € in the SCR. The e™ are driven to the semiconductor/
electrolyte interface, while the h* are driven to the bulk of the
semiconductor. A new steady equilibrium at this junction
under 1 sun’s illumination subsequently forms, after the
rearrangement of net excess charges in the semiconductor and
the electrolyte phase. The original negative excess charges o,
in the dark are partially canceled out and both the built-in &
and the amount of band bending Ag,. are decreased. As a
result, the potential profile A¢g across the electrode/electrolyte
interface becomes more gradual and tends to be flattened
under illumination due to a major removal of negative o, in
the SCR. The position of the semiconductor electrode E,
therefore, shifts down to a more negative energy level with
respect to the RE, which is consistent with the notable anodic

shift behavior upon illumination in the OCP values in Figure
4a)b. A description for the equations is summarized in the
Supporting Information. If the irradiation is intensive and the
illumination on the photoelectrode is saturated, A¢,. could
further be reduced to zero and the whole semiconductor
interior becomes field free, € = 0 and o= 0, without surface
band bending. Most probably 1 sun is insufficient to saturate
the light-induced OCP,** and hence the field-free flat band
potential of the Ba,Bi;Ta;,04 photoelectrode is more
positive than 1.26 Vyyg (Figure 4a,b). When the illumination
is removed, the dark OCPs consistently show cathodic shifts to
around 1.2 Vyyg, which is slightly more positive of the dark
OCP value around 1.16 Vg at the start of the experiment.
This phenomenon could be ascribed to the trapping of
photogenerated h* in the surface states of the photoelectrode.
As the excess charges from the trapped h* on the photo-
electrode surface would change the ionic charge distribution in
the electrolyte, inducing additional negative charge in the
diffuse layer and an overall decreased net positive o, density,
the A¢ thus becomes less precipitous comparing to the
situation without charged species residing on the photo-
electrode surface (Figure 4f). In parallel, a compromise in the
net negative o, by the surface h* trapping would lead to a
reduced magnitude of the photoelectrode A¢, and sightly
shift down the Ej to a more negative value, which correlates to
an increased energy difference and a more positive electric
potential value versus the RE.*>*

The LSV performances of Ba,Bi; 4Ta,40¢ photoelectrodes
are shown in Figure 4c,d. Apparently, the electrochemical
stability of the Ba,Bi, 4Tay,O4 photoelectrode has been greatly
enhanced compared to those of the undoped BBO photo-
electrode and the Ba,Bi, 4Ta,,04 photoelectrode by incorpo-
rating more Ta ions in the double perovskite framework. In the
cathodic scan scheme (Figure 4c), the photocurrent onset
potential starts at around 1.2 Vyyg in the first round scan,
which is consistent with the corresponding stabilized dark-field
OCP values. In the following two consecutive cathodic LSV
scans, the cathodic photocurrent onset potentials shift to more
cathodic values at around 1 Vyyp and the opposite anodic
photocurrents appear at potentials higher than 1 Viyp. The
detection of anodic photocurrents indicates the injection of
photogenerated h* from the semiconductor photoelectrode
toward the electrolyte, while the subsequent cathodic photo-
currents in the same scan at lower applied potentials dominate
the trace both due to the increasing preferential build-in ¢ in
the SCR and the elevated high energy photogenerated e~
transfer at the interface. The cathodic LSV pattern after the
anodic polarization treatment shows significant improvement
with the onset potential shifting to around 1.43 Vyyg and a
difference of 65.5 wA cm™ at 0 Vyyg between the
photocurrent density and the dark current density. The
obvious cathodic photocurrent increase at a higher potential
range after anodic treatment demonstrates better e"—h" pairs
separation and more efficient e” injection at the photo-
electrode/electrolyte junction.

When further investigating the anodic LSV behavior of the
Ba,Bi, ¢T2,,04 photoelectrode (Figure 4d), a small cathodic
photocurrent is observed in the potential range of 1.2 Vyy to
1.4 Viyg in the first scan, indicating that e~ in the
photoelectrode SCR are separated and driven to the electrolyte
side for the reduction reaction. Photocurrent reversion at
around 1.4 Vpyp to more positive potentials manifested the
reversed direction of photogenerated charge transfer at the
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Figure 5. PEC measurements of Ba,Bi, ;Ta, O photoelectrodes in 0.1 M sodium phosphate electrolyte (pH ~ 6.75): (a) OCP responses before
reverse bias and (c) LSV curves with reverse bias under intermittent AM 1.5G illumination; (b) OCP responses before forward bias and (d) LSV

curves with forward bias under intermittent illumination.

electrode/electrolyte junction, namely, the h* injection toward
the electrolyte. In the following 2 anodic LSV scans, the
cathodic photocurrent becomes more prominent at around 1.2
Virge and the anodic photocurrent onset shifts to a more
positive value of around 1.64 Vyyp. After the cathodic
polarization treatment, the anodic LSV scan with forward
bias shows both a negative shift of the onset potential to
around 1.03 Vgyyp and substantial increases in the anodic
photocurrent densities to 37 A cm™ at 2 Vyyyp. In addition to
the increase in the anodic photocurrent, the dark current also
increases accordingly. This could be the result of photo-
electrode energy level degeneracy under large forward bias,
where the photoelectrode behaves resembling a metal
electrode and oxidation reactions facilitated by the thermody-
namic driving force in the dark condition would occur.”
Similar experimental phenomena of such highly polarizable
ambipolar photocurrents were also observed in other PEC
systems, 244647

lated by the external poling bias accounts for the explanation.
Earlier studies in the electronic dielectric properties and
relaxation processes of BBTO double perovskite materials

revealed contributions from crystal grains and grain bounda-
29,30

where an internal polarization field modu-

ries.
related to the highly conducting grains, while the relaxation at
low frequencies is related to poorly conducting grain
boundaries.”” The electronic dielectric dependence of BBTO

The relaxation at high frequencies is assumed to be

on frequency indicates that the dipoles of the material could
follow the excitation at low frequency, and would lag behind
the electric field at high frequency.’® Recently, a report pointed
out that the B-site induced lattice distortion in double
perovskites could also influence the dielectric relaxation related
to the accumulation of charge carriers in the grain
boundaries.”” Due to the high resistance of the grain
boundaries, these accumulated charge carriers could lead to
the space charge polarization.”' The analogous orientational
crystal domains and domain wall effects in BBTO materials
brought up by Zhou and Kennedy could also be partly
responsible for the observed polarizable properties of
Ba,Bi, ¢Ta,,O4 photoelectrodes.””

The polarization diagram of the Ba,Bi;(Ta,,04 photo-
electrode during LSV scans is schematically illustrated in
Figure 4e. Under reverse scan in the cathodic direction, a
polarization internal electric field E, builds up by orienting the
miscellaneous dipole directions pointing toward the electrolyte
as shown in the upper green panel, while the preexisting
electric field € in the semiconductor SCR is pointing inward
into the bulk of the semiconductor. As a result, in the second
and third cathodic scan, the polarization field E, could drive h*
injection into the electrolyte phase at potentials higher than 1
Viue at which the € could be smaller than E,. As the & is
becoming larger at potentials lower than 1 Vgyy, the overall
electric field is dominated by the interfacial €, with e~ transfer
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Figure 6. Nyquist plots of photoelectrodes (a) Ba,Bi, 4Ta,,04 (b) Ba,Bi;TaysO¢ and Ba,Bi, ;Ta, O in the dark at the OCP condition in the
neutral 0.1 M sodium phosphate buffer solution. The EIS data are fitted and simulated according to the inserted equivalent circuit model.

Table 1. Simulated Parameters of the Equivalent Circuit Elements from the EIS Data of Thin Film Photoelectrodes

Ba,Bi, sTa, 4,04, Ba,Bi, sTags0¢, and Ba,Bi; ;Tag 405

R,/Q R /2
Ta, 296.56 3.38 X 10°
Tays 296.00 533 x 10°
Taye 295.20 6.76 x 10°

Ca/F R,./Q C../F
5.10 x 1076 1.36 x 10* 2.68 X 1076
1.83 x 107¢ 2.77 x 10° 494 x 1077
2.79 X 1077 4.10 X 10° 827 x 1077

toward the electrolyte for the cathodic photocurrent. After the
anodic polarization treatment, the polarization field E, could
be flipped pointing toward the semiconductor bulk. The
overall electric field is enhanced since the directions of E, and
€ are aligned, which could well facilitate the separation of
photogenerated e”—h" pairs and drive e” to the interface for
interfacial reduction reactions as shown in Figure 4c,e upper
panel. The polarization sequence is in the opposite situation
under anodic forward LSV measurements. In the first anodic
LSV scan for a fresh Ba,Bi, 4Ta,,0¢ photoelectrode, a tiny
cathodic photocurrent is detected at around 1.2 Vyyy,
indicating the e” injection toward the electrolyte. In the
second and the third anodic scan, the cathodic photocurrents
at 1.2 Vyyg become more prominent and the anodic
photocurrents that occurred at potentials higher than 1.64
Vyiue decrease under the influence of the polarization field E
pointing inward into the semiconductor bulk. After the
cathodic polarization treatment, the E, is reoriented to point
toward the electrolyte, which could enhance the h* transfer to
the photoelectrode/electrolyte interface and improve the
anodic photocurrent as shown in Figure 4d,e lower panel.

In Figure Sa,b, the AOCP induced by intermittent 1 sun’s
irradiation is about 100 mV, which is indicative of larger degree
of surface energy bands bending of Ba,Bi, sTaysO4 photo-
electrode compared to the Ba,Bi, 4Ta,,O¢ photoelectrode. The
polarization model discussed above is further verified by the
well enhanced cathodic photocurrents after anodic polarization
treatment and the elevated anodic photocurrents after cathodic
polarization treatment, as shown both in Figure 5¢,d and
Figure S4. A minor constant dark current is observed within
the potential range, which could be due to a slow
decomposition of the photoelectrodes.*® Alternatively, this
potential-independent dark current could also be the result of
thermal generation related to abundant surface states with
electron tunneling at the surface.”” In contrast to the
Ba,Bi; 4Ta,,04 photoelectrode, the collected cathodic photo-
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current densities at 0 Vi reach around 22.3 A cm™ for the
Ba,Bi; ;TaysO4 photoelectrode and 8.8 uA cm™ for the
Ba,Bi; 4Ta,cO¢ photoelectrode, respectively. The anodic
photocurrent densities at 2 Vyyp deliver around 14.5 pA
cm™? for the Ba,Bi; sTa,sOs photoelectrode and 7.6 A cm™
for the Ba,Bi; TaycO4 photoelectrode, respectively. The
decreasing photocurrents for increasing Ta-incorporation
concentration in double perovskites could be ascribed to the
increasing band gaps, as has been verified in Figure 3. In
addition, defect compensation, e.g., oxygen vacancies and Tag;
antisite defects, has been considered to be responsible for the
low charge carrier concentration, which leads to low
conductivity.'”'®* The computational results from Hautier
and coworkers suggested the Bi-rich/Ta-poor condition is
favorable for a higher carrier concentration,'® which could be
highly correlated to the declining PEC photocurrents as
increasing the Ta concentration in the material.

EIS measurements were conducted, and the results are
displayed in Figure 6. The Nyquist plots show a semicircle
from high to medium frequencies for thin film photoelectrodes
Ba,Bi, 4Ta,,04 and Ba,Bi, ;Ta,;Og, followed by a second arc
at low frequencies. In contrast, a huge semicircle can be
observed over the entire experimental frequency range from
100 kHz to 0.1 Hz for the thin film photoelectrode
Ba,Bi, ;,TayO04 The equivalent circuit which fits and simulates
the exIperimental EIS date is composed of a series resistance,
R,>**" in series with two Randles circuits (RC). The first arc at
high frequencies in the Nyquist plots are from the semi-
conductor photoelectrodes, represented by the semiconductor
surface space charge capacitance, C,, as indicated in the
equivalent circuit model and the semiconductor bulk
resistance, R, whose magnitude can be estimated from the
radius of the arc in the Nyquist plot.”” The second arc at low
frequencies is associated with the electrolyte double layer
capacitance, Cq, and the charge transfer resistance, R, at the
semiconductor/electrolyte interface.”’ The simulated parame-
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ters of the equivalent circuit elements are given in Table 1.
From the photoelectrode Ba,Bi; 4Ta;,O4 to the photo-
electrode Ba,Bi; ;Tay 404 the R, magnitudes increase sharply,
manifesting a significant reduction in the bulk conductivity of
the photoelectrodes. The R, values also exhibit an increasing
trend, indicating that electron transport at the interface is
inhibited when increasing the Ta-doping concentration. These
results are consistent with the deteriorating collected photo-
currents when increasing the Ta doping content from x = 0.4
to x = 0.6.

Mott—Schottky (M—S) measurements were carried out in a
neutral electrolyte in the dark and are shown in Figure SS. The
M-S plots exhibit a linear region and show negative slopes,
which are consistent with the p-type semiconductivity. The
M-S equation is a measure of the total interfacial capacitance
Cinterface  against the applied potentials. The Cipe is a
combination of the SCR capacitance Cg in the semiconductor

photoelectrode and the spatial capacitance Cy from the

1 1 1 .
electrolyte phase, —— = — + — in an ideal surface-state-
interface Ce Ca

free situation.”* Further in detail, Cy is normally not a
constant, as it is composed of the Helmholtz compact layer
and a diffuse layer of charges in the solution. Thus, the
expression of this double layer Cy can further be written as a
combination of two components in series, the Helmholtz
compact layer capacitance Cy and the diffuse layer capacitance
1
Cu
(GCS) model. The Cy is independent of applied potential,
whereas the C; could change in a V-shaped manner as a
function of potential with the theoretical minimum value near
the potential of zero charge (PZC).” The total Cy in the
electrolyte phase is governed by the smaller capacitance and is
often in the order of 1075 F cm™2**** The effect of Cy
induced potential drop can only be neglected and assume
Cinterface & Cyc if Cq > C,, preferably a capacitance difference
of 2—3 orders of magnitude.”*® According to the extracted
values of Cy and C in Table 1, the orders of Cy are close to
those of C. and thus should be taken into account. It is also
noteworthy that in the case of very high dielectric constant and
heavily doped semiconductors, e.g., ionized donor or acceptor
concentrations on the scale of 10"*~10?° cm™, the inequality
Cq > C,. does not hold and a correction of the general M—S
equation is needed.””* As a result, the applied potential
induced interface potential drop has contributions both from
the semiconductor SCR and from the electrolyte double
layer."*>*** The M—S$ equation can be expressed as’’

Cy c%“ =—+ c%’ according to the Gouy—Chapman—Stern

c )

where g is the vacuum permittivity, &, is the relative dielectric
constant, e is the electronic charge, N, is the acceptor
concentration, Eg is the flat band potential, Ky is the

Boltzmann constant, and T is the absolute temperature. A

linear relation between CL and the applied potential is the

2
sc

typical sign to derive the semiconductor Eg,. The thermal term
at room temperature KT has a small value of 0.0259 eV and
can be corrected as desired.'” The Ejg is derived from the
intersection potential value with the abscissa axis in the linear
region, Emcept.sS Linear fitting extrapolation results in Figure S5
reveal that the Ej,, values for Ba,Bi; 4Ta;40s and
Ba,Bi; sTaysO4 are 0.2 Vyyp and 0.02 Vyyg, respectively,

corresponding to the Eg, of 0.17 Vg and —0.01 Vi after the
thermal term correction and the solution drop correction. The
mathematical expressions of E,, N,, and the effective density of
states in the valence band Ny are included in eqs S9—S11. The
calculated N, for Ba,Bi, 4Ta; 4,0, and Ba,Bi; ;Ta, O are 2.44—
6.28 x 10" cm™ and 3.39—8.74 X 10'® cm™>, respectively.
Our M-S experimental results are in line with previous
theoretical investigations of the hole-killing defect compensa-
tion effects in BBTO-based double perovskite'”'® and provide
indirect evidence for defect compensation. Such defects,
including oxygen vacancies and Tay; antisites donor defects,
compensate the p-type majority carriers and lead to low charge
carrier densities in the material, which can be miti%ated by
increasing the Bi concentration in the compound.lg’5 This is
demonstrated by the higher carrier concentration and larger
photocurrent acquisition in the Ba,Bi, 4Ta,,O4 photoelectrode
than in the Ba,Bi;;Tay;O4 photoelectrode. A resulting
estimation of Ny ~ 7.6 X 10'® cm™ is obtained. The derived
Ey position for Ba,Bi; 4Tay,O4 spans a range of 0.24—0.26
Virue and the E¢ is at around —1.52 ~ —1.50 Vyyy based on
the obtained experimental optical band gap of 1.76 eV.
Similarly, calculations suggest that the Ey is at around 0.11—
0.13 Viyg and the E; is at —1.81 ~ —1.79 Vg for the
Ba,Bi, ;Ta;sO04 sample (Figure SS). These resulting energy
band diagrams are very similar to the previously reported
diagrams for pentavalent Nb*" doped derivatives of BBO
double perovskite,'” where the HER potential is lower than the
energy of the CB level, which is in favor of electron transfer
toward the electrolyte phase. In the meantime, extra attention
should be paid to the validity of the obtained Eg. One of the
most important fundamental assumptions behind the M-S
equation is that the band edges of the semiconductor
electrodes are fixed, and the Ep can shift its position under
the influences from applied potentials or the })otential
unalignment with the electrolyte redox levels."" Earlier
experiments on the electrochemical behaviors of undoped
BBO and Ba,Bi, 4Ta,,04 double perovskites in Figure S3
showed pronounced reduction reactions of Bi** from 0.2 Vi
to lower potentials. The coincidence that the obtained Eg
values of Ba,Bi, 4Ta(,0O4 and Ba,Bi,; ;Ta; ;O4 samples fall in the
vicinity of this reduction potential range makes it necessary to
consider the nonidealities affecting the Eg, potentials. As has
been discussed in the work of Fan and Bard,>® contributions
from the faradaic processes at the semiconductor/electrolyte
interface could distort the M—S plot. When substantial e~
inject into the surface states of the semiconductors, the Ey
edge would shift negatively and results in an Ej, shift to more
negative potentials with the interference from interfacial
Faradaic reactions. In the case of Ba,Bi;¢Ta;,O¢ and
Ba,Bi; sTa,5O4 photoelectrodes, reverse biasing photoelectr-
odes in the potential range negative of the OCP values could
control the band bending and maintain the SCR to be depleted
for the M—S investigation. In the meantime, it can also shift
the band edges and Eg to more negative values within the
investigation potential ranges, which explains the potential
difference from the OCP measurements and the photocurrent
onset potential. This study systematically investigated the
photoelectrode electronic band structures and electrochemical
and PEC behaviors of the semiconductor/electrolyte interface
by modulating the doping concentration in Ba,Bi,_,Ta, O (0.2
< x < 0.8) double perovskites. The direct experimental
observation of the highly reversible polarizable photocurrents
in this system could arouse intensive interests in optoelectronic
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fields not limited to PEC solar water splitting, but also in
optoelectronics such as switchable-logic gate applications,”>”
p-channel thin film transistors, and hole transporting layers for
photovoltaics."*

4. CONCLUSIONS

Double perovskites Ba,Bi, ,Ta,O4 (0.2 < x < 0.8) series are
synthesized by a solution-assisted method. XRD results
confirm the formation of a double perovskite structure. The
systematic shift of characteristic peaks to higher angles
indicates the successful incorporation of increasing Ta*"
contents in the BBO crystal lattice. The optical absorption
spectra and Tauc plots reveal a trend of increasing optical band
gaps for Ba,Bi, ,Ta,O4 (0.2 < x < 0.8) from 1.5 to 2.3 eV.
Photoelectrochemical and electrochemical tests show that
incorporation of Ta’* is beneficial for improving the photo-
electrode resistance to electrochemical corrosions. Both the
cathodic photocurrents and the anodic photocurrents can be
enhanced by the anodic poling treatment and the cathodic
poling treatment, respectively. Ba,Bi, ¢Ta,,O exhibits both
the highest cathodic photocurrent of 65.5 A cm™ at 0 Vyyp
with an onset potential of 1.43 Vyyy, and the highest anodic
photocurrent of 37 A cm™ at 2 Vyyyp with an onset potential
of 1.03 Vpye among other Ta concentration samples. The
deteriorating PEC photocurrents of Ta®* concentration
samples higher than the Ba,Bi,¢Ta,,O4 photoelectrode are
the result of both inferior light absorption ability due to large
band gaps and lower charge carrier concentrations due to
defect compensation.
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